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Abstract

In order to gain further understanding about the onset mechanisms of flash sintering, the electrical
properties of cubic calcia-stabilised zirconia, CSZ (CaxZrixO2.x: 0.12<x<0.18) and Mg-doped alumina
(0.05wt%MgO-Al,0; and 0.5wt%(MgO/SiO,)-Al,0s) ceramics were investigated using impedance
spectroscopy as a function of temperature, oxygen partial pressure and applied dc bias. Equivalent circuit
analysis was carried out to identify the electrical microstructure of the materials. As part of this process,
the relative importance of individual elements to the overall impedance response was highlighted by a new
approach by the deconvolution of the impedance spectra.

The bulk, grain boundary and electrode contact impedances of CSZ ceramics were characterised over the
temperature range 200-930°C. The most appropriate equivalent circuit to characterise the bulk response
required inclusion of a dielectric component, represented by a series RC element, in parallel with the oxide
ion conductivity represented by a parallel combination of a resistance, capacitance and constant phase
element. The dielectric component may be attributed to defect complexes involving Caz’’—Vo* pairs
whereas long range conduction involves single oxygen vacancies. The activation energy for the dielectric
component increased with increasing x. This was attributed to an increase in the number of pairs or to their
coalescence into larger aggregates, causing greater difficulty in reorientation of the dipoles. The sample-
electrode interface response was deconvoluted into two components, the charge transfer (Rc) and diffusion
resistance (Ruaifr), where Rt << Ryig.

Impedance analysis of CSZ ceramics under different atmospheres showed that the limits of the electrolytic
domain vary with temperature and composition. Around 400°C, the bulk conductivity of all compositions
remained independent of pOz and the samples were pure oxide ion conductors, but near 930°C, x=0.12
showed introduction of n-type conduction and x=0.18 showed p-type whereas the intermediate composition
x=0.15 did not show any pO2 dependence.

The total resistance of CSZ ceramics decreased with application of a dc bias. This was attributed to the
introduction of p-type conductivity. Electron holes might be located on under-bonded oxygen ions,
associated either with the Ca dopant ions, or those near the ceramic surface, resulting in a mixed ionic-
electronic conduction pathway.

A flash sintering set-up was built. Flash sintering experiments on CSZ x=0.15 showed increased
conductivity and emission of light, but no sample densification. It was concluded that the sintering process
can be separated from the emission of light and increase in conductivity and therefore, that the origin of
these phenomena, ie flash and sintering, might be different.

Impedance measurements on two Mg-doped alumina ceramics, over the temperature range 400-910°C,
showed a combination of low-level oxide ion conductivity and p-type electronic conductivity, depending
on temperature, oxygen partial pressure and dopant content. The oxide ion conductivity was attributed to
oxygen vacancies, introduced as charge compensation for the Mg dopant. The p-type conductivity was
attributed to hole location on under-bonded oxide ions and was identified as the dominant conduction
pathway for measurements in air at high temperatures. The sample resistance increased on application of
a dc bias. This was attributed to electron-hole recombination and the loss of p-type conductivity associated
with oxygen loss.
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Chapter 1
Introduction and aims

1.1 Ceramic industry

The global ceramic market its growing and expected to reach a value of approximately $407 billion
dollars by 2025, according to the 2019 Grand View Research, Inc forecast [1]. The development of
technical ceramic sector, will contribute to this growth as it is foreseen to have a compound annual
growth rate (CAGR) of 9.1% from 2019 to 2025 [2].

The demand of this type of ceramics relies on their magnetic, optical, thermal and electrical properties,
that can be tailored to specific applications [3], Figure 1.1. Therefore, they can be used in a wide range
of applications, as battery electrodes, spark plug insulators in the automotive industry, cutting tools,
material for implants as hip joints or, in the purification of natural gas, among others.

® Electrical & electronics

= Automotive
Machinery

= Environmental

= Medical

m Others

Figure 1.1. End use of advance ceramics, 2015 [3]

Out of the different sectors in the ceramic industry, the advance or technical ceramics is the one with
the highest energy consumption [4], Table 1.1.

Table 1.1. Specific energy consumption in the ceramic industry in Europe, 2003 [4].

