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Abstract

In this thesis the cause and effect of commercialgilable anatase-Tyn the
positive temperature coefficient of resistivig/TICR) characteristics of donor- and
acceptor-codoped (Ba,Ca)T#0eramics have been investigated.

Compositions containing several anatase and ruéile materials have been
prepared with help of the commonly used fabricapoocess, which includes the
solid-state synthesis of n-conducting barium titangowder refinement and
device shaping as well as the sintering process.

Thermally untreated material compositions have beegralysed by using
simultaneous thermal analyzing techniquB3$A), especially thermal gravimetry
and differential scanning calorimetryT®&/DSC). Furthermore, the calcined
powders have been characterised using X-ray diitnra¢XRD).

Sintered parts have been studied electrically bgnrmaonly used measuring
technigues e.qg. resistivity and capacity measuréraa function of temperature
or impedance spectroscopy. In addition microstmecand chemical composition
have been determined by means of scanning and nirsgien electron
microscopy $§EM andTEM), in particular energy and wavelength dispersive X
ray spectroscopyEDXS andWDXS) electron backscattering diffractioBBSD)
and electron probe microanalysiERMA).

It has been clearly shown that the crystallograpmciifications rutile and anatase
are replaceable without any significant effect lmmRTCR-characteristics, in case
of similar physical and chemical properties suchgesn size, specific surface
area and impurity content. Further, it has beenalestnated that the impurities of
commercial anatase powders, which are a resulh®fpreparation conditions,
strongly affect thd?TCR-characteristics by influencing the calcinationvasd| as
the sintering mechanism.

By use of impedance analysis and electron backseajtdiffraction EBSD) and
electron probe microanalysiERPMA), it has been concluded for compositions
having minor Ti-excess that the differences Rl CRcharacteristics can be
attributed to changes in dopants distribution togetwith segregative additive
effects and not to microstructural modifications tBe contrary, for compositions
prepared with increased Ti-excess it has been detnaded that the change in
PTCRperformance mainly results from microstructure iatawns likewise
induced by the impurities detected in anatase-basged

With respect to the results gained during solidestaynthesis a modified
calcination mechanism for the anatase-based mistdrés been presented that
enables an explanation of the differences in calprmoperties. Finally, a modified
sintering mechanism has been proposed based ab#eevations obtained from
the sintered parts.







Kurzbeschreibung

In dieser Arbeit wurde der Einfluss von handelsili#n Anatas-Rohstoffen auf
den positiven Wiederstands-TemperaturkoeffiziefEEhC-Effekt) in Donor- und
Akzeptor-codotiertem (Ba,Ca) Tintersucht.

Es wurden Mischungen mit verschiedenen Anatas- hdil-Rohstoffen
hergestellt, wobei ein vom industriellen Fertiguymgzess abgeleitetes
Herstellverfahren zum Einsatz kam. Die Probenhkusig umfasste die
Festphasensynthese von n-leitendem BariumtitamatPdlveraufbereitung, den
Formgebunsprozess und den abschliessenden Sizespro

Die thermisch unbehandelten Materialmischungen wmranittels Simultan-
ThermoanalyseSTA) untersucht, einer Kombination von Thermogravimeetnd
Differential-Kalorimetrie TG/DSC). Weiter wurden die kalzinierten Pulver
mittels RontgenbeugungXRD) charakterisiert. Die gesinterten Probekoérper
wurden  elektrische analysiert mit Hilfe von Wiedargls- und
Kapazitatsmessungen als Funktion der Temperatur iesowmpedanz-
spektroskopische Aufnahmen. Weiters wurden fir @eflige-untersuchungen
und chemischen Analysen sowohl die Rasterelektrom&moskopie SEM,
EBSD) als auch die TransmissionselektronenmikroskopteM) verwendet. Zur
chemischen Bereichsanalyse wurden insbesonderegienemd Wellenlangen-
dispersive Rontgenverfahren wieDX und WDX sowie die enegiedispersive
Rontgenmikrobereichanalyse®MA) verwendet.

Im Rahmen der vorliegenden Arbeit konnte eindeuggeeigt werden, dass die
kristallografischen Modifikation Rutil und Anatasistauschbar sind und keinen
signifikanten Einfluss auf deRTG-Effekt zeigen. Voraussetzung hierfur ist, dass
die physikalischen und chemischen EigenschaftenanBe die Korngrol3e, die
spezifische Oberflache und der VerunreinigungsgiadRohstoffe vergleichbar
sind. Des Weiteren konnte nachgewiesen werden, @lasgerunreinigungen in
handelstblichen Anatas-Rohstoffen dtd CG-Charakteristik stark beeinflussen,
indem sie auf den Kalzinations- sowie den Sintechdmismus wirken.

Mit Hilfe von Impedanz-Spektroskopie, RicksstreekElonenbeugungeBSD)
und  Rontgenmikrobereichanalyse ERMA) konnte  fur  diejenigen
Materialzusammensetzungen mit geringem Titanlibassclgefolgert werden,
dass die Unterschiede in dBf CG-Charakteristiken einerseits auf eine Anderung
in der Dotierstoffverteilung und andererseits aief \Wirkung von segregierenden
Additiven zurlckzufihren ist und nicht durch eine odifikation der
Mikrostruktur bewirkt wird. Im Gegensatz dazu komntfir solche
Zusammensetzungen mit erhéhtem TitanUberschusezaiffy werden, dass die
Anderung derPTGPerformance im Wesentlichen durch eine Variaticer d
Mikrostruktur verursacht wird, welche wiederum vdan Verunreinigungen in
den Anatas-Rohstoffen beeinflusst wird.

Gestutzt auf die Analysenergebnisse bei der Festpisgnthese, wurde ein
modifizierter Kalzinationsmechanismus fir Anatasibde Materialien
beschrieben, welcher die Unterschiede in den Edmeiten der kalzinierten
Pulver zu deuten vermag. Abschliel3end wurde baxiezef den Beobachtungen
gesinterten Probekoérpern ein abgewandelter Sintdramsmus vorgeschlagen.
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1. Introduction and motivation

1. Introduction and motivation

Titanates are of great importance in the fieldwfctional ceramics especially in
electronic ceramics. Electronic ceramics can baldi/into three material groups
[Sal-07. Firstly, the dielectric materials, which are fexample used to produce
capacitors, microwave components or substrateon8gg ferroelectric ceramics
that are employed e.g. to manufacture piezoeledsansors and actuators,
ferroelectric memories, pyroelectric infrared detes or fast eletrooptical
switches. Finally, the group of ionic and electmmionductors of which for
instance fuel cells, varistors, superconductors tAedmistors are fabricated. The
latter group is further divided into thermistorsvimgy negative temperature
coefficient of resitivity NTCR) and materials that show positive temperature
coefficient of resistivity PTCR [Sal-07. PTC thermistors for example are
applied to fuses for overcurrent protection, swechHor motor starting, heater
elements and level or temperature sens@&@®(-0§. For PTC thermistor
applications, titanates of barium, calcium, stremtiand lead are used as well as a
wide range of their solid solutions. Since tA€CReffect is a grain boundary
phenomenon, it only occurs in semiconducting dataped (n-conducting)
ceramics with polycrystalline microstructure. Seomiductivity in BaTiQ-based
ceramics is achieved by doping the material wittioka of higher valency such
as lanthanum or niobium, which substitute for bariand titanium respectively
[Huy-95 EPC-08. This thesis focuses on donor- and acceptor-cediop
(Ba,Ca)TiQ for PTCR application prepared from different titanium dideiraw
materials.

Commonly, BaTi@-basedPTCRmaterials are produced on a large scale via a
modified solid-state-synthesis route that is walestigated since the 196Q3do-
74/1, Huy-95 Lee-09. Increasing application requirements e.g. duadwancing
miniaturisation of electronic components accountHmh performance starting
materials with regard to purity, reactivity, sintgy properties and applicability in
barium titanate synthesis proce#ai¢-0]. Several scientists carried out kinetic
studies on the solid-state synthesis using thaiatanodifications anatase and
rutile. These researchers revealed that the régctif/the titania material during
BaTiO; formation is determined by the raw material proipsr especially the
grain size, specific surface area, pre-treatmenh®fraw material as well as type
and quantity of impurities. The latter primarilyfexdting the secondary phase
formation during synthesisSpi-61, Kub-67, Suy-75/1 Suy-75/2 Suy-77 Ami-
83, Bea-83/1Bea-83/2 Fer-91/1 Fer-91/2 Tsu-01 Brz-02 Ryu-07).

Empirical observations have shown that the usenafase folPTCRproduction

iIs not possible, although no satisfying scientdixplanation has been available
yet. Rather some authors suppose that the anataddiqation is kinetically
preferable inPTCRproduction Bau-60 Hey-65 Kul-81]. This discrepancy can
be attributed to the differing properties of theastigated raw materials, which
result from the preparation conditions. Howeveg tise of commercial anatase
TiO, was discussed within the framework of this thégisause this modification
iIs a cheap mass product, which is found in paintsfdlers. Consequently, great
advantage results from the possibility to reduce raaterial costs by using
cheaper anatase materialsHmCRproduction. The main impurities of this type
of material are potassium and phosphorus in thgerai several hundred ppm.

-1 -



1. Introduction and motivation

Due to the insufficient understanding about thee@f of anatase-TiOon the
electrical characteristics ®fTCRcomponents, the aim of this work is to clarify
the role of anatase raw materials on the electrpralperties of donor-and
acceptor-codoped (Ba,Ca)T3O

In this context, some essential questions nee@ txhmined in the framework of
this thesis. Firstly, which titania raw materiabperties affect the (Ba,Ca)TiO
formation. Furthermore, in what manner is the setate synthesis process
governed by the titania modification.

Secondly, is there any influence of the titania mcation on the sintering
process, which ultimately affects tRd CRproperties of the material. Moreover,
assuming there is an influence on the sinteringgss, how does this mechanism
proceed and in which way does it modify iECRcharacteristics.

Finally, is anatase-Ti©in principle applicable in the manufacturing BTCR
components?




2. Theoretical background

2. Theoretical background

This section deals with the state of the art oésoe and technology in relation to
the commercial synthesis processes of titanium idéoxand semiconducting
barium titanate with positive temperature coeffitieof resistivity PTCR.
Additionally the theoretical foundations in thiglfi of application are presented.
The intention is to give the reader an approprmtekground to understand and
follow the lines of argument.

2.1. Titanium dioxide raw materials

Titanium dioxide (TiQ) is a nontoxic chemically very stable oxide wittcellent
optical properties e.qg. its high index of refrantids very good reflectivity and its
absorbing capacity of ultraviolet radiation. Thggeperties make it one of the
most famous white pigments not only for the coland paint industry but also for
the plastic, the ceramic and enamel as well asfdbd industry. Additionally
titanium dioxide comes with respectable dielecnad interesting semiconducting
properties for which reason it is used in capaatut catalytic materials.

Due to the manifold application possibilities, twerldwide annual requirement
of titanium dioxide amounts to several million towbkereas for electroceramic
applications the global consumption exceeds 10ktyear [ue-01, EIP-07/]
UWwi-01].

Commercial titanium dioxide raw materials are prEtl by two preparation
routes: the sulphate and the chloride process. Bo#thods were already
established in the 1940°s and were described mildetd published by Barksdale
[Bar-49. In this section, the processes are introducedtzeid discrepancies with
respect to the raw material qualities are charaeter

2.1.1. Commercial TiO , synthesis

During the sulphate process titanium containingemals such as the mineral
lImenit (FeTiQ) are primarily solubilised with concentrated, Isoidphuric acid
corresponding t&quation 2.1-[Aue-01, Bar-49 Ges-01 EIP-07/1 UWi-01].

FeTiQ, +3H,S0, 0P - FeSQ +Ti(SQ,), +3H,0
Equation 2.1-I

By adding water to the solution and cooling it doten10°C the iron sulphate
crystallizes to iron (ll) sulphate heptahydrateeggr vitriol; Equation 2.1-l). The
iron sulphate crystallites can be separated froensthlubilised titanium sulphate
by centrifugation.

FeSQ +7H,0 0 F¥ - FeSQ [(7H,0
Equation 2.1-11
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Further, the titanium sulphate is transformed ithi® slightly soluble metatitanic
acid (seecquation 2.1-1) by again adding water and heating the soluti®ar{
49, Ges-01]. This step creates a huge amount of dilute adi(solution with low
H.SO, concentration) which has to be recycledH-07/1, UWi-01].

Ti(SQ,), +3H,0 O 1*%F - TIO(OH), +2H,S0,
Equation 2.1-111

Depending on the composition of the starting ore e quality demands of the
product, several refinement steps are performearéefalcination e.g. the elution
of adsorbed sulphate or reductive removal of ttaorsimetal ions Bar-49 Ges-
01].

At that point of the titanium dioxide preparationjs worth mentioning that the
metatitanic acid frequently is processed with phosig acid and alkaline
compounds to promote the crystallization duringication. The amount of such
mineralisers accounts up to one percent. For tinéhegis of anatase pigments,
higher contents of mineralisers are required coegp& rutile synthesishue-01,
Ges-0].

Finally, the metatitanic acid is calcined in a rgtdurnace at temperatures
between 800 and 1000°C. Within this step the anmurphTiO(OH) is
crystallized to titanium dioxide5quation 2.1-1V.

TiO(OH), O #PEPFF - TiO, + H,0
Equation 2.1-1V

Without any additives, the metastable anatase meatiin is formed from
metatitanic acid whereas the thermodynamic stalilee modification is formed
when adding rutile crystal seeds during calcinatime-01, Bar-49 Ges-01
UWwi-01].

For the chloride process titanium containing rawemals e.g. ilmenit or titanium
dioxide are usedBar-49 EIP-07/1 UWi-01]. In the presence of carbon and
chlorine gas at temperatures between 850°C and °C2%faseous titanium
tetrachloride is formedHguation 2.1-VandEquation 2.1-V).

FeTiQ, +3C +3Cl, O ¥ ¢ _ TiCl, + FeCl, + 3CO
Equation 2.1-V

TiO, +2C + 2Cl, O ¥ , TiCl, + 2CO
Equation 2.1-VI

The gaseous titanium chloride can now easily bangd by separating solid
compounds such as iron (Il) chloride. After thég tondensed Ti¢lis further
cleaned via distillation. At this juncture seveasdditives are added which are able
to chemically bind present impurities such as vamad[EIP-07/1, UWi-01].
Finally, the refined TiClis reoxidized in a reactor at temperatures betv@&&iC
and 1400°C as depicted lHguation 2.1-VII
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TiCl, + O, O PP  Tio, +2Cl,
Equation 2.1-VII

This reoxidation process has to be well defined tués great effect on the
titanium dioxide pigment quality. Among others, g@eters such as the reaction
temperature and atmosphere as well as the kindaodint of additives influence
the particle size and distribution of the pigmemivder Aue-01].

From Equation 2.1-VIIthe main advantage of the chloride process cordpare
the sulphate process can easily be seen. The redochiorine gas can directly be
returned to the preparation procegsjfation 2.1-Y. In this manner considerable
lower amounts of polluting residues such as dilateéd are formed. On the
contrary, a great disadvantage of the chloride gg®ds that by reason of the
higher process temperatures usually the thermodgnstable rutile modification
is obtained EIP-07/1 UWi-01].

Comparing both synthesis processes ;T{ilgments obtained by the chloride
process generally show better optical and physewmatal properties such as
brightness and durability. On the contrary, forllgmging applications such as
catalysts or electroceramics mainly sulphate psex@3iQ is used Aue-01].
Beside these two commercial preparation methodgrakalternative methods for
titanium dioxide preparation on the laboratory ecale known. For example
Barksdale Bar-49 already reported in 1949 on the fluorine and tiworine-
acetate process for the preparation of rutile raatenmls. Later on e.g. Czanderna
[Cza-57, Suzuki Suz-62 or Yoganarasimharn[og-62 elucidated other methods
for the preparation of the anatase modification.

2.1.2. Properties of anatase and rutile TIO ,

Titanium dioxide naturally appears in three rocksitng, crystallographic
modifications: rutile, anatase and brookite. Insthase, the rutile modification
represents the thermodynamically stable materiblchvirreversible forms from
anatase and brookite at elevated temperatuvks-87]. Due to its difficult
preparation conditions, brookite more or less ieel@évant in large-scale
production PAue-0]]. Relevant crystallographic and physical propertéthe two
TiO, minerals anatase and rutile are summaris&aive 2.1-1 Crystal structures
are depicted inFigure 2.1-1and Figure 2.1-ll both displayed by using the
Diamond program version 3.1f.

Table 2.1-I: Crystal data and physical properties of theTi@difications rutile and anatase (data
collected from Aue-01])

Mineral Rutile Anatase
Crystal system tetragonal tetragonal
Space group P4,/mnm 14,/amd
Point group 4/m2/m2/m 4/m2/m2/m
. C =2.9587 C =9.5143
Unit cell [ Al A = 4.5937 A = 3.7845
twinning {hkl} 2223653 e o3y | rarein{112}
Density [ g/cm?3] 4.25 3.89
Mohs hardness 6-6.5 5.5-6
Refractive index (632nm) 2.80 2.55
Band gap [eV] 3.03 3.15




2. Theoretical background

Figure 2.1-1l: Crystal structure of anatase based@8&D no. 63711.

In order to analyze and interpret the differencesvben the anatase and rutile
modification in terms of the synthesis of bariunariate base®TCR-materials
the thermo-physical properties of the anatase maatiéself are of basic interest.
In general, titanium dioxide catalyzes the bariuarbonate decomposition during
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solid-state synthesis (sesection 2.2.L Thus, various thermal and physical
properties of the titania raw materials may ondhe hand influence the synthesis
process (calcination). On the other hand, they aisxy affect the sintering activity
of the calcined powder hence affecting FECR-characteristics. For this reason,
some basic knowledge of the phase transformatidnphiase stability of anatase
is essential.

Anatase is the kinetically preferred Li@nodification, which is generated by low
temperature synthesis methods. At elevated tempestmetastable anatase is
irreversible transformed into the thermodynamicalbable rutile modification
[Cza-57. Due to the growing market for titania applicatisince the 1950 a
notable number of scientists have intensively sidihe anatase-rutile phase
transition. In this context, the reaction kinetass well as influencing parameters
on the phase transition have been investigated.

Already Barksdale Bar-49] reported on the effect of small impurity
concentrations on the anatase-rutile phase transifihe working group around
Czanderna thus prepared spectroscopically pureasamdty oxidation of metallic
titanium [Cza-57 Cza-5§. Later on for example Rao Rpo-6Q or
YoganarasimhanYog-62 systematically investigated the effect of impiest
respectively additives e.g. alumina and sulphat¢herphase stability of anatase.
Both authors revealed that anatase is stabilizatianpresence of impurity ions
I.e. additional activation energy is needed taatgtthe phase transition.
Nowadays in line with pigment or catalytic applioas, the influence of more
complex additives on the thermo-physical propertieanatase is analyze®Ij-

93, Grz-07, Rao-61 Hea-72 Amo-95 Cri-83, Sha-65 Ges-97 Grz-04 Had-89
Bar-04 Bar-03. Table 8.2-I(see appendix) summarizes the relevant literatnde
the main results obtained by these researchers.ofppte findings for this work
are the following. Anatase is in most instancebibtad by impurity ions such as
ClI or SQ* etc., which result from the process conditions irdurTiO,
preparation. Several researchers on the one hamduded that impurity ions
such as Li or CUf*, which are incorporated into the Tiattice by substituting
for Ti** and generating oxygen vacancies, promote the smattile phase
transition. On the other hand, it is deduced thmurities, which are adsorbed at
the anatase surface such as phosphates and salptratgly inhibit the anatase-
rutile transition owing to a reduction of ion matyl at the anatase particle
surfaces Cri-83, Sha-6%.

If the thermo-physical properties of the anatatenium raw material influence
the phase transition and the sintering behaviducan be assumed that these
properties may affect theTCRcharacteristic as well due to modifications in the
barium titanate formation mechanism and the simgehbehaviour of th&TCR
material.

2.2. Barium titanate based PTCR-ceramics

Oxide semiconductors exhibiting a positive temperatcoefficient of resistance
(PTCR are mainly based on modified barium titanate cositppns. Such
materials were primarily investigated in the 199Ksl-81, Huy-95. Today they
are mass products counted in several thousandpengear Hey-71, Kul-81,
Was-94 Huy-95. The commercial fabrication strategy and techgglas



2. Theoretical background

reviewed insection 2.2.1followed by a detailed discussion on the research
activities related to the solid-state synthesibarfum titanateqection 2.2.p

Barium titanate basedTCR-ceramics enable various applications for example i
overload protection, as heating elements, temperatensors or simple
thermostatic switchesFgu-82. In section 2.2.3the theoretical basics of the
PTCReffect are discussed followed by a defect chemictrpretation of the
theory €ection 2.2.% Finally, relevant process related parameters t#ar
effects on th&TCRcharacteristic are reviewed $ection 2.2.5

2.2.1. PTC thermistor fabrication

Commonly BaTiQ basedPTCRmaterials are produced on large scale using a
modified solid-state synthesis rout®lqu-03 Feu-82 Was-94. This synthesis
strategy has well been investigated since the BO[Eau-60 Hey-65 Ueo-74/]
Kul-81, Bla-93/1, Lac-95 Huy-95 and is still the most cost effective large-scale
process although new chemical synthesis stratbgies been investigated such as
hydrothermal synthesis or oxalate routo-03 Pit-05.
The PTC thermistor manufacturing process contdims following main steps
[Ueo-74/1 Feu-82 Bla-93/1, Was-94.

£  Material synthesis

+ Refining

+  Shaping

+  Sintering

+ Metallization
In the production of PTC thermistors material sysih starts with weighing in of
the raw materials according to the composition bing an electronic balance
followed by intensive wet homogenization e.g. inamtator ball mill. Typical
raw materials are Ba-, Ca-, Sr- and/or Pb-carbgrate high purity rutile TiQas
well as doping additives such as La, Dy and Nb dddesolution of e.g. chlorides
or acetates in concentrations between 0.1 and.P@aErequently a few mol-%
of a glass forming sintering aid is added to thengositions to improve liquid
phase sintering. Jeo-74/1 Feu-82 Was-94. Subsequently the homogenized
mixture is dried either by predrying the slurryariilter press and final drying the
filter cake in a continuous drier or alternativély spray drying the slurryPhe-
05, EIP-07/3. The latter offers the advantage that the driexturne can directly
be placed in a calcination sagger without previpaslishing the dried filter cake.
Finally, material synthesis, mostly performed ircantinuous electrical kiln, is
finished by means of a calcination step at tempezatabove 1000°C in aiPhe-
05, EIP-07/3. During this step, the semiconducting bariumnigtie is formed (see
section 2.2.2
After calcination, the barium titanate powder idimed in order to prepare the
material for shaping. At this juncture the calcirgalvder is again dispersed in
deionised water and wet milled in an agitator ball to grain sizes around a few
micron. Subsequently the slurry is typically graatetl by spray dryindfeo-74/1
Feu-82 Was-94 EIP-07/3.
Commonly the shaping process is performed usingvaal moulding press to
compact disc-shaped green parts in various dimessi@dry pressing).
Alternatively e.g. forPTCR exhibiting surface mounted deviceSMD), which
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were prepared in multilayer technology, a tapeioggbrocess is used®he-05
EIP-07/3.

No doubt sintering of the green parts is the kegcess, which has to be
accurately controlled. Sintering usually takes elat temperatures between
1200°C and 1400°C in air. The green parts are sthakssembled in a sagger and
sintered in batch furnaces or continuous kilns. dbgliing on the material
composition and the application requirements th#esng regime has to be
adjusted, i.e. the requirements have to comply wé&hindering period, sintering
temperature and dwell time as well as the coolatg {Ueo-74/1 Lac-95 EIP-
07/2.

