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Abstract

Calcium manganate (CMO) is an n-type semiconductor with promising thermoelectric propri-
eties. Solid state synthesis was employed to synthesise the desired material in two phases: i)
reduced rock-salt phase of CaO-MnO (ss) and ii) oxidized phase of CaMnO3 with secondary
phase of CaMn,0,4 (marokite). In addition to stoichiometric CMO, three two-phase materials
consisting of 2.5vol%, 5vol% and 10vol% of marokite were synthesised. The secondary phase
was introduced to investigate its proprieties as a phonon scattering agent with the aim on low-
ering on the thermal conductivity and enhancement of the thermoelectric figure of merit, zT.
Structural and thermoelectric proprieties of the materials were investigated in order to deter-
mine correlation between material’s microstructure, composition and TE proprieties.

Investigated CMO system produced dense samples with over 90% of the theoretical density.
Resulting material consists of large grains with secondary phase precipitating on grain bound-
aries and triple points. Increased amount of secondary phase reduced material’s strength and
lead to formation of microcracks on the surface. Transformation of the rock-salt into perovskite
is a very rapid reaction and it follows the topotactic reaction mechanism. Formation of marokite
is a two step reaction with formation of Ca,Mn30Og at about 570°C and its transformation to
marokite at about 850°C.

Introduction of marokite as secondary phase resulted in enhancement of electrical and ther-
mal conductivity and lowering of the absolute value of Seebeck coefficient. Thermal conductiv-
ity was enhanced due to large grains that are beneficial for thermal transport and good thermal

conductivity proprieties of the secondary phase. Electrical conductivity was enhanced due to

(Mn>*]
[Mnt+)

change in ratio that is governs charge carrier density. Phase transitions between the two
secondary phases lead to formation of oxygen vacancies in CMO that increase its electrical pro-
prieties through generation of Mn3*-ions that supply free charge carriers at lower temperatures.
Seebeck coefficient values increase with increasing volume of secondary phase as the density of
charge carrier increases.

High thermal conductivity and lower than expected electrical conductivity resulted in rela-

tively low power factor (PF) and zT. From the investigated samples CMO with 2.5vol% marokite

is the most promising one as it exhibits highest PF and zT = 0.0062 at 900°C.
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Sammendrag

Kalsium manganat (CMO) er en n-halvleder med lovende termoelektriske egenskaper. Materi-
alet ble syntetisert i to steg: i) den reduserte CaO-MnO(ss) fasen med NaCl-struktur og ii) den
oksiderte perovskitt fasen med CaMn, 0,4 som en sekundeer fase. I tillegg til stoikiometrisk CMO,
tre to-fase materialer med 2.5vol%, 5vol% og 10vol% ble syntetisert. Den sekundere fasen ble
introdusert for 4 redusere termisk ledningsevne og forbedre zT (thermoelectric figure of merit).
Strukturelle og termoelektriske egenskaper ble undersokt for & bestemme korrelasjon mellom
mikrostruktur, sammensetning og de termoelektriske egenskaper til CMO.

Untersokt CMO system produserte prgver med over 90% av den teoretiske tettheten. Dan-
net materiale bestar av store korn med utfelling av den sekundeere fasen pa korngrenser og
trippelpunkt. @kende mengde av den sekundeere fase reduserte materialets styrke og forte til
dannelse av micro-sprekk pd overflaten. Transformasjonen fra NaCl-struktur til perovskitt skjer
veldig raskt og den folger en topotaktisk reaksjonsmekanisme. Dannesle av CaMn,0Oj3 skjer i to
steg: i) dannelse av Ca;Mn30Og ved ca. 570°C og ii) omdannelse av CayMn3Og til CaMn,04 ved
ca. 850°C.

Introduksjon av CaMn,0; til CMO-system forte til okning i elektrisk og termisk ledning-
sevne og senking av den absolutte verdien til Seebeck-koeffisienten. Termisk ledningsevne okte

pa grunn av store korn og gode termiske egenskaper til den sekundere fasen. Elektrisk led-

[(Mn3*]
[Mn*]

ningsevne okte pa grunn av endring i som péavirker ladningsberer konsentrasjon. Fase
overgang mellom de to sekundeere faser danner oksygen-vakanser i CMO som forbedrer elek-
triske egenskaper ved lave ved & danne Mns,-ioner som tilferer ladningsbeerere til systemet.
Seebeck-koeffisienten pker med gkende sekundere fase volum pd grunn av ekende ladnings-
beerer tetthet.

Hoy termisk edningsevne og lavere enn forventet elektrisk ledningsevne forte til relativt lav

S20 og zT. Utifra undersekte sammensetninger, CMO med 2.5v0l% av CaMn, 0, gir beste resul-

tater med zT = 0.0062 ved 900°C.
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Chapter 1

Introduction

1.1 Background

Energy consumption in today’s world is constantly increasing. Hundreds of factories around
the world are constantly working to meet the demand. Many of them are burning fossil fuels,
which unfortunately have negative side-effects on the environment in addition to their limited
abundance. On top of that, it not only costs energy to produce energy, but also not everything
that is produced is being utilized as it is being lost during the processes.

Heat is an abundant but low quality energy source. Currently more than half of all the energy
generated is lost [21] wile only in Norway it is possible to save up to 40% of the produced energy
and a third of those losses are in form of waste heat.[64] There are many ways to minimize those
losses and this work is focusing on a currently understated method and aims to shine some light
on developing technologies that could enhance efficiency of many industrial processes.

Thermoelectric (TE) materials and devices provide us with the ability to directly convert heat
into electricity. A classical TE device consists of many thermoelectric couples as shown in Fig.
1.1, where each couple is made up of a n- and a p-type TE material, an insulator and a connector
joining both legs. The n- and p-type semiconductors generate the thermoelectromotive force of
the opposite signs that doubles the voltage when combined. [43] Those couples are then wired
electrically in series and thermally in parallel.

TE devices, being solid state devises, have several advantages over more traditional devices

such as heat pumps or heat engines. Compared to those, they have no moving parts, resulting
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Heat absorbed

Figure 1.1: Schematic illustration of a TE device [60]

in less maintenance, higher reliability and longer life span. As shown in Fig. 1.2 TE devices can
be easily scaled down without loosing their efficiency making the applicable for other environ-
ments than industry. Disadvantages of TE devices is their low efficiency compared with classical
devices. Lack of design knowledge and design tools is also slowing down their introduction into
commercial marked at the same time being a great motivation for further research.

Another aspect lowering the TE device efficiency are the TE materials used to produce those
devices. Currently, there are many well developed state-of-the-art TE materials that are being in
use. In spite of their relatively high efficiency those materials are often toxic, unstable in air and
expensive thus having a limited of usability. This is the reason for why up till now TE devices
were mainly used in deep-space exploration missions, in military applications and in remote
locations were connection to the power grid was impossible. That is why the main focus of
current research within TE is to synthesize a cheap, eco-friendly material with high thermal and
chemical stability in air and also a relatively high energy conversion, often described in toe from

of a dimensionless figure of merit, zT.



CHAPTER 1. INTRODUCTION 4

30 o |
/’ ‘Engines’

[
< U
T T

.

151 f/. Improved TE
wor /- —D

/ 5

ol J,'/ Crossover / TE today
)/ /

GJ e 1 |

1E-2 1E+0 142 E+d —

Power level (W)

Efficiency (%)

Figure 1.2: An illustrative plot of efficiency versus size for TE and classical devices. [72]

The thermoelectric figure of merit, zT is a key figure in TE material research. It correlates the
three most important proprieties of a TE material, electrical conductivity, o, Seebeck coefficient,
S, and thermal conductivity, ¥ as shown in Eq.1.1: [43]

oS%T
zT =

(1.1)
K

The goal is to have as high zT as possible since this ensures good electrical proprieties of the
device and high conversion of heat to electricity. Enhancement of this figure of merit is not that
simple through. All three aforementioned proprieties are interrelated through charge carrier
concentration making it difficult to control and adjust each parameter separately.

Since the phonon-glass electron crystal concept (PGEC) was introduced in 1979 [55] an in-
tensive research within TE materials has been done. The idea is to be able to independently
control the electronic and the lattice properties of a material. PGEC materials would possess
electronic properties of good crystalline semiconductors combined with "glass-like" thermal
conductivities. The goal is to establishing a material with low thermal conductivity and opti-
mize its electronic proprieties by suitable substitutions. Similar way of thinking was used in this

work with the focus on lowering of the thermal conductivity,
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1.2 Objective

The focus of this master project is synthesis of a thermoelectric oxide, characterization and
improvement of its proprieties. Calcium manganate (CMO), CaMnO3.5), was chosen as the
material of interest. It belongs to the more general ABO.s5) group with a perovskite struc-
ture. Those nonstioichiometric compounds are forming a complex and phenomenologically
rich group worth investigating.[13] CMO was selected for following reasons: i) it is stable in oxi-
dizing atmosphere at high temperatures ii) it is non-toxic and eco-friendly iii) raw materials are
cheap as they are highly abundant, iv) solid solubility between CaO and MnO makes structur-
ing possible, v) the Ca-Mn-O phase diagram shows many secondary phases that can be utilized
as phonon scattering mechanism vi) extensively studied material exhibiting promising results.

Those proprieties makes this material a valid match of other TE materials presented in Fig. 1.3.

refrigeration waste heat harvest

micro- and opto-

lectronics
boilers and furnaces

0, 300, 600, 900, 1200, 1500,
I T f T 1 —T(K)
(8, 5b) % A
s, | =N
toic
1 rare
7= Ag-Sb-Ge-Te(TAGS)
2| Heavy- Ag-Sb-Pb-Te(LAST), half-Heusler
@ elementbased: /
o 2 - 4
5 (siGe) o
£ Silicides: Ma2(5i,5n) MnSiy 5 benign,
E b-Fesi; abundant
+1]
g BixSrC0,0,
‘_g, Oxides: #NaC00,, Ca;C0,05
il SITiOs, CaMnO;
ks Zn0 P

Figure 1.3: Schematic comparison of various TE materials in terms of the applicable tempera-
ture range, abundance and environmental friendliness. [21]

The goal is to improve TE proprieties by employing structuring to lower thermal conductiv-
ity of the material. This is to be achieved by introducing secondary phases and grain boundary
scattering while maintaining high electrical conductivity and Seebeck coefficient. Solid state
reactions will be used in the synthesis process while techniques such as XRD, SEM, Archimedes

density measurement, Laser Thermal flash, 4-point probe measurement and Seebeck measure-
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ment will be used to characterize materials proprieties. Synthesis route partially determined
during specialization project in Fall 2014 is the starting point for the work. Correlation between
microstructure, phase composition and thermoelectric proprieties is to be studied and deter-

mined.



Chapter 2

Theory

2.1 Thermoelectric effects

The total thermoelectric effect is comprised of three reversible effects, Seebeck, Peltier and
Thomson. The common base for those three effects is the ability of charge carriers to carry both
heat and electricity at the same time. In addition to those effects two irreversible effects, Joule
heating and Thermal conduction, occur simultaneously affecting the heat and current trans-
port. Joule heating, also called resistive heating, is caused by the passing current and leading to
heat release in the material. Thermal conduction is caused by a temperature gradient in a ma-
terial which induces a flow of heat in the direction of negative gradient. [49] Although neglected
in the case of this work, as it focuses only on improvement of material’s TE proprieties, those

effects have to be taken into consideration in TE device development.

2.1.1 Seebeck effect

In 1821 John Seebeck discovered a phenomenon that became the basis of thermoelectricity. He
observed that when two dissimilar, homogeneous, conductive materials are put in a direct con-
tact with each other creating a closed loop, an electric current will flow given the two junctions
are kept at different temperatures [49] as illustrated in Fig. 2.1.

The temperature difference causes a more frequent generation of electron-hole pairs at higher

temperatures, raising a potential gradient in the loop. As material tries to equilibrate the charge
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Th Tc
C—

Figure 2.1: Schematic illustration of Seebeck effect between two dissimilar materials with junc-
tions held at different temperatures where T, > T,. Arrow indicates the direction of current flow.

carrier surplus on the hot side, a carrier diffusion through the material towards the cold side
takes place leading to an electrical diffusion current. As a result, in a n-type material, where the
charge carriers are electrons, negative charges will build up at the cold side while in a p-type ma-
terials, holes will be accumulated.[11] This effect is called the Seebeck effect and it is the direct
conversion of temperature difference into electricity.

The induced voltage V due to carrier diffusion depends on the temperature difference be-

tween the hot and cold and can be expressed as [11]

Th
V:f S(HT 2.1)

where T, and T}, are respectively temperature at the cold and hot end and S is the Seebeck

coefficient which then can be expressed as:[54]

S= AT (2.2)

where AT is the temperature difference between T}, and T,. This implies that the produced
voltage is proportional to the temperature difference, and that theoretically, the larger the tem-
perature difference the more current flows through the loop. By convention, S, also called the
themropower, is negative for n-type and positive for p-type materials.

Since Seebeck effect occurs only when two materials are in direct contact, Seebeck coef-
ficient cannot be measured for a single material. However, it was found experimentally that
Seebeck coefficient can be represented as the difference between two quantities, where one of

them is chosen as a reference material (Pt, Pb or Cu). From those measurements it is possible to
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calculate S for any single material of a couple XY = XR — Y R where XY is a designated couple

made up of materials X and Y and R is the reference material. [49]

2.1.2 Peltier effect

When the process of power generation is reversed by applying current to a couple of dissimi-
lar materials, a temperature increase or decrease at the junction is observed. This effect was

discovered by J.C Peltier in 1834 and it is illustrated in Fig. 2.2.

Heat absorbed

—

Dissipated heat

Figure 2.2: Schematic illustration of Peltier effect in a thermocouple. Yellow arrow indicate di-
rection of current flow, i. Red and blue arrows indicate direction of heat flow, while the grey
boxes are the metallic contacts between semiconductors.

Heat release or absorption, Q, is dependant on the direction and proportional to the electric
current, I, flowing through the junction, as expressed in Eq. 2.3, where I1is the Peltier coefficient.
This coefficient is defined as é i.e the heat transferred reversibly with the electric current at
constant temperature and it tells how much heat is carried per unit charge through the material.

Qp=UIa—Mp) - I=Msp-I1=8Ssp-T-1 2.3)

where S is the Seebeck coefficient while A and B denote the two different materials. Same as
for Seebeck coefficient, Peltier coefficient cannot be measured for a single material but only for

couples or against a reference material.
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2.1.3 Thomson effect

The last thermoelectric phenomenon, the Thomson effect, describes changes in energy of a
charge carriers exposed to a temperature gradient. Heat transfer is determined by the direction
of the charge carrier flow meaning if a charge carrier is moving with the temperature flux it will
loose energy and when it moves against the flux it will gain energy. This means that an electron
will gain energy with increasing temperature and loose it when temperature decreases. The heat
absorbed or liberated can be expressed as: [32]

aTt

Qr=p-I-— (2.4)

where f is the Thomson coefficient, [ is the electric current and % is the temperature gra-

dient.

2.1.4 Interdependency of thermoelectric effects

Aforementioned effects, Seebeck, Peltier and Thomson, are closely connected. This connec-
tion was proved and described by W. Thomson in 1851 in what later became known as Kelvin

relationships: [11]

ds
p=T_— (2.5)
M=S-T (2.6)

By measuring the Thomson coefficient of an individual material over a selected temperature
range, the absolute values for the Peltier and Seebeck coefficients can be calculated via Thom-
son relations. This is possible because only Thomson coefficient can be measured directly for a
single material, while Peltier and Seebeck coefficients can only be measured against reference

materials.
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2.2 Thermoelectric figure of merit and the thermoelectric pa-

rameters

In 1949 the concept of a thermoelectric figure of merit, zT, was developed by Abram Fedorovich
Ioffe.[67]. The figure of merit (FOM) presented in Eq.2.7 describes the relationship between the

three quantities determining the TE proprieties of a material: [43]

_oS*T ST
Ktot Rxto¢

zT (2.7)

where S is the Seebeck coefficient, o is the electrical conductivity, x; is the total thermal
conductivity, Ris the electrical resistivity and T is the absolute temperature. In principle zis the
thermoelectric figure of merit a material, however since it is temperature dependant it is more
meaningful to use it in its dimensionless form zT.