Sector Specific energy consumption (GJ/t)
Brick and roof tiles 2.31
Wall and floor tiles 5.60
Refractory products 5.57
Sanitaryware 21.87
Vitrified clay pipes 5.23
Table-and ornamentalware 45.18
Technical ceramics 50.39

One of the main reasons for the high energy consumption, is the firing temperature required during the
manufacture of these type of ceramic, ranging from 450 to 2500°C, reaching higher temperatures
compared to the rest of the ceramic sectors, Figure 1.2.
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Figure 1.2. Firing temperature range for different ceramic products [4].

The type of fuel used in the production of ceramics in mainly natural gas and liquified petroleum gas
(LPG), therefore the carbon footprint of these materials is high, Figure 1.3(a). The industry sector is
aware of the issue and wants to take action, according to the Industrial Decarbonisation & Energy
Efficiency Roadmaps for the Ceramic sector to 2050, published in March 2015, prepared for the
Department of Energy and Climate Change and the Department for Business, Innovation and Skills [5].
The target relies on the electrification of kilns, Figure 1.3(b).

(@) (b)
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CERAMIC SECTOR

Others

58.9%
Figure 1.3. (a) Types of fuels in the ceramic sector, (b) Trend in order to reduce the CO2 emissions by 2050, according to the
Maximum Technical Pathway [5].

1.2 Flash sintering and project aims

Having an idea of the future direction of the ceramic industry, electric field assisted sintering techniques
have become attractive. Flash sintering, is able to reduce the sintering time from hours to < 1 minute
[6]. The potential of this technique has been already put into practice by Lucideon [7], the first company
to incorporate flash sintering in their production line. Nevertheless, this technique is quite new, as it
was discovered in 2010, and there are still fundamental questions about chemical and physical processes
occurring during the sintering process [8].

For this reason, the main aim of this project is to try to understand more about the onset mechanisms
of flash sintering, by choosing materials that already have been successfully flash sintered; such as
cubic-stabilised zirconia and Mg-doped alumina [8],[9]. These two materials are ionic



conductors[10][11] with a conductivity typically in the order of 10-* Scm™ [12] and 10® Scm™ [13] at
500°C, respectively. However, the introduction of electronic conduction in yttria-stabilised zirconia
(YSZ) [14][15] and the dielectric breakdown of alumina [16] under certain conditions may be related
to the onset of the flash sintering. Calcia-stabilised zirconia (CSZ) was chosen over YSZ as in the former
the number of cations needed to obtain the same number of defects in the crystal structure is halved
[10].

Therefore, calcia-stabilised zirconia and Mg-doped alumina were chosen to investigate the pre-
monitoring region of flash sintering, which can be regarded as lower temperatures and lower electric
field than the ones required for the flash event. In doing so, this study gives an insight to the conductivity
dependence of oxygen partial pressure (pO2) and dc bias, along with a detailed equivalent circuit
analysis which explores new ways to deconvolute the impedance spectra. In addition, a flash sintering
machine was set up and CSZ samples were tested.
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Chapter 2
Literature Review

2.1 Zirconia

Zirconium dioxide (ZrOz) commonly known as “zirconia” is a pale crystalline oxide, between ivory and
white [1]. This compound can be found in three different crystal structures: monoclinic (P2./c) below
1,170°C, tetragonal (P4z/nmc) from 1,170°C to 2,370°C and, cubic (Fm3m) above 2,370°C until its
melting point around 2,680°C [2], Figure 2.1.

i . Monoclinic Tetragonal Cubic

Figure 2.1. Crystal structures of the zirconia polymorphs [3].

Volume changes are present in the transition from one crystal structure to another, which induces
mechanical stresses that deteriorates the material. In order to avoid these volume changes, the tetragonal
and cubic phases can be stabilised at room temperature by adding small percentages of other oxides
(typically alkaline earth or rare earth oxides) as: magnesium oxide (MgO), yttrium oxide (Y20s3), cerium
oxide (Ce0,), calcium oxide (CaO) or, scandium oxide (Sc,O3) [4]. Stabilised zirconias can be
classified in two types: “partially stabilised”, which have a tetragonal crystal structure or a combination
of cubic and tetragonal and, “fully stabilised”, which are single-phase cubic [4].