Finally, the sintered parts are metalised e.g. pglyang a chromium-nickel
sputter layer and screen printing silver electrodéen electrodes are soldered on
the metalised part&\as-94 Mou-03, Phe-05 Gre-09. Some applications require
an additional encapsulation with epoxy resm&g-94.

2.2.2. The solid-state synthesis of barium titanate

As introduced above the solid-state synthesis pot® commonly used for the
production of PTCRceramics Mou-03 Feu-82 Was-94. Since PTC-devices
have become a mass product extensive researcheogytiithesis processes of
BaTiOs especially the solid-state route has been perfdrfoethe last 60 years
[Spi-61, Kub-67, Suy-75/1 Suy-75/2 Yam-76 Suy-77 Nom-78 Bea-83/1 Bea-
83/2 Mut-84, Nie-90, Tsu-01 Hen-01/1 Bus-05 Ryu-07, Sim-07, Kob-0§. The
first systematic investigation on this subject wablished by Spiel3gpi-61]. He
studied the effects of grain size, molar compositiand crystallographic
modification on the solid-state formation of bariunetatitanate by analyzing the
CO, evolution as a function of temperature and timgie® concluded that the
reaction rate is influenced by increasing the dpecurface area of the raw
materials. Moreover he discovered that dependinghenmolar composition of
the initial mixtures besides BaTiQEquation 2.29 titanium- and barium-rich
secondary phases are formed in variable concemmtEquation 2.2-1land
Equation 2.2-1). Concerning the Ti® modifications, he observed that when
using anatase the reaction rate is slowed dowrshifigd to higher temperatures
and also the secondary phase formation is enhahtaddition, this author firstly
described the reaction mechanism in the followiraywrhe solid-state reaction
between BaC@and TiQ proceeds in two main steps. Initially barium tasanis
formed in a contact reaction catalyzed by the ititandioxide i.e. depending on
the TiG, reactivity Equation 2.2 followed by a diffusion reaction through the
initially formed BaTiQ [Spi-61.

BaCQ, +TiO, (If . BaTiQ,

Equation 2.2-
BaTiQ, + BaCQ, [Tf - Ba,TiO, + CO,
Equation 2.2-11
BaTiQ, +3TiO, [Tt - BaTi,0,
Equation 2.2-111
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In relation to this early work, it must be critisahoted that the used titanium
dioxide raw materials showed significant differenaa grain size distribution
(GSD) ranging between 0.5 and 20um for anatase ando02pum for the rutile
material respectively. However, this discrepancyias$ discussed by the author
[Spi-61.

Kubo et al. Kub-671 modelled the solid-state mechanism between Ba&dal
rutile TiO, (average grain size ~2um) in more detail by ubiigh temperature X-
ray diffraction. These authors agree to a largeerektwith the mechanism
described by Spiel3 but contrary to the latter gisup detected the secondary
phase BaliO, despite using the rutile modification. Kubo et aftributed this
observation to the formation mechanism, which tdepicted in the following
manner. Initially a thin layer of BaTiis formed at the Ti@grain surfaces
(Equation 2.29. Depending on the grain size of Ti@is layer is not detectable
due to its very low volume concentration comparedthe residual mixture.
Further, a noticeable amount B&, is formed at the BaC{&BaTiO; interfaces
due to the relatively slower diffusion of bariumrdbhgh the BaTi@layer
(Equation 2.2-). Simultaneously at the TiQOnterface inside the grains, Ba&iO
is formed followingEquation 2.2-1V

Ba,TiO, +TiO, [If -, 2BaTiO,
Equation 2.2-1V

Owing to the chemical equilibrium of reactioggjuation 2.2-lland Equation
2.2-1V, the amount of barium metatitanate remains constatil the adjacent
BaCGQ; is completely consumed. Subsequently albTBa, decomposes into
BaTiOs following Equation 2.2-1V Additionally Kubo et al. expected that other
titanium rich compositions e.g. barium tetratitananly emerge if an adequate
titanium dioxide excess is addedib-67).

Suyama and KatoSuy-75/1 Suy-75/2 Suy-77 intensively studied the effect of
TiO, grain size on the solid-state reaction with BgCIhese authors exclusively
used TiQ raw materials (anatase and rutile, particle si2pm) prepared from
chloride process which they assumed to be mordiveacompared to sulphate
processed raw materials. Moreover, they concludedhe one hand that the
particle size of the Tipdetermines the reactivity of the material espgciahen

it is smaller than 0.2um. On the other hand, thégeoved no significant
difference in reactivity and activation energy beén the anatase and rutile 3iO
modification [Suy-75/1 Suy-75/2 Suy-71.

Simultaneously Yamaguchi and co-workeiain-76 Nom-7§ evaluated the
effects of rutile TiQ powder properties (GSD <1um, aggregates up to my@n
the solid-state synthesis of BaEiOlhese researchers confirmed the proposed
reaction mechanism published by Kubo et &ul§-67] and reviewed above.
Additionally they ascribe the magnitude of secogdphase formation to the
titanium dioxide degree of aggregatiofajn-76 Nom-79.

Around 1983 Beauger et alB¢a-83/1 Bea-83/2 Mut-84] reinvestigated the
solid-state synthesis of barium metatitanat inosiatmospheres (air, @nd
vacuum). These authors used anatase, With grain size of <0.4umBET 8-
10m2/g). Generally, their results concerning themiation mechanism of BaTiO
in air were in conformity with the results presehtey Kubo et al. Kub-67] or
Yamaguchi and co-workersY@m-7q. Beauger et al. refined the mentioned
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mechanism with their work by examining macroscogaction couples of the
involved phase interfaces Bag®iO,, BaCQ-BaTiO; and BaTiO4-BaTiO;
[Bea-83/2. Their experiments confirmed that BaEi@@ formed at the expense of
TiO, by diffusion of barium into the titanium dioxid&dditionally they supported
the assumption that BRO, is formed by a similar mechanism at the BaCO
BaTiO; interface. Lastly, these authors clarified theaskegosition mechanism of
BaTiO, into BaTiQ; and a barium-rich species, which finally reactshwthe
residual TiQ (Equation 2.2-1y [Bea-83/2. Niepce and ThomasNje-9Q
complemented these results by defect chemical &spec

Tsutai and co workersTgu-0] further improved this mechanism by elucidating
the expansion phenomenon during Bagfi@mation. They attributed this volume
expansion to a modified formation mechanism du fiew coarse-grained BaGO
particles (grain sizes: BaG@.3 to 31um, Ti@<1llum). These BaCparticles

in contact with BaTi@ and BaTiO, form a BaC@BaO liquid phase around
950°C. Since this liquid phase does not completedythe TiQ grains, it acts as
barium source hence enhancing the BaTi@mation in this temperature range.
Consequently, the space wherein the coarse-grdda€il); particles had been
finally remained as free air space (pores). Simmelbaisly, the rearrangement of
TiO, i.e. the BaTiQ formation owing to unidirectional diffusion of ham,
resulted in the volume expansiorsj-01.

At the same time Hennings et alHgn-01/] analyzed the effects of
submicrometer @ ~ 0.2um) raw materials on the solid-state syngheShis
group concluded that the grain size of the calcipedder is determined by the
size of the TiQ starting powder and that by using fine grained BaGhe
secondary phase formation B&,) is suppressedHen-01/]. Later Buscaglia
[Bus-05 Bus-09 or Ryu [Ryu-07 verified these results by using nanocrystalline
BaCQ; and TiQ powders. In addition, the mechanical activatiorthef solid raw
materials has intensively been studied for the tkstade. Several researchers
figured out that by mechanical activation of the raaterial mixture the reaction
rate of the synthesis can be increased and thdiceatemperature can be
decreaseddrz-00, Gom-0Q Ber-01, Kon-02, Brz-03 Pav-0§.

Contemporaneous to the fundamental investigationthe synthesis process and
the reaction mechanism reviewed above, numerougi&istudies on the solid-
state synthesis using both anatase and rutile beee carried outJar-61 Cou-
79/1, Cou-79/2 Val-96/1, Val-96/2. For example CournilQou-79/1 Cou-79/3
and ValdeviesoVal-96/1, Val-96/2] described the kinetic effects of the gaseous
atmosphere on the solid-state synthesis of BaTé®ealing on the one hand that
increasing carbon dioxide or nitrogen gas presdereases the reaction rate of
the BaTiQ formation. On the other hand, they indicated #rakelevated oxygen
gas pressure enhances the reaction €ae-{79/1 Cou-79/2 Val-96/1, Val-96/2,.

Summarizing the above mentioned studies it is enideat the reactivity of the
TiO, material during BaTi@ formation is determined by the raw material
properties, namely grain size distribution, spec#furface area, pre-treatment of
the raw material and the type and quantity of intms, the latter primarily
affecting the secondary phase formation during t®sis. Additionally the
properties of BaC®likewise seem to influence the reaction rate amthér affect
the secondary phase formation.
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Although such intensive work has been carried outhe solid-state synthesis
using different TiQ raw materials, the effect of the crystallograpimicdification
anatase and rutile is still not completely undexdto

2.2.3. The PTCR-effect

Typical resistivity-temperature characteristicsdwnor doped BaTi® ceramics
are shaped as depicted schematicallfigure 2.2-1 Such graphs are sectioned
into three temperature regions. First below thepemature at the minimum
resistivity (omin), second the temperature range between minimunmaxdnum
resistivity and third above the temperature of mh@ximum resistivity gmax).
The former and the latter region show negative taipre coefficient of
resistivity NTCR) i.e. decreasing resistivity with increasing temapeare, which is
the natural progress of semiconducting ceramic madde In between this
temperature range, the material is characteriseal sigep rise of the resistivity of
several orders of magnitudddy-95 Was-94 Feu-82 Mou-03.
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Figure 2.2-1: Schematically depicted resistivity-temperaturerabteristic of a PTC material

To comprehend the basics of th& CReffect the crystallographic configuration
of the material has to be taken into account. Bariitanate at room temperature
crystallises in tetragonal symmetry. Above appratigly 120°C or rather above
the Curie temperaturd ) the material transforms to the cubic structdgre
2.2-1l) [Hey-71, Dan-79 Huy-95 Mou-03. Below T¢ a spontaneous polarization
is induced by the symmetry of the tetragonal ctysteucture resulting in the
formation of randomly oriented domains, which comgse the overall electric
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dipole moment i.e. the material becomes ferroatectkbove T¢ the domain
structure is broken up due to the higher symmetityh@ cubic structure resulting
in paraelectric behavioblan-79 Mou-03.

Figure 2.2-1I: Crystal structure of cubic BaTi®ased onCSD no.67518.

Early experimental observations showed that #&CR only occurs in
polycrystalline n-BaTi@ and depicted that the starting temperature of the
resistivity jump correlates to the phase transitemperaturélc. Based on these
observations Heywanglpy-61 and JonkerJon-64 developed a widely accepted
model to explain the resistivity temperature chemastic in n-BaTiQ. While the
Heywang model is suitable to describe the R-T biglhavabove the Curie
temperatureTc), the Jonker model fits below [Huy-99.

Heywang explained th® TCReffect by assuming a two-dimensional layer of
acceptor states at the grain boundaries kEsgere 2.2-11). Such acceptor states
trap electrons from the n-conducting bulk genegatnthin depletion layer w
(Equation 2.2-Y which results in a potential barrier heigit, at the grain
boundary Equation 2.2-V).

Equation 2.2-V

__e°Ng
" 8g,e, N
goggb d
Equation 2.2-VI

Where N represents the occupied acceptor state density,thd donor
concentration in the bulk, e the electron chageand gy, the permittivity of
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vacuum and the grain boundary layer respectivebyf61 Jon-64 Huy-95 Wan-
90]. Finally, the relation between the resistivityaRd the potential barrier can be
expressed biquation 2.2-VII

- Pu
R—Roexp(k_l_j

In which k is the Boltzmann constant angld@notes a constant, which is mainly
temperature independent and includes some bulkegrep Hey-61 Jon-64
Huy-95 Wan-9Q. From above equations aiigure 2.2-11lthe PTC-jump above
the Curie point can easily be explained. AccordingEquation 2.2-Vlthe
potential barrier height is inversely proportiot@aithe permittivity. Abovel ¢ the
permittivity rapidly decreases with ascending terapee following theCurie-
Weiss lawand consequently the potential barrier increaBes.that reason the
resistivity raises dramatically due to the expor@nelation with the potential
barrier Equation 2.2-VI) [Dan-79 Huy-95.

Equation 2.2-VII

Grain boundary

Barrier height
0]

w

®

Conduction band

_ ®. .y
Yy @ @ Y
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Fermi level EF layer w energy E
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Occupied acceptor = i \=
states N v
s i\
Figure 2.2-lll: Schematically drawn potential barrier at a grawurddary representing the

conditions at Curie temperature (redrawn afienf64 Mou-03).

Later Jonker Jon-64 modelled the R-T characteristic beloW: since the
Heywang model is not able to interpret the low gtdgity values in this region.
Jonker attributed this behaviour to the ferroelecproperties of BaTi@ As
already mentioned, spontaneous polarization odeeisy the cubic to tetragonal
transition temperature thereby generating randarnbnted domains. Due to the
different orientations a net surface charge at egaim surface is generated which
accounts for the compensation of the depletionrlegied gives rise to the
disappearance of the grain boundary resistaime $4 Huy-95 Mou-03.

Although alternative theories to explain tAR@ CReffect have been reported for
example by Lewis et alLpw-85 Lew-86 or Kutty and co-workers{ut-85, Kut-
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86], these models were less able to elucidate thginoof the PTCR entirely.
Already Daniels et al.jan-79 discovered some open questions concerning the
model proposed by Heywang and Jonker. These réwzartrstly attributed the
PTCReffect to the defect chemistry in BaEiOwhich is discussed in the
following section.

2.2.4. Relation between defect chemistry and PTCR-
characteristics

The defect chemistry in barium titanate seems toabsuitable extension to
interpret thePTCR in BaTiGs. Daniels and co-worker®pn-76 Dan-76/2 Hen-
76, Wer-76 Dan-76/3 Dan-79 studied the electrical conductivity of doped
barium titanate as a function of the oxygen pagralssure at temperatures above
1000°C. Consequently, they investigated the defgduemistry at elevated
temperatures and the kinetics of the equilibratituming cooling. As a result
Daniels et al. were able to answer the remainingstions concerning the nature
of the acceptor states proposed by Heywang's mam#ithe effect of process
conditions on th&TCR Based on their investigations they detected aHewing
mechanismDan-76/3 Dan-79. Firstly, they suggested that the relevant dsfect
n-BaTiO; are barium and oxygen vacancies according to tinepliied
equilibrium conditions presented lquation 2.2-VIli[Dan-74.

N+ [Veo] +2 Vg, ] = p+[V5]+2IVS ] +[D]
Equation 2.2-VIII

With n and p representing the electron and holeeoimation respectively. The
concentration terms illustrate the vacancy (V) diefenside the kation sublattice
(X) and the anion sublattice (Y) having negative ghd positive ) charge
respectively Kro-56]. Finally, D denotes the donor dopant concentrafie.g.
lanthanum or niobium) added to the material.

At elevated temperatures during sintering (>1220ACair) equilibration is
adjusted between the material and the surroundingpsphere. When cooled
down the barium vacancy concentration at the goawundaries is raised giving
rise to a diffusion of barium vacancies from thaigroundaries into the bulk due
to equilibration Pan-7g9. Chemically this leads to the disappearance coséary
phase and the formation of Baki@wing to the decelerating diffusion rate with
decreasing temperature the barium vacancy diffugofrtozen in at a defined
temperature (<1220°C in air), which depends onakygen partial pressure. At
this point it should be noted that in addition ke tbarium vacancies, available
oxygen vacancies are assumed to remain highly endimlow temperatures at
which barium vacancy diffusion has already stopjizgah-76/3 Dan-79. Thus, at
room temperature, the material divides into a tpain boundary layerG@BL)
containing a high barium vacancy concentration, cWwhigenerates low
conductivity and the residual bulk is remainingtiygconductive due to the lower
barium vacancy concentratioRigure 2.2-1\j. Accordingly, the barium vacancies
act as electron traps compensating for the donersé creating the potential
barrier at the grain boundarié3gn-76/3 Dan-79 Huy-95.
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GB GB

Figure 2.2-1V: barium vacancy and donor concentration profilédi@s donor doped BaTiulk
grain (redrawn aftejan-79)

Daniels et al. claimed that the barium vacancyudifin is very slow and therefore
can be neglected at lower temperatui2an-76/3. Several authors e.g. Igarashi
et al. [ga-8] or Kuwabara Kuw-84] investigated thePTCRcharacteristic by
annealing the material in reducing atmospheres (eaguum, CH or CO) at
moderate temperatures and short times to provéhdsts made by Daniels et al.
Other experiments for example carried out by Jorken-67 attempted to
illustrate that adsorbed oxygen or rather adsorgedes give rise to the
dependence of thBTCReffect on the atmosphere. All mentioned reseascher
yielded the result that applying heat treatments rénlucing atmospheres
significantly decreases théTCRjump. Additionally Alles AIl-89] and
Takahashi Tak-90 performed experiments using undoped, oxygen-ubefic
BaTiOs;. Annealing in an appropriate atmosphere such @asrifie or oxygen
resulted in barium titanate materials showigCRjumps of up to six orders of
magnitude. According to the mentioned results dredlow mobility of barium
vacancies as characterized by Daniels at al.dbiluded that barium vacancies
as well as adsorbed gases can act as accepta @&hkgetron traps) in n-BaTiO
[Dan-76/3 Jon-67 lga-81 Kuw-84, All-89, Tak-9(0. Simultaneously Koschek
and co-workersos-85 Kos-89 experimentally investigated the grain boundary
characteristic by applying cathode Iluminescen€&),( According to the
measurements, Koschek correlated tie-properties of theGBL to doubly
ilonized barium vacancies g¥) which were predicted to emerge during cooling
and represent the compensating defect®TiCRBaTiO; at room temperature.
With their CL-measurements, these researchers were also abézify that the
GBL width varies significantly with sintering time acdoling rate Kos-85 Kos-
89].

Contrarily Lewis and co-workers.¢w-85 Lew-86 proposed another mechanism
to explain the nature of acceptor statesPIRCRBaTiO; by defect chemical
calculations. Due to energetic disadvantages irdiugg immobile titanium
vacancies, which they revealed to be the major emsgting defects in donor-
doped BaTiQ, these authors predicted acceptor segregationu(itgpand/or
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doped) at the grain boundaries for low charge statuch acceptors are
compensated by highly mobile oxygen vacancieswatdrygen partial pressures
or higher temperatures respectively. During oxigatooling or with increasing
oxygen partial pressure the oxygen vacancies Heel fup and compensation of
the acceptor states is achieved by holes. Hendesatating space charge layer is
formed around the donor grains resulting in thaibéatayer responsible for the
PTCReffect Lew-85 Lew-8¢. Later Chan et al.ha-8§ as well as Makovec
and co-workers Nlak-0Q verified the defect model proposed by Lewis
experimentally.

Miki et al. [Mik-98] related their Electron Paramagnetic ResonarteBR(
measurements to theTCReffect in donor and acceptor codoped samples by
assuming associated defect centers of manganesexyigen vacancies as well
as cation-oxygen vacancy centers. According ta thieservations, these authors
explained the relation between the stBdiCReffect observed in Mn-codoped n-
BaTiO; and theEPRdata in terms of a trap activation of Mrpy\defect centers
due to the tetragonal to cubic phase transitionns€quently, Miki et al.
concluded that the strongly increaggfiCReffect in acceptor-codoped n-Ba®iO
could not only be attributed to the spontaneousnmEation mechanism proposed
by Jonker Jon-64 but also to the trap activation generated bypthase transition
[Mik-98]. However based oBPR measurements these researchers concluded that
most probably barium vacancies or rathes,-Vo defect centers represent the
main defects in n-BaTigJJid-94.

The defect chemistry of oxides under equilibriund drozen-in conditions are
universally calculated by Sasaki and Mai8a$-99 Sas-99/? for undoped and
doped materials respectively. With their systenahtoalculations, they were able
to predict defect concentrations in equilibrium ahd major defects present at
temperatures below equilibration as well as the idating trapping mechanisms
as a function of temperature and oxygen partiasquee. Relevant findings
applicable for donor and acceptor codoped BaTa in the first place that at
high temperatures i.e. in complete equilibrium otilg major dopant dominates
the defect concentration and minor dopants are igiBlgl. Secondly at
temperatures below equilibration that is to sagatially frozen-in states, redox-
active (deep level) acceptor dopants strongly aftke defect concentration
although they are present in minor concentratiasthBlopant effects finally give
rise to the p, dependence in partially frozen-in state, whiclsh#ted to higher
values and increased in randggaf-99. Since thePTCReffect is explained by
means of the defect chemistry, which is frozenunirdy cooling as published by
Daniels et al.[Dan-79, the findings of Sasaki and Maier are helpfultwerstand
and interpret the results obtained in this workerBifiore the calculated defect
concentrations of a major donor and minor accegidoped material are depicted
in Figure 2.2-V and Figure 2.2-V| which also represent theTCRmaterials
investigated in this work consisting of Y-donor amh-acceptor codoped
(Ba,Ca)TiQ.
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Donor-doped oxide (complete equilibrium)
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Figure 2.2-V: Brouwer or Kroger-Vink diagram showing the calt¢aethdefect concentrations of a
major donor and minor acceptor codoped oxide atibfum temperature (800°CHas-99.
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Figure 2.2-VI: Brouwer or Kroéger-Vink diagram showing the caltathdefect concentrations of
a major donor and minor acceptor codoped oxideastiglly frozen-in temperatures (<800°C)
[Sas-99.
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The general calculations by Sasaki and M&tersf99 Sas-99/P support the work
made by Kim et al.{im-92]. These authors calculated the inversion tempezatu
which was firstly defined by Daniels et aDd4n-76/3 Dan-79, of antimony
dopedPTCRBaTIO; by the Finite Difference Method=DM). They depicted the
strong dependence of the width of the grain bountigrer GBL) on the cooling
rate and finally discovered that the inversion terapure depends on the donor
dopant concentration. Their material showed anrsiga temperature of 1160°C,
which is 60°C below the one published by Danielal efkim-92].

As a final statement and reminder, it should beeshdhat it is still ambiguous
whether barium or titanium vacancies are the mampensating defects in donor
doped barium titanate. Furthermore, cation vacande not appear to be the
exclusive compensating defects rather adsorbed gasiefect complexes can act
as electron traps as well. Additionally it is wortbting that compositional effects
regarding theA/B-ratio of the ceramic material must be taken into acceurgn
the defect chemistry is discussed.

2.2.5. Factors influencing the PTCR-characteristic

As already mentioned tHeTCRis known to occur in n-conducting BaTi@hat
can be obtained by doping the isolating Bagl'Mith tri- or pentavalent ions,
which substitute for barium and titanium respedyijéluy-95 Was-94 Feu-82
Mou-03. According to this observation, intensive resbamas performed to
elucidate the effects of rare earth doping on EECR in BaTiO;. Such
compositions always show a maximum conductivity andinimum resistivity at
characteristic doping concentrations, which isstitated schematically iRigure
2.2-VIl [Fuk-79 Pen-88 1I-90, Bla-92, Hur-98 Qi-02]. This effect is commonly
known as the anomaly of conductivityy-95.