The thermoelectric figure of merit of a material is determined by measuring the Seebeck co-
efficient under small temperature gradient of 5 to 10K, the electrical conductivity under isother-
mal conditions, and the thermal conductivity under = 1K temperature gradient. This means
that the Eq. 2.7 is valid only for small temperature gradients, i.e. AT < 10 K. [11] For larger tem-
perature gradients, the zT value decreases with increasing AT mainly due to the Thomson effect
which has to be then taken into consideration when designing TE devices.[17]

The ultimate goal is to have as high zT as possible which implies that a good TE should
possess (i) large Seebeck coefficient, in order to efficiently convert heat into electricity, (ii) high
electrical conductivity to minimize ohmic losses and Joule heating due to electrical resistance
and (iii) low thermal conductivity to minimize heat losses and maintain the thermal gradient.
[35] The three thermoelectric parameters are functions of the carrier concentration and they are

interrelated in a conflicting manner. Those relationships will be studied further in Section 2.2.4

2.2.1 Seebeck coefficient

In an earlier section Seebeck coefficient was defined as relation between the induced voltage
and the temperature difference, Eq. 2.2. By utilizing thermodynamics of irreversible processes,

Seebeck coefficient can be expressed as: [22]
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s 82 k2 *T(”)% 0.8
= m”T(— .
3eh? 3n

where kp is the Boltzman constant, e is electron charge, h is Planck's constant, m* is the
effective carrier mass, T is the absolute temperature and # is charge carrier concentration. As-
suming that S is measured at constant temperature, the only variable in this equation will be
carrier concentration n that can be varied through doping. By looking at the equation we can
see that S will decrease when 7 increases. Reason for this is the fact that Seebeck effect is caused
by the induced voltage in the material. The higher the carrier concentration to begin with the
lower the induced voltage as it takes less new electron-hole pairs to induce current flow through

the material.

2.2.2 Flectrical conductivity
Electrical conductivity is obviously strongly affected by the carrier concentration. It is derived
from the Ohm law and expressed as: [22]

1
1 e 2.9
o=z I (2.9)

where p in this case is the carrier mobility, 7 is the carrier concentration and e is the electron
charge.

This equation illustrates very well that o increases with increasing carrier concentration si-
multaneously decreasing the electrical resistivity of the material. In addition, electrical conduc-

tivity can be expressed through the Arrhenius equation: [27]

_Ea

kgT

_A 2.10
a—?exp( ) (2.10)

where A is the pre-exponential factor, kg is Boltzmann’s constant, T the absolute temper-
ature and E, the activation energy of conduction. E, of 0.16eV is being reported for CaMnOs3

prepared by solid state reaction.[66]
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2.2.3 Thermal conductivity

In a crystalline solid, heat can be carried through the motion of charge carriers described as
the electronic thermal conductivity, x,;, and through the lattice vibrations, i.e. phonon thermal
conductivity, x,;. As a result, the total thermal conductivity, x;, is defined as a sum of the

electronic and lattice component, Fig. 2.3:

Ktot = Kel + Kph (2.11)

logn
insulators semiconductors metals

Figure 2.3: Thermal conductivity dependence on carrier concentration [42]

The electronic thermal conductivity can be expressed as [10]

Key=LoT (2.12)

where L is the Lorentz number, o is the electrical conductivity and T is the temperature.
Another illustrative equation is the Wiedemann-Franz relationship [16]:

w2 k2

B
( 302 )T (2.13)

Kel _

where e is charge of an electron and kjp is the Boltzman'’s constant.

Both equations indicate that the ratio between o and «,; is constant at a given tempera-
ture and that any improvement in electrical conductivity leads to an offsetting increase in the
electronic thermal conductivity.

The lattice thermal conductivity dominates the heat conduction process in insulators and

its contribution becomes less significant the more metallic material is. Although lattice vibra-
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tions are independent of the carrier concentration the lattice thermal conductivity increases
rapidly and becomes less significant in materials with high carrier concentration because the
electronic thermal conductivity is the dominating process. Lattice thermal conductivity corre-
sponds to the propagations of phonons in the three space dimensions through the crystal lattice

and can be expressed as: [61]

1
Kph = §C\/leh (2.14)

where Cy is the heat capacity at constant volume, v is the concentration and velocity of
phonons and [, is the phonon mean free path, which is defined as the average distance a
phonon travels before colliding with another particle. The evolution of x,;, with the tempera-
ture depends on the dominating interactions occurring in the lattice. At low temperatures those
limitations are caused by the grain size and the defect concentration while at high temperatures,

collisions between phonons are the dominant factor limiting heat conduction.

2.2.4 Interdependency of thermoelectric proprieties

The generalized carrier concentration dependence of S, o, and « for conventional TE materials
is presented in Fig. 2.4. Based on this figure we can see that insulating materials present large
Seebeck coefficients, low thermal conductivities and high electrical resistivity values due to low
charge carrier concentrations while metals, which are good electrical conductors, display low
thermopower and high thermal conductivity due to large carrier density. Semiconductors, being
in between those two worlds are in great position having TE proprieties that can be tailored
according to the demand.

Closed inspection of that figure shows that there always will be a trade-off when designing
new TE materials. This is because all three proprieties are to some degree affected by changes
in charge carrier concentration. When the Seebeck coefficient is improved the electrical con-
ductivity will be decreased. Then again when the electrical conductivity is enhanced so is the
electronic part of the thermal conductivity resulting in overall enhancement of thermal conduc-
tivity.

The PGEC concept, that was mentioned in introduction, suggested obtaining lowest possible
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Figure 2.4: Relation between TE proprieties included in zT [47] plottet with respect to tempera-
ture and 7 is carrier concentration. In this case x, and x are respectively electronic and lattice
thermal conductivity.

thermal conductivity first, before fine-tuning electrical proprieties. It should be noted though,
that the defects induced to lower the thermal conductivity, scatter not only phonons but also
charge carriers, leading to lower electrical conductivity. Luckily in case of semiconductors, ther-
mal conductivity is mainly dependant on the lattice contribution and it can be lowered without
affecting the other two TE proprieties at great extent.

Ioffe has shown that zT has its maximum in the region where the carrier density is of the
order of 108 to 10?! carriers per cm3[25]. This corresponds to highly doped semiconductors
and semi-metals and thosen values maximize power factor (PF), oS82 [21]. High PF is desired as

it provides a much needed balance between Seebeck coefficient and electrical conductivity.

2.3 Enhancement of zT

As illustrated in Fig. 2.5, many various methods are employed to enhance the thermoelectric
figure of merit. The main approaches are focusing on either enhancement of the electrical con-
ductivity, on lowering of the thermal conductivity or they are trying to combine both.

The most popular way to enhance the electrical conductivity is by doping. This method
supplies additional charge carriers to the material which in extent increases the electrical con-

ductivity. Downside of this method is possibility of enhancement of the electronic part of the
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ovals specify utilized approach. Remastered from Alam et.al. [22]

thermal conductivity as well as lowering of the Seebeck coefficient. Further rare earth metals or
heavy metals are often used as dopants, which are often not only expensive materials but also
toxic making it more difficult to utilize them in everyday applications.

The other popular approach is lowering of the thermal conductivity. Importance of that ap-
proach can be easily visualized rearranging Eq.2.7 by utilizing the Wiedemann-Franz relation-

ship (Eqg. 2.13) and total thermal conductivity equation (Eq. 2.11):

3 S°To 3 s? Kol
B LToxpp L Kel +Kph

zT (2.15)
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This shows that zT can be enhanced when 1:(—’:;’ « 1 implying a very low lattice thermal. Since
the thermal transport in solids is described as " dissipation of vibrational energy between adja-
cent atoms through chemical bonds" [73] also called phonon transfer, the easiest way to lower
the thermal conductivity can be done via phonon scattering mechanismes.

One method to obtain lower thermal conductivity is through distortion of unit cells which
can be obtained by creating various types of defects in the lattice. The common types of defects
that have significant effect on the thermal conductivity are structural imperfections, such as
crystallite boundaries and dislocations. Randomness in distribution of different kinds of atoms
in the crystal, as the one occurring in alloys and solutions of impurities, also lowers the ther-
mal conductivity. When creating defects by introducing foreign atoms one should be mindful
of their valence, mass, size and interaction with the original atoms. Foreign atoms of similar
valence do not scatter free charge carriers but strongly scatters phonons due to difference in
wavelengths of charge carriers and phonons. To maximize this effect, introduced atoms should
be much larger and heavier than the original atoms.[73] Concentration of the defects needed
to lower thermal conductivity is temperature dependant and relatively large concentrations of
lattice imperfections will required to produce significant effects at hight temperatures where
phonon scattering is the dominant mechanism. [49]

Continuing with the defects as main scattering agent, introduction of vacancies is yet an-
other effective method. Those tend to be be more effective than foreign atoms as they can
scatter phonons by virtue of both missing an atom and the interatomic linkages. Downside
to this method is the possibility for vacancies to act as electron acceptors and modify the elec-
tronic transport properties. [73] Since both Seebeck coefficient and electrical conductivity are
dependant on charge carrier transport and concentration introduction of vacancies can possi-
bly worsen TE proprieties.

Another very effective scattering mechanism is the interface scattering. In general the phonon
mean-free path cannot be shorter than the average inter-atomic spacing in a homogeneous sys-
tem. In an inhomogeneous system, such as a soft superlattice or multiphase materials the inter-
atomic spacing varies with the phase giving mean-free paths of multiple lengths. The key to
achieve a successful interface scattering is to have neighbouring phases as different as possible.

Most phonons can pass through the interface between dissimilar materials if those materials
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have similar crystalline and elastic properties, but they will be reflected if the difference is large
enough. This effect is also possible in single phase material with various crystallite sized and
it will increase with decreasing grain size. Nanostructured materials can reduce phonon mean
free path very effectively, however nanograins are also capable of reducing the electrical con-
ductivity. Coherent interfaces prevent electron scattering because l,; < I, and are a solution
to preserving high electrical conductivity in a nanostructured material. [73]

In order to enhance the effect of boundary scattering in can be highly beneficial to combine
it with forming of a solid solution of the material. This way more phonon frequencies will be
targeted causing greater decrease in thermal conductivity. Grain boundaries are very efficient
towards low-frequency phonons, especially at low temperatures. At higher temperatures, where
phonon frequency increases, the short-range disorder introduced by solid solution proves to be
more successful. In addition, charge carriers would not suffer from reduced mobility as they
have much longer wavelengths than phonons. [40]

Two more methods that are very popular approaches and which focus on structuring on
atomic level are resonant scattering and formation of hybrid crystals. Resonant scattering by
localized rattling atoms is utilized in skutterudites and clathrates. Those structures have large
voids that can be filled with rear earth or heavy metals that interact resonantly with low-frequency
phonons, thus lowering lattice thermal conduction. [11] The basic idea of the hybrid crystal, on
the other hand, formation of a complex crystal structure that can be regarded as being formed
by building modules with different compositions and structural symmetries. Those building
modules then have specific TE functions enabling decoupling of electrical and thermal trans-
port and individual tuning of the parameters to attain a higher zT. [21]

Lastly, porosity has a significant impact on thermal conductivity, especially at lower tem-
peratures. Pores, being voids that can be quite large in size will slow down heat propagation as
the only mechanism applicable for heat transfer in an empty space is radiation. The radiative

energy transfer is described by the Stefan-Boltzmann equation: [32]

Q=eoT! (2.16)

where Q is the heat transfer rate, ¢ is the emissivity of the material and cis the Stefan-

Boltzmann constant. From the T* term it is easy to see that the heat transfer rate is highly de-
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pendant on the temperature and it will increase massively as the temperature increases. This
means that for low-temperature applications, high porosity might be an easy method for lower-
ing thermal conductivity, however it can become a disadvantage at high temperatures.

To illustrate how big impact porosity has on a thermal conductivity of a material, its contri-
bution can be subtracted thorough Maxwell equation: [75]

Kmeasured

K = — 2.17
dense 1—1.5Vo ( )

where V, is the fraction of porosity, K easureq is the measured thermal conductivity and
Kdense 1S the thermal conductivity of completely dense material. This is only an approximation
and it is viable for materials with spherical pores and no more than 10vol% porosity.

Lastly, in some mixed valence materials phonon scattering due to valence disorder can be
observed. The phonons are assumed to be scattered when an electron pair in the d shell of an
atom of one valence, f.eks. Ru?* is transferred to a neighbouring atom of same element but
different valence, Ru**. In this process of charge transfer of two electrons with opposite spin a

phonon is scattered. [39] [76]

2.4 Energy conversion efficiency

In every heat engine, including the thermoelectric generator, the energy conversion efficiency

is governed by the Carnot efficiency:

AT

= Th (2.18)

Me

where AT is the temperature gradient and T}, it the temperature at hot end. This equation
shows that for maximizing the Carnot efficiency a large temperature gradient is required.

In addition, efficiency of the thermoelectric generators, 1 is defined as the ratio between
electric power P, supplied to the load, and the heat energy Q, provided at the hot junction. For
simplicity, a generator can be seen as a single p- and n-type unicouple. Considering that (i) the
Seebeck coefficients, the electrical and thermal conductivities are constant with temperature

and (ii) the contact resistance at the cold and hot junctions is negligible. [11] The maximum
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Figure 2.6: Maximal generating efficiency as function of the temperature at the hot junction and
the figure of merit. [11]

theoretical efficiency, €, for conversion of heat transferred from hot temperature, T}, to cold tem-

perature, T, through a material is: [16]

P T,-T. V1+zT-1
€E=—= .

Q Th  \/1+2T—(T./Ty)

(2.19)

= Tp+T,
where T = %

To maximize power-generation efficiency, zT should be as high as possible, and the temper-
ature differential between the hot and cold sides should be as large as possible. This relation is
well illustrated in Fig. 2.6 However the large temperature difference lowers zT due to the Thom-
son effect should be included in calculations as explained in Section 2.2.

For practical applications zT = 1 is chosen as a benchmark as then the efficiency reaches
approx. 10%. [45] Although it is less than more traditional technologies that can achieve 30%
conversion efficiency [72] it still is a viable addition to traditional energy production techniques.
In the end the goal is not to replace existing technologies but to provide a supplement that would

reduce energy losses mainly in industry where they are largest.
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2.5 Thermoelectric materials

2.5.1 State-of-the-art materials

Currently one of the most popular TE materials that are available on the marked are the tel-
lurides. Those alloys are good at low temperatures (<450K, zT = 0.8 to 1.1 [60]) when com-
posed of (Bi,Sb),(Te,Se)s and medium-range temperatures (= 700K) when composed of PbTe
or other group-IV tellurides (Ge, Sn). One specific example is Bi,Tes with interesting features
of its Seebeck coefficient depending on the composition. zT values up to 1.4 [30] can be ob-
tained by tuning the carrier concentration via doping. Highest zT values for both n- and p-type
group-1IV tellurides were reported for alloys of AgSbTe, and they are greater than unity.[24] In
high-temperature applications, meaning above 900 K, SiGe alloys are most used, both as n- and

p-type materials. Unfortunately these materials exhibit relatively low zT as illustrated in Fig. 2.7.
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Figure 2.7: Figure of merit of the state-of-the-art materials for a)n-type and b)p-type [60]

The largest zT have been achieved with chalcogenites and skutterudites but their stability at
high temperatures and under oxidizing conditions is poor and the toxicity if those compounds
are a major issue. [35] Those problems are general issues for current state-of-the art materials

hence the great interest in TE oxides.