The first attempt to make zirconia stable at room temperature was by the Norton Co., in the 1950s. Their
main purpose was to create a thermally insulating material for induction furnace applications and as
refractory bricks [5]. Nowadays, stabilised zirconias have a wide range of applications; they are still
used as heating elements, but also as part of medical devices, cutting tools, and materials for implants,
due to their wear and chemical resistance and biocompatibility [6]. A further set of applications are
related to the high oxide ion conduction of this material and its stability in reducing atmospheres; these
characteristics make it suitable to be part of oxygen sensors [7] and, be used as an electrolyte in solid
oxide fuel cells [8]. More recently, the possibility to take this material to Mars has been discussed and
use it as an electrolyser for carbon monoxide and oxygen, storing chemical energy, which will help to
explore the surface of the planet [9].

2.1.1 Yttria-stabilised zirconia

As mentioned above, oxygen ion conduction is one of the main and important characteristics of this
material. In the case of yttria-stabilised zirconia (YSZ), ionic conduction is possible due to the presence
of oxygen vacancies, which are mobile species. Oxygen vacancies are the product of the compensation
mechanism due to the incorporation of dopant, Equation (2.1)

Zr0o
Y,05 —32Y',. + 30% + V2 2.1



Nevertheless, mixed conduction (ionic-electronic) behaviour has been found under certain conditions:
under different oxygen partial pressures (pOz) and in the presence of an applied electric field.
There are two equilibrium reactions to consider [10]. The first one at low pO, Equation (2.2)

0f = V3* + 509y + 2¢' (2.2)
and the second one at high pO,, Equation (2.3)
VS + 309y — Of + 2h° (2.3)

To distinguish between p-type and n-type conduction, measurements of conductivity as a function of
oxygen partial pressure can be performed. If the slope turns out to be positive, the material would be a
p-type conductor, and if is negative the material would be n-type. Usually the slope is of the magnitude
between 1/4to 1/6. This can be deducted by writing the point defect reaction for the compensation
mechanism on the Krdger-Vink notation, followed by applying the law of mass action and solving for
the equilibrium constant to obtain the relation between the charge carrier concentration and the oxygen
partial pressure [11], as shown in the supplemtary section. The conductivity of an oxide ion conductor
would be independent of oxygen partial pressure. Therefore, a diagram with the conductivity domains
of an n-type, p-type and an oxide ion conductor as function of oxygen partial pressure, can be built up,
as shown in Figure 2.2.
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Figure 2.2. Conductivity as a function of oxygen partial pressure.

The ionic and electronic conductivity in 8 mole % Y»0s-ZrO, as function of temperature (800™-1050°C)
and pO, (0.21-10"atm), was studied by Park and Blumenthal [12]. They performed oxygen permeation
measurements in a gas-tight electrochemical cell and, to obtain the ionic, hole and electron
conductivities, the four-probe method was employed. Also, non-steady state permeation measurements,
using the gas-switch method, was used to calculate the mobility and diffusion of holes and electrons.
They found out that, as temperature increases the p-n transition shifts to higher pO,, and that holes and
electrons are thermally activated moving by a hopping mechanism, Figure 2.3. They assume possible
trapping sites for the electronic charge carriers: Yz’ for the holes and, Zrz* for the electrons.
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Figure 2.3. Conductivity of 8 %mole YSZ as function of pO2, showing electrolytic domain (ionic conduction) at high
conductivity values and, transition from hole conductivity (p-type) to electron conduction (n-type) at lower conductivities [12].

Introduction of p-type conduction in YSZ has been studied by Masé and West [13] and Jovani et al.
[14]. Samples with composition 8 mole % and 40-70 mole % of yttria were used respectively.
Impedance measurements were performed under different pO; concentrations (using Ny, air and, O
gas). It was found that the bulk and grain boundary resistance decreased with increasing pO,, which is
evidence of p-type conduction. The same effect was found when applying a small dc bias. It was
proposed that the location of the holes is on oxide ions, situated in the vicinity of acceptor dopants. As
these oxide ions are underbonded, they are prone to redox activity: Equation (2.4)

05 -0, +e' (2.9)

The resulting electrons participate in surface reactions to maintain the equilibrium for the absorption of
the molecular oxygen (left hand side of Equation (2.3)).

Recently, Kirchheim proposed two types of reaction that account for the increment in electronic
conductivity in YSZ [15]. He mentions that by applying an electric field, the chemical potential of
oxygen vacancies will change. In order to counteract these changes, after an incubation time, the
following reactions might occur, driven by Le Chatelier’s Principle.