Resistivity [Q2cm]

1 T T T T T T T
Donor content [mol-%] —_—
Figure 2.2-VII: Schematic diagram of the resistivity as a functbdonor dopant content
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For example, Fukami et alF{ik-79, Blanchard and co-worker8[a-92 as well
as Hur et al.Hlur-9§ investigated the effect of yttrium doping. Allrée observed
the minimum resistivity for samples sintered at@®5in air between 0.2mol-%
and 0.8mol-% yttrium doping content. An additiodapendence on the sintering
additive content is observed that resultes in adbeaing of the yttrium content
range in which the ceramic shows low resistivitguk-79 Bla-92. Other
scientists such as Peng et deh-88, Urek [Ure-99 or Morrison Mor-01]
focussed on lanthanum doped Bag k@ramics and again others concentrated on
niobium, antimony or holmium doping et@&l§-88, Ala-88/2 11-90, Gli-00, Qi-
02, Par-09. All mentioned researchers observed not onlydibygant effect on the
resistance characteristic but also an effect oladopature and concentration on
the microstructure namely the anomaly of grain.sEspecially Peng et alPgn-
88] and Al-Allak et al. Pla-88] firstly published this correlation, which is
illustrated inFigure 2.2-VIIL
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Figure 2.2-VIII: Correlation of the resistivity and the grain diaemeas functions of the donor
dopant contentqfen-8§

Additionally Drofenik et al. Dro-82 Dro-84, Dro-86 experimentally determined
the maximum dopant amount above which grain grovghinhibited and
demonstrated the dependence of the critical dooncentration on the oxygen
partial pressure as depictedrigure 2.2-1X Furthermore they always detected an
oxygen release in samples showing anomalous grawtly which depends on the
donor dopant concentration. Consequently, Drofestilal. developed a model,
which explains the relation between the anomalgrain size and conductivity
[Dro-87, Dro-90, Dro-93 Dro-99 Dro-07.
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Figure 2.2-1X: The critical donor dopant level of the model pregd by Drofenik as a function of
the oxygen partial pressurdiiy-95

The thermodynamic model of Drofenik is based ondi@nge in total free Gibbs
energy AG, seeEquation 2.2-1X needed for the incorporation of a donor ion (D)
during grain growth process as exemplarily illusdain Equation 2.2-Xfor
barium substitution)ro-87.

AG = AGg + AGg + AG,,
Equation 2.2-1X

lattice

D,O, +2(BaTiQ,),.. 0 - 2(DTiO,); .. + 2|3ao+%o2 +2¢

Equation 2.2-X

WhereAGs is the free surface energy chand&ssrepresents the energy change
during solid solution formation between Bagi@nd a donor dopantAGox
illustrates the energy change induced by an oxyglease of the donor dopant.

In this context, it is worth to note a consequeotéhis model. In a composition
that contains a compensating acceptor ion and arddopant, both substituting
for the same lattice site, the grain growth prodesadependent from the donor
concentration due to the disappearance of the oxsgleaselDro-84|.

However, for the aim of this work the Drofenik médeust be kept in mind
especially when the microstructure or rather gsage is varied within equally
composed samples.

-21 -



2. Theoretical background

Another enhancing effect on tiRI'CRjump is obtained by adding 3d-elements
such as cobalt, iron or manganesriy-95. With such elements the slope and
height of thePTCRjump is strongly improvedeo-74/1 Ueo-74/2, Kna-79lhr-

81, Tin-90, Jia-02, Din-08/2, Xia-0B Following Ueoka Peo-74/1 Ueo-74/3
who explained the effectiveness of manganese dopmghe PTCRjump, the
effect of 3d acceptor dopants in general can bibatéd to their behaviour during
cooling. In the course of sintering the manganeseis incorporated at titanium
lattice sites and is compensated by oxygen vacanbiering cooling, the grain
boundaries are oxidized and the oxygen vacancragh resulting in a change
of the manganese oxidation state (M Mn** or Mn*"). Consequently, these
higher oxidation states react as electron trapgeasribed irsection 2.2.4Ueo-
74/7). Later Ting et al. Tin-90] systematically investigated the improving effect
of manganese on lanthanum doped barium titanateselauthors observed the
minimum resistivity at net donor concentrationddwaing Equation 2.2-Xland
related it to the development of the microstruct{seeFigure 2.2-Xand Figure
2.2-X1). Accordingly, they verified the assumptions magdJeoka [Jeo-74/3 in
relation to the incorporation site and oxidaticaistas well as to the compensation
mode during coolingTin-90].

[La® |- 2lMn? | ~015mol-%

ol

S

108 |
1w b
1 F

Equation 2.2-XI

——
-

resistivity (ohm-cm)
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Mn? content (mol %)
Figure 2.2-X: Compensating effect of manganese doping on thm temperature resistivityl [n-
9Q]
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Figure 2.2-XI: Microstructure evolution in La-Mn codoped BaTiO3r{-90]

Furthermore sintering aids such as £iB,0; or excess TiQ which
simultaneously support liquid phase generationiafidence dopant distribution,
show an increasing effect on tRerCRcharacteristic when added in suitable
amounts [Fuk-79 Abi-91, Bla-92 Rav-92 Ho-94, Kut-98, Yoo0-03 Jay-06 Erk-
06, Zub-08/1, Zub-08/3. As already mentioned in the beginning of thistsm,
the addition of sintering aids cause a broadenfrigeolow resistivity range that is
generated by donor dopingyk-79 Bla-92. In general, it can be summarized that
sintering aids give rise to lower resistivity vaduat room temperature and vary
the steepness of thBTCRjump by shifting the temperature at which the
maximum resistivity occurs. This effect can beilatired to secondary phase
formation, which is provoked due to the chemicaéiaction between the bulk
material composition i.e. the doped BaT#hd the sintering aikut-98, Yo0-03
Jay-06 Erk-06, Zub-08/1, Zub-08/3.

It has already been mentioned that Ti-excess mné\/B-ratio <1 supports liquid
phase sintering due to the formation of an euteutdt, indicating that thé/B-
ratio possibly affects th€TCRcharacteristic tooHan-87 Lin-90, Bus-01, Jay-
04, Sak-04 Nii-07, Lee-07/1. Especially Lin et al. [[in-90] and Jayanthi et al.
[Jay-04 investigated theA/B-ratio effect on thePTCR characteristic. These
researchers found that Ba-excess results in sligatducedpm, (about 18Qcm)
and enhance@nax compared to the stoichiometric composition, whsttowed
resistivity values about f0cm. Contrary Ti-excess strongly reduces the
resistivity to values below £Qcm [Lin-90].

As mentioned irsection 2.2.3he ferroelectric-paraelectric phase transition @t

in pure BaTiQ occurs around 120°C. This characteristic tempesatan be
shifted towards lower or higher temperatures bydseblution formation of
barium titanate with strontium- or lead-titanatespectively. Whereas the
formation of (Ba,Ca)Ti@ solid solution is not accompanied by a shift i th
Currie-temperature T¢). Accordingly the PTCRjump of (Ba,Pb)TiQ or
(Ba,Sr)TiG solid solutions varies between room temperatuce309°C Hey-61,
Hey-71, Feu-82 Was-94 Jo-09.
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2. Theoretical background

In this context, it seems useful to complete thiectisn regarding the
compositional influences by presenting the releydraise diagrams of the system
investigated in this work. Based on the early itigasions of Rase and RoiRés-
55] the equilibrium phase relations in the BaO-T&ystem have been adapted by
several authorgdbr-74 Neg-74 Kir-91, Lee-07/2 Zhu-1Q. Lee et al. [ee-07/3
published the latest modifications around Bagd@picted inFigure 2.2-XIl In
contrast, Zhu et alZhu-1Q focussed on the Ti&xich region of the system and
published latest results concerning the stabilitBa@Ti,Os.

According to the compositions investigated in thiwk, the phase relations in the
ternary system BaO-CaO-Ti@re of great interest too. The pseudo-binary gsyste
BaTiOs;-CaTiO; was investigated by DeVries and R®ep-59 and is illustrated
in Figure 2.2-X\V. Moreover, Kwestroo and Papingl\fe-59 determined the
ternary system BaO-CaO-TiQwhich is displayed ifrigure 2.2-XIV.

However, phase diagrams, although they exclusiragyesent equilibrium states,
are helpful on the one hand for the phase ideatiba e.g. for the interpretation
of X-ray diffraction data. On the other hand, th@gvide a useful basis for the
interpretation of formation or sintering mechanigissesection 4.%.
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Figure 2.2-XIl: Pseudo-binary phase diagram of the system BaQ{Li&2-07/3
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Finally, process parameters such as sintering teahpe, sintering atmosphere
and cooling conditions have to be taken into acto@ach influencing the
formation of the potential barrier, which is locdtat the grain boundaries and
originates thePTCR as discussed in detail section 2.2.3 Therefore process
conditions have to be carefully selected and ctlettdSau-60Q Ueo-74/1 Bla-
93/1, Bla-93/2, Kim-92 Huy-95, Lac-95,Bom-05. Because of the process
influences the sample preparati@edtion 3.3 is kept constant and followed by

means of control measuremergsdtion 3.4.1

- 26 -



3. Experimental design and methods

3. Experimental design and methods

This section deals with the experimental approaththe measurement methods
used for this investigation. First, the experimerdasign and the material
synthesis on laboratory scale are described armlegigncies between industrial
scale and laboratory scale synthesis are identifi¢arting with the raw material
selection and characterization, continuing with ingterial synthesis and sample
preparation process to the point of sintering andtathsation, the entire
preparation process is specified. Further, the nigces for material
characterisation are depicted and finally the mesmsant techniques for material
and electrical characterisation are presented.

3.1. Raw material selection and characterisation

The carbonate raw materials used for material ®gnghwere high purity barium
carbonate with an average grain size of 1.5um padific surface area of 1.8m?3/g
as well as calcium carbonate with an average g&@ of 3.5um and specific
surface area of 2.5m?/g (SOLVAY BARIO E DERIVATI A&p The main
impurities in both carbonates are SHO@ith a maximum content of 0.17wt.-%
and NaCO; with a maximum content of 0.03wt.-%. As donor dapgttrium was
added (Treibacher Auermet Produktions GmbH) andgawaese was selected as
acceptor dopant (LACTAN Chemikalien und Laborgeréiatriebsgesellschaft
m.b.H. & Co. KG). Both dopant materials were preeekas acetate solutions.

As titanium source four different types of Li€@w materials were used to study
the effect of anatase IRTCRmaterials: anatase no.1 (A-1), a commercially
available material with specific surface ar&kT) of 10.3m?%/g, anatase no.2 (A-
2) with specific surface area of 9.4m?/g, anatasder mixture no.1l (A/R-1)
containing about 89wt.-% anatase and 11wt.-% ruditel having a specific
surface area of 14.3m?/g, and contrarily anataskermixture no.2 (A/R-2)
containing about 9wt.-% anatase and 91wt.-% rutith specific surface area of
10.2m?/g. Both anatase materials (A-1 and A-2) weranufactured by the
sulphate process. The materials A/R-1 and A/R-2ewepduced from chloride
process. Finally, as a reference material, comm@kycavailable rutile (R-1)
produced from sulphate process with a specificaserfarea of 6.1m2/g was used.
Table 3.1-I summarises relevant properties and parameterhefTiG, raw
materials mentioned.

Table 3.1-I: Properties of the titanium dioxide raw materials

Labelling A-1 A-2 R-1 A/R-1 A/R-2
Kronos Tronox Tronox Tronox
Producer Cerac Inc.
General Intern. Inc. | Inc. Inc. Inc.
Information
Anatase/ Rutile/
Modification | Anatase Anatase Rutile Rutile Anatase
mixture mixture
BET [m2/g] 9.38 10.31 6.06 14.25 10.17

-27-



3. Experimental design and methods

Na 451 44.8 14.89 2.92 17
Mg 14.22 38 2.86 n.d. n.d.
Al 53.05 18.56 12.38 0.27 0
impurity P 863.58 1019.16 | 42.37 35.02 303
content K 1261.2 1716.9 21.86 0 0
[ppm] * cr nd. nd. nd. 227 255
Fe 6.14 458 6.22 7.52 45
Zr 98.96 26.87 123.82 n.d. n.d.
Nb 11159 101.08 79.47 2.22 311
Total [wt.-%] 0.245 0.294 0.03 0.027 0.029

It is evident fromTable 3.1-Ithat both anatase materials prepared from sulphate
process (A-1 and A-2) contain a higher amount @l tonpurities compared to the
rutile reference (R-1). The main impurities in Aabhd A-2 are phosphor and
potassium with an amount of approximately 0.3wtir%A-2 and 0.2wt.-% in A-
1. In contrast, phosphor and potassium amountsthess 0.01wt.-% in both the
rutile reference and the rutile-anatase mixtureennals.

Figure 3.1-Ito Figure 3.1-1Vshow theSEM micrographs of the raw material
powders as received (untreated). It is obvious ttheg titanium powders
independent of their crystallographic modificationave spherical grain
morphology whereas the carbonates show rather alergrains. Additionally it
can be seen that contrary to the rutile referefnee anatase powders show
increasing aggregation, which is consistent withiticrease®ET values shown
in Table 3.1-]

F|gure 3.1-1: SEM mlcrograph of rutile TIQR 1 (scale bar 5um)

* Values measured using ICP-OES; seetion 3.4.4
* Value measured by volumetric analysis (titration)
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Figure 3.1 IV SEM of the BaC@powder used (scale bar 5um)
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3.2. Experimental design

Two series of basic compositions (a and b) withyiveay titanium excess ranging
from 0.002mol-% for series a to 0.015mol-% for serb were prepared from
above listed raw materials. The amounts of dopargsset to a level of 0.25mol-
% yttrium and 0.05mol-% manganese with respedtédoarium content. Ifable
3.2-1the compounds of series a and b are listed byrmaolapositions. Herein the
A/B ratio denotes the theoretical relation between the A-mds (Ba, Ca, Y) and
the B-side ions (Ti, Mn) inside the BaTyQ=ABO) lattice.

FurthermoreTable 3.2-llsummarizes the molar compositions of the basitaara
experiments, which were performed to clarify théesoof the main impurities
present in commercial anatase. The yttrium contesd reduced in A-2c¢ and
enhanced in A-2d to 0.15 and 0.35mol-% respectiMelgompositions A-2e and
A-2f the silica amount has stepwise been decrefiead 0.98mol-% to 0.74mol-
%. The results of the experiments are describeedtion 4

Table 3.2-I: Molar compositions of the basic experiment batches

TiO, Composition [mol-%] Dopant Additive A/B
Batch no. . - - -

labelling | Ba Ca Ti Y Mn SiO; ratio
A-la A-1 41.79 7.43 49.49 0.25 0.05 0.99 0.998
A-2a A-2 41.79 7.43 49.49 0.25 0.05 0.99 0.998
R-1a R-1 41.79 7.43 49.49 0.25 0.05 0.99 0.998
A/R-1a AR-1 41.79 7.43 49.49 0.25 0.05 0.99 0.998
A/R-2a A/R-2 41.79 7.43 49.49 0.25 0.05 0.99 0.998
A-1b A-1 4151 7.38 49.82 0.25 0.05 0.98 0.985
A-2b A-2 4151 7.38 49.82 0.25 0.05 0.98 0.985
R-1b R-1 4151 7.38 49.82 0.25 0.05 0.98 0.985
A/R-1b AR-1 4151 7.38 49.82 0.25 0.05 0.98 0.985
A/R-2b A/R-2 4151 7.38 49.82 0.25 0.05 0.98 0.985

Table 3.2-1I: Molar compositions of the anatase experiment lestch

TiO, Composition [mol-%] Dopant Additive A/B
Batch no. . - - :

labelling | Ba Ca Ti Y Mn SiO, ratio
A-2b A-2 41.51 7.38 49.82 | 0.25 0.05 0.98 0.985
A-2c A-2 41.56 7.39 49.87 | 0.15 0.05 0.98 0.983
A-2d A-2 41.47 7.37 49.77 | 0.34 0.05 0.98 0.987
A-2e A-2 41.57 7.39 49.88 | 0.25 0.05 0.86 0.985
A-2f A-2 41.62 7.40 49.95 | 0.25 0.05 0.74 0.985

3.3. Sample preparation

The common industrial synthesis process has alrbady described isection

2.2.1 In order to prevent inaccurate interpretatiore Kiboratory-scale material
synthesis of this work has been based on the indusinthesis strategy. The
batch size for basic compositions is set up toraaumt of 5kg with respect to the
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dried mixture. In this case, the raw materialsl@mogenized in deionised water
using a ball mill with yttria-stabilized zirconiaY§Zz) spheres of 3.0mm in
diameter followed by drying at 90°C in a drying oitger for at least 48h. In this
case the drying step somewhat differs from the shthl process where the
homogenized mixture is spray dried, which is muabrencost-effective on the
large scale. In contrast, for much smaller batckessiof 5kg prepared in
laboratory-scale, spray drying becomes highly inem® due to material losses
during the process owing to the dust, which isextéd inside the cyclone.
Supplementary a significant amount of metallic alma particles is generated
resulting from the facing tile inside the spray eltySuch impurities can act as
additional doping elements.

After drying, the homogenized mixture is calcinedai batch furnace in air at a
temperature of 1190°C. The calcined powder is timdied in deionised water,
again by using a ball mill wittY SZ spheres of 3.0mm, until a final grain size of
2.5 to 2.8um (gb) is obtained. The refined powder then is mixed@ivt.-% of a
cellulose binder mixture for spray drying. Subsetlyethe granulated material is
compacted by means of an axial moulding press (DOR3A-4) to pellets with a
shape of 14.4mm in diameter and 3.15mm in heigh& fEsulting green density
of the compressed pellets amounts to 3.15g/cm3Jvads finally are sintered in
a batch furnace (CM Furnace Inc. Bloomfield N.Jithwnert zirconia sintering
aids at a temperature of 1350°C, dwell time of 30mnd a cooling rate of
5K/min.

For electrical characterisation, the sintered partsmetallized by first applying a
chromium/nickel sputter layer and finally screemfing the sputtered parts with
silver electrodes to prevent oxidation. The spirtteprocess has been done in the
pilot sputter station Leibold-Heraeus Z400.

3.4. Material characterization

3.4.1. Process Control Parameter

Figure 3.4-lillustrates the preparation process and summarizesrecorded
process control parameter during material synthesis sample preparation. The
most important process control tools and their mofleoperation are briefly
described in this section.

GSDof the dispersed powder was recorded by the @hiffesiction method using a
particle size analyser Mastersizer Hydro 2000G (iad Instruments Ltd., UK).
The moisture of the dried mixture was detected with Halogen Moisture
Analyzer HG53 (Mettler-Toledo International Inc.).

Specific surface area of the powders was measwratelans of the gas adsorption
method after Brunauer, Emmitt and TellBE() using the areameter Nova 4000e
(Quantachrome GmbH & Co0.KG).

The loss on ignition(OI) that occurs during calcination due to carbon iiex
releaie was determined by dint of an electroniarza with measuring accuracy
of 107g.

The density of the calcined powder was measuratyubie pycnometer AccuPyc
1330 (Micromeritics Instrument Corporation).
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Properties of the granules such as compressibditygranule density were
determined via the powder-testing centre PTC-03RZK Powder Tech Corp.,
USA).

GSD of the granules was measured by incoherent lightadtion method (laser
optic system by Jenoptik, Germany) using the dspelising module Crystalsizer
DR100 (Retsch Technology GmbH).

Geometric green and sintering density.§ of the samples as well as the linear
sintering shrinkage (§ of the pellets were calculated by using the felig
equations.

_ \W
pgeo - (]/47ﬂ2h)
Equation 3.4-I
5 - 100_(1oomm,]
yreen
Equation 3.4-11

Wherew represent the weight, the diameter ant the height of the pellets. The
corresponding weights and dimensions were registeyemeans of an electronic
balance, a digital measuring slide and a digit@rameter gauge. Additionally the
density and open porosity of the sintered parts wasasured using the
Archimedes principle (hydrostatic weighting) wittetaid of an electronic balance
(Sartorius AG). Densityp(,) and open porosityP) was calculated b¥quation
3.4-11l andEquation 3.4-1Vrespectively.

Puw = Puater (L)

Equation 3.4-111
M =M
m,—m,

Equation 3.4-1V

With pwater DEINg the density of water depending on the teatpez,m; the weight
of the dried samplan, the sample weighed in water ang the sample weight
with penetrated water.

The A/B ratio was measured by means of X-ray fluorescence asaiyRF). It
denotes the measured relation of the A-side iors (B, Y) and the B-side ions
(Ti, Mn) inside the BaTi@ (=ABOs) lattice. Measuring device was the
wavelength dispersive X-ray fluorescend®OXRF) spectrometer S4 Pioneer
(Bruker AXS). Calibration was performed with intafrstandards.
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Figure 3.4-I: Process flow chart: preparation process on laboratcale

3.4.2. Thermal analysis

Differential scanning calorimetnyDSC) and thermal gravimetryTG) have been
performed to investigate the calcination processr Fhat purpose, the
simultaneouDSTTG unit Netzsch STA 409 C/C3/F with electrical SiGrface
for temperature profiles ranging between 25 andiG5vas used. Measurements
were performed in nitrogen/oxygen atmosphere (8&%M,:20vol.-%Q) with
gas flow of 50 ml/min. Samples of approximately 3bmere placed in a Pt-
crucible and heated from room temperature to 1250H@ heating rate has been
set to 10°C/min. For gas analysis, a capillary dohkquadrupole mass
spectrometer QMS 403 C (Balzers) has been usedgllsis device preselected
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mass fragments between 12 and 74g/mol have beerdest (MID-mode). This
range includes the emerging mass fragments of wedelbon dioxide and short-
chained organic compounds.

3.4.3. X-ray diffraction

Calcined powders and sintered samples were exantayed-ray diffraction
(XRD) using the Panalytical X’Pert PRO powder diffractten with Co-Ki-
radiation and the solid-state detector X Celeratanjch operates at real-time
multiple strip technology (RTMS). Typical measurerm@arameter used are a
source voltage of 45kV, measurement current of 4Gand a ®-range between
15° and 100° with step size of 0.004°.

The measured spectra were analyzed using the BXREr evaluation software
programs Diffrac Plus EVA (version 12.0) and TOPA®rsion 3.0). PDF files
used for phase identification and quantificatioe &sted in appendixT@ble
8.2-11). The phase composition was quantified using thetvBld refinement
method Pin-08/1].

3.4.4. Chemical trace analysis

The analysis of trace elements has been realized tise Inductive Coupled
Plasma - Optical Emission Spectrome{é€P-OES) Spectro Arcos (Spectro
Analytical Instruments GmbH). Element concentradiomere determined using
the method of standard addition. Included releedatnents are Na, Mg, Al, P, K,
Fe, Zr and Nb. Due to the digestion method useds@omple preparation the
chloride concentration was separately measuredgusiolumetric analysis
(titration). Quantification of the detected elenseenwas done by the Smart
Analyzer Vision software (Spectro GmbH). Samplepgration has been carried
out by the following procedure: 0.1g of the powdample was weighed and
dissolved by microwave assistance in a mixturenof &eionised HO, 10ml HCI
and 2ml HBR. Finally, the sample solution was filled up witkiohised water
until a volume of 100ml was reached.

3.4.5. Scanning electron microscopy

Scanning electron microscop§SEM) has been applied to investigate the
microstructure and microchemistry of the sintereutgp Cross sections of the
sintered pellets were embedded in epoxy resin amdng and polished. Finally,
the specimens were polished with an alkaline adéibisilica solution (OP-U
suspension from Struers, 0.04um granularity) forn@iutes. This preparation
procedure was necessary in order to perform elechackscatter diffraction
(EBSD). Additionally, these specimens were used for wavgth and energy
dispersive x-ray spectrometrf DXS and EDXS) The EDXS, WDXS and
EBSD analyses were accomplished on a Zeiss Ultra 5EME&quipped with a
Trident system from the EDAX Company. The Tridegstem comprises a
Sapphire Si(Li) EDX detector and a TEXS WDX specteter for element
analyses and a CCD-Digiview-camera #©BSD. The EDXS and WDXS data

-34 -



3. Experimental design and methods

were recorded and evaluated with the Genesis saftWé.1, theEBSD data with
OIM 5.3 software. The operation conditions (hightage and beam current) for
EDXS were 15kV and 1.5nA, for WDXS 20 kV and 30nA. DwiEBSD
characterisation the microscope was operated af 20kl 1.8nA and an area of
100x100pum was scanned with a step size of 100nxagomal pixels). Grain
boundaries were characterized by a misorientatemgel than 5° between
neighbouring measurement points. To reduce thaantte of noise in the results,
a grain must comprise at least six pixels whichultssin a minimum grain
diameter of around 0.4 pm.