2.5.2 Thermoelectric oxides

Work on thermoelectric oxides has started in early 1990s, as shown in Fig. 2.8, and resulted

in many new promising candidates for both p- and n-type materials. So far the best p-type
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materials are layered cobaltates with zT bit above 1 [56], placing themselves very close to the
state-of-the-art materials. The n-type materials, on the other hand, are more challenging mak-

ing development of oxide based TE devices more challenging.
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Figure 2.8: The historical developmental progress of n- and p - type polycrystalline oxide TE
materials. [41]

In spite of relatively low zT, TE oxides have many advantages over state-of-the-art materials.
First and foremost they are eco-friendly and cheap as they consist of highly abundant elements,
Fig. 2.9. This is an important aspect as for any large-scale application, the cost of raw material
and production costs are a major consideration after performance. [21] Further, the high chem-
ical and thermal stability of oxides in oxidizing atmospheres makes it possible to use them in air
without any special coating while a large temperature gradient is being applied. This somewhat
compensates for low zT as it leads to a relative high device efficiency presented in Fig. 2.10.
Lastly, oxides are chemically versatile and structurally intricate. This offers a great flexibility of
structural and compositional tailoring through structuring or doping.

Unfortunately TE oxides are not without their drawbacks. First, the large electronegativity
difference among the constituent elements leads to more ionic bonding, strong tendency for
carrier localization, and strong scattering of carriers by optical phonons. Even for high mobility
oxide semiconductors, |S| is often found to be small because of the cancellation between the
electron and hole band contributions. Moreover, the large bonding energy and the small mass

of oxygen lead to a high velocity of sound and, therefore, high x;. [21]
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Perovskite-type materials

Perovskites have the general formula, ABOs, where A is a cation (rare-earth, alkaline earth, al-
kali) and B is a transition metal. The unit cell of a perovskite structure can be described in two
different ways depending on the chosen A cation position, as illustrated in Fig. 2.11, with the (c)
structure being the most commonly used.

Perovskite can exist in several different structures. The stability limits of a perovskite struc-

ture are expressed as Goldsmith tolerance factor: [32]

;= ratro
V2(rg+ro)

where 14, rg and rg are ionic radii of A and B cations and oxygen anion respectively.

(2.20)

There are multiple crystal structures that a perovskite can form, as shown in Table 2.1, how-
ever the ¢ value usually lies between 0.80-1.10, when not taking temperature into consideration.
The perfect cubic structure should have a ¢ factor as close to 1 as possible and at least greater
than 0.89. [26]

An ideal perovskite has a cubic crystal structure but it can deviate due to various distortion
mechanisms such as: i)distortion of the octahedra, ii) cation displacements within the octahe-

dra, and iii) rotation or tilting of the octahedra [11]. The last distortion mechanism is most com-
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Table 2.1: Overview over Goldschmidt tolerance factors for perovskite structures. [58]

t-value Structure

>1.10 Hexagonal stacking
0.89>t>1 Ideal cubic perovskite
0.80 >t >0.89 Orthorhombic perovskite
<0.80 IImenite

mon and it yields the orthorhombic, so called GdFeOs-type structure depicted in Fig. 2.12 a)
while the relationship between orthorhombic and the perfect cubic unit cells is depicted in Fig.
2.12 b). All the structural distortions have strong influence on the microstructure and transport
proprieties in perovskites. This gives the flexibility to tune TE proprieties by adjusting composi-

tion, oxygen content and mictrostructure of the material.

Calcium manganate

CaMnOg3_4) being an oxide in the perovskite family is a very well known and studied material.
Interest in this material is caused by its structural proprieties that allow to tune the TE pro-
prieties as well as the inherent proprieties of high thermal and chemical stability in oxidizing
atmosphere. Solid solution between CaO and MnO, Fig. 2.13 makes structuring possible. Small

deviations from 50/50 stoichiometry cause formation of new phases shown in Fig. 2.14. Many of
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Figure 2.11: Different representations of the cubic perovskite structure where the A, B and O
ions are represented by hatched, open and small black circles, respectively. The edges of the BOg
octahedra are indicated by thin lines. a) A cations at the corners, b) A cations in the centre of the
cell c) ABOs3 perovskite structure in a perspective view where the corner-sharing BOg octahedra
surrounds the A cation. [11]

those phases have not been studied as potential TE materials and the few works that have been

done always studied them as pure one phase materials and not in combination with CaMnOs.

Crystal structure The perovskite structure, Fig. 2.15, provides
many opportunities to finetune material’s proprieties and lower
the thermal conductivity. Firstly, the crystal structure is quite
complex in itself and automatically suggesting low thermal con-
ductivity. Further, the proprieties can be changed by introducing

multiple types of point defects, such as substitution on A or B

site or oxygen vacancies. As described in an earlier section, the
perfect cubic perovskite structure undergoes various distortion

Figure 2.15: CaMnOs cubic
mechanisms forming other related crystal structures. In case of perovskite crystal structure

manganate, it is structure depends on the temperature treatment Visualized with Vesta [36]
with the structures as presented in Table 2.2. Also, the degree of

orthorhombicity increases with increasing 8, i.e. with increasing tolerance factor t. As the Mn**
content increases in the CaMnOs, the structural distortion decreases and a more cubic struc-
ture is obtained. [34] The fully oxidized CaMnO3 had a ¢ value of 1.004, i.e. it is cubic. However

when the oxygen content as well as the manganese oxidation state changes from 4+ to 3+, the ¢

value will decrease and come within regime of orhtorhombically distorted perovskites. Having
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Figure 2.13: CaO-MnO solid-solubility phase diagram [46]

a mixed valence of Mn-atoms might be beneficial as it should lower the thermal conductivity
and enhance the electrical conductivity. This also suggests that some oxygen deficiency might
be desired as it affects the oxidation state of Mn.

In addition to change of structure with oxygen stoichiometry, two types of distortions, co-

operative rotation of MnOg octahedra and co-operative Jahn-Teller distortion, can be observed
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Table 2.2: Phase transition and cell parameters of stoichiometric calcium manganate [62]

Structure | alnm] bnm] c[nm] | Temp. range [oC]
Cubic 0.3774 - - > 913

Tetragonal 0.5333 - 0.7534 | 896 - 913
Orthorhombic | 0.5282 0.5265 - < 896

in this CMO. Those two mechanisms are the ones that are responsible for formation of the

tetragonal and orthorhombic perovskite structures at lower temperatures. [11]

Defect chemistry and electrical proprieties The undoped CaMnOs is a poor n-type semicon-
ductor. The obtained conductivity values differ significantly in the literature ranging from 102
to 6.3 Scm™! at room temperature[12], depending on the precursors, synthesis route and mi-
crostructure.

Materials conductivity and also Seebeck coefficient depends on the charge carrier concen-
tration which in this case is affected by the oxygen stoichiometry, 6. In addition, it was observed
that the conductivity is dependant on the structure, degree of distortion and Mn oxidation state.
It decreases with increasing distortion [34] as the conduction paths are diverging more and more
from the ideal cubic structure.

On the other hand, multiple oxidation states of Mn-ions enhance the electrical conductivity.
As the 4 increases the mobility and concentration of free electrons left after removal of an oxy-
gen atom and the reduction of Mn** to Mn3* increases. The highest conductivity in undoped
materials was observed in CaMnQO, ;5 where Mn-ions coexist in both oxidation states in equiv-
alent molar ratios.[15] Nevertheless, after the threshold of 6 = 0.25 the conductivity decreases
due to lack of charge neutrality with so many free charge carriers. [57] An oxygen vacancy has
a charge of +2 relative to the perfect lattice (V;y in Kroger-Vink notation). This charge has to be
compensated by point defects, Mn3* on Mn** sites with a relative charge of -1 (M nj,,,)to retain
charge neutrality.[7] Those defects tend to order themselves further affecting electrical conduc-
tivity by forming paths along which current can be conducted, like in zig-zag or line formation
or bromnmillerite-like structures with insulating planes. [35]

The defect proprieties of CaMnO 3.5y can be described by two chemical reactions:
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1
50208)+ Vo + 2Mn)y,, = Of +2Mny,, (2.21)

2Mny;, = Mnj,, + Mn,,, (2.22)
where the first reaction correspond to the filling of oxygen vacancies and oxidation of Mn-
ions and the secon reaction is the thermal excitation of electronic charge carriers across the
band-gap.[57]
Generally speaking conductivity decreases with decreasing temperature, while at any fixed
temperature conductivity will increase with the increasing O-vacancy up to 6 equal to about

0.25.[13] The impact of 6 onto conductivity and Seebeck coefficient is illustrated in Fig. 2.16.
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Figure 2.16: a) Oxygen nonstochiometry 8, b) electrical conductivity o, c) Seebeck coefficient a
of CaMnOs_5 as at different oxygen partial pressures and temperatures [57]

In addition to affecting electronic proprieties, oxygen vacancies affect the bulk of the ma-

terial leading to an an expansion of the crystal lattice, so called chemical expansion. It is most
pronounced in perovskites with mixed valence elements because they can easily accommodate

for the missing bonds caused by the two additional electrons left by the missing oxygen.[7]

Conduction mechanism The conduction mechanism in calcium manganate is described as
small polaron hopping mechanism, Fig. 2.17. Conduction electrons polarize the surrounding

crystal lattice by strong electron-lattice interactions, localizing themselves on the lattice points



CHAPTER 2. THEORY 30

ABO; i
@ A" (s, La*, v,..) ® . ®
® B™(Ti**, Mn**, Ga™, Nb**...)
o B‘"'”*[Ti"*, Mn’*, Nh“’,..} .
@ 0 ® ;
(m 4 o
-
. 0
® | ®
o

Figure 2.17: Schematic of Small polaron hopping mechanism. [38]

and inducing lattice distortion. Those localized electrons are called small polarons and they
travel by a hopping mechanism. [45] This lattice distortion is induced by the Coulomb interac-
tion between the carrier and the polarized crystal lattice. Small polaron hopping mechanism
is mediated by ligands between Mn-ions of different oxidation states. In Mn3*/Mn** mixed-
valence manganates, it can be described as a simultaneous transfer of (i) an electron from the
Mn?3* site to the oxygen anion and (ii) an electron from the oxygen anion to the Mn*"* site, as

illustrated in Fig. 2.18 This mechanism is called the Zener’s double exchange mechanism.

Mn“ 1\/“['n‘1+

Figure 2.18: Schematic illustration of Zener double exchange mechanism. The Mn ions are rep-
resented by a small circle for the tog orbitals and lobes for the e orbitals. The 3d electrons are
indicated by their spins. The three tog electrons are assigned as core spins. Empty e orbitals are
indicated by dotted lines. [11]

Due to the ferromagnetic effective interaction between the two Mn-sites participating in
conduction, two high spin clusters will be formed, where the extra electrons move relatively

free. [13] The density of clusters increase with increasing oxygen-vacancy concentration thus
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leading to increase in electrical conductivity. The temperature dependence of the conductivity
suggests that this hopping is thermally activated. [13] In general, the mechanism results in the

carrier mobility much lower that that for band conduction. [45]

Thermoelectric proprieties Seebeck coefficient is dependant not only on carrier concentra-
tion, as described in Section 2.2.4, but also on the crystal structure of the material. The absolute
value of Seebeck coefficient decreases continuously with increasing § as it is expected for an
increasing charge carrier concentration. Further, it changes steeply with charge carrier concen-
tration in the orthorhombic phase and flattens out in the cubic phase. [57] Lastly it was observed
that S decreases in absolute value as the temperature increases. For improved S the best com-
position is the partially doped CMO with a zig-zag arrangement of oxygen vacancies.[35]

The total thermal conductivity of calcium manganate with a sub-microcrystalline structure
is very low compared other, similar compounds. This observation can be related to the twinned
domains, which are frequently observed in orthorhombic perovskite-type structures. Twinning
phenomena occur when orthorhombic unit cells can grow in different directions accommodat-
ing slight discrepancy between lattice parameters. The lattice thermal conductivity (phononic
part) accounts for 90% of the total thermal conductivity in these materials. This leads to the
assumption that the heat is carried predominantly by phonons.[29]

The most popular way to enhance TE proprieties of this materials is through doping that can
be done on either site. A study of several lanthanide dopants demonstrated that ytterbium dop-
ing was most effective in increasing zT through reduction of the thermal conductivity and in-
crease of the electrical conductivity and Seebeck coefficient.[16] Overview over zT change with
doping is illustrated in Fig. 2.19. CaMng ggNbg 0203 samples produced with a soft chemistry ex-

hibit zT values of 0.3 at 1070 K which are one of the highest values obtained for this material.[29]
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Figure 2.19: zT values for doped CaMnOs3 [16]

Cag5Mny 50

The starting single phase material formed in reducing atmo-
sphere is Cag 5Mn 50 also denoted as CaMnO.. It has a rock-salt
crystal structure with Ca and Mn occupying every second corner
and center-face sites and oxygen atoms occupying all edges, as
shown in Fig.2.20. Material has a light green colour due to Mn?*
[18] and the theoretical density of 4.25g/ cm? [68].

The solid solution between CaO and MnO leads to forma-
tion of rock-salt structure due to its simplicity and similar ionic
radii of Ca?* ( 1Awith coordination number (CN) 6 [5]) and Mn?*
(0.83MnAfor CN=6 [5]). This small difference enables Ca- and

Mn-ions to occupy same sites in the crystal structure.

Figure 2.20: Crystal struc-
ture of CagsMngs50 simu-
lated with Vesta. Ca and Mn
atoms are shown with 50%
occupancy rate just for illus-
trative purposes.
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CaMn,04

CaMn,04, commonly known as marokite is a secondary phase
that forms from the CaO-MnO ss at temperatures above ~850°C
when the MnO content is between 50 and =66%, see Fig. 2.14.
At room temperature it has a spinell structure with cell parame-
ters: a = 3.1540A , b = 9.988A and c = 9.6775A [77], as illustrated
in Figure 2.21. In this structure the transition metal, Mn, is oc-
tahedrally coordinated with MnOg octahedra sharing edges and

corners and forming channels providing 8-coordinated sites for

the larger Ca-atoms. [77] Same Jahn-Teller distortion of MOg oc-
Figure 2.21: Crystal struc-

tahedra occupied by Mn3* is observed in this structure as itis in  tyre of CaMn,0, visualized
the orthorhombically distorcet CaMnOj3 perovskite. This mate- with Vesta.
rial is highly insulating at room temperature and has a theoretical

density of 4.68g/ cm? [70] .

Phase transformation

Transformation of CagsMng 50 into CaMnOQOs is a very fast reaction as it follows the topotactic
reaction mechanism. Gunter defines a chemical reaction of a solid as topotactic "if the product
is formed in one or several chrystallogaphically equivalent orientations relative to the parent
crystal, if there has been an exchange of components with the surroundings, and if the reaction
can proceed throughout the entire volume of the parent crystal." [20] This reaction is caused by
low nucleus formation energy due to specific crystal orientation and can be cause by: i) Con-
servation of certain structural elements of the parent phase reducing necessity for major atom
rearrangement or ii) Epitactic nucleation, due to some correlation between the two involved
structures. [20]

The first step in this reaction and the most important one is oriented nucleation. Small
crystals with the perovskite structure and composition are formed on the surface of the NaCl-
structure. CagsMng 50 is being used as a "substrate" for formation of the nuclei, making the

process much easier as stand alone nuclei do not have to be formed and the cationic arrange-
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Ca0—-MnOss

CaysMn, 0 + O, - CaMnO,

Figure 2.22: Schematic illustration of shrinking core

ment in both structures is identical. This allows nuclei to cross the critical size much easier and
grow at a much faster rate.

Growth of the nuclei, which is the second step, is initially very fast however it will slow down
with time as the diffusion length will grow. In case of this particular transformation, oxygen
is needed to form CaMnO3. Those additional atoms are coming from atmosphere and on the
beginning of the reaction they are in close contact with the reduced phase through the sample
surface. However as the perovskite starts to form, oxygen will have to diffuse further into the
sample through already formed perovskite layer. This will slow down oxidation speed and lead
to formation of so called shrinking core, Fig. 2.22.