1. External reaction at the electrolyte-gas interface, controlling the creation of defects. For
samples with large surface areas exposed to oxygen gas, reaction Equations (2.2) and (2.3) might occur.
As a consequence, charged regions may be created: n-type and p-type, separated by a mainly ionic
region. Molecular oxygen generated at the n-region, is consumed at the p-region, Figure 2.4.



O, transport in gas phase

Vol jl‘

0,V = 20% +41" | 20 SV 0,40
|

&
<

—

!
x=0 p-region i-region n-region %=l

Figure 2.4. Sample with large surface area exposed to oxygen gas in presence of an electric field. Oxygen vacancies will be
attracted to the negative electrode, the high concentration of these species will create a p- region, and depletion of this species
near the positive electrode a n-region. In order, to neutralise this flux, lattice oxygen will travel to the n-region. Electrons and
holes will be trapped at the corresponding electrodes [15].

2. Internal defect reactions. For samples in the absence of oxygen gas, the creation of internal
defects, that compensate the effect of the applied field was proposed. In this case, the generation of
single-charged vacancies in the p-region (Equation (2.5)), when present in sufficient in concentration,
travel to the n-type region (following Le Chatelier’s Principle), and then react according to Equation
(2.6), Figure 2.5. Holes and electrons are neutralized at the corresponding electrodes.

Vo —- Vo' +h° (25)
Vo Vet e (26)

The steady state is reached after electromigration occurs and the chemical and electrical potential are in
equilibrium, taking into account the polarization of the cell.

p-region i-region n-region

! |
x=0 x=I
Figure 2.5. Sample in the absence of oxygen gas in presence of an electric field. Oxygen vacancies will be attracted to the
negative electrode, creating a p-region and an n-region on the opposite side. Single charge oxygen vacancies will be created
the p-region, and to keep a stationary electric current these will travel to the n-region. If the chemical potential of the
concentration Vo' is larger than the electric potential, the latter is possible [15].

These studies highlight that these conduction mechanisms need further study.

2.1.2 Calcia-stabilised zirconia
Calcia stabilised zirconia (CSZ) has a fluorite structure. This structure consists of a face centred cubic
array of cations, with tetahedral sites filled with anions and, empty octahedral sites [12], Figure 2.6. As



a compensation mechanism for the replacement of Zr** with Ca?*, oxygen vacancies are generated,

Equation (2.7)

Zr0, " x oo
Ca0 —Ca 'z + 05 +V,

Figure 2.6. Fluorite crystal structure [12].

2.7)

The cubic solid solution in the system ZrO,— CaO can be achieved by adding between 13 to 20 mole
% of CaO and heating above 1500°C [16]. This phase has an eutectoid temperature around 1140°C
+40°C, at a composition of ~ 17 mol % CaO, [17], [18]. However, this phase has no obvious
decomposition, as it can decompose into several phases with increasing Ca content: cubic + tetragonal,
pure cubic, cubic + CaZriOg (p1), cubic + CasZrg0as (p2), CaZrsOg (p1) + CasZr0as (p2) and
CasZr9044 (p2) + CaZrOs, Figure 2.7.
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2.1.2.1 Early characterisation of CSZ
A few years after the discovery of stabilised zirconias, several studies on CSZ were performed. Tian
and Subbaro performed a phase and electrical analysis of the ZrO,—CaO system in 1963 [19], in which,
they found that below 11 mol % CaO, monoclinic ZrO; was present, and above 24 mol % of CaO,

CaZrOswas detected.

cubic + tetragonal solid solutions, half-filled squares. cubic solid solution + ¢1[17].



Two compensation mechanism models were discussed at that time, (1) cation interstitials located at the

position [%' % %] with full anion site occupancy and, (2) oxygen vacancies with cation sites filled
randomly. Samples were heated at 2000°C for 2 hours, annealed at 1400°C for one week, and finally
air-quenched from 1400°C. The structures factor was calculated for both models as part of x-ray
diffraction intensity studies. When comparing the calculated values with the experimental ones, it was
concluded that the second model was more appropriate.