3.4.6. Electron probe microanalysis

In order to perform quantitative elemental analysiee Electron Probe
Microanalyzer EPMA) Jeol JXA 8200 SuperProbe has been used. Thisalevi
which works in principle like &EM optimised for quantitative analysis, consists
of five WDX spectrometers in combination with spectrometer. Analysis
crystals incorporated in the equipment &P (thallium acid pthalate)LIF
(lithium fluoride), LIFH (high-resolutiorLIF), PETJ (high-reflectivityPET) and
PETH (high-resolutiorPET). Using EPMA a simultaneous detection of up to 5
elements can be achieved. ComparedSEM-EDX the spectral resolution is
considerably increased and the elemental detectioranging from boron to
uranium. The device is equipped with a W-filametdcton source, a high-
precision sample stage and a vacuum-pump unit. Toefiguration for
quantitative elemental analysis has been set uijrdily selecting an appropriate
analyser crystal for each element, secondly cdifiyahe measurement for each
element by using mineral standards (SPI Suppli&rdcture Probe, Inc; 53
standards set). The elements included in the measnt file for quantification
were Ba (I8), Ca (Ka), Ti (Ka), O (Ka), Si (Ka), Y (La), Mn (Ka), P (Ka), K
(Ka) and S (Kx). Quantitative (point) analysis was performed gsthe line
analysis operation mode, which includes 20 sepadragading points. The
measurement conditions used are an acceleratirtggeolof 15kV with probe
current of 1*10PA, the testing times amount to 20sec for peak absed for
background measurement. For matrix correction thierlmp-zet (PRZ) method
was used. In contrast, the elemental maps arededausing the map analysis
program, i.e. only peak measurement is employece Treasured area for
elemental mapping amounts to 40x40um with spa@ablution of 1024x1024
reading points. Typical measurement conditions vereaccelerating voltage of
15kV, a probe current of 3*1 and a step size of 0.04um. Measurements were
performed on the samples preparedSBIM/EBSD (seesection 3.4.h

3.4.7. Transmission electron microscopy

For high-resolution imaging and chemical analysis, Tecnai F20 Transmission
Electron MicroscopeT(EM) manufactured by FEI Eindhoven has been used. Due
to the high-resolution imaging filter and monochador assembled, this device is
optimized for nanoanalytical tasks such as Electtoergy-Loss Spectrometry
(EELS), Energy-Filtering TEM EFTEM) and EDXS. The used microscope is
equipped with a Schottky field emitter, an S-TWIbjextive lens (FEI Company)
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and a Gatan Imaging Filter (GIF) Quantum (GATAN .)ncX-ray spectra are
recorded using the Sapphire Si(l DX detector from the EDAX Company
(STEM-mode). TheEELS-spectra are collected I8TEM mode using the GIF
Quantum manufactured by GATAN Inc. Company. Measar@s are performed
using an acceleration voltage of 200kV. Sample gnamn has been carried out
using the following procedure. Firstly the sintepadts are cut. Further the pieces
are embedded in an alumina tube (internal diam&t8@mm) followed by a
grinding and polishing step until a thickness oOlf is reached. Then the
thinned samples are dimpled (30um) and finally beam thinned until electron
transparency is reached (approximately at 100nrokrleiss). For ion beam
thinning the equipment PIPS (Precision lon Poligh8ystem) of GATAN Inc.
Company is used.

3.5. Electrical characterisation

3.5.1. Room temperature resistivity and  p-T-characteristic

The electrical resistivity at 25°G4) was measured using a digital multimeter
Keithley 199 (Keithley Instruments Inc.) with a Worg range of up to 300M
(measurement current 1.7mA to 0.5pA).

The R-T characteristic was recorded between 30W280°C in air by means of
a test assembly containing the source measure Keithley 237, the switch
system Keithley 7001 (Keithley Instruments Inc.)daihe air convection oven
Memmert UFE 400 (Memmert GmbH & Co0.KG). A measuremeoltage
between 1V and 400V was applied to estimate thdagel dependence as
exemplarily depicted ifrigure 3.5-1
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- o 4
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] . e US=10V
| @ @ @ ® A U3=1OOV
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temperature [°C]

Figure 3.5-1: Schematically depicted monitoring program for tbetection of the R-T-
characteristic
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3.5.2. Impedance analysis

Impedance measurements were performed on discéghsgaples (diameter:
12mm, thickness: 2.5mm) in air at temperatures éetwroom temperature and
110°C by employing a high-precision impedance aely{Novocontrol Alpha-
A). The effective ac voltage amounted to 1.0V dmelfrequency range was from
10MHz to 100mHz. The specimens were placed in déhgpse holder between two
gold foils by light spring action. The stray indaicte of the leads of the
measurement jig was determined on the empty slvouied sample holder. The
ac measurements have been carried out in a tubmcerrequipped with a
temperature controller (Eurotherm 2416) and thepenature was recorded in the
vicinity of the sample by type-K thermocouples.

3.5.3. &-T-characteristic

The relative permittivitye,) as a function of temperature was calculated based
capacitancéC) measurements in the temperature range of -55%6CLBV6tsch
VTM7004 temperature test chamber). The C-T-charatie was detected using
the Precision LCR Bridge HP4284A. Standard measen¢rparameters are a
voltage of 1V and frequency of 1kHz. The relativermittivity then was
calculated considering the geometry of the samatesEquation 3.5\

£, =CG£Eg
g A

Equation 3.5-I

Whereg denotes the permittivity of vacuumijs the thickness of the sample and
A the effective electrode area which equates tatniace area of the samples.
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4. Results and discussion

This section includes the results and discussioth@fexperiments described in
section 3.2 Commencing with the measured electrical propergée detailed
analysis of the synthesis process is subsequentgn.gFinally, the results are
discussed in terms of microstructural and chemagalution of the sintered parts
and their consequences on the electrical charatteri

4.1. Electrical characteristic

4.1.1. Room temperature resistivity and  p-T-characteristics

Figure 4.1-ldepicts the measured resistivify,d) values of all compositions at
room temperature.

10° 3

105-5

H B H

10° 3

resistivity [QQcm]

101 | 1 | | | 1 | | | |
A-1a A-2a R-1a A/R-1a A/R-2a A-1b A-2b R-1b A/R-1b A/R-2b
batch
Figure 4.1-I: Box plot of the resistivity at room temperaturesefies a- and b- compositions

It can be seen frorigure 4.1-Ilthat compounds containing anatase ;ljp@epared
from the sulphate process exhibit much higher tiggis The values ranging
from 5.0x10 to 1.2x16Qcm for compositions A-1la and A-2a/B-ratio 0.998)
and 1.4x16 to 3.0x16Qcm for compositions A-1b and A-2\B-ratio 0.985)
which are 2 to 4 orders of magnitude higher thanrthile references R-1a and R-
1b showing resistivity values of about 68d@n and 34.2cm respectively. In
contrast the anatase-rutile mixture materials A/&atl A/R-2 (a and b series) do
not show any significant changes in room tempeeatesistance compared to the
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rutile reference R-1. The resistivity values obeairwith these raw materials on
the one hand range from 1088n t0149.2xcm for series “a” A/B-ratio 0.998).
On the other hand, the resistivity amounts to 28r8 and 24.9cm for b series
(A/B-ratio 0.985). These values are quite close to the mederealues of 669cm
and 34.72cm achieved for composition R-1a and R-1b respelgtivAdditionally

it is evident fromFigure 4.1-Ithat the use of anatase raw materials with higher
impurity level significantly increases the standaleviation of the resistivity
values.

The PTCRcharacteristics of the compositions prepared Bustiated inFigure
4.1-11 and Figure 4.1-11l It is obvious that commercial anatase-based madger
show PTCR-characteristics as well, although the shape clsmegpecially with
regard to the slope and height of tRICRjump and the characteristic
temperatures (temperature of minimum and maximursistance, onset-
temperature). Compared to the rutile referencertagimum resistivity @ma,) and
the temperature at maximum resistivifimf) respectively are shifted towards
lower temperatures when using sulphate-processathsm as the T#Osource
(compositions A-la and A-2a compared to R-la). Tdliservation is also
applicable for compositions Alb, A-2b and R-1b.tRarmore, the anatase-rutile
mixture materials A/R-1a and A/R-2&igure 4.1-1) show slight increase in the
resistivity values around ax and a minor shift opnaxto lower temperatures
when compared to the rutile reference R-la. Oppdsedhat the PTCR
characteristic of the compositions A/R-1b and AR{Eigure 4.1-11) do not
show significant changes compared to R-1b. Moredver visible fromFigure
4.1-11 that changing thé/B-ratio towards higher Ti-excess leads to a shift of the
room temperature resistivity respectivgbyi, towards lower values which is
consistent with literature as describedsirction 2.2.9Lin-90, Sak-04 Jay-04
Nii-07].

For better comparisohable 4.1-Isummarizes the characterizing parameggrs
Pmax Tmax and0(130-180°c)Of series a- and b-compositions. An entire ovevvid
the characterizing parameters is given in appehdiXe 8.2-V

Table 4.1-I: Characteristic values of theT-graphs (measured at 10V)

Batch no. Pmin Pmax Tmax 0(130-180)
[Qcm] [Qcm] [C] [%/C]
A-la 5.7E+04 2.9E+08 200 11.67
A-2a 1.6E+05 4.4E+08 209 10.49
R-1a 5.3E+01 2.1E+07 247 15.16
A/R-1a 8.6E+01 6.6E+07 224 17.23
A/R-2a 1.3E+02 9.8E+07 223 17.15
A-1b 1.1E+03 8.2E+07 240 14.56
A-2b 2.8E+03 7.4E+07 233 12.85
R-1b 2.9E+01 1.0E+07 252 15.45
A/R-1b 2.4E+01 1.0E+07 257 15.08
A/R-2b 2.0E+01 5.8E+06 253 14.59
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Figure 4.1-ll: Resistivity as a function of temperature-T-characteristic) of series a-
compositions at a measurement voltage of 10V.
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Figure 4.1-1ll; Resistivity as a function of temperature-T-characteristic) of series b-

compositions at a measurement voltage of 10V.

Additionally Figure 4.1-1V and Figure 4.1-Vrepresent the resulting values for
AP/AT i.e. the slopes of théTCRjump plotted against temperature. One
characteristic point therein is the reversal froosipve to negative alpha values

representind max It is apparent fronfrigure 4.

1-IVandFigure 4.1-V(andTable

4.1-)) that the rutile reference composition (R-1) adlvas the anatase-rutile
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mixture compositions (A/R-1, A/R-2) show flap/AT vs. T curves resulting in
higher Tmax Whereas the compositions prepared from anatask @2) show
much steepeAp/AT vs. T graphs and for this reason loWegry Moreover, it is
obvious that higher Ti-excess results in flaig/AT vs. T curves once again
correlated with an increase Thhax
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- —e— A-2a
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Figure 4.1-1V: Plot of Ap/AT as a function of temperature for a-compounds
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Figure 4.1-V: Plot of Ap/AT as a function of temperature for b-compounds
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Furthermore, inFigure 4.1-VI and Figure 4.1-VIl the characteristic resistivity
values and temperatures of all compositions arepeoed. The correlation @fin
andpmax With p/T-ratio (Figure 4.1-V) directly visualizes that the change in slope
and height represented by the ph€é-ratio mainly can be attributed to a change in
low temperature resistivitypfin), Which decreases about 2 to 3 orders of
magnitude (A-1 and A-2 compared to R-1). On thetreoy, pmax ONly decreases
about half of that. FinallyFigure 4.1-Vlillustrates that the distingtions of
resistivity between the commercial anatase compsutiek rutile reference and
the anatase-rutile mixture materials in b-composgiis decreased especially in
the low temperature area. This illustrates the hgensing (equilibration) effect
of a liquid phase available during sintering. Sanibbservations can be made by
analysing Figure 4.1-VIl The variation in characteristic temperatures #or
compositions exceeds the variation range for b-asmitippns. Besides nax IS
much stronger affected thamn.
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Figure 4.1-VI: Comparison of the characteristic valupgi, pmax and p-T-ratio of the
compositions
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Figure 4.1-VIl: Comparison of the characteristic temperaturgs, TTmax Tp @and T of basic
composition$

4.1.2. Complex impedance analysis

Impedance measurements, as describeseation 3.5.2were carried out for a-
and b-compositions between room temperature and®CllCe. below the
ferroelectric to paraelectric phase transition atri€ temperature Ti). The
complex plane plots of the impedance data typicadigsisted of one suppressed
semicircle, which was somewhat shifted along th&l exis. The impedance
spectra were analyzed by means of complex nonflifegest squares (CNLS)
fitting of the equivalent circuitLsRou(RgwCPE) to the experimental data
(WinFit), yielding values for the bulkRg,) and grain boundaryRyy,) resistances
as well as the grain boundary capacitances, egttatbm the constant phase
elementCPEy, with typical values ranging from 1.9nF to 15.3iRe inductance
of the sample holdekLs = 0.5uH, was held constant during the fitting @chare.
The following figures Figure 4.1-VIIlI to Figure 4.1-X) show the resulting
complex plane impedance plots (Z-Z""-plots). Heriie visible shifts along the
real axis (Z°) represent the bulk resistance wisetiea semicircle corresponds to
the response of the grain boundaries. The resistesicdemperature plots for bulk
and grain boundaries are depictedFigure 4.1-XIl and Figure 4.1-XIIlL For
comparison, the obtained bulk resistance rangeseleet 2 and 2. On the
contrary, the grain boundary resistance varies &tk and 16Q. Figure
4.1-XIl andFigure 4.1-XIlll clearly illustrate that the variation in total istance
l.e. Ryp + Ry, and for this reason the dc resistivity (ssetion 4.1.)1 are only
generated by differences in the grain boundaryst@sce (Rg) and cannot be
attributed to changes in bulk resistancg) (R

* Thee-T-characteristics of batches A/R1-a and A/R-2aehant been determined

-43 -



4. Results and discussion

7" [kQ)]

A-1a m exp

f T
A-2a ® exp — fit

T T T T 1
20 25 30 35

5 10 15 40 45
Z' [kQ]
Figure 4.1-VIIl: Complex plane impedance plot of a-compositionsafathd A-2a
10
5
04
-5
g |
:l\IJ -10
15 4
1 R-1a A exp — fit
-20 1 AIR-1a € exp —— fit
1 A/R-2a » exp — fit
-25
-30 4
! | | | ! | ! | ! | ! | ! |
5 10 15 20 25 30 35 40
Z'[Q]

Figure 4.1-1X: Complex plane impedance plot of a-compositions RAIR-1a and A/R-2a

-44 -



4. Results and discussion

800
700 —
600 —
500 —

400 —

2" [Q)]

300
200

100

A-1b m exp — fit

A-2b e exp — fit G560

Rab

I
I—S R bulk

CPEgy

I ! I ! ! ! I ! I ! I ! I
0 100 200 300 400 500 600
Z'[Q]

T y T
700 800

Figure 4.1-X: Complex plane impedance plot of b-compositionshfafhd A-2b

2" ()]

R-1b A exp — fit
A/R-1b <€ exp — fit
A/R-2b » exp — fit

Z'[9]

Figure 4.1-XI: Complex plane impedance plot of b-compositionshRA/R-1b and A/R-2b

- 45 -



4. Results and discussion

10° 5
[ ]
° ™
| |
10° 4 . .
T 10° - O o A > bulk resistance
~ 3 mE e A 4« » gbresistance
2
8
[72]
-g 10% 4 o = A1la
o o e A-2a
| 2 > A A R-1a >
1 N < 4 < AR-1a N
10" . > » A/R-2a
&> Ay i3
B Fee) =
10° — 1 r r . 1t - 1 1T T v 1T °© 1

— T
10 20 30 40 50 60 70 80 90 100 110 120
temperature [°C]

Figure 4.1-XIl: Resistance vs. temperature plot of a-compositions
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Figure 4.1-XIll: Resistance vs. temperature plot of b-compositions

4.1.3. e-T-characteristic

The relative permittivity &) as a function of temperature is illustratedrigure
4.1-XIV. Therein it can be seen that compositions having fesistivity values
(R-1, A/R-1 and A/R-2) show negative permittivitglues at low temperatures or
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rather negative capacity values are recorded dumegsurement. Of course, this
is impossible but can be explained consideringniteasuring apperatus. In this
case, it has to be attributed to the measuringunmsnt and arrangement, i.e. as
long as the wiring and testing bridge is not dini@msd for low-ohmic parts such
an effect is always observed due to inductive &ffeEor this account theT-
characteristic has only been analysed to determiewhich is located at the
temperature at which, becomes maximum. The values determinedTigrare
summarised in appendiXable 8.2-\ Figure 4.1-XIVand Table 8.2-V clearly
illustrate that the permittivity maximum is flatesh andTc is shifted towards
lower values in anatase-based compositions (A-1 &&) whereas the rutile
reference and the anatase-rutile mixture matefRd&, A/R-1 and A/R-2) show
relatively sharp permittivty maxima and higher \eddorTc.
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Figure 4.1-XIV: e-T-characteristic of all compositions (averagedilts$

4.2. Investigation of the synthesis process

This section firstly deals with the investigatiararied out to analyse the material
synthesis process namely the thermal analysiseoté#icination process, the X-
ray diffraction study of the calcined powders asllves the quality control
measurements performed during synthesis processe§uently the results are
interpreted with respect to the differences betwberraw materials employed.

4.2.1. Results of the process analyses

The industrial and bench-scale processes of theriahtsynthesis have been
described insections 2.2.1 and 3.2dditionally a literature overview has been
given insection 2.2.2vith respect to the solid-state synthesis of BaTiOn the
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basis of this information the properties of the sBnished goods have
intensively been inspected during (Ba,Ca)Jgolid-state formation (sesection
3.4.). In appendix Table 8.2-1ll the relevant control measurements are
summarised.

Special interest is attracted to the propertiethefcalcined powders e.g. the BET
that in comparison to the properties of the titaiaa materials gives rise to the
reactivity.Figure 4.2-lillustrates the correlation of the specific sudad the TiQ
raw materials to the relative specific surfacehaf talcined powders (specified in
percentage of the Tkpowders). This diagram directly demonstrates #rétion

in reactivity during calcination which was expedeablue to the differences in the
titania BET values (seesection 2.2.2 [Hen-01/1. Other measured process data
will be placed and discussed in relevant context.
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Figure 4.2-1: Correlation of the BET of the TiOraw materials with the relative BET of the
calcined powders calculated in percentage of ts BET

4.2.2. Results of the thermal analyses

STA of the raw materials are depictedrigure 4.2-11 Comparing the titania raw
materials only minor differences are detected enSMA spectra. In principle the
anatase raw materials (A-1 and A-2) should showaapsexothermi®SC-peak
at the temperature at which anatase-rutile transition takes place but this is not
clearly visible in thesTA. Instead of that, all Ti©oraw materials show a small and
flat endothermal increase above 1000°C. For thasae it is supposed that the
anatase-rutile transformation of the materials Axid A-2 takes places at
temperatures above 1250°C and that the flat pelaggeal000°C most probably
result from energy consumption due to sinteringféae free energy reduction) of
the raw materials (see appendbgure 8.1-1to Figure 8.1-1\j [Sal-07. The
overall energy consumption of the anatase matebetizeen 100°C and 1200°C
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accounts for 2210uVs/mg for A-1 and 1666uVs/mgAe2. Compared to the
rutile reference value of 1564uVs/mg the anatadeegaare slightly increased.
Additionally the position of this energy consumptipeak (starting and maximum
temperature) is shifted from 541°C for the refeeendtile to approximately 35°C
higher temperatures when using anatase.TiOis indicates the varying reactivity
of the titania raw materials resulting from diffeces of the physical and chemical
properties such aBET or impurity content Rao-6Q Rao-61 Sha-65 Cri-83,
Amo-95, Grz-04 Grz-07, Sal-07.

The TG analysis of BaCe@ pictures the decomposition of the material in the
temperature range of 850-1200°C with a weight tdsE3.8wt.-%. The theoretical
weight loss during decarbonation amounts to 22.39wtlt is assumed that this
discrepancy results from the formation of a eutectelt between the formed BaO
and the residual BaGOThis liquid phase forms during heat treatmentvabo
950°C and is for example described by Tsutai efTau-0] or Nakayama and
Sasaki Nak-63. Simultaneous th®SC-curve shows a broad endothermic peak
in the temperature region between 1000 and 1200tk avpeak maximum at
approximately 1100°C, which can be attributed ®decarbonation. Additionally
two sharp endothermal peaks at 826.5°C and 978&Cviaible in the BaC®
DSC-curve, both representing the phase transitionsepted inEquation 4.2-1
from orthorhombic ) to hexagonal§) modification and from hexagondB)(to
cubic @) modification Lan-49 Rao-79 Ant-07].

y - BaCQ, 0 ##f . g-BaCQ, 0¥#f - a - BaCQ,
Equation 4.2-1

For CaCQ the TG-graph shows a weight loss of 43.4wt.-% illustrgtithe
decomposition of the powder in the temperature gaoy500°C to 800°C.The
theoretical weight loss in this case amounts t@7A8t.-%, which is quite close to
the measured value. TIESCgraph depicts a relatively broad endothermic peak
between 600°C and 800°C with a peak maximum of @ab6&ib°C, which
corresponds to the decarbonation. Contrary to Ba@® phase transition peaks
are visible for CaC@[Smy-23 Lan-49 Sui-01]].