This entire process can be described with following reactions:[51]

CaMn** 0, =CaMni*, 0s5_x = CaMn®* Oy (2.23)

CaMn®* 0,5 = CaMn}’, Mn3} O3_, = CaMn** O3 (2.24)

This shows that intermediate phases with lower oxygen stoichiometry will be formed before
the desired perovskite is synthesised.

Looking at the reaction on atomic level and relationship between the rock-salt and per-
ovskite structure we can observe many similarities as pointed out before. The Ca and Mn atoms
are alternating in an ordered 1:1 sequence in both structures and the cationic subcell remains

nearly unaltered throughout the reaction. Occurring changes come from oxidation of Mn?* with
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ionic radius of 0.83Ato Mn3* and Mn** with ionic radius of 0.58Aand 0.53Arespectively [59]. This
leads to change in bond lengths and the cation site occupied by the Ca-ion becomes enlarged
because the anions shift towards surrounding cations. [5] Fig. 2.23 illustrates the relationship

between the rock-salt structure and the forming perovskite structure.

* [,

Figure 2.23: Schematic representation of relations between rock-salt and rhombohedral struc-
tures. Oxygen anions omitted for clarity. [65]

Density improvement

Density of a ceramic material is a very important propriety as it has an impact at TE proprieties.
In case of solid state sintering, densification of the material occurs through volume diffusion
which in extend leads to shrinkage of material. The driving force in this process is the difference
in free energy between the free surfaces of particles and the points of contact between neigh-
bouring particles. [52]

To increase density of the material the particle size and shape as well as temperature and
time of sintering have to be adjusted. Small particles are desired as they sinter faster and at
lower temperatures. Further uniform preferably spherical particles increase green body density
through better packing which is further improved by narrow particle size distribution. Next to
particle size, sintering temperature is the most important parameter enhancing the density due
to its relationship with the diffusion coefficient and by providing the necessary energy to drive

the reaction.
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Experimental

3.1 Apparatus and Chemicals

Single phase rock-salt precursor powder was synthesized by the solid state method. Chemicals
used during this synthesis and characterization, their formula, supplier and purity are shown in

Table 3.1

Table 3.1: List of chemicals used during solid state synthesis, their formula, supplier and purity

Chemical Formula Supplier Purity
Calcium carbonate CaCOs3 Sigma-Aldrich For analysis
Manganese(IV) oxide MnO; Sigma-Aldrich >99%
Ethanol CH3CH,OH VWR International AS 99.8%
Isopropanol C3HgO VWR International AS >99%

5% Hj in Ar from Varigon was used as reducing atmosphere. Nitrogen or argon and synthetic
air as respectively inert and oxidizing atmospheres supplied by AGA were used to anneal the pre-
cursor powder and obtain CaMnOj3 with and without secondary phases. The different apparatus

used during in this project are listed in Table 3.2, together with model and application area.

36
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Table 3.2: List of apparatus used to in synthesis and characterization together with their model
and area of application

Apparatus Model Application

Planetary ball mill Retsch PM 100 Mixing an milling of powders

Rotavaopur Buchi Rotavapor R-210 Drying of wet powders

Tubular furnace Nabeiﬁ;ﬁi P330 Synthesis, sintering and annealing

Furnace Nabertherm P330 Low temp. oxidation

Flow meter Brooks Model no.1355 Control of gas flow through the furnace

Uni-axial press Hydraulic C-press Pressing of pellets

Cold Isostatic Press Autoclave Engineers Densification of green body pellets
Bruker AXS D8-Focus i

XRD Bruker D8 Advance DaVinci Study of phase composition

SEM Hitachi S-3400N Miscrostructure and phase composition

Dilatometer Netzsch DIL 402C Sintering and annealing analysis

TGA Netzsch STA 449C Oxidation analysis

Optical microscope Leica MEF4AM Study of microstructure

Grinder Struers Tegramin-20 Polishing of samples

BET Micromeritics Tri Star 3000 Surface area measurement

Sputter coater Edwards S150B Gold-plating of samples for SEM

3.2 Procedure

For the purpose of the report the procedure was divided into four steps:

1. Synthesis of powder precursor Synthesis of single phase Cag sMng 50 (rock-salt structure)
in a reducing atmosphere. This step involves preparation of raw powder at reducing con-
ditions and its post-reduction treatment. Obtained material is used as a starting point for

further synthesis.

2. Sintering of dense bodies Improvement of sintering parameters to obtain material with

density =90% of Cag 5Mng 50.
3. Annealing Oxidation in air to form CaMnO3 and desired secondary phases.

4. Characterization Characterization of materials microstructure, composition and TE pro-

prieties.

The synthesis procedure was loosely based on previously published methods. [50] [34] [57]

It should be noted that the details provided in following sections are the optimized conditions
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to obtain desired material. Optimization of the parameters was a big part of the work and the

results of different approaches are described in Section 4.

3.2.1 Synthesis of powder precursor

Single phase Cag5Mng 50 is used as a starting point for all sintering and annealing. Its synthe-
sis consists of three steps: i) preparation of raw powder, ii) synthesis in reducing atmosphere
through reaction sintering and iii) processing involving milling in sieving. What is understood
as a powder precursor is a single phase CapsMn( 50 that has a rock-salt structure and that was
milled, dried and sieved. The entire process is illustrated in Fig. 3.1 and described in fur-
ther detail in following paragraphs. Preparation of raw powder and synthesis of single phase

Cap5Mny 50 in reducing atmosphere was optimized during specialization project fall 2014. [33]

Preparation of raw powder Powders of CaCO3 and MnO,, as received from Sigma-Aldrich,
were weighted and mixed in accordance with desired stoichiometry. Both powders were milled
in a planetary ball mill for 30min at 175rpm in a 250mL zirconium milling jar with 15 Yttrium
stabilized zirconia (YZT) 10mm in diameter milling balls. Approximately 80mL of ethanol cor-
responding to approximately the third of the volume of the jar was added to aid mixing. Wet
powder was firstly dried in a rotavapour to remove most of the solvent and its remains were
evaporated on a hot plate. Raw precursors were milled together not only to mix them but also
to break up the agglomerates and even out the particle size as both precursors differ greatly in

size, with MnO, particles begin much larger than CaCOs (see Fig. A.1)

Synthesis of Cag5Mng 50 Raw, mixed powders were pressed on a uni-axial double action press
at 100MPa. Obtained green body was heated up in a reducing atmosphere, 5% H» in Ar, in a
horizontal tubular furnace. The synthesis was conducted at 1250°C with 200°C/h heating and
cooling rate and dwell time of 6h. Material composition was checked by XRD, by crushing pellets
into powder to analyse the bulk material. If secondary phases were detected, obtained powder

was pressed again and fired in the furnace for the second time at the same conditions.
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CaCOg; (as
provided from
Sigma-Aldrich)

MnO; (as
provided from
Sigma-Aldrich)

+ ethanol

Wet powder of
mixed CaCOs3;
and MnO,

If multiple phases are present:
1) Crush in a mortar with ethanol
2) Dry on a hot plate
3) Press into a pellet

Dry mixed
powder
(CaCO3 +
|\/|I"|02)

Mixing in planetary ball
mill
« 250ml zirconia jar
« #15 10mm YZT balls
¢ 30min @ 175rpm

Drying in rotavaopor

vy @

Green body
pellet

Uniaxial doubleaction
pressing

Reaction sintering
« 1250°C
« 6h dwell
¢ 5% H, in Ar atmosphere

Single phase
rock-salt
material

Wet single
phase rock-salt
precursor
powder

Crushing in a mortar
+
Milling in a planetary
mill
« 250ml zirconia jar
« #15 10mm YZT balls
« 80ml ethanol
* 1h @175rpm

Drying in rotavapour
+
Sieving (75um)

Single phase
precursor
powder

Figure 3.1: Flowchart illustrating powder precursor synthesis process.
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Processing of single phase rock-salt material In order to obtain precursor powder, obtained
single-phase rock-salt pellets were first crushed in a mortar and then milled in a planetary mill
for 1h at 175rpm. Same milling media as for preparations of raw powder were used to mill
the rock-salt material (i.e. 250mL zirconium milling jar with 15 YZT @10mm milling balls and
~80mL of ethanol). Obtained wet powder was first dried in rotavapour and then on a hot plate
to remove all solvent. Obtained dry powder was sieved through a 75um sieve to remove all big
particles and form soft agglomerates. The sieved powder is then used as precursor powder for

all future processes.

3.2.2 Sintering of dense bodies

Precursor powder was first pressed on a uni-axial double action press with 100MPa pressure for
several minutes and then in a cold isostatic press (CIP) at the pressure of 2kbar for approx. 2min.
Pressed pellets were then sintered in reducing atmosphere in a horizontal tubular furnace at
1350°C for 12h with a heating and cooling rate of 200°C/h. Pt wire was used as a spacer between
the pellet and the alumina boat to prevent side-reactions. During heating, at 850°C atmosphere
was shifted to pure nitrogen and flow, controlled with a flow meter, adjusted to maximum. Upon
cooling atmosphere was changed back to 5% H> at 850°C to reverse any potential oxidation that

could have occurred as illustrated in Fig. 3.2

1400
1200
1000
800 F
600 F
400 F
200 F

1350°C 12h

© $200°C/h | 200°C/h

N,

Temp [°C]

<L —5%H,inAr 5%H,inAr L
L . i L1

0 5 10 15 20 25
Time [h]

Figure 3.2: Schematic of heating program for sintering of dense bodies used for all samples
with indicated heating (1)/cooling (]) rates and atmospheres. Dashed line indicates place where
atmosphere is shifted.
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green body
Sintering
« 1350°C
e 12h dwell
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Dense ceramic
(Cag.sMng s0)

XRD ( Archimedes ) SEM

Figure 3.3: Flowchart illustrating the sintering process.
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3.2.3 Annealing

Multiple annealing procedures were conducted to observe the relationship between heat treat-
ment, microstructure and formation of secondary phases. The most suitable process involved
heating up of the dense sintered pellet in 5% H, in Ar up to 1250°C at the rate of 200°C/h. Follow-
ing, furnace is flushed with excess of an inert gas, either N, or Ar, before atmosphere is shifted to
synthetic air. The amount and time needed for flushing were determined by calculating the vol-
ume of the furnace and using a flow meter to ensure maximum flow through the furnace at all
times. Change of atmosphere from inert to oxidizing (synthetic air in this case) marks the start
of the annealing process. The oxidizing atmosphere is used till the end of the process, including

cooling at the rate of 120°C/h. The entire heating program is illustrated in Fig. 3.4.

1200 +

I_T_I

I 1 120°C/h
1 1250°C 3h

1200°C/h
1000 +

|
Synthetic air
800 | =3

600 F

Temo [°C]

400 *

200 + N,

5%H, in Ar

0 s 10 15 20
Time [h]
Figure 3.4: Schematic of heating program used for annealing of the samples with indicated heat-

ing (1)/cooling (]) rates and atmospheres. Dashed line indicates place where atmosphere is
shifted.
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3.3 Summary

Table 3.3: Overview over entire synthesis procedure with details involving each step

Phase Steps involved

1. Mixing of precursor powders in planetary mill
- CaCOs3 + MnO:, in desired ratio + 80ml ethanol
- 250ml zirconia milling jar
- 15 #10mm YZT milling balls
- 30min at 175rpm
2. Drying of mixed powder in rotavapor and on a hot plate
3. Pressing into pellets on an uniaxial double-action press at 100MPa
4. Reaction-sintering in reducing atmosphere
-5% Hjy in Ar
- 200K/h ramp up/down
- 6h dwell
- max. temp. 1250°C
1. Production of powder precursor 5. Check phase purity
- XRD
- If multiple phase present
i) crush in a mortar
ii) press into pellets
iii) refire using previous heating program
6. Milling in planetary ball mill
- Reduced powder crushed with mortar + 80ml ethanol
- 250ml zirconia milling jar
-15 #10mm YZT milling balls
- lhat 175rpm
7. Drying of milled powder in rotavapor and on a hot plate
8. Sieving with a 75um sieve

1. Pressing into pellets in a uniaxial double-action press at 100MPa for 5min
2. CIP at 2kbar for 2min

3. Sintering

- 5% H» in Ar at temp below 850°C, N2 at higher temperatures

- 200K/h ramp up/down

- 12h dwell

- max. temp. 1350°C

- Pt wire as spacer between sample and Al,O3 boat

2. Sintering of dense bodies

1. Heat treatment in oxidizing atmosphere
- 5% H; in Ar during heating
- N, at max. temp to flush out H,
3. Annealing - Synthetic air for the rest of the program
- 200K/h ramp up, 120K/h ramp down
- 3h dwell in air + dwell for flushing
- max. temp. 1250°C
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3.4 Characterization techniques

3.4.1 X-ray diffraction

X-ray diffraction (XRD) analysis was used to establish phase composition at all stages of the
synthesis. XRD patterns were obtained from the bulk of the sample, by thoroughly grinding it in
amortar before placingitin a single crystal Si sample holder. Scans were performed between 20-
800 in either Bruker AXS D8-Focus or Bruker D8 Advance DaVinci instrument. Both instruments
have a Cu source, however additional peaks caused by Cu-Kf and W can be found in patterns
produced by the DaVinci instrument. Obtained patterns were analysed in EVA software [1] and
compared against patters found in the International Centre for Diffraction Data (ICDD) in order

to obtain phase composition.

3.4.2 Scanning electron microscopy and Energy dispersive x-ray microscopy

Scanning electron microscopy (SEM) was used to inspect misrostructure and sample compo-
sition. All images presented in this thesis were taken with Hitachi S-3400N. During analysis
the electron source is excited by high voltage and the resulting electron beam is aimed at the
sample. This produces several different signals and the ones that were used for analysis: i) Sec-
ondary electrons (SE) - a result of excitation and replacement of outer shell electrons by the
primary electrons enabling us to view microstructure of the sample; ii) Backscatter electrons
(BSE) - inelastically scattered primary electrons. The energy loss is dependant on the weight of
surface atoms electrons are interacting with giving an image of phase segregation; iii) Charac-
teristic x-rays used in energy dispersive spectroscopy (EDS) - produced due to excitation by the
primary electron beam and enable us to see the phase composition by determining its chemical
composition as those x-rays atomic fingerprints. Aztec software [3] was used to process EDS im-
ages and determine sample composition. Samples used for BSE and EDS were polished under
1um with Struers products. Chosen samples were thermally etched by heating the samples to

1000°C in air at heating and cooling rate of 200°C and no dwell time.
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3.4.3 Archimedes density measurement

Bulk density and porosity was determined by Archimedes method described in ISO5017. Home
made apparatus was used to conduct the measurement while isopropanol was the immersion
liquid of choice.

Archimedes density measurement is based on measuring sample weight when it is dry (m;),
immersed (m;) and wet (mg3). Porosity is then calculated by relating obtained masses to sample

buoyancy and the density of the liquid through following equations:

e 3.1
Poulk = P Plig .

ms — my

ﬂopen = 100 (3.2)
ms — my

Tirue = Pt~ Pbulk 00 (3.3)

0
Tclosed = T true — open (3.4)
(3.5)

where p; is the theoretical density of the material and p;;, is density of used liquid and IT is

porosity.

3.4.4 Dilatometry

Dilatometry (DIL) is a method used to measure sample’s dimension changes at given temper-
ature. Netzsch DIL 402C with preprogrammed alumina standard was used in all analyses. Es-
pecially for DIL measurements samples of 5mm in diameter had to be pressed. For all mea-
surements a standard heating and cooling rate of 2K/min was used while dwell time, maximum
temperature and atmosphere was adjusted according to the needs. Obtained curves were used
to gain insight into the sintering process, oxidation of the material and calculation of the ther-

mal expansion coefficient (TEC). TEC, «a, can be calculated using following formula: [32]

3 Adlllo
AT

a

(3.6)
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where Adl/lo is the change in expansion over selected temperature range, AT

3.4.5 Other

In addition to the techniques described above, Thermogravimetric analysis (TGA), optical mi-
croscopy and Brunauer-Emmett-Teller measurement (BET) were conducted as a part of the
characterization process.