They also observed that conductivity decreases, and activation energy increases with CaO content. This
behaviour was attributed to (1) lattice constriction due to the dopant size, as the ionic radius of Ca?*
(0.99 A) is larger than Zr** (0.78 A) or, (2) constriction due to increment in the number of Ca?
surrounding oxygen ions, as CaO content increases.

Moreover, superstructure lines in x-ray diffraction patterns were found when the samples were annealed
at 1000°C, but the evidence of these disappeared after re-heating the samples at 1400°C. This
temperature dependence phenomenon was attributed to an order-disorder transition, associated to a
Coulombic interaction between oxygen vacancies and the acceptor dopants (Caz’’- Vo™).

Three years later, Kroger explored the idea of free charged species in CSZ, in contrast to a neutral
association of defects. His analysis, based in the law of mass action, offers an explanation for the
introduction of electronic conduction as function of pO. [16].

In 1980, Schoenlein et al. analysed the extra ‘order-disorder transition” in calcia- and yttria-stabilised
zirconia [20]. Their samples were single crystals with composition: 15 mole% CaO and 9 mole% of
Y,03, which were analysed by electron diffraction and dark-field transmission electron microscopy.
They found that the extra reflections also called fluorite-forbidden reflections, that in previous papers
were attributed to ‘ordered’ CSZ, were actually precipitations of tetragonal ZrO, and that the
‘disordered” CSZ lacking those extra peaks, was due to the re-solution of the precipitates, into the solid
solution. Another feature they observed, independent of the presence of the precipitates, was a diffuse
intensity from discrete region in the cubic matrix. They interpreted these results, as an indication of
domains or imperfect long-range order, which are formed below a critical temperature.

2.1.2.2 Defect structure and conductivity

The electrical properties of solid oxide electrolytes have been studied for over half a century, including
the cubic CaO—ZrO; system [3]. Nevertheless, the broadening of our understanding of these systems
has not stopped.

Further research on the relation between conductivity and dopant concentration was carried out [21],
[22]. 1t was found that the ionic conductivity increases with dopant concentration until a maximum
conductivity value is reached, between 12-13 mole % of CaO, then the conductivity decreases with
increasing dopant. In order to understand this behaviour, the defect structure was studied, and
theoretical models proposed. Nakamura et al, used a general formula in terms of oxygen vacancies,
instead of dopant concentration, in order to obtain the variation of conductivity in terms of oxygen
vacancies. By knowing the concentration of oxygen vacancies, the diffusion coefficients and mobilities
of these defects were calculated, in addition to the equilibrium constant of the oxide ions and the oxygen
vacancies. They concluded, by presenting a theoretical model that predicts the maximum conductivity
value as a function of oxygen vacancy concentration and temperature. The justification they propose
for this behaviour is the formation of Caz’’- Vo™ complexes that cover the entire anion sub-lattice.
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2.1.2.3 Presence of dipoles

The effects of composition have been extensively studied. Etsell and Flengas [23] mentioned that the
decrease in oxygen ion mobility with increasing Ca content might be the result of lattice distortion due
to the difference in radii between cations, the presence of Ca?*ion-anion vacancy complexes or vacancy
interaction.

The idea of Caz’’- Vo™ pairs gained some interest and therefore, in order to find experimental evidence
of them, mechanical loss measurements were performed by Weller [24]. This experiment subjected
single crystals of cubic zirconias with composition 10mol% yttria and 16mol% calcia and orientations
[100], [110] and [111] to torsional and flexural oscillations (at approximately 1 Hz for the former and,
1 kHz for the latter). To obtain the maximum losses, relaxation amplitudes and dipole concentrations
several calculations were performed. The presence of elastic dipoles such as (Yz -Vo™) and (Caz’’-
Vo™)* with a trigonal orientation [111] was confirmed by a related extra loss maxima at higher
temperatures, associated with the relaxation of oxygen vacancies located inside dopant clusters.
Accordingly, it was concluded that the oxygen vacancies are surrounded by eight acceptor dopants. In
addition, the broadness of the loss maxima, was related to a possible interaction between dipoles or the
presence of partly ordered domains.