Summarizing the results obtained by thermal ansligstan be assumed that the
small differences in thermal properties of thenidaraw materials probably affect
the behaviour during calcination which is discusiseldw.
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Figure 4.2-II: Simultaneous Thermal Analysis of the raw matefiBISC=solid lines, TG=dashed
lines)

Thermal analysis as described s&ction 3.4.2is employed to characterize
differences between the used titania raw matediatsgg calcination process. The
simultaneous thermal analyses of composition AAt3da and R-1a are presented
in Figure 4.2-Ill (A/B-ratio of 0.998). MoreoverFigure 4.2-1V illustrates the
results obtained for b-compositions having Al8-ratio of 0.985. It is visible
from this figures that th€ G- andDSGC-characteristics show similar progresses for
a- and b-compositions over the whole temperatungaaThe results obtained by
analysing theSTA-data are summeriszed in appendiable 8.2-I\V The TG-
curves clearly can be divided into three tempeeaintervals. The i ranging
from room temperatureR(T) to about 550°C, the"2between 550°C and 720°C
and the % ranging fom 720°C to 1050°C. The first temperatuagge is
characterised by a minor weight loss of 0.6wt.-%1téwt.-% inTG and an
exothermic peak in the temperature range from 25@°@00°C in theDSG
curves. Additionally the mass fragments for watarbon dioxide and short-
chained organic compounds are recorded by gasdimlyses in this temperature
range (see for example appenéigure 8.1-VandFigure 8.1-V). Thus, the first
temperature range includes binder burnout. In dw@rsd interval (550°C-720°C)
a weight loss of approximately 2.5wt.-% is obseruedhe TG-curves and the
DSCgraphs show an endothermal peak between 650°C7a3A8C. The gas
analysis in this temperature range clearly recorckthon dioxide flow. Taking
both curve progresses in account, this temperatteeval can be attributed to the
decomposition of CaCfand simultaneous formation of CagiO'he detected
weight loss exactly represents the theoretical evabalculated for CaCO
decomposition. The third temperature range (7200801C) denotes the largest
weight loss inTG ranging from 13.1wt.-% to 14.0wt.-%. Again, thesgmalysis
clearly recorded carbon dioxide flow. TBR&SG-graphs in this temperature range
show a sharp peak at about 840°C, which can béwt#d to the BaC®
orthorhombic to tetragonal transformation descritzxbve. Furthermore, the
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shoulder around 906°C-934°C represents the temyerat which the C&flow
reaches its maximum. According to these resuls,titird temperature interval
represents the BaGQlecomposition and simultaneous Bajiformation. The
weight loss detected for BaG@ecomposition slightly differs from the theoretica
value that amounts to 14.2wt.-%.
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Figure 4.2-1ll: Simultaneous Thermal Analysis of a-batches A-l1&afand R-1la (DSC=solid
lines, TG=dashed lines)
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Figure 4.2-1V: Simultaneous Thermal Analysis of all b-batches (BSdlid lines, TG=dashed
lines)
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Analysing the differences resulting from the natofehe raw material, only two
differences in th&TA-progresses can be observed. Firstly, the maximiutheo
exothermal peak representing the binder burnoshified to about 25°C higher
temperatures when using anatase;I[il®1, A-2 and A/R-1 compared to R-1 and
A/R-2). This phenomenon most probably can be aiteith to differences in the
surface adsorption of water and/or binder compouBdsause anatase represents
the metastable modification, surface adsorptiorreim®es the stability of the
crystal particles as describedsection 2.1.2hus increasing the activation energy
required for binder burnout. Another effect is blsi (especially irFigure 4.2-11)

at the shoulder around 920°D§C-curves) and in th&G-graphs between 800°C
and 900°C. Using the rutile material R-1a resuitsslightly delayed BaC®
decomposition, i.e. the reaction rate of the BaTi@mation below 850°C is
lower when compared to the anatase materials loutases faster above 850°C.
This effect can be ascribed to the differencesaiw materialBET (seeTable
4.2-0). Similar observations have been made by Fernaatiet Fer-91/2 who
investigated the the influence of the Fi@ystal structure and morphology on the
solid-state synthesis of BaTiO

Comparable to the thermal properties of the titaai@ materials the calcination
process is endothermal over a wide temperatureeraitye differences in
calcination behaviour between the titania raw malethus can be expressed by
comparing the overall energy consumption duringination between 100°C and
1025°C. These values are presentetahle 4.2-] A correlation between tHeET
values of the titania raw material and the enemysamption during calcination
is illustrated inFigure 4.2-\/ On the one hand, this correlation does not show a
direct dependence of the energy consumption orratvematerial nature for a-
compositions. On the other hand, such a correlatam be illustrated for the b-
compositions. It is assumed that this observatian be attributed to the
differences in titanium excess in b-compositiorat thill further be discussed in
section 4.3.by considering the microstructure.

Table 4.2-1: Summary of the STA characteristic values compasadlevant correlating values

Weight loss Peak area ca'ls(;:lizn-;d ca'ls(;:lizn-;d BET TiO»
Batch (50-1050C) (100-1025) p [Qcm] 2
[Wt.-%6] [WVs/mg] powder powder [ma/g]
[m?/g] (%]
A-la 17.0 1468 3.19E+05 1.18 11.5 10.28
A-2a 17.0 1461 2.04E+06 1.15 12.3 9.38
R-1a 17.0 1463 1.23E+02 0.92 15.2 6.06
A-1b 171 1065 1.42E+03 0.84 8.2 10.28
A-2b 17.4 1301 2.75E+03 1.06 11.3 9.38
R-1b 17.1 1148 3.28E+01 0.76 12.6 6.06
A/R-1b 17.0 901 2.46E+01 0.77 5.4 14.25
A/R-2b 17.7 1095 2.27E+01 0.83 8.2 10.17
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Figure 4.2-V: Correlation between the BET of the titania raw enats and the energy

consumption (100-1025°C) of the compositions dudalgination

4.2.3. Results of X-ray diffraction analyses

Table 4.2-1l and Table 4.2-1ll summarize the quantified phase compositions
analysed by Rietveld refinement. In additiéigure 8.1-VIlandFigure 8.1-VIII
(appendix) show the zoomed section of the X-rafralifion spectra between 20
and 50 degree® for the calcined powders. Spectra of the corredmgnsintered
parts are again depicted in appenféigure 8.1-IXandFigure 8.1-X

As a consequence of the two-stage CaTéhd BaTiQ formation during
calcination (seesection 4.2.2it is assumed that the formation of (Ba,Ca)fiO
solid solution proceeds only to some extend. Thsimption is confirmed by the
results obtained by XRD phase analysis. It can dsn SromTable 4.2-Iland
Table 4.2-Ill that all calcined powders contain notable amouwftsCaTiC:s.
Generally, the a-batch powders are composed ofuipacalcium titanate
representing the main compound, calcium titanatesnbit (BaTiSi,Og) that
crystallises from the silicon liquid phase duringoking and Balii303 a
titanium-rich secondary phase. Additionally thedidhes contain of one further
compound namely Ba&ii7040 which forms due to the higher titanium excess (see
phase diagrams isection 2.2.h Comparing the a- and b-batches it is eviderit tha
the amount of secondary phases is about 5wt.-%ehighthe Ti-rich b-batches.
The TiO, modification in this context seems to be irreldvakfter sintering the
CaTiO; secondary phase as well as the Ti-rich phas@iB®so are disappeared
and the parts only consist of (Ba,Ca)Zi®resnoite and the Ti-rich secondary
phase Bgli1;040. Compared to the calcined powders the amount chrery
phases is decreased to approximately 4wt.-% foatekles and 5wt.-% for b-
batches. Furthermore an estimation about the dopeottporation is attempted by
comparing the lattice parameters of the (Ba,CajTs$0lid solution which are
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represented by the c/a-ratio (SE&ble 4.2-Iland Table 4.2-11). In the material
system investigated here the c/a-ratio, which 1S the tetragonality of the
crystal, is decreased with enhanced donor doparieobdue to an increase in the
lattice parameter al'fu-0Q Bus-01, Hen-01/2 Par-09. The results illustrate that
such a change in lattice parameter cannot be ciddrgre because the c/a-ratio
values amount to 1.010 and 1.011 for the calcirmuder and to 1.011 and 1.012
for the sintered parts. With the results obtaingXRBD, it can be concluded that
the macroscopic phase composition for all batchagmilar.

Table 4.2-1I: Phase composition of the calcined powders detdmtetiray diffraction

gi'v‘;'(;‘gf’ gﬁéag;} BOT |CT B,TS; | BaTis BeT1s
Ala 1.010 93.8 27 07 28 n.d.
A-2a 1.010 945 26 n.d. 29 n.d.
R-1a 1.011 936 3.2 07 25 n.d.
AR-1la | 1.011 94.0 28 13 19 n.d.
AR-2a | 1.011 94.6 23 09 21 n.d.
A-1b 1.011 89.8 40 11 24 27
A-2b 1.010 89.6 2.9 08 35 32
R-1b 1.011 89.7 48 08 24 23
AR-1b | 1.011 89.2 5.0 12 19 26
AR2b | 1.011 89.8 46 1.0 2.0 26

Table 4.2-1lIl: Phase composition of the sintered parts detegtetttay diffraction

seed [ desie [eor eas e
A-la 1.011 96.6 1.3 2.1
A-2a 1.012 96.3 1.3 2.4
R-1a 1.011 96.4 1.1 25
A-1b 1.012 95.4 1.7 29
A-2b 1.012 95.3 1.7 3.0
R-1b 1.012 95.6 1.5 29
A/R-1b 1.012 95.0 1.8 3.2
A/R-2b 1.012 95.1 1.6 3.3

4.2.4. Interpretation of the synthesis process resu  Its

Since the thermal and process analysis showedraliifes in the calcination
process between anatase and rutile based battieeassumed that the formation
mechanism itself is affected by the raw materiaireaand properties. As already
mentioned insection 4.2.1the BET values of the calcined powders vary with
respect to th&ET of the TiQ powder. Micrographs of the calcined powders A-
la, A-2a and R-1a are depictedrigure 4.2-VIto Figure 4.2-VIIL These pictures
clearly demonstrate the differences in morpholo@iythe calcines. The rutile
reference R-laHigure 4.2-V) shows relatively homogeneous round-grained
aggregates with BET of 0.92m?/g (see appendbable 8.2-I). On the contrary,
the anatase batches A-Fagqure 4.2-VI) and A-2a Figure 4.2-VII), which have
BET values of 1.18 and 1.15m?/g respectively, showommbgeneous bimodal
particle aggregates. These aggregates contaimgeirleound-grained particles and
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smaller irregular floret-shaped aggregates thaewto the surfaces of the larger
particles, the latter being responsible for thenbrdBET of the calcined powders.
The question to be discussed is how the calcinaporcess or rather the
(Ba,Ca)TiQ formation proceeds in anatase and rutile batcheproduce the
differences in calcine properties. Further questiamll regard the relation
between the properties of the calcine and theaveaice for sintering.

T SkU
FELMI—ZFE GRAZ
479722 .TIF

FELMI—ZFE GRAZ
1024 x 1024 42,916 .TIF

Figure 4.2-VIl: SEM-micrograph of the calcined powder of composith-1a; scale bar 2um

-55 -



4. Results and discussion

FELMI—ZFE GRAZ
1024 x 1024 42920 .TIF

Figure 4.2-VIll: SEM-micrograph of the calcined powder of composith-2a; scale bar 2um

The widely accepted mechanism of BaF-fOrmation using solid-state synthesis
has been reviewed ieection 2.2.2 This mechanism, which is schematically
drawn in Figure 4.2-1X and had been described by Tsutai et akuf01, is
assumed to occur in compositions prepared fromertliiO, (R-1) and rutile-
anatase mixture materials (A/R-1 and A/R-2). Thechanism leads to uniformly
shaped calcined powders as presentddgare 4.2-VI
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Figure 4.2-1X: Schematically drawn BaTiJormation mechanism (aftef $u-01)

On the contrary, a modified mechanism is proposedHe solid-state formation
of the anatase compositions (A-1 and A-2). The psed formation mechanism is
based on the observations made by the group ofli€aband Fernandezgr-
91/1, Fer-91/2 Cab-93 and Wang et al. Wan-9§. These authors investigated the
phase formation and dielectric properties in phosps doped BaTi®

Based on their observations and the results olstamehis work, the modified
solid-state formation mechanism of (Ba,Ca)di@repared from phosphor-
containing anatase Tg&an be described in the following manner. Resgifiom
the preparation conditions, phosphorus, which geddas mineraliser during TiO
calcination (seesection 2.1.), covers the anatase grains in order to stabihee
metastable modification at room temperature. Durmgial BaCQ; and CaCQ@
decomposition at temperatures above 650°C the laeldgshosphor-layer reacts
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with the diffusing Ba- and Ca-ions to form a lowItimg liquid phase with high
P,Os content. The corresponding phase diagram for @#®-BOs system, which
is depicted irFigure 4.2-X has been described by McCauley and HumiMeld-
68]. It is assumed that the same is valid for the ®aQ; system due to the glass
forming tendency of the phosphor oxide especiallgombination with alkaline
or alkaline earth metal$Sgh-9Q Rao-03. This phosphor-rich liquid phase, which
consequently is located at the surface of theititgmains, further accelerates the
Ba- and Ca-ion diffusion from the decomposing cadie grains through the
liquid phase into the titania particles hence ameging the BaTi@formation at
the interface. Accordingly with increasing tempearatthe barium and calcium
concentration within the liquid phase increases reh® the orthotitanate {B)
formation is reduced and finally B®O,), and Ca(PQy), are formed. These
compounds are high melting solids which cover th&TiB; grains. As a
consequence of the barium consumptionAHl&ratio in compositions containing
anatase TiQis shifted toward titanium excess at least in lized regions (local
inhomogenities). Accordingly exaggerated grain gloean be observed in such
compositions as illustrated for the calcined powdar A-1a and A-2a irfrigure
4.2-VIl andFigure 4.2-VIII[Mau-87 Fer-91/1 Cab-95 Lin-91]. Additionally the
TiO, grain size similarly affects the decompositiorerat the carbonates because
an increase in reactivity due to increasB&T enhances the (Ba,Ca)TiO
formation [Bpi-61, Suy-75/1 Suy-75/2 Suy-77. The grain size effect thus
enhances the phosphorus effect. This is at ledigtfoa the b-compositions as has
been demonstrated igure 4.2-Vin section 4.2.2
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Additional verification for the proposed mechaniss given by the high-
temperatureXRD measurements depictedkigure 4.2-XlandFigure 4.2-XlIfor
compositions A-2a and R-1a respectively. Theserdigiclearly demonstrate that
the well known mechanism confirmed by Spiel3, Kub®auger and Tsutabpi-
61, Kub-67, Bea-83/1 Tsu-0] cannot be applied to the phosphor containing
anatase batches. In this case the anatase coropesitbuld have shown lower
decomposition rates and higher amounts of seconplages compared to the
rutile reference $pi-61, Suy-75/1 Suy-75/2 Yam-76 Bea-83/1 Bea-83/2 Ish-
87, Fer-91/3. This is clearly not the case. Rather the anateterials show lower
secondary phase contents (see spectra at 900°C)hanBaTiQ formation is
finished at somewhat lower temperatures (see spettr950°C). Additionally
such a shift in decomposition temperature andisat®t observed in the thermal
analyses which in fact support the high temperaXiRB results especially for the
a-compositions as describedsiection 4.2.ZFigure 4.2-11).

Another question to be answered is why the phosmomtaining secondary
phases are not detectableXBRD. This effect can on the one hand be attributed to
the uncertainties of the method as described elsenDin-08/1] and on the other
hand to the location of such secondary phases. phosphor containing and
barium enriched phases are always located at tie gurfaces of the Tigrains
and after calcination at the surfaces of the forfBadiO; particles. The location
together with the small concentrations of phosphwurities thus result in very
thin surface layers of less than 100nm thicknessth® contrary diffracted X-rays
escape from an interaction volume of micrometergeamepending on the
accelerating voltageldin-08/1]. Additionally such a thin surface layer may net b
well crystallized, which is of fundamental importaforXRD measurements due
to the fact that vitreous materials cannot difftdatays.

A similar explanation can be given for thERF method. From XRF-
measurements th&/B-ratio of the materials can directly be calculated. The
results are shown in appendiXable 8.2-1ll For anatase materials (a-
compositions) the results clearly show Ba-exceskencalcined powder which is
not detected in the rutile material. Or the otheaywaround, in anatase
compositions there seems to be titanium consumjghimimg calcination. But this
statement is not supportable because the appliegdlegreparation process gives
no evidence for material losses (s=etion 3.3 Thus the measured Ba-excess
most probably results from the sample propertied toeir relation with the
method. Due to the proposed mechanism describedeali#a-rich secondary
phases surround the Baki@rains. It is supposed that this layer at leastlypa
absorbs the fluorescence radiation leading to f ishthe detected composition.
Otherwise it makes no sense why during calcinditanium should be consumed
and during sintering barium content should be reduc

Additionally it is worth to note that the effect tifanium consumption during
calcination to a lower extend also occurs in amataassed b-batches, which in
contrast to the a-compositions do not result ineBeess. This is to be expected
when taking into account the much higher titaniuxecess of 1.3mol-% in b-
compositions.
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Figure 4.2-XII: high temperature XRD of composition R-1a

Finally, an assumption should be made regarding etfiect of the differing
calcination mechanism on the sintering behaviouthef materials. Starting with
the calcined powder that contains Baji#&hd several barium- and titanium- rich
secondary phases, the secondary phases act agdarrvolume diffusion during
initial sintering [Bal-07. At elevated temperatures titanium enrichmentjcivh
occurred during calcination, increases liquid pHaseation thus accelerating the
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formation of a homogeneous microstructure. Thispsspd effect and its
consequences on tRE CR-characteristic are discussed in detagéation 4.3.6

4.3. Investigation of the microstructure

The purpose of this section is firstly to illuseand compare the obtained
microstructures of compositions a andsedtion 4.3.1 and 4.3.2Secondly, the
differences in microstructure chemistry are dett@ed analysed by the use of
SEM, TEM and EPMA (section 4.3.34.3.4 and4.3.9. Finally, the results are
discussed in relation to tiET CR performancegection 4.3.%

4.3.1. SEM micrographs

Microscopic studies were performed in the mannecdeed insection 3.4.50
figure out the variation in microstructure with pest to the average grain size
(section 4.3.1and chemical compositioséction 4.3.3

Micrographs of the cross-sectioned and polishedpgzsmare depicted iRigure
4.3-1 to Figure 4.3-X Additionally the average grain-size values deteed by
linear analysis of thEEM micrographs are summarisedTiable 4.3-]

Table 4.3-I: Average grain sizes of the sintered parts

Batch | AVer20 AN | gagy | Average oran
A-la 5.23 A-1b 9.46
A-2a 4.73 A-2b 9.00
R-1a 4.53 R-1b 5.47
A/R-1a 4.63 A/R-1b | 5.62
A/R-2a 4.05 A/R-2b | 5.95

WD=38mm  Width=99.94ym  10um u35111.4f
—
EHT=15.00kV Detector = AsB 04A FELMI-ZFE-GRAZ =

Figure 4.3-I: A-la SEM micrograph; picture width 100pm
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Figure 4.3-V: A/R-2a SEM micrograph; picture width 100um

Comparing the microstructures of the a-batcleguie 4.3-Ito Figure 4.3-V, it

is evident that the grain size in general is nteécéd by the raw material nature
but the amount and size of pores varies signiflgaRbr the anatase batches A-l1a
and A-2a the average grain size amounts to 5.2udh 4anum respectively,
whereas the rutile reference shows an average giznof 4.5um. The anatase-
rutile mixture materials A/R-la and A/R-2a agaiiglsly differ from the rutile
reference with values of 4.6um and 4.1um respdgtivEurthermore, the
micrographs of a-batches show that the pores inathetase-based materials
appear to be roughly doubled in size and quanfgcordingly, the slightly
increased average grain size of the anatase adsattomes comprehendible
when considering the porosity. The differencesaropity can easily be illustrated
by comparing the geometric densities of the sigtenaterials as shown ifiable
4.3-11 together with the hydrostatic weighing densitiesl ahe open porosities.
For reference the theoretical densifyDj obtained fromXRD-analyses is used
which amounts to 5.87g/cm?3 for the theoretical cosmpon (Ba.gsCa.15TiOs.
This value forTD is valid for the sintered parts of a- and b-bascide geometric
densities clearly show differences between anatasd-rutile-based materials.
The geometric densities of the anatase based Isafctia and A-2a account for
approximately 90% of th&D. Contrary the rutile reference and the anataskerut
mixture materials show values of about 92% ofTbe Moreover, the hydrostatic
densities do not show such dependence. This effattoe attributed to the type
and quantity of porosity taken into account withe tneasurement i.e. the
geometric density characterises the material inoctu@dpen and closed porosity
whereas the hydrostatic density excludes the opewsjty. In general the anatase
based materials show lower open porosity valueg;twih the first instance seem
to be contradictory to the geometrical density galuTaking both density
measurements and the micrographs into accourdnibe concluded that anatase
based compositions contain a significantly higheardity of closed porosity. This
indicates that the sintering mechanism in anatased materials differ from the
behaviour of the rutile reference material as sspdabovesection 4.2.4)This
effect and its consequences on HECRcharacteristic will be discussed in detalil
in section 4.3.6
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Table 4.3-1I: Comparison of densities obtained for basic batches

Geometric | Geometric I—!ydrqstatlc I—!ydrqstatlc Open

Batch density density S'”teT'”g S'”teT'”g porosity
density density

[g/cm3] [%TD] [g/cm3] [%TD] [%0]
A-la 5.27 89.78 5.33 90.74 1.77
A-2a 5.28 89.95 5.42 92.38 0.99
R-1la 5.40 91.99 5.43 92.60 2.01
A/R-la 5.42 92.33 5.47 93.27 2.07
A/R-2a 5.42 92.33 5.40 92.10 241
A-1b 5.23 89.10 5.35 91.22 2.31
A-2b 5.24 89.27 5.35 91.21 2.32
R-1b 5.26 89.61 5.32 90.78 2.43
A/R-1b 5.29 90.12 5.31 90.60 2.56
A/R-2b 5.28 89.95 5.32 90.69 2.67

The mentioned density dependence to a lower ex#snl is observed in b-
compositions. In contrast to the a-batches, thenggae of the b-compositions
strongly varies between anatase and rutile basegasitions. On the one hand,
the anatase-based materials A-1b and A-2b havege@rain sizes of 9.5um and
9.0um respectively. Further, the rutile referenod ¢he anatase-rutile mixture
materials show average grain sizes between 5.5pan 6adum. Indeed this
discrepancy cannot be attributed to differencepdrosity as can be seen from
Table 4.3-1I Once more these results confirm the assumptiah dhmodified
sintering mechanism provokes the differences irresicucture and consequently
in PTCRcharacteristics (sesection 4.3.h

u33397.if
FELMI-ZFE-GRAZ

WD=46mm  Width=99.94 um
EHT=15.00kV Detector = AsB

V§-04B-BT65
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WD=48mm  Width=1000pm  2um u33400.tf
—_—
EHT=15.00kV Deteotor = AsB V5-05B-BT15 FELMI-ZFE-GRAZ

Figure 4.3-VII: A-2b SEM micrograph; picture width 100pm h

WD=47mm Width=100.0pm  10um u33405.tif
EHT=15.00kV Detector = AsB V§-06B-BT15 FELMI-ZFE-GRAZ v [

Figure 4.3-VIIl: R-1b SEM micrograph; picture width 100um”

WD=47mm Width=100.0pm  10um u33409.tif
EHT=15.00kV Detector = AsB V§-07B-BT15 FELMI-ZFE-GRAZ v [

Figure 4.3-1X: A/R-1b SEM micrograph; picture width 100|mi'
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WD=48mm  Width=1000pm  0um 3341 3.4t =
—
EHT=15.00kV Deteotor = AsB V5-08B-BT15 FELMI-ZFE-GRAZ 7=

Figure 4.3-X: A/R-2b SEM micrograph; picture width 100um

Finally a comprehensive view on the microstructweghe basic batches shows
that the grains are not uniformly in size but rat&ehibit a multimodal grain size
distribution i.e. some grains are coarse and s@n®in fine. This is especially
obvious in b-compositions. For example, in R-1bRAb and A/R-2b the coarse
grains have sizes above 10um and the fine graingerdelow 5um. This
observation is of fundamental interest becauseaiit directly be related to the
anomaly of grains size and conductivity as modeligcdDrofenik [Dro-87, Dro-
90, Dro-93 Dro-99, Dro-02 and reviewed irsection 2.2.5Ultimately, this means
that for b-batches the observed differences in @sicucture at least partially give
rise to the variation iRTCRcharacteristics (sesection 4.3.5

4.3.2. Electron backscattering diffraction

Besides grain size another microstructural feaiterown, which influences the
height and shape of theTCRjump, that is to say the number of electrical
inactive lowZ grain boundariesNem-8Q Oga-95 Kuw-96, Hay-96 Ger-01, Sea-
05, Ran-09. Fundamentally, low> grain boundaries originate from geometric
relations between adjacent crystal grains i.e. grains periodically share some
of the crystal atoms. This relation is theoreticaéscribed by the coincident site
lattice (CSL) theory for crystalline ensemble&sef-01. In short, this notation
means the lower the value the higher is the geometric relation betwadjacent
grains. The role of lowe grain boundaries on theTCR was investigated by
several authors since the 1980°s e.g. by Kuwaltaah fKuw-96] or Seaton and
Leach Bea-0% The latter found that loE grain boundaries, in particular3, 5
and 9 boundaries, are inactive with respect to@R€Reffect hence influencing
the steepness of thBTCR characteristics. Seaton and Leach explained this
behavior by taking into account that the grain marng oxidation during cooling
from sintering temperature is diminished, whichutesin lower resistivity above
the Curie-temperature i.e. decreased or suppreBI€LRjumps or rather a
flattened increase of resistivit$ga-0%.