TGA was used to determine oxidative proprieties of CagsMny 50 and gain insight into the
phase transformation. In the measurement precursor powder powder was used. Heating and
cooling rate as well as dwell time was the same as in the DIL. measurements focused on the ox-
idative proprieties, i.e. 2K/min rate with dwell time of 7h and maximum temperature of 950°C.
Synthetic air at flow rate of 30mL/min was the selected atmosphere.

BET method was used to approximate surface area of the CagsMng 50 powder obtained
through different milling processes. Samples were pretreated by applying a combination of heat,
vacuum, and flowing gas to remove adsorbed contaminants. Then they were cooled under vac-
uum before nitrogen, used as adsorptive was added in controlled increments. After each added
dose, pressure was allowed to equilibrate before the adsorbed quantity was calculated. The
quantity adsorbed at each pressure defines an adsorption isotherm, from which the quantity of
gas required to form a monolayer on the particle surface is determined. With the area covered
by each adsorbed gas molecule known, the surface area can be calculated. [4]

Since the model used to calculate surface area is based on spherical particles it was also
assumed that produced powder is made up of spherical particles. This assumption will be dis-
cussed in detail in Section 5. Single particle size was calculated by using following formula: [31]

6000

D= 3.7)
ABETP

where Apgr is the BET-surface area of the sample obtained through the measurement, p is

the theoretical density of the material and D is the particle diameter.
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3.5 Thermoelectric proprieties measurements

3.5.1 Seebeck measurement

The Seebeck coefficient measurements were performed with a

Probostat device from NorECs AS illustrated in Fig. 3.5. Mea- M

surements were conducted every 100°C between room temper- ‘ ‘

ature and to 900°C in synthetic air with flow of 130ml/min. Ap- . ISpang
proximately 3-4h dwell was set on each increment allowing the i’ T:
temperature and S-values to stabilize. clectrodt =] I
The Seebeck coefficient is determined by applying small tem- SB:;‘P'E
perature gradient over the sample and measuring temperature oo
and voltage at its cold and hot ends. Those values, in combina-
tion with Eq. 2.2 give S;,eqsureq- To Obtain Seebeck coefficient for  “Fioor E‘l Bottorn
the material, Ss4mpie contribution from the thermocouples (Pt e
wire), S¢., used as reference in measurement must be subtracted,
hence
Bar sample
Ssample = Smeasured = Stc 3.8) support tube

Figure 3.5: Schematic il-
Special samples were prepared for the measurement. Dense Justration of ProboStat used
to measure Seebeck coeffi-
cient. [6]
sintered and annealed according to procedure described in Section 3.2. All bars were polished

bars with approximate dimensions 25mm x 2.4mm x 6mm were

prior measurement in order to remove any impurities formed on the surface and have a per-

fectly smooths surface ensuring good contact with the probes.

3.5.2 Thermal diffusivity and conductivity measurement

Thermal diffusivity The thermal diffusivity of the samples were determined by using Netzsch
LFA 457 MicroFlash instrument and the flash method developed by Parker [48]. It was per-
formed in Ny-atmosphere with 100°C increments from room temperature to 500°C and 3 mea-

surements per step. Special samples 0.5” in diameter and ~2mm in thickness were prepared.
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Right before the measurement sample surface was polished with a 500 grid Si polishing paper
to remove any potential contamination. Lastly both sides were spray-coated with graphite to
approximate the material to the black body condition. A material is considered a black body
when: i) its surface absorbs light perfectly, and ii) it presents a high emissivity (¢ = 1). This
means that in practice the sample should not be transparent and it should be dark in colour,
hence the carbon coating.
The measurement is done by irradiating the sample by a short heat-
ing pulse caused by the laser. It causes the temperature on the opposite Infrared detector
side to rise and the temperature change is measured by an IR detector as

illustrated in Fig. 3.6. After the laser pulse, the initial temperature raise

decreases asymptotically till it reaches base temperature. Assuming adi-
abatic conditions, the time to reach half of the maximal temperature, so

called "half time" (#;/2), allows to determine the thermal diffusivity, a [48]:

1.38d? — I ‘
a=

3.9
w2t (5.9)

where d is thickness of the sample. Sample thickness is a very impor-
tant parameter as it determines the time for the pulse to reach the other
side. The pulse should reach the detector without any heatlosses and with- Laser pulse

out causing the half time to be shorter than the irradiation and detection Figure 3.6:
Schematic  rep-
resentation of the
laser flash method.
Thermal conductivity The Laser flash method determines the thermal Remastered from

Bocher. [11
diffusivity, a, and heat capacity, Cj, of the material, which can be used to ocher. [11]

time.

calculate the thermal conductivity, x of the sample through following equation [48]:

Kk=apCp (3.10)

To obtain the thermal conductivity values, the thermal diffusivity measurements were eval-
uated by using the Netzsch Proteus LFA analysis software and the data were corrected with

Cowan model. Pyroceram 9606 which is a pyroceramic material made up of Corning and a
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glass-ceramic material, supplied by Netzsch was used as a standard for the measurements.

3.5.3 Electrical conductivity

Electrical conductivity was measured through 4-point probe method. It was measured in air in
a home-built set-up. Approximately 3-4h dwell time was set on each 100°C increment allow-
ing the temperature and o-values to stabilize. In this method, illustrated in Fig. 3.7 current is
supplied by two voltage probes, while the other two are measuring the potential drop measured

over the sample. The conductivity is then determined as: [32]

I

= —— 3.11
UUA (3.11)

where I is the supplied current, U is the voltage drop, /is distance between voltage probes
set to 0.5cm and A is the cross section of the sample.
Same bars as for Seebeck measurement were used for electrical conductivity measurements

without any additional processing processing prior the measurement.

Figure 3.7: Schematic illustration of 4-point probe electrical conductivity measurement. [11]

3.6 Investigated stoichiometries

Four stoichiometires were synthesized: stoichiometric CMO (V0) and CMO with 2.5v0l% (V2.5),
5vol% (V5) and 10vol% (V10) of secondary phase. Preliminary work was conducted on stoichio-
metric CagsMng 50, meaning 50/50 ration between CaO-MnO. Further 5vol% powder was used

to conduct some preliminary tests on manganese-rich CagsMng ;0. In the end TE proprieties
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only VO, V2.5 and V5 were investigated. Table 3.4 summarized names, stoichiometries and ra-

tios that were investigated.

Table 3.4: Overview over investigated stoichiometries together with their sample IDs

Sample ID Amount of secondary phase mol % CaO mol % MnO

VO 0 - Stoichiometric 50.0 50.0
V2.5 2.5vol% 49.5 50.5
V5 5vol% 49.1 50.9
V10 10vol% 48.2 51.8

Theoretical densities of manganese rich samples were calculated through rule of mixtures:

Ptot = PCaMn03Vcamnp3 + Pcamn204Vecamn20a (3.12)

where p;o; is the theoretical density of a manganese rich sample and respectively pcannos/camn204
Veamnosicamn204 is the theoretical density and volume fraction of either CaMnOj3 of CaMn,0y,.
Calculated values are presented in Table 3.5 All future results and discussion involving density
is referring to those densities. Theoretical densities of pure materials can be found in Appendix
E

Table 3.5: Overview over calculated theoretical densities for manganese-rich samples.

Sample ID V2.5 V5 V10
Calculated theoretical density [g/cm3] 4.5825 4.5850 4.5900




Chapter 4

Results

4.1 Synthesis of powder precursor

4.1.1 Synthesis of single phase Cay;Mn, 50

Initial planetary milling of raw precursors resulted in a homogeneous mixture of CaCO3 and
MnO; shown in Fig. 4.1. This caused large agglomerate to form, especially those of MnO, were
broken up into smaller particles and formed smaller, softer agglomerates. The raw powder mix-
ture had a dark grey colour due to MnO,.

Samples of all stoichiometries were reduced at same conditions and in all cases single step
reaction sintering was needed to obtain pure single phase material. Sintering program was de-
termined during specialization project. Details can be found in Appendinx A. The resulting
Ca0-MnO solid solution phase was characterized through XRD as CapsMng 50, Fig. 4.2. The
additional peaks that are not marked belong to tungsten radiation from the instrument. The

reduced phase has a strong green colour caused by Mn?*. [18]

51
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Figure 4.1: SEM image of mixed and dried CaCO3 and MnO, powders coated with gold for better
conductivity.
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Figure 4.2: XRD pattern of single, reduced phase, CagsMng 50, marked red. Small unmarked
peaks are due to tungsten radiation coming from the instrument.
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4.1.2 Determination of milling time

To obtain powder precursor, the single phase CagsMng 50 pellets were hand ground in a mortar.
Obtained powder was then transferred to a milling jar together with 80mL of ethanol and milled
in planetary ball mill at 175rpm for the total time of 2h. Same as for mixing 15 10mm YZT
milling balls were used as the milling medium. Each 15min a sample of the powder was taken
out of the jar, dried in air and analysed in SEM to estimate the particle size and see its evolution
with increasing milling time. Obtained images are shown in Fig. 4.3a and Fig.4.4. The particle
morphology remained unchanged up till 1h45min of milling when small platelets are becom-
ing visible. In general particles are uneven in shape and size with mortar crushing resulting in
largest particles and first major difference in size decrease is noticeable after 1h of milling. As
shown in the figures, obtained the particles tend to agglomerate and form large clusters. Par-
ticles ground with mortar are on average 7-10um in size, those milled for 1h are about 3-5um
while those milled for 2h have a very large particle size distribution between 1 and 8um. This
means that not all powder is thoroughly milled and additional processing will be needed.

An interesting feature was observed in the CapsMng 50 microstructure, as shown in Fig.
4.3b. Many of the particles have a step-like structure with steps up to 1um in width and <1ym
in height. The structure is similar to what was observed by Varela [65] and which is caused by

the rock-salt crystal structure.

$3400 10.0kV 5.5mm x5.00k SE

(a) Mortar (b) Magnification of particle with a step structure

Figure 4.3: SEM images of single phase Cap5Mng 50 hand ground in a mortar
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S$3400 10.0kV 5.4mm x5.00k SE . S$3400 10.0kV 5.3mm x5.00k SE 10.0um

(g) 1h 45min (h) 2h

Figure 4.4: Investigation of particle size reduction - SEM images of single phase Cag5Mng 50
planetary milled at 175rpm with milling times specified in subcaptions.
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Based on the SEM results three samples, hand ground in mortar, milled for 1h and 2h, were
chosen to be further analysed. A BET measurement was conducted to obtain an estimate on
particle size. Table 4.1 shows the measured BET surface as well as the calculated particle size

using Eq. 3.7.

Table 4.1: Single phase CaysMng 50 particle size based on BET measurement

Milling procedure  Aggr [m?/g] Particle size [um]

Mortar 0.6602 2.138
1h milling 1.9198 0.735
2h milling 2.3056 0.427

Further, DIL measurements were conducted to investigate sintering proprieties of the ma-
terial. The measurement was conducted in 2% H; in Ar, with max temperature of 1200°C, dwell
time of 1h and the typical heating and cooling rate of 2ZK/min. Obtained sintering curves are
presented in Fig. 4.5. Fluctuations at the beginning of heating step visible up to about 100°C are
due to instrument and are not considered in the discussion of the results.

Lastly, the three selected powders were pressed into 10mm pellets on a uniaxial press with
100MPa pressure and sintered in 5% Hj at 1250°C for 6h. Obtained ceramics were measured
with Archimedes method to compare the final densities produced by particle size reduction.

Results are shown in Table 4.2.

Table 4.2: Single phase CapsMng 50 ceramics after milling and sintering at 1250°C for 6h in 5%
H,.

Milling process  ppyik [g/cm®] Topen (%] Mciosed [%]  prei (%]

Mortar 2.55 38.07 1.90 60.0
1h milling 2.86 31.46 1.35 67.2
2h milling 2.94 29.97 0.86 69.1

For the sake of clarity when presenting further results it should be noted that 1h milling time
was chosen as the most suitable one and was included in the synthesis procedure for all future

samples. Explanation for this choice can be found in Section 5.1
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Figure 4.5: Sintering behaviour investigation - DIL measurement of hand ground in a mortar
and milled single phase CagsMng 50 powders in 2% H, atmosphere. Milling was conducted for
1h and 2h at 175rpm with addition of ethanol.

4.1.3 Determination of sintering parameters
Green body density improvement

Since decreasing of initial particle size did not give desired results approx. 90% of the theoreti-
cal density, additional densification of green body, in form of sieving and cold isostatic pressing
(CIP), was introduced to the synthesis procedure. Sieving through a 75um sieve (smallest screen
size available) removed all unmilled particles above the screen size and formed soft agglomer-
ates. Available CIP uses liquid to apply high, uniform pressure on the sample from all sides. In
addition to reducing porosity it also evens out density distribution in the sample and removes
any density gradient that could have been caused by the uniaxial press.

Use of CIP caused immediate decrease of sample dimensions in all directions, implying that
the green density is improved. Table 4.3 shows density variation with and without use of CIP
at 2kbar obtained through Archimedes method and measurement of geometrical dimensions

of the pellets. Based on those results it was decided to include CIP in synthesis of all future
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samples.

Table 4.3: Investigation of impact of green density of CagsMng 50 on ceramic’s density. pgreen
and p;;,; are geometric densities of the green body and sintered ceramic respectively.

Sample Pgreen [g/cmsl Psint [glcm3] Pbulk [g/Cmg] HOpen (%] Tcioseal%]  prer [%]
without CIP 1.94 1.96 2.55 38.07 1.90 60.0
with CIP 2.90 3.01 3.14 24.73 1.34 73.9

Heating program adjustment

As a next step to obtain desired density, temperature and atmosphere were adjusted and follow-

ing things were discovered:

e Temperature above 1250°C results in melting of the sample if no other spacer but coarse
powder precursor is placed between the pellet and the alumina boat. As the sample reacts

with the alumina a dark green layer is formed on the bottom of the boat.

* Temperature of 1300°C and higher in highly reducing atmosphere (5% H, in Ar) with Pt
plate spacer between the sample and the alumina leads to firstly reaction between Pt and
the sample as well as evaporation of manganese from the sample. This can be observed
as change in colour from green to white. This reaction is not very fast though, as only
few micrometer are formed during 6h of sintering as shown in Figure 4.6. The bulk of the
sample remains as CagsMng ;0. Deposition of Mn in form of light green coating, can be

observed on some parts of the furnace as well as bubbles on the surface of Pt plate.

* Conducting sintering at high temperatures (1300°C or more) in pure N, and only main-
taining part of the heating and cooling step in reducing atmosphere (850°C threshold for

atmosphere switch) results in dense, undamaged samples.

e Use of a coarse powder precursor as bed for the pellet to prevent potential contamination
at temperatures higher than 1250°C even with Pt spacer with direct contact with alumina

results in melting of the powder precursor.

Summary of the temperature and atmosphere variation can be found in Table 4.4
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$3400 15.0kV 6.3mm x5.00k SE

(a) Top surface (b) Fracture surface edge

Figure 4.6: SEM images of manganese deficient sintered sample. Sample was coated with gold
to improve conductivity.

Table 4.4: Summary of temperature and atmosphere variation as part of density improvement
process for pure CagsMng 50 with indication whether the sample can be used for further pro-
cessing.

Temp [°C] Spacer Atmosphere Result Usable
1250 Powder 5% Hy in Ar Low density Yes
> 1250 Powder 5% Hy in Ar Complete melting No
> 1250 Pt+ powder 5% Hj in Ar Melting of the powder No
= 1300 Pt 5% Hy in Ar Evaporation of Mn No
= 1300 Pt 5% Hy in Ar +N, Dense sample Yes

Lastly, the impact of dwell time on the density was investigated. In total four samples were
sintered. Used programs as well as results are presented in Table 4.5 and Fig. 4.7. Microstructure
of fracture surface of obtained dense ceramics was investigated with SEM and images can be
found in Fig. 4.8.