Figure 4.3-XI to Figure 4.3-Xlll compare the crystal orientation maps of
compositions A-la, A-2a and R-1&/B-ratio 0.998) obtained bBSD. In these
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pictures, the lowk grain boundaries are depicted as white lines ertvaemilarly
oriented grains (the allowed angular deviation waakulated by the Brandon’s
criterion [Bra-63). Moreover, Table 4.3-1ll summarizes the average grain size
data and the percentage of I&vgrain boundaries both obviously ranging at
similar values around 3.4pum and 6.6% respectivilyis evident from the
orientation maps that no difference in amount @fcklcal inactive low sigma
grain boundaries is observablg 8, 5, 9) between anatase and rutile based
batches, which was assumed to give reason for tapes of thePTCR
characteristics in anatase compositions. Summagrisire results it can be
concluded that at least the microstructures ofatm®empositions are comparable
with respect to the average grain size and thatetlwdution of low X grain
boundaries plays a minor role in the compositiongstigated in this work.

Finally, the differences between the grain sizetiobd by SEM and EBSD
measurements need to be argued. This discrepantybeaattributed to the
detection method. On the one haiBEM grain sizes are obtained by linear
analysis including the pore volume. On the othemdh&BSD grain sizes are
measured using a 2-dimensional software-assistethitpue based on circular
particles, which additionally excludes the porewoé. Considering this aspects it
Is evident why the grain size values obtainecsByv andEBSD differ from each
other.

Table 4.3-11l: Amount of lowZ grain boundaries and average grain-size valuesrmposition A-
la, A-2a and R-1a

Batch no. A-la A-2a R-1a

z Fraction [%] Fraction [%] Fraction [%]
3 3,5 3,6 3,8

5 1,2 2,2 1,7

9 1,7 1,1 1,1
Remain [%] 93,6 93,1 93,4
Grain Size [um] 3,4 3,3 3,4

Figure 4.3-XI: Crystal orientation (EBSD) map of composition A-pacture width 75um
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25 ym ' _/
Figure 4.3-XIll: Crystal orientation (EBSD) map of composition R-fiture width 75um

4.3.3. Chemical analysis using SEM-EDXS and -WDXS

To clarify the chemical phase composition, espBcisthe locations where
phosphorus and potassium are incorporated, migpasdovestigations were
performed byEDXS and WDXS, as described isection 3.4.5Exemplary for
both commercial anatase materials (A-1 and A-2HbX- andWDX-spectra of
the anatase composition A-2a compared to the radifeposition R-1a and their
location within the microstructure of the sinterpdrts are shown irrigure
4.3-XIV to Figure 4.3-XX Expected main and minor phases which are typacal
n-conducting (Ba,Ca)Ti©ceramics could clearly be detected. These aresat f
the main phase (Ba,Ca)Ti@epresenting the grain composition (area nbigure
4.3-XVIII). Secondly, a titanium rich minor phase locatethim grain interspaces
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representing the BaTyBasTi17O40 eutectic phase (area nofigure 4.3-XX.
Thirdly, silicon containing minor phase likewisecéded between the grains
representing the liquid phase generated duringsingf due to Si@addition (area
no.5, Figure 4.3-X1X). These results indicate that the chemical evautf both
compositions is similar with respect to the expécteain and minor phases.
Furthermore, th&DX-spectra of region no.3-{gure 4.3-XVI) illustrate another
minor phase, which was identified as CadiOhis minor phase contains
extraordinary high yttrium content in comparison ttee grain composition.
Finally, the spectra ifrigure 4.3-XVandFigure 4.3-XVI(area no.1 and 2) show
the location of a phosphor containing minor phaseamposition A-2a whereas
this phosphor content is not detectable in comjpesiR-1a, which can clearly be
seen in the overlaid spectra depictedrigure 4.3-XXI Even though the peak
positions of phosphorus and yttrium are close twheather (phosphorus Kat
2.014keV, yttrium lo at 1.922keV) they can be easily distinguisheddmpgaring
the peak shapes i.e. if the yttrium peak contairgh@ulder at slightly higher
energy or the peak is shifted to slightly higheergy then the material truly
contains phosphorus. It is important to note tlether manganese nor potassium
Is detectable at any of the observed main and nphases.

15.8kV 2um +—— . 15.0kV 2pm —
Figure 4.3-XIV: BSEmicrographs of composition A-2a and R-1a (scaleZpan)

CAEDS\USRWx2292.5pc
Label At ux2292: Y05, Bereich 1, 15k¥

CAEDSWSRx2298.5pc
Label A: ux2298: V06, Bereich 1, 15kV

100 2.00 3.00 4.00 5.00 6.00 7.00 8.00 keV 0.90 180 270 3.60 450 5.40 6.30 7.0 8.10 900 keV

Figure 4.3-XV: EDX-spectra of area no.1; compositions A-2a (haftd) and R-1a (right hand)
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Figure 4.3-XVI: EDX-spectra of area no.2; compositions A-2a (ieftd) and R-1a (right hand)
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Figure 4.3-XVII: EDX-spectra of area no.3; compositions A-2a (hefitd) and R-1a (right hand)
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Figure 4.3-XVIIl: EDX-spectra and partial WDX-spectrum ot area nogimpositions A-2a (left

hand) and R-1a (right hand)
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Figure 4.3-XIX: EDX-Spectra of area no.5; compositions A-2a (hefitd) and R-1a (right hand)
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Figure 4.3-XX: EDX-spectra and partial WDX-spectra of area n@@mnpositions A-2a (left
hand) and R-1a (right hand)

040 040 120 160 2.00 240 280 320 380 400 440 ke
Figure 4.3-XXI: Overlay of spectra A-2a section no.3 and R-la @ectho.2 showing
phosphorus in batch A-2a (red solid spectrum) whdephosphorus is detectable in composition
R-1a (black line spectrum)
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4.3.4. Local chemical analysis using TEM-EDXS

TEM studies have been performed on composition A-2aRxia in the manner
described irsection 3.4.7The purpose of this investigation on the one haad
to verify the results obtained Y EM-EDX. On the other hand, to discover the
phase belonging and location of the dopants Y ancaswell as of the impurities
P and K in more detail. The detectd®M-EDX spectra have always been
normalised on the highest peak (Ba/Ti-peak at A/bke enable a direct
comparison of the relative amounts of the elemeotahpositions. Thus, the
pictured EDX-spectra do not show the measured absolute valugsthe
standardised values.

The overall spectra of both investigated mater{&igure 4.3-XXII and Figure
4.3-XXIII) show almost identical compositions containing idbar calcium,
titanium, oxygen and a small amount of silicon. $rmancentrations of iron and
cobalt are also detected. These impurities do emiltr from the samples; rather
they are fragments resulting from the detectortrsng inside the equipment.
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Figure 4.3-XXIl: Composition overview speétra of batch A-2a
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Figure 4.3-XXIll: Composition overview speectra of batch R-1a
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Firstly, a selection of the EDX-measurements mad#ée anatase-based batch A-
2a is presented, which is characteristic for thieated phases. Starting with the
line-scan spectrum image illustrated Figure 4.3-XXIV and Figure 4.3-XXV,
which represent the compositional change at aetrijyhction filled with silicon
containing secondary phase. The 3-D-graph clearlgmahstrates the
compositional changes that are the appearance efsilicon peak around
1.75keV, the disappearance of the calcium peakbait 3.7keV and 4.0keV and
the decreasing intensities of the Ba/Ti-peaks enrdnge of 4.25keV to 6.0keV.
Additionally, Figure 4.3-XXVIshows the partial spectra in the range of 3.5keV t
7.0keV with the inlay representing the two main‘Baieaks (4.3keV to 5.0keV).
When comparing the bulk composition (spectra nad. %) with the silicon phase
composition (spectrum no.3), it is evident that ttecium concentration is
vanished and the barium concentration is increasedhther the Ba/Ti-ratio is
shifted to higher barium content i.e. the Ba/Ti4zeare shifted to lower electron
volts (see inlay oFigure 4.3-XXV)). This verifies theXRD-results §ection 4.2.38
where the silicon containing secondary phase cbeldletected as crystallised
fresnoite (BaTiSi»Og) i.e. a barium-rich secondary phase.
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Spatial Drift]

Figure 4.3-XXIV: Batch A-2a; TEM line scan of a triple junction ¢taiming silicon secondary
phase

1400,

O Si Ca Ba/Ti

Figure 4.3-XXV: Batch A-2a; 3D-graph of the line scan spectraaediinFigure 4.3-XXIV
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Figure 4.3-XXVI: Batch A-2a; partial spectra of the line scan depidhFigure 4.3-XXIV, inlay:
partial spectra around the Ba/Ti-peak

Figure 4.3-XXVII represents the 2-D scan array of another triphetjan. The
numbered spectra are depicted Rigure 4.3-XXVIII and the corresponding
elemental maps of the spectrum array are pictuneligure 4.3-XXIX These
figures illustrate the residual Y- CaTy@hase that has already been detected by
SEM-EDX (section 4.3.3 Additionally the 2-D scan results permit an mstiion

of the grain size for the residual Y-CaTifhase. For the illustrated measurement,
the grain shows a size below 0.5um. Since the uabi¥-CaTiQ grains are
always located at the triple junctions of the bpilase, it can be assumed that this
grain size is representative for the residual phase

Spectrum |mage
E Ii 4".‘
Spatial Drift

v

Figure 4.3-XXVII: Batch A-2a; 2D-scan survey no.1
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Figure 4.3-XXVIII: Batch A-2a; comparison of the spectra numberddgare 4.3-XXVII

Ba (4.4keV)|Ti (4.5keV) [Ca (3.7keV)| Y (1.9keV) |Y (14.9keV)

Figure 4.3-XXIX: Batch A-2a; elemental maps of the spectrum imagé€&igure 4.3-XXVII
showing Y-rich CaTiQ@phase

Another array scan is depicted kigure 4.3-XXX that partly includes a triple
junction and the grain boundary region of two adjagrains.

Spectrum Image;

' Batch A-2a; 2D-scan survey no.2 (left hand) andk dield image of the same
region (right hand)

-76 -



4. Results and discussion

Figure 4.3-XXXIcompares the spectra of a phosphor containinghgecy phase
(spectra no.3 and 7) with the bulk composition ¢tpen no.1). At first sight, this
only confirms the results obtained B{M-EDX (section 4.3.3 Looking in more
detail it gets evident that the phase adjacenhéophosphorus phase is Ca- and
Ba- depleted or rather Ti-enriched (spectrum naB8mpared to the bulk
composition (spectrum no.l). The compositions o€ thi-rich phase in
comparison to the bulk grain are illustrated=igure 4.3-XXXII. This correlation
between a phosphor-containing secondary phase mratjacent titanium rich
phase is observed for the first time. Moreover,copenumber 3 and 7igure
4.3-XXXI1) clarify the phase location of potassium, whicluldonot be achieved
by SEM-EDX. It is evident from spectra number 3 and 7 thathenone hand the
potassium impurity mainly is present in the phospbesecondary phase. On the
other hand, this figure illustrates that the phaspiontaining secondary phase is
accompanied by a strong increase in Ba and Ca otratien compared to the
bulk phase.

Another interesting effect can be observedFigure 4.3-XXXIII and Figure
4.3-XXXIV, both showing a zoomed section of the Ti-rich s@edepicted in
Figure 4.3-XXXII. These figures demonstrate that the acceptor nwasganese
and aluminium, which both substitute for titaniyoneferentially are incorporated
in the titanium rich secondary phase i.e. accepégregation takes place at least
in batch A-2a.

These observations verify the proposed calcinati@chanism in anatase based
compositions (sesection 4.2.4)which gives rise to a higher amount of local
inhomogeneities. Additionally the results indicdibat the variation in sintering
behaviour and the discrepancy between rutile andtase basedPTCR
characteristics in fact are provoked by the impesiincorporated by the titania
raw materials. Finally, it can be assumed thatpihesphor containing secondary
phase together with potassium forms a low meltiggidl phase that influences
the sintering behaviour of the material. The memmresults will be discussed in
detail insection 4.3.6
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Figure 4.3-XXXI: Batch A-2a; phosphor containing and Ba/Ca-richsphaf spectra no.3 and 7
compared to the bulk spectrum no.1 and the Tisméctrum no.8
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Figure 4.3-XXXII: Batch A-2a; Ti-rich secondary phase adjacentégtiosphor phase of spectra
no.4, 8 and 13 compared to the bulk spectrum no.1
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Figure 4.3-XXXIll: Batch A-2a; partial spectra no. 4, 7, 8 and 1&efTi-rich secondary phase
showing manganese content compared to the bulkrepeno.1
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Figure 4.3-XXXIV: Batch A-2a; partial spectra no. 4, 8 and 13 of Theich secondary phase
showing aluminium content compared to the bulk spet no.1
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Lastly, Figure 4.3-XXXV and Figure 4.3-XXXVI illustrate some point spectra
and their location at a triple junction containibgth, a silicon secondary phase
(spectra no.3 and 4) and a phosphorus secondasg f§bpectra no.1 and 2). The
interesting point in this context is that both peasre strictly separated despite
the vicinity of the two glass forming agents $i@nhd BOs, which in principle
should be miscible.

st

Figure 4.3-XXXV: Batch A-2a; point spectra positions at a triplecfion
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Figure 4.3-XXXVI: Batch A-2a; Comparison of the bulk compositione@gpum no.7) with the
silicon containing secondary phase (spectra nod34arand the phosphorus containing secondary
phase (spectrum no.1) detected at the triple jondti Figure 4.3-XXXV
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Further, som&@EM analyses of the rutile-based batch R-1a are presehRirst of
all some point spectra taken around a thinnedetijyohction are shown iRigure
4.3-XXXVIl. The detectedEDX-spectra are compared kigure 4.3-XXXVIII.
The measurement identified three typical phaseshef(Ba,Ca)TiQ ceramics
investigated in this work. First, the bulk phasachihis represented by spectra no.
2, 4, 5, 6 and 8. Second, the silicon containingpsdary phase illustrated in
spectra no. 1 and 7. Third, the Y-CaZi@epicted in spectrum no.3. The
compositional changes with respect to the (Ba+Gagflo can be seen from the
partial spectra (3.5keV to 5.0keV) pictured kigure 4.3-XXXIX. The latter
figure confirms the observations regarding bariuthamcement within the silicon
secondary phase made for the anatase based mafesiapare toFigure
4.3-XXVI) and measured by XRB€ction 4.2.3

S

2 pm

Figure 4.3-XXXVII: Batch R-1a; position of several point spectra adoai triple junction
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Figure 4.3-XXXVIII: Batch R-1a; comparison of the point spectra shiovigure 4.3-XXXVII
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Figure 4.3-XXXIX: Batch R-1a; detailed picture of the spectra itatetd inFigure 4.3-XXXVII
showing compositional variations

The line scan of a grain crossover is illustrateBigure 4.3-XLand the 3D-graph
of this scan is depicted iRigure 4.3-XLI It can easily be seen from the figure
that the scan starts at a residual yttrium comgir€aTiQ grain and changes
within the 50nm scan length to a composition clogethe bulk (g.v.Figure
4.3-XLII). It is also evident that the compositional chadiges not occur at a
sharp line but rather proceeds continuously, wisexh be attributed to an overlap
of the detected grains.

These results validate the observations mad8EM-EDX. UsingSEM-EDX the
residual yttrium containing CaTgphase was detected for the first time. In fact,
the occurrence of the residual CaZi@hase was independent of the raw material
nature.
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Spectrum Image!

Figure 4.3-XL: Batch R-1a; (a) bright field image overview of #edected area and (b) dark field
image of the line scan at the grain crossover
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400y

ro 1

Ca Ba/Ti

Figure 4.3-XLI: Batch R-1a; 3D-graph of the line scan spectraaiegiinFigure 4.3-XL
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Figure 4.3-XLII: Batch R-1la; comparison o% spectra no.1 and 15ctkgbinFigure 4.3-XLwith
the bulk composition (spectrum 3_1)

Figure 4.3-XLIII shows another line scan that has been performigebmpaicular
to a grain boundary. The 3D-graph of the detectesttsa is pictured ifrigure
4.3-XLIV. This scan is presented because it demonstragegrdin boundary
chemistry. On the one hand, it can clearly be ofesethat barium depletion or
vice versa, titanium enrichment occurs along th@ngboundary (Ba/Ti-peaks
around 4.5keV and 4.8keV). On the other hand, $a@n illustrates that the
manganese acceptor ion in composition R-1a caredetected or rather does not
segregate at the grain boundaries. Such scans lese performed in high
guantity to answer the question of manganese satjpegin rutile-based
materials, which was found to be true for the asetaased material A-2a (see
Figure 4.3-XXXIII).
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Spectrum Image

0.5 pm

Figure 4.3-XLIll: Batch R-1a; (a) bright field image overview of $edected area and (b) bright
field image of the line scan at a grain boundary
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1000,

(o0 Ca BalTi

Figure 4.3-XLIV: Batch R-1a; 3D-graph of the line scan depicteigure 4.3-XLIII showing
the crossover between two bulk grains

Additionally, Figure 4.3-XLV illustrates the positioning of seven point spectra
measured across a grain boundary that is sepalgted silicon containing
secondary phase. The corresponding spectra aretel@mFigure 4.3-XLVL The
spectra clearly show that the calcium content desa® (Ca-peak at 3.7keV) when
entering the silicon secondary phase. Simultangoukk barium content
increases, which is obvious from the increasingTBpéak at 4.5keV. Once
again, this illustrates the chemical changes predoky secondary phases or
rather segregative additives as mentionedeation 2.2.5and illustrated for the
anatase material A-2a ifrigure 4.3-XXXV and Figure 4.3-XXXVI. Such
additives play an important role on tfeI CRcharacteristics, which will be
discussed isection 4.3.6

-85 -



4. Results and discussion

0.5 pm

Figure 4.3-XLV: Batch R-1a; positions of point spectra at a gtaundary separated by a
secondary phase
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Figure 4.3-XLVI: Batch R-1a; comparison of the point spectra itatsd inFigure 4.3-XLV

Finally, the observations made B£M-EDX can be summarised in the following
manner. Both investigated samples A-2a and R-1w sloonparable overall bulk
compositions. Significant differences in local chesh composition between
anatase and rutile based materials are detectabldetailed analysis of the
secondary phases. Secondary phases that are ddteeteatase and rutile based
materials are on the one hand the silicate secyprlaase that always contains
higher barium amount than the bulk composition.sThihase is in accordance
with the fresnoite secondary phase detectedXBY. On the other hand, the
existence of the residual Y-CaTjBecondary phase as identified BgM-EDX
(section 4.3.Bis verified in both materials. Additionally adrtium-rich secondary
phase is detected in both materials, which mostylikorresponds to the BaT4O
BasTi17040 eutectic melt (g.vsection 4.3.3 On the contrary, two other types of
secondary phases could only be detected in anbsssst materials. Firstly the
phosphor containing secondary phase, which refolts the anatase impurities.
This phase also contains the potassium impuritysdradvs barium enrichment in
comparison to the bulk composition (gsection 4.3.8 Secondly a titanium rich
secondary phase that contains a noticeable ambacteptor elements especially
manganese. The manganese enriched phase is oatyald¢ directly adjacent to
the phosphor phase (ségure 4.3-XXXto Figure 4.3-XXXIV). Owing to the
restricted location of the latter phase and thé faat manganese could not be
identified in all other titanium rich secondary phs, it is concluded that the
manganese containing titanium rich phase resuts the local inhomogeneities
provoked by the anatase impurity. Further, it ipmsed that these local
inhomogeneities finally give rise to the signifitarariations in PTCR
performance, which will be discussedsiection 4.3.6

4.3.5. Chemical composition determined by EPMA

EPMA measurements of composition A-2a and R-1a ar@ieed in the manner
described irsection 3.4.6 Two line scans per batch have been carried atht ea
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containing of 20 separately measured points. Ther#tical composition and the
line scan results of the bulk composition are suns®d in appendix
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Table 8.2-VI and Table 8.2-VIl Based on the assumption that all cations
completely occupy the usually accepted lattice ,sithe resulting chemical
formula of compositions A-2a and R-1a are notesweh Equation 4.3-land
Equation 4.3-lirespectively.

(Ba08378’ C:aO:I.508’Y00044’ K OOOOQ)(Ti 10008 Mn00014)03
Equation 4.3-

(Ba08435' Ca'01485'Y00043' K OOOOl)(Ti 099957 Mn 00014)03
Equation 4.3-11

It is evident from the formulas above that the lariconcentration in anatase-
based compositions is reduced compared to the redinposition. Consequently,
this results in an increased calcium and titani@mcentration. The corresponding
A/B-ratios of both compositions, which amount to 0.992 foe thnatase
composition and 0.996 for the rutile batch, dingdliustrate this effect. On the
contrary, the yttrium and manganese dopant cora#or seems to stay at a
constant level. The observations indeed imply thatA/B-ratio or rather the
(Ba+Ca)/Ti-ratio in anatase-based materials istesthifo higher titanium excess.
Additionally the bulk formula illustrates that tip@tassium impurity dissolved in
the grain bulk cannot be ignored in composition &-ZThe potassium
concentration amounts to 0.023mol-% for the anatiased material A-2a
whereas it only accounts for 0.002mol-% in the leutieference (sed@able
8.2-VII). This result indicates that in anatase-based matgdhe effective donor
concentration at least is partly compensated byttassium impurity.

The elemental maps obtained IBPMA confirm these observationgigure
4.3-XLVII andFigure 4.3-XLVIII illustrate the scanned areas of composition A-
2a and R-la for elemental mapping. Moreovégure 4.3-XLIX indicates the
colour code used to display the elemental concemti;a The elemental maps of
the detected elements are depictefigure 4.3-Lto Figure 4.3-LIX Each figure
represents the direct comparison of the anatasedlraaterial (left hand) and the
rutile reference (right hand). The maps of eacmel# are normalised to the same
counting range and smoothed to enhance colour aginte. colour differences
between the anatase and rutile based batch indieatecompositional changes.
The main interesting points that can be observeah fthe elemental maps are the
following. The barium concentration mapigure 4.3-1) of batch A-2a shows a
slightly decreased barium level compared to thelerutference R-la. The
calcium content in the rutile-based material seéanbe more homogeneously
distributed i.e. the calcium content of severalnggavaries in a wider range in the
anatase batch A-2a. This observation is in accaelamth the concentration
variations observable in the yttrium mapsg(re 4.3-LIl). Further, the titanium
distribution Eigure 4.3-LI) shows significant variation in the anatase based
material. Several dark red areas are visible inaAsbich are absent in the rutile
reference R-1a where only a few light red area®bservable. Both compositions
show a correlation between the titanium rich ar@ad the manganesé&igure
4.3-LIV) concentration especially at the light red ar@dss indicates that the
results obtained by TEM (g.eection 4.3 4regarding the titanium rich secondary
phase, which contains an increased manganese ¢tgenand only occurs in
anatase based materials, at least are incompldéte. EPMA measurements
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indicate that such a secondary phase exists inrbathrials. Lastly, the elemental
maps of siliconEigure 4.3-LV}, phosphorusKigure 4.3-LV), potassiumKigure
4.3-LVII) and sulphurKigure 4.3-L1X) need to be compared. It can be seen that
the potassium content in A-2a mainly correlatedhie secondary phase forming
additive silicon as well as the impurity element®gphorus and sulphur. The
same is valid in R-1a apart from the phosphorusetation. This supports the
observation made by TEM that the potassium impugteferentially is
incorporated into a liquid forming secondary phadewever, in summary the
mentioned results are generally in good agreemétht tve results obtained by
SEM and TEM. Firstly, grain boundary segregationttd manganese acceptor
could not be detected around the bulk grains. SYgpbharium and titanium rich
secondary phases and local inhomogeneities seton 4.3.% provoked by the
phosphor and potassium impurities most likely gige to the compositional and
electrical variations, which will further be dissesl ection 4.3.6)

SEI 5.8kY 1,198 1@pm
Figure 4.3-XLVII: SE-image of the spectrum area of composition Aldtermined for chemical
mapping; scale bar 10um
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1,180 18pm

Figure 4.3-XLVIIl: SE-image of the spectrum area of composition Retarmined for chemical
mapping; scale bar 10um

Figure 4.3-XLIX: Colour coding used for all elemental maps; indr@aconcentrations are
represented by the colour line starting from blalcistrating no content over blue, green, yellow,
red and violet up to white for the highest content
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o it L &

Figure 4.3LLI: Calciuﬁ1 ;Ie entaIQap of batc e:5*A¥2a (Ieft hamﬂ R-la'(right hand

e

vFigure 4.3-LIl; Titahium elementalrmap of batches A-2a (left haantt) R-1a (right hand)

Figure 4.3-LIlI: Yttrium elemental map of batches A-2a (left haad)l R-1a (right hand)
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Figure 4.3-LIV: Manganese elemental map of batches A-2a (Ie) R-1a (right hd)

Figure 4.3-LVI: Phosphorus elemental map of batches A-2a (lefihand R-1a (right hand)
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'Figure 4.3-LVII: Potassium elemental map of batches A-2a (left hand R-1a (right hand)

‘§ %

%

Figure 4.3-LVIIl: Oxygen elemental map of batches A-2a (left hand)R-1a (right hand)

Figure 4.3-LIX: Sulphur elemental map of batches A-2a (left hamd) R-1a (right hand)
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4.3.6. Interpretation of the microstructure and che  mical
composition

The results presented in the previous sections bage sorted in a specific order
to permit an appropriate and effective line of angatation for the interpretation.
Firstly, the p-T-characteristics are discussed in relation to rmerostructure,
which has been presentedsection 4.3.1and4.3.2 Secondly, the relation of the
chemical variations that have been illustratedantions 4.3,34.3.4and4.3.5t0
the change ilPPTCRperformance is argued. Finally, the consequendethe
above mentioned results on the defect chemistrythadPTCR in donor- and
acceptor-codoped (Ba,Ca)Tj@re debated isection 4.4

Starting with the microstructural investigationseéems useful to correlate the
obtained grain sizes (g.v. sectidr8.1) with the room temperature resistivity of
the investigated batches. This correlation is ftated in Figure 4.3-LX The
graph clearly demonstrates that the resistivitihefa-batches having &iB-ratio

of 0.998 or rather close to one strongly dependshengrain size, which shows
values between 4um and 5um. For this reason, tlierafices in resistivity
between anatase- and rutile-based materials incidm cannot only be attributed
to microstructural variations but rather seem wultefrom the impurity content,
which is displayed irFigure 4.3-LXlandFigure 4.3-LXIL On the contrary, for
the b-batches having @iB-ratio of 0.985 the correlation seems to work the other
way around i.e. the material properties mainly depen the microstructural
changes, which is in agreement with the observatinade by Amin et al Ami-
83]. These researchers investigated BMECRperformance of La-Mn-codoped
BaTiO; prepared from commercial anatase and rutile,Tithe raw materials
they used were comparable to the titania raw na$eA-1, A-2 and R-1 used in
this work. Their compositions contained a Ti-exce$sl.5mol-%, which is
similar to the b-batches, but were prepared withsdlicon addition. Amin et al.
[Ami-83] found that for similar sintering regimes the ltbatch showed coarse-
grained microstructure whereas the anatase batcduped small-grained
microstructures. This finding is contradictory tetresults obtained in this work
where the anatase compositions A-1b and A-2b exuibh coarse-grained
microstructure compared to the rutile referencebR-This discrepancy can be
attributed to the differences in sintering addiiysegregative additives) added. In
the case of Amin et alAmi-83], the secondary liquid phase is produced by Ti-
excess, which results in the BaiBasTi;7/040 eutectic. On the contrary, in the
compositions prepared in this work the secondargsphadditionally contains
silicon, which results in a lower melting liquidgde compared to the eutectic.
However, Amin et al. sintered the anatase batca similar microstructure and
verified that thePTCRperformance for both materials is comparable at tase
[Ami-83]. Referring to their results and the findings atta from the b-batches
prepared in this work it can be concluded thatcfampositions containing a high
amount of Ti-excess, the variation in microstruetidecomes the predominant
parameter that determines RECR properties of the material.
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a-batches: ® p  —— linear fit b-batches: ® p linear fit
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Figure 4.3-LX: Room temperature resistivity as a function ofgisake
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Figure 4.3-LXI: Average grain size as a function of the total intgucontent. Total impurities
contain Na, Mg, P, K, CI, Fe, Zr, Nb (séable 3.1-)
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Figure 4.3-LXII: Correlation of the total impurities with resistiitTotal impurities contain Na,
Mg, P, K, CI, Fe, Zr, Nb (sekable 3.1-)

Experiments with varying donor content have beenamhout for composition A-
2b as described isection 3.2(anatase experiments). The results of phé-
characteristic and the characteristic values agsgmted irFigure 4.3-LXIIl and
Table 4.3-1V respectively. Comparing batches A-2b with A-2cd(reed donor
content) and A-2d (increased donor content) cleallgws that increasing the
donor dopant content about 0.1mol-% reduces thestinety values at low
temperatures about one decade from 2RI0 to 319cm. On the contrary,
reduced donor content resulted in highly resistmaterial with a value of
2.32*10°Qcm for the room temperature resistivity without amTCR
characteristics. Additionally, the microstructuresf the basic anatase
compositions are depicted Figure 4.3-LXIV to Figure 4.3-LXVII. The average
grain sizes of these materials amount to 19.3um\{@ac and 6.4um for A-2d. In
comparison to composition A-2b, which shows an agergrain size of about
9.0um, this is in complete agreement with the mpdeposed by Drofenikjro-
87, Dro-90, Dro-93 Dro-99, Dro-02 and summarised isection 2.2.5This model
correlates the anomaly of grain size with the arlgnmaconductivity. Regarding
the Drofenik model, it is concluded for the b-bashhat the variation ip-T-
characteristic between anatase- and rutile-basedriala mainly originates from
the variation in microstructure as illustrated section 4.3.1 Based on the
Drofenik model the sintering behaviour can be dbedrin the following manner.
During sintering, the donor dopants are incorpardtdlowing Equation 2.2-X
(section 2.2.5 which is widely accepted to represent the magtafect
compensation mechanism (electron compensatiorlBaTO; [Cha-84 Lew-86,
Smy-23. The mentioned incorporation mechanism is accangghby an oxygen
release, which is proportional to the incorporatkmhor dopant amount. The
incorporated dopant then retards normal grain dgrofGG) and results in
smaller grain size exhibiting higher conductivit@onsequently, it can be
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concluded for the compositions prepared in thiskvtbat an increased grain size
arises from decreased donor dopant incorporationatbrer an increaseGBL
width (g.v.Figure 2.2-1\). Accordingly, the varied grain growth inhibitioasults
from differences in the effective donor dopant aorication dissolved in the
(Ba,Ca)TiQ lattice. In this conext it is worth to note thafferent dopants inhibit
grain growth to a varying extend\lp-88, Pen-88 Xue-88/1 Xue-88/2 GIli-00,
Qi-02, Fis-04.

Other studies provide another possibility to expldie observed shifts RTCR
jump. For example Jayanthidy-0§ or Ho [Ho-94 found that additives such as
Al;,03, BO3, SiO, TiO, or BaO influence the activation of defect statas tb
intergranular secondary phaset{94, Kut-98, Jay-06. Following JayanthiJay-
06], who describes the influence of $i0B,03- and AbOs-addition on thd?TCR
characteristics of n-BaTi) this effect will further be called the effect of
segregative additives. Jayanthay-06 detected that #); addition causes a steep
rise in PTCRjump whereas AlD; addition results in flattened resistivity jumps
hence shiftingbmax andTmax to higher values. Nevertheless, he also demoagsitrat
that these shifts were clearly distinguishable frilv@Tc-modifications resulting
from lead or strontium addition both causing mubrger shifts. Supposing that
such an effect also occurs in the compositionsgrezbfrom commercial anatase
in this study, the observed changes in slope arghtef thePTCRjump might
be due to phosphorus containing secondary phakguad phase. With regard to
the microstructure observations, which prove thesterce of a phosphor
containing minor phase (seeections 4.3.3to 4.3.5 located at the grain
interspaces, the assumption is made that phospiteraa segregative additive
hence creating another liquid phase. To verify #sisumption, two compositions
A-2e and A-2f with reduced silicon content haverbpeepared and analysed (see
Figure 4.3-LXIll and Table 4.3-I\). For the reference composition A-2b, the
silicon content amounts to 0.98mol-%. In batcheeAand A-2f the silicon
content is reduced to 0.86mol-% and 0.74mol-% retspy. It is obvious from
Figure 4.3-LXIlll that reducing the silicon content from 0.98mol-80t86mol-%
does not changgmin but strongly affect®max Which results in increasdelTCR
performance (g.v.Table 4.3-1\). Further reduction of the silicon content to
0.74mol-% (A-2f) again increasgs..x but contrary to A-2e strongly increases
Pmin too. Consequently, this results in decreag&dCRcharacteristic Table
4.3-1V). The microstructures of composition A-2e and Aag# depicted ifrigure
4.3-LXVI andFigure 4.3-LXVII. The average grain sizes amount to 8.4um for
composition A-2e and 9.4um for batch A-2f. Comparedomposition A-2b with
average grain size of about 9.0um these resulisatedthat grain growth in A-2f
is suppressed whereas grain growth in A-2e is acateld. With respect to the
Drofenik model Pro-87, Dro-90, Dro-93, Dro-99, Dro-02), the mentioned results
indicate that the donor dopant incorporation ieet#d due to the amount and
chemical composition of the secondary phases (gative additive effect).
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Figure 4.3-LXIll: Resistivity as a function of temperatugeT-characteristic) of the anatase-
batches at a measurement voltage of 10V

Table 4.3-1V: Characteristic values of tlgeT-graphs (measured at 10V)

Batch no. Pmin Pmax Tmax 0l(130-180C)
[Qcm] [Qcm] [C] [%/T]
A-2b 2.81E+03 7.41E+07 233 12.84
A-2c 2.32E+10 n.d. n.d. n.d.
A-2d 3.19E+02 4.02E+07 223 16.25
A-2e 2.67E+03 1.53E+08 214 15.08
A-2f 4.48E+04 5.08E+08 207 13.71
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Figure 4.3-LXIV: A-2c SEM micrograph; picture width 100um
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Figure 4.3-LXVII: A-2f SEM micrograph; picture width 100pm
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Furthermore, an assumption can be made about flheenoes of the main
impurities phosphor and potassium on Bl&CR characteristics in n-(Ba,Ca)TiO

It is supposed that the addition of phosphor pregdiquid phase generation due
to its ability to act as a glass network form®8cli-90Q Vog-92 but alternatively it
must be taken into account that thé Bn might be incorporated into the BaiO

lattice substituting for Ti hence acting as donor dopa#¥; () [Cab-95 Wan-99.

Additionally, similar assumptions can be made isecaf potassium, which might
act as glass network modifier influencing the lajyghase propertiesSEh-9Q
Vog-97 or substitute for BE thus acting as acceptor dopamty(). The latter

assumption especially is valid for impurity ionshish are able to substitute for
barium or titanium by reason of the ionic radii,iaghe case for phosphor and
potassium. Finally, it is important to note thdtadine metals such as potassium
tend to volatilize under temperature load (alkablatility) especially at
temperatures above 1000°Ech-90Q.

The results obtained b§EM-EDX, TEM and EPMA support the above made
presumptions. On the one hand, potassium, witloiis radius of 1.52A ranging
close to the barium ionic radius of 1.49A, is paiticorporated into the grains
(seeEquation 4.3-land Equation 4.3-l) thus acting as acceptor dopant. On the
other hand, potassium is mainly detected in thesphorus secondary phase and
consequently acts as glass network modifier (gpetion 4.3. On the contrary,
phosphorus without exception is located at thengiaterspaces hence acting as
segregative additive. Referring to the microscapiestigations gections 4.3.3
4.3.4 and 4.3.5 one of the remaining questions concerns the oblehe Y-
containing CaTi@ minor phase. Due to the results obtaineKBY (Table 4.2-I1
and Table 4.2-lI) it is concluded that this phase represents auakiCaTiQ
phase, which was assumed to be completely dissoivede BaTiQ lattice to
form (Ba,Ca)TiQ solid solution as illustrated ifrigure 2.2-XV and Figure
2.2-XIV [Dev-55 Kwe-59. The mentioned extraordinary high yttrium content
(seesection 4.3.3and4.3.4 detected within the CaTiphase can be explained
by taking into account the radii of the involveaso The ionic radius of the Ba
ion is 1.49A whereas the &aionic radius of 1.14A is significantly smaller.
Comparing these ionic radii with the donor ion tedof Y** (1.04A) it is apparent
why yttrium preferentially is incorporated into tR&aTiG; lattice. Additionally, it

is worth noting that during calcination the CaJi@rmation takes place at
temperatures between 550 to 720°C whereas Baiadns between 720 to
1050°C due to the lower decomposition temperatafe€aCQ compared to
BaCQ; (seesection 4.2.2 Taking into account the earlier formation ane th
higher melting point of CaTi@as well as the similarity of the ionic radii betme
calcium and yttrium, it becomes more reasonable singh a residual CaTiO
minor phase acts as a sink for donors.

The observed phase composition gives rise to tesupmption that the effective
donor concentration, which has to be taken intooaect when describing the
electrical behavior oPTCRmaterials, is much lower than it is expected fritw@
nominal composition. Based on a study of the defbeimistry of n-conducting
barium titanate at high temperatures (1100-1250RZ¢js and Sitte Hre-06
estimated the concentrations of point defects B §5Ca .15 TiOs doped with
0.5mol% yttrium and 0.1mol% manganese. The donoceatration was found to
be approximately 0.22mol-%, which is significanibyver than the nominal value
of 0.3mol-% obtained from the overall compositiorhis discrepancy cannot
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entirely be explained, leaving the open questioretiwr the yttrium dopant is
segregated at the grain boundaries or is partlprparated into the titanium

sublattice acting as acceptor ion (partially selihnpensation ofY;, by Y;). The

latter assumption is less propable for the comrstinvestigated in this work.
On the one hand, it is well known, that yttrium daets ionic radius behaves as
acceptor (Ti-site occupation) only in the preseoicBa-excessTak-90 Smy-0Q.
Consequently, in compositions A-la and R-1la, incWwhii-excess has been
detected byEPMA-measurements (seBquation 4.3-land Equation 4.3-I),
yttrium preferentially occupies the barium lattisge. On the other hand, no
indication of yttrium segregation at the grain bdames could be observed in
compositions A-la and R-1a investigatedltisM (seesection 4.3.%

Moreover, Blanchart et alBJa-97 investigated the grain and grain boundary
resistivity in BaTiQ as a function of yttrium doping by means of impeza
spectroscopy and microprobe analysis. They detdbidthe amount of yttrium
incorporated into the BaT#yrains is always lower than the overall conceitrat
in the starting powder. Nevertheless, they detectgttium rich areas
inhomogeneously dispersed in thesBaO40 minor phaseBla-92. They did not
find any additional intergranular minor phase ttigsolves the residual yttrium as
is the case in the (Ba,Ca)TdQ@ystem studied in this work. Referring to these
authors and taking into account the microscopi@stigations an explanation is
now available to resolve the discrepancy betweemtiminal value and the donor
content obtained from defect chemical calculatidmssed on conductivity
measurements. It is concluded that the above-meadigesidual CaTi©Qphase
dissolves an additional amount of yttrium.

Furthermore it is expected that potassium, intredudy the anatase raw
materials, acts as acceptor idd, ] compensating the donor dopam[]. From
these considerations it can be concluded that fleetere donor concentration
([ D" ]est) must be significant lower than 0.2mol-% thus @aging the potential
barrier. Moreover, in accordance wiHyuation 2.2-Vla tremendous increase of
the Schottky barrier heighi,, is anticipated when the interfacial charge density
(occupied acceptor state density I8 increased probably owing to segregation of
acceptor co-dopants and/or impuritiétuf-95 Pre-04. It can be deduced from
these results that such a decreaseDif]ds accompanied with an increase of N
provokes the observed increase of the room temperaesistivity andpmin,
respectively Figure 4.1-Iland Figure 4.1-1I) by increasing the barrier height,
which fits the results of the impedance analysg¢ection 4.1.2

The mentioned results indicate that modificatiansleéfect chemistry at the grain
boundaries e.g. the variation in effective dononacamtration (D’ ]e) or the
additional incorporation of acceptor states)(Mdive rise to the higher resistivity
of the anatase compositions A-1 and A-2. In théofahg section, a model is
proposed that accounts for the observed variatiodefect chemistry due to a
modified sintering mechanism.
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4.4. Consideration of the sintering mechanism with
respect to the defect chemistry

Referring to the results presentedsactions 4.1..and4.1.2two facts are known
for sure. Firstly, the@-T-characteristics of the anatase-based materidlsaAd A-
2 show much higher resistivity values comparedhi rutile reference and the
anatase-rutile mixture materials (qrigure 4.1-llandFigure 4.1-11). Secondly,
the impedance measurements clearly demonstrateéhimatariation in resistivity
between anatase- and rutile-based materials iselded the grain boundaries (see
Figure 4.1-XllandFigure 4.1-XII)).
The essential question now is which effect gensrdiigh resistivity without
modifying the grain conductivity.
The answer can easily be given by consideringaBé width of the material. In
Heywang’s model, which has already been mentioneskction 2.2.3the GBL
width (Equation 2.2-Y is correlated with the potential barrier heigkg@ation
2.2-V1) and the resistivity of the materidduation 2.2-VI). On the one hand, a
dramatic increase of the Schottky barrier heiyptis provoked Equation 2.2-V)
when the occupied acceptor state densityisNincreased due to the quadratic
dependence of the barrier height ofn ®8n the other hand, lowering the effective
donor concentration also increases the potentialebeheight by increasing the
GBL width hence increasing the resistivity of the mateThe latter minor effect
can be induced by varying the donor dopant corjiean-79 Pen-88 Huy-95 as
described for the anatase batches A-2b, A-2c arittl A3 the previousection
4.3.6 On the contrary, an increase of the occupied pocestates Ncan be
achieved by variations in the chemistry and quwpmwtitsecondary phases or rather
segregative additives. As the name implies, sudiitiaeds affect the segregation
behaviour of dopants and impurities thus affectthg density of occupied
acceptor states Huy-95 Pre-04 Pre-06 Jay-06§ as illustrated above for
compositions A-2b, A-2d and A-2sdction 4.3.%
It is widely accepted that in donor- and acceptmeped BaTi@ the following
defects occur accompanied by the mentioned majorpeasation mechanisms
[Bus-01.

e A-site donor dopant compensated by electrons (Y)

« A-site acceptor dopant compensated by oxygen vaEa(i)

e B-site donor dopant compensated by electrons (Nb, P

* B-site acceptor dopant compensated by oxygen vasarfhMn, Al, Fe,

possibly Ca)
For the materials investigated in this the&iguation 4.4-land Equation 4.4-II
illustrate the doping incorporation of the donam }** and the acceptor ion Mh
respectivelyLew-86, Dro-86, Sas-99 Bus-01. Moreover, Equation 4.4-llland
Equation 4.4-1V denote the corresponding defect chemical equatmfnshe
impurity ions NB* and AP, the latter also being valid for ¥dLew-86, Dro-86,
Sas-99 Bus-0]1. Additionally the main impurities phosphorus apdtassium,
which have been detected in the anatase materials ad A-2, may be
incorporated as donor- and acceptor-ions folloviiggation 4.4-1llandEquation
4.4-V respectively l[ew-86 Dro-86 Sas-99 Bus-01. Finally, a direct
compensation mechanism of the donor dopant ionadogptor ions has to be
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taken into account as illustrated Equation 4.4-VI[Dro-86. The mentioned
impurity ions mainly result from the ore qualitydathe preparation route used in
TiO, production (sesection 2.).

Y,O, + 2(BaTiQ,) .. 00 - 2(YTIQ,) .+ ZBaO+%OZ +2¢

.
lattice

Equation 4.4-
Mn0+ 2(Ba—l—iC)E.)lattice D:D - (BaMnQ.);;nice + (BaTiOS—l)I.:;ttice
Equation 4.4-11
NbZOS + 2(BaTiQ’z)Ianice D:D - Z(BaNbQ )I.attice + 2TIOZ +%OZ + 23'
Equation 4.4-111

A|203 +3(BaTio?.)lattice D:D - Z(BaAIO?.)' + (BaTiOS—l)I.a:ttice + 2TIOZ
Equation 4.4-1V

KZO +3(BaTio?.)lattice D:D - Z(KTiOS);attice + (BaTiOS—l)I.a;ttice + ZBaO
Equation 4.4-V

Y,0; + K,O+4(BaTiQ,) e [0 - 2(YTIQ,)" +2(KTiO,)" +4Ba0O
Equation 4.4-VI

Based on the results presented in this thesis afiemdintering mechanism of the
anatase-based materials in comparison to the refiégence is proposed that can
be described in the following manner. The anatas=t calcined powders
contain of BaTiQ, CaTi(;, a Ba-rich phosphorus phase and a Ba-rich silicon
phase, both located at the grain surfaces, asasedf a Ti-rich secondary phase.
These surface located secondary phases reducerdleggain surface contact
area thus acting as barriers to volume diffusionngduinitial sintering stageJal-
07]. Caballero et al.ab-95 Cab-98 Cab-0Q and Wang et al.\Wan-99 firstly
investigated this effect for phosphorus-doped BaT#3 discussed isection
4.2.4 The formation of an additional Ba-rich phosphosesondary phase shifts
the A/B-ratio of the bulk towards lower valuesC§b-93. In compositions
prepared with minor Ti-excess (a-batches), thidt stasults in significantly
increased Ti-excess, which gives rise to exaggergitain growth below 1200°C
[Mau-87. Furthermore Caballero et alC§b-93 as well as Wang et alWan-99
figured out that below 1300°C phosphorus is incoafed into the BaTi@lattice
thus acting as donor dopant as illustrate@&dguation 4.4-1lIfor niobium. Again,
the phosphorus behaviour produces an increaseeofitexcess or rather keeps
the Ti-excess at a constant level emerging fromctiressumption of BaO during
phosphor incorporationCjab-93. Guha and Kolar Guh-74 investigated the
liquid phase formation in the ternary system BaQ-1%i0O,. Later Felgner et al.
[Fel-01] adapted the findings of Guha et al. to the BaI81D, system. The latter
found that the ternary eutectic at 1195°C also fofram BaTiQ in the presence
of silicon-containing secondary phase generatedngucalcination or initial
sintering as illustrated irEquation 4.4-VIlI and Equation 4.4-VIII [Fel-01.
Consequently, it can be concluded that the phospigoiced increase of the

-104 -



4. Results and discussion

limiting Ti-rich secondary phase BE:7/04 strongly enhances liquid phase
formation in the mentioned temperature range batvi@®0°C and 1300°C.