It was observed that density increases with increasing dwell time and temperature. The im-
pact of increased dwell time was smaller than that of increased temperature. In case of lower
densities (<80%) fracture propagated through the grain boundaries, however at high densities
fracture went through the grains.

In the end the last program, i.e. max. temp. of 1350°C with dwell time of 12h and combina-
tion of 5% H; in Ar + N, was chosen as the most suitable sintering program and it was used for

all future samples.
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Table 4.5: Overview over densities of pure CagsMng 50 obtained form selected sintering pro-
grams

T[°C] Dwell [h] Atmosphere ppu [g/cm3] Hopenl%l  cioseal]  prer [%]

1250 6 5% Hy 3.14 24.73 1.34 73.9
1300 10 5% Hy + N,  3.22 23.78 0.40 75.8
1350 6 5% H, + Ny,  3.71 8.65 4.10 87.3
1350 12 5% Hy, + N, 3.82 6.61 3.40 90.0
100
80
—@— Relative density
60 | — ¥y — Open porosity
———- Closed porosity
S
40
- = -
20 v ~ -
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1250C_6h 1300C_6h 13506_6h 13506_12h

Figure 4.7: Overview over densities and porosities for single phase CagsMng 50 obtained with
selected sintering programs. Labels on x-axis denote sintering temperature and dwell time that
resulted in given relative density and porosity, y-axis.
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S3400 15.0kV 6.2mm x5.00k SE 10.0um

(a) 1250°C, 6h, 5% H, in Ar, p = 73.93%

- ’ 4 v
" /

S$3400 15.0kV 6.0mm x5.00k SE 10.0um

S$3400 15.0kV 6.1mm x5.00k SE

(c) 1350°C, 6h, 5% H; in Ar + Ny, p = 87.26% (d) 1350°C, 12h, 5% H, in Ar + N3, p = 89.99%

Figure 4.8: Investigation of temperature influence - SEM images of fracture surface of pure
CapsMng 50 sintered at various temperatures and times

4.2 Determination of annealing program

TGA and DIL measurements were conducted to investigate oxidation proprieties of Cag s Mng 50.
950°C was chosen as a max. temperature knowing that this temperature ensures relatively fast
reaction kinetics and also in the case of the manganese rich samples, the secondary phase starts
to form at around 900°C. In case of TGA precursor powder was used in the measurement while
for DIL analysis, 5mm single phase CaysMng 50 pellets were sintered at previously established
conditions, resulting in dense ceramics. In both cases 2K/min heating and cooling rate was

used.
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4.2.1 Stoichiometric powder precursor

TG analysis of stoichiometric CMO (V0), Fig. 4.9, shows typical perovskite behaviour. Oxidation
begins at about 350°C and proceeds in one step till it reaches equilibrium at max temperature.
At that point CagsMng 50 is converted to CaMnO3.s which picks up additional oxygen upon
cooling. Similar CMO behaviour was shown by Thiel [63] with mass loss upon heating and mass

increase upon cooling.
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Figure 4.9: TG analysis of stoichiometric (V0) precursor powder in air. Max temp = 950°C, dwell
=7h

DIL analysis of VO, Fig. 4.10, shows rapid expansion that starts at about 500°C and ends
in fracture of the sample at maximum temperature of 950°. Inverstigation of sample after the
measurement showed it complete disintegration. This affected the data collected upon cooling
as the change in dimensions between reduced and annealed sample corresponds well with the

expansion data collected until the end of dwell time but nod during the cooling.
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Figure 4.10: DIL analysis in air of stoichiometric (V0) pure rock-salt dense pellet. Max temp =
950°C, dwell = 7h.

4.2.2 Manganese-rich precursor powder

TG analysis of manganese rich samples (V5 and V10), Fig. 4.11, shows some trends similar to
perovskite behaviour described in previous section. Oxidation of the material begins at about
500°C and proceeds in one step till maximum temperature temperature. Following mass in-
crease takes place at much slower rate what could be associated with introduction of secondary
phase. The transitions that are occurring in the material are also responsible for the mass de-
crease upon cooling. Over all the mass increase is higher for higher volumes of secondary phase.

DIL analysis of V5, Fig, 4.12, indicates that oxidation for manganese rich samples starts at
about 500°C. It is a two step expansion with an intermediate step at about 570°C followed by
cracking at nearly 950°C. Same as for VO sample, pellet has completly disintegrated what af-

fected the data collected upon cooling.
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Figure 4.11: TG analysis of manganese rich (V5 and V10) precursor powder in air. Max temp =
950°C, dwell = 7h.
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Figure 4.12: DIL analysis in air of manganese rich (V5) pure rock-salt dense pellet. Max temp =
950°C, dwell = 7h.
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4.2.3 Correlation between the density of single phase Cay;Mng 50 and an-

nealing temperature

Based on TGA and DIL results, several stoichiometric and manganese-rich samples of different
densities were sintered and subjected to different annealing programs in the furnace. Tempera-
ture and atmosphere were varied and following correlations were observed for bot stoichiomet-

ric and manganese rich samples:

Low density samples (p,.; < 75%) can be annealed at low temperatures (< 1000°C) without

cracking.

* Medium density samples (p,.; < 85%) can be annealed at temperatures up to 950°C with-

out cracking.

* To avoid cracking in high density samples (p,.; = 85%) sample has to be annealed at

1250°C.

* Only low density samples can be annealed only in air without cracking. Remaining sam-
ples require heating up in reducing atmosphere, followed by flushing of the furnace with

inert atmosphere before synthetic air is introduced and kept till the end of the program.
* Annealing of at high temperatures leads to higher densification of samples.

* High density samples are more prone to higher densification upon annealing than low

density samples.

* The higher annealing temperature the higher effect on microstructure of the material

4.2.4 Summary

TGA results In case of TGA measurement all powders exhibit similar behaviour upon oxida-
tion in spite of different Ca/Mn ratios. Oxidation starts are relatively low temperatures, = 400°C,
slowing down around 700°C and once again picking up more oxygen upon cooling. In all cases
necking between particles can be observed through formation of lightly bonded kind of a pel-

let on the bottom of the crucible. This suggests that in addition to oxidation of the powders,
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sintering is occurring at the same time. Nevertheless, there are some differences between stoi-

chiometric and manganese rich samples, which will be further investigated in Section 5.2

DILresults When it comes to DIL measurement the situation is more complicated. The initial
stage up to =~ 600°C is similar, with initial expansion starting at about 500°C. Stoichiometric sam-
ple expands in one step while the manganese-rich one has an intermediate step. In both cases
cracking occurs at high temperatures and affects the measurement during dwell and cooling
step. As a result the lowest possible temperature for oxidation of Cag5Mng 50 was determined.
Also it was established that annealing only in air is not possible and some additional treatment

will be required to prevent cracking.

As a result, high temperature annealing at 1250°C was chosen as the ideal temperature.
Dwell of 3h was chosen since it was shown in TG and DIL that the reaction occurs relatively fast
and material obtains the desired phase shortly after reaching max temperature. The microstruc-
ture of fully oxidized samples was investigated with SEM, Fig. 4.13. For both stoichiometries it
is nearly identical with small relatively spherical pores and cross-grain fracture. Table 4.6 has
an overview over relative densities of samples of investigated stochiometries before and after

annealing.

Table 4.6: Average relative densities of sintered and annealed samples with different stoichiome-
tries.

Sample ID Vo V25 V5 V10

Sintered [%] 87.4 93.5 899 91.5
Annealed [%] 89.8 949 93.2 92.6
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$3400 15.0kV 6.5mm x1.00k SE 50.0um

(c) VO, p =94.3% (d) V5, p=91.7%

Figure 4.13: Fracture surface of dense VO and V5 fully oxidized samples at 1250°C for 3h

4.3 Secondary phases

4.3.1 Reference material

Samples of dense fully oxidized VO were prepared as a reference material for the manganese-rich
samples and subjected to the same treatment and same phase purity characterization. Samples
were polished and subjected to thermal etching prior SEM investigations. BSE and SE images of
just polished samples can be found in B. SE and BSE images, Fig. 4.14 are showing nearly phase
pure material. Small round particles are visible some areas of the sample. Point analysis with
EDS, Fig. 4.15 shows that they are rich in Zr and Al impurities that have come from milling jar.
Those impurities have not been detected by EDS mapping, Fig. 4.16, analysis or XRD analysis

which suggests that their concentration is very low.
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10.0um

83400 15.0kV 10.5mm x5.00k SE

(a) SE (b) BSE

Figure 4.14: SEM images of dense VO annealed at 1250°C for 3h and thermally etched at 1000°C
in air.
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Figure 4.15: EDS Point scan (Spectrum 3) of white round particles observed in BSE image of VO
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Figure 4.16: EDS mapping of stoichiometric CaMnOs3 annealed at 1250°C and thermally etched
at 1000°C

4.3.2 CaMn03 + Cao.5Mn0_50

Based on TG, Fig. 4.9 and DIL measurements, Fig. 4.10 several low annealing temperatures
were chosen to investigate the possibility of having a dual-phase material consisting of the rock-
salt phase,Cag 5Mng 50, and perovskite phase, CaMnO,. All oxidations were conducted on low
density samples and it was observed that samples annealed at temperatures below 500°C, did
not react at all while oxidations at 650°C result in nearly full oxidation and formation of the
orthorhombic perovskite with potentially slightly lower oxygen content visible as formation of

CaMnO, g, Fig. 4.17. Microstructure, shown in Fig. 4.18, as well as the particles are very un-
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even. The typical steps, found in the rock-salt phase remain visible after oxidation and no major

densification can be observed.
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Figure 4.17: Comparison of composition obtained through annealing of low density VO at low
temperatures.
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Figure 4.18: Comparison of microstructures obtained from low temperature annealing of low
density V0. SEM images taken of fracture surface.

Those results have shown that it is impossible to obtain a mix between the rock-salt and
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perovskite structure since the reaction happens so fast due to the topotactic reaction mecha-
nism described in Section 2.5.2. This conclusion is supported by the results obtained from DIL
measurements conducted in pure N»,. Due to a leakage of air into the furnace chamber a partial
oxidation of measured samples occurred. This resulted in formation of shrinking core shown in

Fig.4.19.

(a) Image taken with a camera (b) Image taken with a stero microscope

Figure 4.19: Untreated surface of partially oxidized CaysMng 50 after DIL measurement in Ny
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Figure 4.20: DIL measurement in N> of single-phase Cag 5sMng 50 powders ground in mortar and
milled at 175rpm for 1h and 2h.

Polished surface of the pellet was analysed with XRD to determine composition of the differ-
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ent layers. As a result of this partial oxidation several phases can be observed in the XRD pattern
in Fig. 4.21. Those multiple phases are responsible for the multiple expansion and shrinkage

steps visible in the sintering curves obtained from DIL in Nj, Fig. 4.20.
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Figure 4.21: XRD pattern of polished top surface of 5mm partially pellet after DIL measurement
in Ng.

Further investigation of the interphase of shrinking core was done with metallographic mi-
croscope, Fig 4.22 which illustrates how oxidation proceeds from the outside and into the grain.

For this investigation, sample was deposited in epoxy and polished <1um prior investigation.
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Figure 4.22: Images of V0 after DIL measurement in pure N, showing the shrinking core taken
with a metallographic microscope. The images are progressing from the edge, ie. fully oxidized
CaMnOs (a) to the core of the sample, i.e. fully reduced Cag sMny 50(d)

4.3.3 CaMnOs; + CaMn,0,

Secondary phase formation From data obtained through DIL, Fig. 4.12, we see that there is
an additional step compared to oxidation of the stoichiometric CMO. To further investigate this
expansion, series of annealing steps were conducted in pure air. A set of samples was annealed
at chosen temperatures with no dwell time to determine what king of phases are responsible for
the expansion. Samples were then crushed and phase composition was investigated with XRD,

Fig.4.23.
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Figure 4.23: Secondary phase evolution in a manganese rich sample (V5). Triangles indicate
where given phase can be detected for the first times. Annealing was conducted entirely in air
with no dwell time and a heating/cooling rate of 200°C/h. Small peaks in Cag5Mng 50 patterns

are due to tungsten radiation.
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As a result it was determined that a two-phase material consisting of only CaMnO3; and
CaMn,0,4 can be obtained at temperatures as low as 900°C. Lower temperatures result in forma-
tion of Ca,Mn30g and an oxygen deficient perovskite, which agrees well with the phase diagram,
Fig. 2.14. Lowest annealing temperatures lead to oxidation of Mn-ions to 3+ resulting in black
colour of the sample and shift in cell parameters, however no conversion to perovskite occurs,
during this short oxidation time. Later phases are relatively amorphous that are mid phase tran-
sition from rock-salt structure to perovskite and the 2:3 phase. As temperature increases, the
perovskite phase becomes more evident and the 2:3 phase is being transformed into the desired
marokite. Those phase transitions are more evident in Fig. 4.24 which focuses on main peaks
and indicates temperature ranges where each phase is present (vertical lines) In case of forma-
tion of new phases, peaks at lowest temperatures are often barely visible due to either small
amount of the secondary phase being present in the material at that time or by being a part of
a larger more amorphous peak. Small peaks observed in difractograms for Cag sMng 50 and low
temperature annealing (530°C and 550°C) are due to tungsten radiation from the instrument
and they are not an indication of the 2:3 phase.

Comparison of XRD patterns from samples with various amounts of secondary phase, Fig.
4.25 shows increase in intensity of main peaks corresponding to marokite. In neither of the
cases the 2:3 phase have been observed suggesting that it has been completely transformed to

marokite.
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Figure 4.24: Secondary phase evolution in V5 with focus on 30-45 20. Triangles indicate start of
formation of given phase while lines indicate temperature range where it can be observed. An-
nealing was conducted entirely in air with no dwell time and a heating/cooling rate of 200°C/h.
Small peaks in Cag5sMng 50 patterns are due to tungsten radiation.
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Figure 4.25: Overview over secondary phase evolution in manganese rich samples with increas-
ing Mn content through XRD.
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Secondary phase precipitation Results for SE and BSE for thermally etched V5 sample are
shown in Fig. 4.26 while the only polished samples are shown in Appendix B. Both images are
taken from approximately the same area on the sample and the shift is due to sample drift in the
instrument. In this case, black grains on BSE image are corresponding to the secondary phase.
By comparing BSE image with SE image it can be seen that the secondary phase has a slightly

different texture and it appears as darker grains in the SE image.

10.0um

(a) SE (b) BSE

Figure 4.26: SEM images of dense V5 annealed at 1250°C for 3h and thermally etched at 1000°C
in air.

EDS map scan of the etched sample, Fig. 4.27, clearly shows differences in intensity for Mn
and Ca at various grains. The Ca and Mn maps are are showing exactly opposite trends in in-
tensity supporting the conclusion that the grains, which in BSE image in Fig. 4.27 appear white,
belong to marokite. Differences in secondary phase grain colours between Fig. 4.26 and Fig.
4.27 come from use of different imagining settings and not different phase composition.

Finally, line scans in Fig. 4.28 show the interphases between two grains where (a) is an in-
terphase between CaMnO3 and CaMn,0, and (b) shows two grains consisting of CaMnO3with
different crystallographic orientations.

Manganese rich sample shows precipitation of secondary phase in form of small grains,
much smaller than CMO grains. The thermally etched sample shows that the precipitation hap-

pens on grain boundaries and on triple points between grains of the main phase.
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Figure 4.27: EDS mapping of dense V5 annealed at 1250°C for 3h and thermally etched at 1000°C
in air.
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Figure 4.28: EDS Line scan analysis of dense V5 annealed at 1250°C for 3h and thermally etched
at 1000°C in air. BSE image on top corresponds exactly with the patterns on the bottom. Place-
ment of lines on the sample is indicated in the BSE image in Fig. 4.27

4.4 Thermal expansion coefficient

DIL measurement was performed with max temp of 910°C to obtain values for TEC used in
thermal conductivity measurement. Obtained curves are presented in Fig. 4.29. An obvious
trend is seen from those curves, where stoichiometric CMO expands the most and the expansion
decreases with the increasing amount of secondary phase. Based on the slope of the curves,
TEC was calculated using Eq. 3.6 and it is presented in Table 4.7. Curves were divided into four
temperature regions due to noticeable changes in the slope. It can be observed that the change
in slope occurs at nearly the same temperature for pairs of materials, where the first pair is made

up of VO and V2.5 and the second pair is V5 and V10.
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Figure 4.29: Thermal expansion curves obtained through DIL measurement in air. Max. temp =
910°C, no dwell time.