28BaTiQ, +22Si0, O 4 - 11Ba,TiSi,0, + Ba,Ti,,O,,
Equation 4.4-VII

5BaTiQ, + 25Ba,Tiy,0,, + 65Ba,TiSi,0, O FE Y — (Bay,Tis,SiisOus7) iqua
Equation 4.4-VIlI

At temperatures above 1300°C, the phosphorus regamgs at the grain
boundaries leaving behind titanium vacancies ingideBaTiQ grains Cab-95
Wan-99. To compensate the generated vacancies two mischanan be
assumed. Firstly, compensation is achieved by rmrassport of titanium ions
from secondary phases e.g. from the liquid phasendd around 1200°C.
Secondly, the compensation mechanism takes pladbebjormation of oxygen
vacancies. Due to the high temperatures (>1300fG% iexpected that both
compensation mechanisms proceeed very fast anevactaquilibrium during
further sintering. As a result, the Ti-depletiontloé eutectic liquid gives rise to a
change in the grain growth rate of the liquid phdse to variations in the liquid
phase chemistry and the dissolution-precipitationaracteristics Hel-01].
Additionally the phosphorus resegregation at thaingboundaries induces an
increase of the grain boundary resistance by isangahe acceptor state density
Ns due to secondary phase formation (effect of segnegyadditives). The results
of the impedance data are in accordance with #ssraption (q.vsection 4.1.2
Simultaneously the potassium behaviour has to Weentainto account.
Fundamentally, potassium affects the propertiethefsilicon- and phosphorus-
containing low melting secondary phases by reduti@gmelting points of the
liquids due to its ability to act as glass netwankdifier [Rao-03. As already
mentioned, the anatase based batches contain ofglanmelting Ba-rich
phosphorus secondary phase {B&).) before sintering (g.vsection 4.2.%
Additionally, the secondary phases resulting frone tsilicon addition (see
Equation 4.4-VI), likewise start melting at elevated temperatufe$195°C).
Consequently, potassium tends to be incorporatedtive bulk with increasing
temperature during initial sintering followirtgquation 4.4-Vor Equation 4.4-VI
The simultaneous incorporation of potassium anduytt provokes compensation
of the donor dopant, entails an increased Ba-retoisdary phase formation
(Equation 4.4-V) and gives rise to a grain growth mechanism thatdependent
of the donor dopant contenDifo-86. With further increasing temperature,
particularly >1300°C when the phosphorus resegi@gairoceeds, the tendency
of potassium to volatilise strongly increases. @is taccount a considerably
amount of potassium expels from the bulk leavinchild an enhanced
concentration of barium vacancies, which lead toeatargement of th&BL-
width by raising the occupied acceptor state dgriditthus increasing the grain
boundary resistance. The reason why potassiumcdt Isigh temperatures does
not completely volatilise out of the material irttee furnace atmosphere can be
given by taking into account the phosphorus- atidosi-containing secondary
phases, which are located at the grain interspandsfor this reason block the
pathways of gaseous components. Finally, durindirmpdhe potassium again
dissolves in the liquid phases thus decreasingvibeosity of the melts, which
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results in an extended mass transport or rathén grawth due to the increased
mobility [Sch-90Q.

In the end, it can be summarised that almost alhtimeed changes in local
chemical composition or defect chemistry affects ¢nain growth behaviour or
rather the sintering of thBTCRmaterial. Thus, the predominant grain growth
effect, wheather it is inhibiting or acceleratinginally determines the
microstructure. For the compositions prepared is Work this means that in the
case of a-batches with/B-ratio of 0.998, the differences in grain growth process
between anatase- and rutile-based materials islynaidependent of the titania
raw material. This indicates that the inhibiting daraccelerating effects
compensate for each other and the microstructwesgio evidence of tHeTCR
properties. In this case, the defect chemistrygltve grain boundaries, which is
mainly affected by segregative additives, accodatsthe changes IlPTCR
performance. On the contrary, in b-batches hawdB-ratios of 0.985 the
microstructure between anatase- and rutile-basempaositions is strongly
affected by the titania raw material indicatingtttize predominant grain growth
mechanism varies and finally gives rise to theedldhces ilPTCRcharacteristics.
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5. Summary and Conclusion

The effect of commercially anatase Fi@aw materials containing the main
impurities phosphor and potassium on #€CRcharacteristics of donor and
acceptor codoped (Ba,Ca)T@eramics has been investigated. It is illustrabed
the purity of the titania raw material is respoisifor the observed changes in
shape and height of tHeTCRjump. Furthermore, it is demonstrated that, in the
case of similar impurity levels of the titania maés, both rutile and anatase
generate comparabRRTCRcharacteristics verifying that anatase in prireif
applicable inrPTCR-production.

The investigated compositions on the one hand baea prepared with a minor
titanium excessAB-ratio of about 0.998). On the other hand, the raw madteri
have been compared in compositions containg inecedisanium excessAB-
ratio of about 0.985). The results have shown that betbhanism and magnitude
of the impurity effect are strongly affected by #-ratio of the material at least
during sintering.

With help of process-control analyses as welb@ag- andXRD-measurements, a
modified solid-state synthesis process has beepopeal for the anatase-based
compositions. The modified formation mechanism udels the participation of
the main impurities phosphorus and potassium, windis combination act as
glass network former and modifier respectively.

During the investigation of the a-compositions hgviminor titanium excess,
microscopic techniques such@8M-EDXS/WDXS, EBSD as well as impedance
spectroscopy are applied. It is shown that in aH®d no significant changes in
microstructure evolution concerning grain size dmd 2 grain boundaries are
detectable. Likewise, no significant differencesl®mical composition regarding
the expected main and minor phases are identifieese results indicate that in a-
compositions other effects give rise to the hugéentinces in PTCR
characteristics. Contrary, the b-compositions daitg an A/B-ratio of 0.985
have revealed pronounced differences in microsiractTaking into account the
lower magnitude of the impurity effect in the b-dlads this suggests that the
variations in microstructure mainly give rise toetldifferences INPTCR
performance.

According to the mentioned results, a modified esiny mechanism is proposed
that includes the role of the main impurities phespand potassium. It is
concluded that the variations IRTCRjump, detected for the compositions
prepared and investigated in this thesis, reswinfthe combined effects of
modified defect chemistry and segregative additiféss sintering mechanism is
provoked by the main impurities present in comnaranatase materials. It is
supposed that dependent on the type of impurityth@anaterial composition the
grain growth mechanism is inhibited or accelerdtedce thé®TCR properties are
affected. Referring to the results obtained by idgmee analysis and microprobe
investigations EPMA) it is inferred that on the one hand potassiunmisst
probably incorporated into the barium sublatticer. this reason potassium acts as

acceptor ion Kj,), which compensates for the donor dopam.j. This

decreases the effective donor concentratibn]{z and consequently raises the
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resistivity of the material. On the other hand, phesphor impurity is found to be
exclusively located in the grain interspaces heutimg as segregative additive.
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Figure 8.1-1l1l: Compacted sample of A-1 Ti€intered at 1000°C; scale bar 2pum -
130 -
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BeT17: BaeTi17O4o ...................................................................................... -133 -

6.3. Glossary, abbreviations and symbols

(&) Permittivity of vacuum; elemental constast: = 88510 As’Vm

(&) Relative permittivity; material dependent; desiion in [As/Vm]

(A/B ratio) Kation relation between A- and B-siams in the kation sub lattice
e.g. in ABQG

(BET) Specific Surface Area; designation in [m?/g]

(C) Capacitance of a material; designation in [F]

(CL) Cathode Luminescence

(Curie-Weiss law) Describes the permittivigy évolution with temperature (T)
above the Curie point €) (phase transition temperature); C denotes a

C
T-T,

(DSC) Differential Scanning Calorimetry

(EBSD) Electron Backscatter Diffraction

(EDXS) Energy Dispersive X-ray Spectrometry

(EELS) Electron Energy-Loss Spectrometry

(EFTEM) Energy-Filtering TEM

(EPMA) Electron Probe Micro Analysis (or analyser)

(EPR) Electron Paramagnetic Resonance

(FDM) Finite Difference Method; Numerical calculati method based on the
principle to find approximate solutions of diffeteth equations using
finite difference equations such d¢x +b) - f(x +a)

(GBL) Grain Boundary Layer

material constant E=

Equation 6.3-I
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(GSD) Grain Size Distribution

(HAADF) High Angle Annular Dark Field

(ICP-OES) Inductive Coupled Plasma - Optical Ensissspectrometer

(ICSD) Inorganic Crystal Structure Database;
https://cds.dl.ac.uk/cds/datasets/crys/icsd/llingal (page version:
22.02.2011)

(LIF) Lithium Fluoride

(LOI) Loss on Ignition

(NGG) Normal Grain Growth

(NTCR) Negative Temperature Coefficient of Resigfiv

(PET) PolyEthylene-Therephtalat

(PTCR) Positive Temperature Coefficient of Resistiv

(RT) Room Temperature

(SEM) Scanning Electron Microscopy

(SMD) Surface-Mounted Device

(STA) Simultaneous Thermal Analysis

(STEM) Scanning Transmission Electron Microscopy

(TAP) Thallium Acid Pthalate

(Tw) Reference temperature; calculated2difl (o,,,, )

(Tc) Currie-temperature; temperature at which a plassformation occurs

(TD) Theoretical Density calculated from XRD; degagjon in [g/cm?3]

(TEM) Transmission Electron Microscopy

(TG) Thermal Gravimetry

(Tmax) Temperature at Whichmay 0ccurs Tfma)

(Tmin) Temperature at whigbwin occurs Tmin)

(WDXRF) Wavelength Dispersive X-Ray Fluorescence

(WDXS) Wavelength Dispersive X-ray Spectrometry

(XRD) X-Ray Diffraction

(XRF) X-Ray Fluorescence analysis

(YSZ) Yttrium-Stabilized Zirconia

(a(130-140°c) Average ascending slope of t{d -characteristic between 130°C and
140°C; also referred to @ghax

(a(130-180°c) Average ascending slope of {d-characteristic between 130°C and
180°C

(aemaxpmin) Averaged ascending slope of i@ -characteristic between
minimum and maximum specific resistance

(amaxy Maximum ascending slope of theT-characteristic

(pmaxy) Highest specific resistance value of th&-characteristic; designation in
[Qcm]

(pmin) LOwest specific resistance value of fh&-characteristic; designation in
[Qcm]

(p-T-ratio) Characterising value of tipeT-curve; calculated bM

max min
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8.1. Appendix figures

FELHMI—-ZFE GRAZ
43069 .TIF

T1156 900Cinn FELHMI—-ZFE GRAZ
1024 x 1024 43072 .TIF

Figure 8.1-1l: Compacted sample of A-1 TiQintered at 900°C; scale bar 2um
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FELMI—Z2FE GRAZ
43074 .TIF

T1156 1100C
1024 x 1024 43076 .TIF

Figure 8.1-1V: Compacted sample of A-1 TjQintered at 1100°C; scale bar 5pm
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Figure 8.1-V: STA-MS of composition R-1a
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Figure 8.1-VII: Diffraction spectra of the calcined powders (a-positions); BT: BaTi@ or
rather (Ba.g5Cay 09 TiO3, CT: CaTiQ, B,TS,: BaTiSi,Og (Fresnoite), BT 131 BasTi;1303
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Figure 8.1-VIII: Diffraction spectra of the calcined powders (b-positions); BT: BaTiQ or
rather (Ba.o5Cay 05 TiO3, CT: CaTiQ, B,TS,: BaTiSi,Og (Fresnoite), BT 13 BasTi1303
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Figure 8.1-IX: Diffraction spectra of the sintered parts (a-cosifians); BT: BaTiQ or rather
(Bag.o,Ca1)TiO3, CT: CaTiQ, B,TS;: BaTiSi,Og (Fresnoite), BT 17 BagTi17040
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Figure 8.1-X: Diffraction spectra of the sintered parts (b-conimss); BT: BaTiQ or rather
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8.2. Appendix tables

Table 8.2-1: Summary of literature regarding the effect of impes on the anatase-rutile phase transition

Preparation Specific surface Anatase-rutile Activation
Ref. no. P Impurities Additives P L transformation energy Effect of additive or impuritiy
process and/or grain size
temperature (kcal/mol)
Cza-58 Ti-oxidation n.d. none 40m?/g (~0.04pm) ;gé?cc fast above 110+10; 90£10 Pure anatase
Rao-61 | Ti-oxidation n.d. none 40m?2/g (~0.04um) > 630°C B0+ Pure anatase
>640°C pure;
5at.-% of >740°C Zn; >920°C impurities increase transformation start
Rao-60 | Ti-oxidation n.d. Zn* AI¥, CI, 40m2/g (~0.04um) Al; >780°C Cl; n.d. terg erature
SoZ, PO >940°C SQ*; P
>1005°C PQ*"
Sulphate 5
Suz-62 process from | Si 1% LiCl (1).g9-21/pm (~17.1- 750-800 °C 110; 116 LiCl accelerates phase tramsiti
Ticl, SM/g)
Sulphate o o No transformation <695°C (see [16]); $O
Yog-62 process from | SO 0'1/21.'0/5'0 at.-% 54mz/g (~0.03pm) > 6%5 C, fast above 90/100/120+10 decelerating effect; lower GSD accelerates
- SOy 780°C .
TiCl, transition
Sulphate (S) S: 0.2-0.3um )
Suz-69 and chlorine | n.d. none (16m2/g); Cl: 0.05- > 880 °C 105 and 107 Sulphate-anatase transforms slowly compared to
chlorine-anatase (constant temperature)
(CI) process 0.3um (34m?#/qg)
0.1% FeOg; .
) . H,O-soluble salts, ) 0.05-0.14um (~30.8— i o Fe,0;, CuO accelerate transformation in
Hea-72 | Commercial As, Fe, Pb, Zn CO,/H, 11.0m/g) 900-1000°C 124+16 COJH, atmosphere
atmosphere
. Commercial 5 o Phosphate inhibits transformation due to surface
Cri-83 chlorine n.d. KHPO, 54 m2/g >800°C n.d. adsorption
8 different K,SOy; Ko,CO5; s o Si0O,, WO; and sulphate constrain transition and
Oli-93 anatase srlgpg‘:\;%:]om Si0,; MoO;; ggollfnZ)m /g (~0.22- 78?etgn>altggg Clor | 4. sintering; MoQ, V,Osaccelerate; KCO;,
materials prep V,05 S P K,SQ, strongly stabilize anatase
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Commercial MoOs; Co;0q; 122 (~0.01um) and 607-627°C crystal Cu and V accelerate transition and grain

Amo-95 | and Brookit CuO; V,0O5; WO;5; S growth; 707-717°C | n.d. growth; Mo and Co inhibit both; Wand SiQ
S : 177 m2/g (~0.009um) . b

precipitation SiO, transformation inhibit both

Commercial Rutile seeds NH4-phosphate; Li and P increases transition temperature; K 3
Grz-07 2 ’ K-, Li-, Al- n.d. >850°C n.d. P lower temperature; intermediate behaviour

sulphate SO

sulphate Al and P
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Table 8.2-1: Summary of PDF files used for phase identificateomd quantification of the

diffraction data

R I L

Rutile R TiO2 tetragonal P42/mnm | 63710 | 021-1276
Anatase A TiO2 tetragonal 141/amd 63711 | 021-1272
Witherite B BaCOs; orthorhombic | Pnma 26718 | 045-1471
Calcite C CaCOs orthorhombic | Pmcn 170255 | 041-1475
Barium titanate BT BaTiO3 tetragonal P4mm 86286 | 005-0626
Etzrr::?; calcium BCT (Ba,Ca)TiO3 | tetragonal P4mm 71368 | 081-1288
Calcium titanate CT CaTiOs3 orthorhombic | Pnma 153172 | 042-0423
Hexa-barium titanate BeT17 BagTi17040 monoclinic A2/a 49576 035-0817
Tetra-barium titanate BsTi3 BasTii13030 orthorhombic | Abma 30032 035-0750
Fresnoite B,TS, | Ba,TiSi,Os | tetragonal P4bm 201845 | 022-0513
Di-barium titanate (m) B,T Ba,TiO4 monoclinic P21/n 2625 070-1377
Di-barium titanate (0) B,T Ba,TiO4 orthorhombic | Pnam 29389 | 038-1481
Barium di-titanate BT, BaTi»Os monoclinic Al12/m1l 2326 070-1188
Barium tetra-titanate BTs BaTisOg orthorhombic | Pnmm 49575 034-0070
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Table 8.2-11l: Measurements during preparation process

Batch no. A-la A-2a R-la A/R-1a A/R-2a A-1b A-2b R-1b A/R-1b A/R-2b
TiO2 labelling T1156 K3000 TR-HP-2 | HT130R | HT1311 T1156 K3000 TR-HP-2 | HT130R | HT1311
Moisture after drying [%)] 0.16 0.18 0.11 n.d. n.d. 0.09 0.11 0.06 0.12 0.11
LOI [wt.-%] 17.03 17.25 17.10 17.17 17.15 17.04 17.03 17.03 16.99 16.99
Calcined powder density [g/cm?] 5.63 5.60 5.65 5.70 5.71 5.63 5.53 5.64 5.68 5.68
BET calcined powder [m#g] 1.18 1.15 0.92 0.71 0.86 0.84 1.06 0.76 0.77 0.83
A/B-ratio calcine (calculated) 0.998 0.998 0.998 0.998 0.998 0.985 0.985 0.985 0.985 0.985
A/B-ratio calcine (measured) 1.005 1.006 0.997 1.001 0.997 0.988 0.994 0.986 0.988 0.986
A/B-ratio difference 0.007 0.008 -0.001 0.003 -0.001 0.003 0.009 0.001 0.003 0.001
(B,C)T cla-ratio (calculated from XRD) 1.010 1.010 1.011 1.011 1.011 1.011 1.010 1.011 1.011 1.011
GSD post refining d50 [um] 2.65 2.63 2.65 2.54 2.63 2.60 2.70 2.60 2.66 2.61
GSD spray drying granules d s [um] 43.9 43.4 42.8 38.5 45.7 40.4 44.1 40.7 41.9 41.1
Bulk density of granules [g/cm?] 1.02 1.00 1.11 1.17 1.14 1.16 1.04 1.20 1.21 1.16
Density of granules [g/cm?] 3.20 3.21 3.21 3.28 3.27 3.21 3.22 3.20 3.21 3.20
Angle of repose [deg] 49 a7 52 34 38 44 36 38 40 43
Green density of compacts [g/cm3] 3.17 3.16 3.18 3.17 3.17 3.15 3.16 3.17 3.17 3.17
Sintering density of compacts [g/cm3] 5.27 5.28 5.40 5.42 5.42 5.23 5.24 5.26 5.29 5.28
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Table 8.2-1V: Summary of the STA characteristic values

Temperature Method Batch
range [T] A-la A-2a R-la A-1b A-2b R-1b A/R-1b A/R-2b
50-550 0.7 0.7 0.6 0.7 0.8 0.7 1.4 1.6
550-720 Weight loss [wt.-%] 2.6 25 25 2.6 2.6 25 2.6 25
720-1050 13.8 13.8 13.9 13.8 14.0 13.9 13.1 13.5
50-1050 Total weight loss [wt.-%] 17.0 17.0 17.0 17.1 17.4 17.1 17.0 17.7
313-345 344 345 318 334 342 318 330 313
695-711 Temperature at peak 711 705 705 699 698 699 696 695
836-841 maximum (DSC) [T] 842 841 841 838 837 839 836 837
906-934 924 926 934 929 927 928 906 916
312-1028 Peak area [puVs/mg] 1468 1461 1463 1065 1301 1148 901 1095
p[Qcm] 3.19E+05 | 2.04E+06 | 1.23E+02 | 1.42E+03 | 2.75E+03 | 3.28E+01 | 2.46E+01 | 2.27E+01
. BET calcined powder [m?/g] | 1.18 1.15 0.92 0.84 1.06 0.76 0.77 0.83
_Addltlor]al Relative BET calcined
information E 11.5 12.3 15.2 8.2 11.3 12.6 5.4 8.2
powder [% ]
BET TiO; [m3/g] 10.277 9.38 6.06 10.277 9.38 6.06 14.25 10.17

" Calculated in relation to the BET of the titangawrmaterial

- 140 -



8. Appendix

Table 8.2-V: Overview of the characteristic-values of the cosifians

*

Batch no. Pmin ' Pmax Toin® Tmax' To® Tc' 0(130-140C) | O(130-180C) | O(pmax-pmin) | P-T-ratio |Y Mn
[Qcm] [Qcm] [T] [€] [C] [C] %/<C] 0/] [46/C] (<] [mol-%] | [mol-%]

A-la 5.69E+04 2.92E+08 54 200 108 145 17.0 11.7 5.7 35.1 0.25 0.05
A-2a 1.57E+05 4.38E+08 68 209 136 147 15.0 10.5 5.7 19.9 0.25 0.05
R-1la 5.31E+01 2.13E+07 69 247 138 148 18.5 15.2 7.6 2255.5 0.25 0.05
A/R-1a 8.56E+01 6.64E+07 56 224 112 n.d. 23.0 17.2 8.0 4619.6 0.25 0.05
A/R-2a 1.27E+02 9.81E+07 52 223 104 n.d. 21.5 17.2 8.0 4505.4 0.25 0.05
A-1b 1.10E+03 8.22E+07 71 240 142 137 15.1 14.6 6.6 443.0 0.25 0.05
A-2b 2.81E+03 7.41E+07 68 233 136 143 12.7 12.8 6.0 159.8 0.25 0.05
R-1b 2.95E+01 1.00E+07 70 252 140 148 17.9 15.5 6.7 1866.6 0.25 0.05
A/R-1b 2.35E+01 1.01E+07 72 257 144 155 16.6 15.1 6.8 23254 0.25 0.05
A/R-2b 2.03E+01 5.77E+06 75 253 150 155 17.0 14.6 6.0 1598.4 0.25 0.05
A-2c 2.32E+10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.15 0.05
A-2d 3.13E+02 3.96E+07 54 223 108 n.d. 21.9 16.2 6.9 747.5 0.34 0.05
A-2e 2.66E+03 1.54E+08 65 214 130 n.d. 194 15.0 7.3 387.1 0.25 0.05
A-2f 4.41E+04 5.12E+08 64 207 128 n.d. 18.3 13.7 6.7 81.2 0.25 0.05

" Measured value

* Graphically received value

8 Calculated value
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Table 8.2-VI: Theoretical composition of the material investight

Composition theoretical [at.-%]

Ba Ca Ti Si Y Mn
41.79 7.43 49.49 0.99 0.25 0.05
Composition theoretical [wt.-%]

67.85 | 3.52 | 28.01 |0.33 | 0.26 | 0.04

Table 8.2-VII: Bulk compositions detected by EPMA, results oflthe scans

Normalised composition detected by EPMA

Formula Si Ca K Ba P Ti Y Mn Total o]
mean 0.0006 0.1485 0.0001 0.8435 0.0000 0.9995 0.0043 0.0014 1.9980 3.0000
R-1a bulk std dev 0.0004 0.0049 0.0001 0.0089 0.0001 0.0041 0.0006 0.0003 0.0041 0
mean 0.0007 0.1508 0.0009 0.8378 0.0000 1.0008 0.0044 0.0014 1.9968 3.0000
A-2a bulk std dev 0.0004 0.0041 0.0004 0.0084 0.0001 0.0036 0.0004 0.0004 0.0038 0
Composition detected by EPMA [mol-%]
Mole Si Ca K Ba P Ti Y Mn Total
mean 0.0297 7.4427 0.0021 42.2576 0.0005 50.0880 0.1081 0.0712 100.0000
R-1a bulk std dev 0.0181 0.2470 0.0031 0.3835 0.0013 0.3046 0.0146 0.0160 0.0000
mean 0.0373 7.5671 0.0230 42.0046 0.0011 50.1872 0.1097 0.0700 100.0000
A-2a bulk std dev 0.0196 0.2058 0.0111 0.3602 0.0026 0.2739 0.0105 0.0182 0.0000
Composition detected by EPMA [wt.-%]
Mass SiO; CaO K20 BaO P20s TiO Y203 MnO Total
mean 0.0164 3.8335 0.0018 59.5126 0.0007 36.7565 0.2241 0.0464 100.3920
R-1a bulk std dev 0.0099 0.1298 0.0027 0.6632 0.0017 0.3622 0.0302 0.0106 0.7603
mean 0.0206 3.9006 0.0199 59.2031 0.0015 36.8594 0.2278 0.0456 100.2785
A-2a bulk std dev 0.0109 0.1065 0.0095 0.4770 0.0034 0.3637 0.0219 0.0118 0.5248
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