Table 4.7: Thermal expansion coefficients for selected temperature intervals obtained through
DIL measurement in air.

Heating [um/°C] Cooling [um/°C]
Temp [°C] 25-750 750-900 900-750 750-45

VO 0.058  0.090 0.076 0.059
V2.5 0.056  0.096 0.080 0.063
Temp [°C] 25-600 600-900 900-600 600-45
V5 0.052  0.058 0.048 0.046

V10 0.050  0.058 0.050 0.052
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4.5 Electrical conductivity

Electrical conductivity data presented in Fig. 4.30 and Fig. 4.31 are the values obtained upon
cooling from 900°C to room temperature. An example of the data obtained from the entire mea-
surement is shown in Appendix F. It was decided to present data obtained upon cooling as oxy-
gen stoichiometry is more defined after the sample has been heated up. This results in shorter
relaxation time and smaller fluctuation of values.

Both plots show that electrical conductivity increases with increasing temperature as pre-
dicted. They also show that porosity has large impact on the electrical conductivity by decreas-
ing its values. Finally, it can be seen that the secondary phase is increasing electrical conductiv-
ity, but the effect becomes less significant at higher temperatures.

Activation energy, E, was calculated from the Arrhenius plot of electrical conductivity, Fig.
4.32, by calculating the slope of the linear part of the plot. Obtained values are presented in Table
4.8. They show that E, decreases with increasing volume of secondary phase what correspond

to increasing electrical conductivity.

Table 4.8: Activation energy, E,, based on the slope of the In(oT) vs 1/T curve.

Sample ID VO (p=86.6%) VO (p=90.2%) V2.5 V5
E, [eV] 0.27 0.33 0.31 0.29
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Figure 4.30: Electrical conductivity measured in air with a four point probe method. Conduc-
tivity values are obtained upon cooling for stoichiometric samples (V0) with different densities.
Lines are added to guide the eyes.

100

N
¥
10} =
= o
1t s
£ /f/
S o~
w) -~
© 01T ////’g//
o L ad
_D // //
001} 4 /o
VA
v,/ & VO
0,001 [ ..~ o V25
= v V5
0,0001 ' ' - '
0 200 400 600 800 1000
Temp [°C]

Figure 4.31: Electrical conductivity measured in air with a four point probe method. Conduc-
tivity values are measured for selected stoichiometries upon cooling. All samples have density
higher than 90%. Lines are added to guide the eyes.
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Figure 4.32: Arrhenius plot of electrical conductivity plotted for all investigated samples. Plot is
based on the data presented in Fig. 4.31

4.6 Thermal conductivity

Thermal conductivity values were obtained up to 400-500°C and are presented in Fig. 4.33a).
The thermal conductivity decreases with increasing temperature and it increases with increas-
ing amount of secondary phase. In most cases standard deviation is about 0.03 making error
bar of the same size as the symbols. Maxwell formula, Eq. 2.17 was used to estimate thermal
conductivity for 100% dense samples. Obtained values are presented in Fig. 4.33b). Thermal
conductivity data at 500°C for V5 are not available due to problems with the instrument.
Electrical and lattice contributions to the total thermal conductivity were calculated using
Eq. 2.12 with L=2.25 x10"8QW/K?. [63] and are presented in Fig. 4.34. Those curves show that
the electronic contribution is very low and negligible at low temperatures. At higher tempera-
tures its contribution increases greatly and it increases with increasing secondary phase volume.

Nevertheless, in comparison with the lattice part x,; is much smaller in all temperature ranges.
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(b) Calculated values for completely dense samples. Data obtained from
Maxwell equation and mean data values from laser flash measurement.

Figure 4.33: Results from laser flash measurement conducted in N, and on carbon coated sam-
ples. Lines are added as eye guides.
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Figure 4.34: Calculated thermal conductivity contributions based on 100% dense x,; values.
Lines are added to guide the eyes.
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4.7 Seebeck coefficient

Seebeck coefficient values presented in Fig. 4.35 are the values obtained upon cooling from
900°C (same as for electrical conductivity). An example of the entire dataset for a Seebeck mea-
surement can be found in Appendix G. Measured Seebeck coefficient increases with increasing
temperature and amount of secondary phase. VO and V2.5 exhibit very similar behaviour while
|S| for V5 increases greatly at low temperatures. Seebeck coefficient was not measured at room

temperature due to long time required to cool down and relax the sample.
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Figure 4.35: Seebeck coefficient values measured in air upon cooling from 900 - 100°C. Dashed
lines are added just as eye guides
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4.8 Power factor

Power factor (PF) was calculated from measured Seebeck coefficient and electrical conductivity
and it is presented in Fig. 4.36. PF values are very low low at low temperatures and they increase
with increasing temperature. The best PF was obtained for V2.5, exhibiting much higher values

than the two other samples.
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Figure 4.36: Calculated power factor values based on measured electrical conductivity and See-
beck coefficient values. Lines are added to guide the eyes.



CHAPTER 4. RESULTS 88

4.9 Figure of merit

Thermoelectric figure of merit, zT, was calculated from measured values using Eq. 2.7. Calcu-
lations were performed for temperature range of 100-500°C and are presented in Fig. 4.37. zT

increases greatly with increasing temperature with V2.5 reaching highest values.
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Figure 4.37: Calculated zT values based on measured thermal conductivity, Seebeck coefficient
and electrical conductivity values.



Chapter 5

Discussion

5.1 Sinterability of CaysMng 50

As described in Section 4.1.2 several different approaches were investigated to obtain as high
density of pure CagsMng 50 as possible. Firstly, particle size was reduced to increase packing
ability and increase sinterability by increasing the driving force for sintering, which is caused by
volume diffusion. Smaller particles provide shorter diffusion lengths thus enhance the sinter-
ability. It can be easily observed from SEM images, Fig. 4.3a and Fig. 4.4, that particle size and
shape change alot in a course of milling time. Particles are not very uniform and the assumption
made for BET analysis about particles being spherical does not hold very well. In spite of that,
the results presented in Table 4.1 give a trend that is visible in the SEM images. Particle size de-
creases with increased milling time and the particle-size distribution narrows down resulting in
more uniform particles with similar size. As a side effect of smaller particle size agglomerates of
various sizes are being formed. To solve this problem sieving was used. This not only to removed
remaining large particles but also formed soft agglomerates of relatively uniform size that pack
well. Over all the particle size was decreased by about 50% from 8-10um to about 5um during
1h of milling. This is a significant improvement which is reflected in the increase in density by
approx. 7%.

From DIL measurement in Hy, Fig. 4.5 it is easily seen that milled samples start sintering at
lower temperatures and the overall shrinkage is greater than that for the one crushed with mor-

tar. This is also confirmed by Archimedes density measurement conducted on pellets sintered

89
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at 1250°C for 6h, Table 4.2, where pellets obtained from powder milled for 2h had the highest
density and those crushed by mortar had the lowest. In spite of that, discolouring could be ob-
served in the 2h milled pellets suggesting impurities being introduced to the material during
milling, hence 1h milling time was chosen as the most optimal. Later on, EDS studies done on
oxidized samples have shown minor zirconia particles in the material that could have come only
from the milling jar and milling balls as both consist of zirconia. That is why 1h milling time was
chosen as a fair balance between small particle size and low impurity content.

Introduction if CIP into sample preparation has shown to be a good method for improving
the green body density and reducing the amount of open porosity. Density improvement of
green body after use of CIP is easily noticeable as all sample dimensions shrink in all directions
resulting in a pellet of volume smaller than before CIP. This shrinkage leads to density improve-
ment by 33% which translates to nearly 14% higher density for the sintered material with after
CIP.

Lastly the increase in temperature and dwell time was investigated. As a result multiple side
reactions were observed in addition to observed changes in density. Firstly the reaction between
alumina and CapsMng50 at temperatures over 1250°C was observed. From phase diagram,
C we can see that there is an eutectic point at 1287°C linking the stable CaO-MnO ss phase
and two Ca0-Al;O3 phases. This agrees well with what was observed after sintering at higher
temperatures without Pt spacer. The remnants of the melted sample are dark green, suggesting
large concentration of Mn?*. Further, upon cutting through the alumina boat, it can be seen
that the sample had reacted with the boat and started to dissolve it, filling the groove with the
dark green Mn-rich phase. All of this implies a reaction between CaO and alumina and either
dissolution of the obtained alloy into the bulk material of the boat or evaporation. To prevent
this undesired side reaction Pt wire was used as a spacer between alumina and the sample. Pt
is an inert material that is stable at high temperatures and an easy way to separate sample from
the bottom of the boat.

Further increase of temperature with use of Pt as spacer resulted in dense pellets however
they changed colour from green to white. This colour change suggests lower Mn?* concentra-
tion within the sample. Evaporation of manganese is possible as highly reducing atmosphere

is used which leads to very low partial pressure of oxygen (pO,) during the reaction. At those
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Figure 5.1: Stability of MnO as a function of temperature and oxygen partial pressure [46]

conditions material is being reduced to Mn metal which then proceeds to evaporate. This as-
sumption is supported by Fig. 5.1 where when the line between MnO and Mn(]) is extrapolated
further down, we see that it becomes possible to reduce MnO to Mn metal at 1300°C, given pO»
is very low. Further, the vapour pressure of Mn is very high, 10 bar at 1020°C [2], and it in-
creases with increasing temperature supporting the theory of Mn evaporation. To prevent this
reaction a less reducing atmosphere must be used, hence pure N, was chosen for temperatures
above 850°C. This temperature was chosen as it provides a good buffer to avoid the negative
side-reactions, yet kinetics at this temperature are fast enough to reduce material to the rock-
salt phase in case an oxidation has occurred while using an inert atmosphere. Pure N is mildly
reducing therefore it will keep pO- high enough to prevent full reduction to Mn-metal but not
high enough to form perovskite. 5% H; was kept at lower temperature to reverse any potential
oxidation of Mn?* to Mn® and retain the perfect rock-salt crystal structure.

The sintering program has of course large impact on the microstructure of the material as
illustrated in Fig. 4.8. Samples sintered at low temperatures have small irregular grains with

large fraction of pores. In this case fracture goes along the grain boundaries, therefore grain
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size and shape is easy to determine. As temperature is increased the grains are growing and
first at 1350°C they become interconnected to the degree that it becomes hard to distinguish
separate grains. Pore shape also changes from large voids, to smaller more spherical pores. The
texture and steps on the surface of the grains/fracture surface that are seen in Fig. 4.8 ¢) and d)
show that the fracture is happening through the grain and not along the grain boundaries. This
means that the grain size is very large and thus strength of the material is lowered. As the grain
size increases there are less grain boundaries that can deflect crack propagation or even prevent
their formation. Further, large grains are not preferable from the thermal conductivity point of
view, as grain boundaries are one of the phonon scattering agents. On the other hand, at hight
temperatures, heat radiation in pores is taking place at much faster rate than heat propagation
in the solid consequently increasing thermal conductivity of the material.

Finally, variation of sintering time was investigated. It has been shown that increase of
dwell time increases the density, however the impact is lower than the one from temperature
increase, as described in Section 4.1.2. All those observations agree well with the assumption of
grain boundary diffusion being the dominant mass transport mechanism during sintering [12]
as such mechanism is more affected by changes in temperature and particle size than in dwell

time.

5.2 Oxidation and crack formation

TG analysis of milled powders, Fig. 5.2 and DIL curves of sintered pellets, Fig. 5.3 we can easily
notice that corresponding compositions start to oxidise at different temperatures. Sample in
TG start to oxidise at lower temperature because it is in powder form which gives larger surface
area that is exposed to oxygen and shorter diffusion path. This results in earlier oxidation than
in DIL, where samples were sintered pellets. This illustrates very well how oxygen diffusion is
affected by the porosity and how it will translate to conversion speed from rock-salt to perovskite
structure.

A closer look at TG curves from stoichiometric (VO) and manganese rich samples (V5 and
V10) shows some minor differences in mass changes for both types of materials. Although all

initial mass increase is nearly exactly the same, VO is picking up less oxygen than V5 and V10
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as as there no secondary phase with four oxygen atoms forming. It also stabilizes fairly quickly
when the temperature reaches maximum and stays level until cooling, when it once again picks
up oxygen, as it is very common for perovskite materials. V5 and V10, on the other hand, seems
to be picking up oxygen at very low rate throughout the entire plateau at max. temperature
as to then start loosing mass shortly after cooling begins. Those mass changes are associated
with formation of two secondary phases in addition to transformation of rock-salt structure to

perovskite. Those transformations can be represented as:

o0+1
CayMn30g(s) = CaMnOs_s(s) + CaMnyO4(s) + TOZ (5.1)

As temperature increases Cag sMng 50 is being oxidized to CaMnO3 hence the mass increase.
At about 570°C CapMn30g (2:3 phase) begins to form contributing to further mass increase. At
temperatures above 850°C the 2:3 phase is being transformed to marokite which slows down
the mass increase during dwell time. Upon cooling the material once again finds itself where
the 2:3 phase is stable. Oxygen is necessary for its formation and it will come from perovskite as
it provides the shortest diffusion path. This reaction is most probably the cause of mass decrease

that can be observed in V5 and V10 upon cooling.
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Figure 5.2: Comparison of TG results from stoichiometric (V0) and manganese rich (V5 and V10)
samples.
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DIL measurement present similar initial behaviour. Both samples start to oxidise at similar
temperature and similar speed. The manganese rich sample (V5) goes through an intermedi-
ate step where 2:3 phase is formed which is later transformed to marokite. The transformation
between 2:3 phase and marokite, which occurs at about 850° C is not visible in the curve be-
cause cell volumes of both phases are nearly identical (Appendix E). Further, the sample cracks
at relatively low temperature due to secondary phase formation that is much larger than the

perovskite, which also affects the measurement and collected data after sample disintegration.
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Figure 5.3: Comparison of DIL results from stoichiometric (V0) and manganese rich (V5) sam-
ples.

As described in Section 4.2, special heat treatments had to be applied for samples of differ-
ent density to prevent cracking. Due to differences in the unit cell volumes between the reduced
phase and the newly forming phases, material will expand. Low density materials are easiest to
oxidise as high porosity prevents crack propagation and gives enough of free space for the struc-
ture to expand into without causing any internal strains or stresses. High density samples do not
have this option, hence sufficiently high temperature is needed to induce creep. Transformation
from rock-salt structure to perovskite is the easiest, since it follows the topotactic reaction mech-
anism with no cation rearrangement. In case of manganese rich samples cation rearrangement

is needed to form first 2:3 phase and then marokite and this will cause greater stresses in the
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material than perovskite formation. To anneal those stresses and prevent crack formation oxi-
dation has to be performed at high temperatures. At this stage creep rates are sufficiently high
to provide enough flexibility within the material for cations to move around freely.

In spite of relatively high annealing temperatures, microcracks could be observed after pol-
ishing sample’s surface. Their amount increased with increasing amount of secondary phase
suggesting that the creep rate was to low or microstructure of the rock-salt phase was too weak
due to large grains to withstand secondary phase formation. A better phase distribution in the
material with smaller grains could prevent this from happening as grain boundaries are a very

good mechanism for crack deflection and reduction of internal stressed within the material.

5.3 Secondary phases

In case of stoichiometric CMO no secondary phases were observed in either BSE or EDS images
as expected. Even annealing at very low temperatures lead to formation of perovskite and it is
partially reduced form, CaMnO, g. This, however, cannot be considered as a two-phase material
since no reduced phase is observed and the oxygen deficiency is barely noticeable as very small
peaks and a broadening in the main peak. In all cases peak splitting can be observed at high 0
values which indicates ordered oxygen vacancy distribution. [14]

In BSE images of both stoichiometric and manganese rich samples some of the large grains
belonging to the main phase have different shade of grey. Upon analysing them with line and
point scan it became apparent that they have exactly the same composition and the different
colour in BSE image is due to different crystallographic orientation of the neighbouring grains.

When analysing manganese rich sample, the secondary phase is easily noticeable. It pre-
cipitates mainly along grain boundaries and on triple points between main phase grains as ex-
pected. The secondary phase grains are also visible in SE having slightly different morphology
than the main phase.

Although it is impossible to obtain two-phase material consisting of perovskite and the re-
duced phase, formation of shrinking core in N, under very low O, pressure gives good insight
into reaction mechanism. Not only it confirms the topotactic reaction mechanism but also the

oxidised phases that are formed are in agreement with the work of Bakken [8]. He has shown
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that under reducing conditions and very low, pO,, CaMnO3; decomposes according to following
reaction:

1 1 1-366'
CaMnOs3_5 — ngzMnO4_5'§C(1anO4TOZ (5.2)

As shown in XRD pattern, Fig. 4.21, both phases are present. In addition highly reduced
calcium manganate phases are also present. Since the reaction that was observed is the opposite
to the one studied by Bakken, this means that in this case 6 is very large and the reaction is far

from completion, as supported by still large presence of the reduced phase.

5.4 Electrical conductivity

Study of electrical conductivity has shown that it increases with increasing temperature and in-
creasing amount of secondary phase. The obtained values are lower than expected but the high
temperature values for stoichiometric CMO agree quite well with data published by Schrade [57]
assuming latm partial pressure during annealing as well as other publications. One potential
causes for lower than expected electrical conductivity values are zirconia impurities that were
found with EDS, Fig. 4.15. Although impurities were found within grains, a placement that af-
fects conductivity less than if it was on grain boundaries, Zr is an insulator which most probably
affected the electrical proprieties to some extend. Second option is the impact of porosity and
microcracks. Comparison of electrical conductivities of stoichiometric CMO shown in Fig. 4.30
clearly shows that porosity has high impact on electrical transport, especially at high tempera-
tures. In case of manganese rich samples, V2.5 and V5, they are both 3-4% denser than the dense
V0, something that can partially contribute to differences in electrical conductivity between the
three studied materials.

An unexpected discovery was the enhancement of electrical conductivity with increasing
volume of secondary phase, as marokite is highly insulating. [53] This effect is most pronounced
at low temperatures and it gradually decreases as the temperature increases. The increase in

electrical conductivity is due to changes in pO, that lead to changes in oxygen stoichiometry in

Mn3+
Mnit

perovskite, 6 and also changes in in the material system. Since the conduction mechanism

in CMO is governed by small polaron hopping, described in Section 2.5.2, it is proportional to
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Mn3+
Mn4+ .

This means that it will decrease with increasing concentration of Mns, which increases
with decreasing pO, [57].0xygen stoichiometry in the material is affected not only by diffusion
of oxygen from air into the structure but also by phase relations between the three phases that
are stable at different temperatures. The mixed valence system that we are looking at consists
of CaSML;;Og_g, Ca, ]\%[+ n30g and Cal\?;.;r n204. In addition to transition between the 2:3 phase and
marokite at about 850-900°C CaMnOj3 changes crystal structure from orthorhombic to tetrago-
nal in the same temperature regime.

At high temperatures material consists of marokite and fully oxidized CMO. This results in
cubic structure for CMO that is responsible for improvement in electrical conductivity and com-
pensates for decrease in Mn3*-ion concentration that provides free electrons for current con-
duction. When the temperature decreases the degree of orthorhombicity in CMO increases but
so does the amount of Mn3*. At temperatures below 850°C the 2:3 phase becomes stable. This
causes oxygen diffusion associated with this this transition that leads to formation of oxygen
vacancies in CMO. This increase in ¢ is responsible for higher electrical conductivity values for
manganese rich samples at lower temperatures.

Finally, lack of linearity in Arrhenius plot of electrical conductivity, Fig. 4.32 further supports
change in oxygen stoichiometry. Further, studies have shown that other events might be taking
place at higher temperatures potentially leading to change in conduction mechanism. [34]

Calculations of activation energy (E,) presented in Table 4.8 have produced values nearly
twice as high to those assumed as reference point for CMO prepared by ceramic route, how-
ever higher values namely 0.22eV [35] and 0.28eV [34] were also published. They decrease with
increase in secondary phase volume but they also decrease with decreasing density. Deviation
linearity observed at lower temperatures is due to deviation in oxygen stoichiometry in the ma-
terial. The decrease in E, agrees well with increase in electrical conductivity with increasing

amount of secondary phase.

5.5 Thermal conductivity

From the measured data. Fig. 4.33 a) we see that the thermal conductivity of a material increases

with increasing amount of secondary phase. This is caused by two factors: firstly grains of CMO
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are very large, something that is very beneficial for the heat transfer through the material, sec-
ondly, heat conductivity of the secondary phase is relatively large, approx. 3.6W/Km at room
temperature [74] comparing to 3.4W/Km [44] for stoichiometric CMO.

Since it was shown that electrical conductivity is enhanced by formation of secondary phases,
electronic contribution to thermal conductivity was calculated from Eq. 2.12 and presented in
Fig. 4.34. We can see that at low temperatures, the contribution is negligible, however it in-
creases greatly with increasing temperature.

Another possibility is enhancement of the electrical part of thermal conductivity that dimin-
uates effects of lowering of the lattice part of thermal conductivity. This shows that although the
crystal structure of the secondary phase is completely different than the one of bulk material
the thermal conductivity proprieties are so similar that the impact on thermal conductivity is
not very large. Nevertheless, obtained values are comparable with the data found in literature.
(9] [63]

When recalculating the values using Maxwell equation 2.17 we can see that even the low
porosity contributed to lowering of the thermal conductivity. Also the differences between the
three stoichiometries decrease and it seems that 2.5vol% potentially can have positive impact
on lowering of thermal conductivity. Further, those recalculated values agrees quite well with
what was published in literature. [27]

Calculations of thermal conductivity contributions have shown that the contribution from
electronic part is very low compared to the lattice part and it accounts for less that 10% of the
thermal conductivity. Nevertheless, that contribution increases with increasing volume of sec-

ondary phase and it has a large influence at higher temperatures.

5.6 Seebeck coefficient

Negative sign for Seebeck coefficient confirms the fact that CMO is a n-type semiconductor.
Measured values presented in Fig 4.35 increase with increasing temperature what can be con-
nected to material’s semiconductor behaviour. Further, values increase with increasing sec-
ondary phase volume what once again can be explained by increased carrier concentration

caused by the transition between marokite and 2:3 phase leading to oxygen non-stoichiometry
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in perovskite. The biggest differences can be observed at low temperatures where the secondary

Mn3+

phase has strongest influence on VT

ratio. High temperature values are quite similar as the
oxygen stoichiometry is then well defined and secondary phases have much smaller influence.
This is a positive development as the absolute Seebeck coefficient value should be as high as
possible in order to obtain good conversion of heat to electricity. Measured values agree well

with what was previously published in the literature. [63] [57]

5.7 Power factor and Figure of merit

Calculated power factor (PF) which is presented in Fig. 4.36 increases with increasing temper-
ature and secondary phase. This is an expected trend since both a and o expressed similar be-
haviour. This trend is also comparable with data published in literature [35] [37] as it is typical
for this material system. Out of the three investigated stoichiometries V2.5 has the highest PE
This suggests that introduction of 2.5vol% of marokite has a beneficial effect on charge carrier
concentration in the material .

Calculated figure of merit, Fig. 4.37 shows values lower than anticipated. This is due to low
electrical conductivity and high thermal conductivity. In theory, based on Eq. 2.15, it was stated
that zT can be enhanced when % << 1. Comparison of x,; and x, in Fig. 4.34 shows clearly
that this criterion is not fulfilled with % being much larger than 1. Further, electrical proprieties
are affected by impurities and phase transitions that govern oxygen stoichiometry resulting in
less than optimal conditions. Over all sample with 2.5vol% of marokite provides highest values

with zT = 0.0062 at 900°C.
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Conclusion

In the course of this work a synthesis procedure for CMO via a reduced phase was determined.
Solid state reaction was used to synthesise a two-phase material with desired stoichiometry and
high density. Materials synthesised through this route consist of very large grains of CaMnOs
with secondary phase, CaMn,Qy, precipitating on grain boundaries and triple points of the large
grains. Obtained densities were over 90% of the theoretical density, however large grains and
large difference between unit cell volumes of both coexisting phases lead to formation of micro-
cracks and lowering in mechanical strength. An alternative synthesis processes, f.eks. powder
precursor synthesis through spray pyrolysis or spark plasma sintering should be investigated to
obtain materials with finer grain structure and higher strength.

Obtained electrical conductivity values were lower than anticipated. They increased with

increasing temperature and increasing amount of secondary phase. The enhanced electrical

(Mn3*]
[Mn*]

conductivity for the two-phase material is due to change in ratio. This change is caused
by change in pO; and transition between CaMn,04 and Ca;Mn3Og leads to an increase in §. At
higher temperatures, effects of secondary phase are less significant as oxygen stoichiometry is
more defined and less influenced by the secondary phase.

Thermal conductivity measurements show that it increases with increasing secondary phase
volume. This is caused by relatively high thermal conductivity of the secondary phase and large
grains that are beneficial for heat transport. In order to decrease thermal conductivity a denser

material with finer microstructure should be synthetized. The amount of marokite should not

exceed 2.5vol% as this amount exhibits promising trends, yet higher amounts give enhanced

100
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thermal conductivity potentially due to increase in electronic part of thermal conductivity due
to increase in charge carrier density.

The increase in charge carrier density caused slight increase in Seebeck coefficient values
for manganese rich samples. All obtained Seebeck coefficient values are negative and they in-
crease with increasing temperature what confirms that CaMnOj is an n-type semiconductor.
The biggest impact of change in carrier density on Seebeck coefficient can be seen for V5 while
values for V2.5 and VO are nearly the same. Preservation of highly negative Seebeck coefficient
is crucial for this material as it determines conversion of heat into electricity.

Calculated power factor and figure of merit are lower than expected. This is caused by low
electrical conductivity and high thermal conductivity. Both zT and PF increase with increasing
temperature with 2.5vol% sample exhibiting highest values. This suggests that 2.5vol% repre-
sents a limit for marokite allowance in the CMO system. The largest obtained zT value was for
V2.5 at 900°C with zT = 0.0062. In order to enhance zT electrical conductivity should be en-
hanced while thermal conductivity should be lowered. Taking the 2.5vol% stoichiometry as a
starting point, since it resulted in best values, microstructure of the material should be changed
as to obtain smaller grains with more grain boundaries to include additional phonon scatter-
ing agent as marokite isn't enough. Further electrical conductivity could be enhanced through

doping in order to obtain more optimal values.



List of roman symbols

Symbol Description

# Number of units

A Crossectional area

A Pre-exponential factor in Arrhenius equation
ABET BET surface area

Cy Heat capacity at constant volume

Cyel Electronic specific heat per volume

d Sample thickness

D Particle diameter

e Electron charge

h Planc's constant

I Electric current

kg Boltzman's constant

l Distance between voltage probes (in Eq. 3.11)
l Length of the sample

Lo Electron mean free path

Ipn Phonon mean free path

L Lorentz number

Ipn Phonon mean free path

m* Effective carrier mass

Charge carrier concentration

p Electric power

102



CHAPTER 6. CONCLUSION

zT

Heat

Ionic radius

Electrical resistance
Seebeck coefficient

Time

Goldsmith tolerance factor (Eq. 2.20)
Half-time

Temperature

Temperature at the hot end
Temperature at the cold end
Voltage

Volume

Position on the sample

Dimensionless thermoelectric figure of merit
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List of greek symbols

Symbol

Heiosea
Hopen
Hirue
o)
pbulk
Pliq
Prel

o

Description

Thermal expansion coefficient (Eq. 3.6)
Thermal diffusivity (Eq. 3.9)
Thomson coefficient

Theoretical conversion efficiency
Emissivity (Eq. 2.16)

Carnot efficiency

Total thermal conductivity
Electronic thermal conductivity
Lattice thermal conductivity
Electron mean free path
Concentration and velocity of phonons
Electron velocity

Peltier coefficient

Closed porosity

Open porosity

Total porosity

Density

Bulk density of the material
Density of isopropanol

Relative bulk density in %

Conductivity

104



List of abbreviations

Abbreviation Description

BET
BSE
cip
CMO
DIL
EDS
Eq.
Fig.
i.e.
FOM
PF
rpm
SEM
rc

TE
TEC

temp.

TGA
TMO
XRD
YZT

Brunauer-Emmett-Teller technique
Backscatter electron microscopy
Cold isostatic press

Calcium manganate CaMnOs3
Dilatometry

Energy dispersive spectroscopy
Equation

Figure

thatis

Thermoelectric figure of merit
Power factor

Revolutions per minute
Scanning electron microscopy
Termocouple

Thermoelectric

Thermal expansion coefficient
Temperature
Thermogravimetric analysis
Transition metal oxide

X-ray diffraction

Yttrium stabilized zirconia
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Appendix A

SEM images of raw powders

83400 15.0kV 12.5mm x300 SE $3400 15.0kV 12.8mm x2.10k SE

(@ Raw MnO, powder as received from Sigma-(b) Raw CaCOj3 powder as received from Sigma-
Aldrich Aldrich

Figure A.1: SEM images of precursors. Gold-plated for better conductivity.
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Appendix B

Determination of reaction sintering

program

Sintering program for single phase rock-salt structure formation was determined during spe-
cialization project and it was based on a DIL measurement, Fig. B.1. The max temperature was

set to 1350°C and N; was used as the mildly atmosphere.
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Figure B.1: Investigation of sintering proprieties of raw mixed powders - DIL measurement in
N, with max temp. of 1350°C. Conducted during specialization project work.

Based on that curve, a maximum temperature of 1250°C was chosen as this is the maxi-
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mum temperature for the material to stay stable and not react with alumina. After that a drastic

change in dL/Lo can be observed that corresponds to melting of the precursors upon reaction

with alumina.



Appendix C

Additional phase diagrams
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Figure C.1: CaO-MnO-Al,03 phase diagram [28]
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Appendix D

SE and BSE images of polished samples

(a) SE image of polished stoichiometric CaMnOs3

$3400 15.0kV 10.0mm x5.00k SE A 10.0um

(c) SE image of polished 5vol% CaMn,04 (d) BSE image of polished 5vol% CaMn, 04

Figure D.1: SE and BSE images of polished stoichiometric and 5vol% CMO
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Appendix E
Numerical values used in calculations

Table E.1: Overview over theoretical densities used in calculations.

Material CapsMngs0 CaMnOs CaMn,0O4 CaxMn3Og
Theoretical density [g/cm3] 4.25 [68] 4.58 [71] 4.68 [70] 4.13 [69]

Table E.2: Overview over cell parameters for all materials involved used in discussion.

Unit cell parameters [nm]

Material Unit cell vol. [nm?] Crystal structure
a b c

Cags5Mng50 [68] 0.0993 0.463 0.463 0.463 Rock-salt

CaMnOs [71] 0.2075 0.52829 0.74579 0.52675 Perovskite

CaMn,0y4 [70] 0.3036 0.31492 0.998 0.966 Spinell

CayMn30g [69] 0.2998 1.1014 0.5851 0.4942  Monoclinic
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Appendix F

Electrical conductivity measurement data
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Figure F1: Complete dataset from electrical conductivity measurement (black) including temer-
ature program (blue). Data obtained from stoichiometric (V0) dense (90.2%) sample.
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Appendix G

Seebeck measurement data
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Figure G.1: Complete curve of Seebeck coefficient measurement (black) of stoichiometric (V0)
sample together with the temperature program (blue).
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