Perry et al. [25] identified two plateaus as part of the bulk response in the capacitance spectroscopy plot
at low temperatures in a 7 mol % YSZ single crystal. The intermediate plateau was attributed to the
combination of more than one kind of point defects to form a dipole, or to the presence of larger defects,
such as twin boundaries. In addition, an increase in the effective dielectric constant with temperature
was observed between 350-500 K, which was associated with the thermal activation of a dipole
polarization mechanism, where oxygen vacancies hop locally around the related acceptor dopants.

A new type of associated defect points has been identified in doped zirconias other than the dipolar
attraction between acceptor dopants and oxygen vacancies. Norberg et al. [26] by molecular dynamic
simulations of neutron powder diffraction results assessed the local ordering of anion vacancies and
their preference to be close to a specific cation, in the systems Zro.gY0.201.9 and Zro.sSco.201.9.
Zro.8Y0.201.9 showed that the number of oxygen vacancies near the host cation Zr** was higher than near
the acceptor dopant Y 3*; and for the case of ZrysSco201. there was no preference. Marrocchelli et al.
[27] in the second part of the paper previously mentioned, identified the vacancy-vacancy interaction
as an intrinsic characteristic of the fluorite structure and the main factor responsible for the change of
conductivity with dopant concentration. As vacancies are charged and distort the lattice, the rise in
number of these species will increase the defect-lattice interactions. The doped structure may try to
compensate for these interactions by ordering the species within the lattice, which could restrict their
mobility.

2.1.2.4 Voltage-dependence experiments

With the objective of understanding the conductivity in CSZ, direct voltage and current experiments
were conducted. Yanagida et. al, performed voltage and pO. dependence experiments on CSZ
(composition: Cap.15Zroe501.85) sSymmetrical cells [28]. The samples were pellets of 10mm in diameter
and 1mm thick, with Pt paste electrodes, oxygen pressures ranging from 1 to 102 atm, applied voltages
from 0-6V and all the measurements were taken at 560°C. They observed two behaviours, figure 2.8,
which were attributed to specific rate-limiting steps. At low voltages (< 2V) the dynamic resistance
varied with pOg; rate limiting step: diffusion of oxygen through the Pt electrode, Equation (2.8).
O(Pt/g) — O(Pt/CSZ) (2.8)
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Whereas at higher voltages (> 2V ) almost null dependence on pO, was observed; rate limiting step:
adsorption of neutral oxygen at the surface of CSZ/gas interface that interact with neutral oxygen
vacancies(Vo*; oxygen vacancy with 2 trapped electrons, F-center [28]), created due to polarization
effects, to form Oo* Equation (2.9)

0(CSZ/g) + Vo* — Oo* (2.9)

e pO, (atm)

Volt
Figure 2.8. Dynamic resistance of CSZ (15 mol % CaO) as function of an applied voltage and pO2 [28].

Electrode effects Brook et. al, studied the electrode processes in CSZ with different types of platinum
electrodes by performing polarization measurements, [29]. Experimental procedures and mathematical
models were similar to the ones previously published [16] and [28]. Here are the types of electrodes
used and their corresponding behaviours:

» Non-porous Pt foil electrode: Analogous to porous Pt paste described above. At low voltages (< 2V
), oxygen diffusion through platinum, rate limiting process. The limiting value is approached when

V — inf, and it can be identified as a saturation plateau of the current, Equation (2.10)

1= pr;/QB (2.10)

where B describes the electrode characteristics, Equation (2.11)

B = :ZFS%K-I (2.11)

where F is the Faraday constant, S the surface area of the electrode, D the diffusion coefficient of oxygen
through Pt, o the electrode thickness and K; the equilibrium constant of the reaction of Equation (2.12)

1/20, — O(Pt) (2.12)
Therefore, it is important to consider the thickness of the electrode, as the thickness increases the
saturation current will decrease.

At high voltages (> 2V) polarization occurs, surface of CSZ in contact with the electrode becomes

electronically conductive, and oxygen can be directly introduced into the materials, Equation (2.9).

» Non-porous Pt sputtered electrodes: Electrode thickness, < 1um. Ohmic behaviour was found,
Equation (2.13), where Ry is the bulk resistance of the electrolyte.
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R=Ry=1-V (2.13)

* Porous paste Pt electrodes: Two behaviours were observed according to the firing temperature of the
paste. At 850°C, the samples showed an ohmic behaviour as the sputter samples, as the grain size of the
Pt in the suspension was < 1j1. When the electrodes were fired at 1350°C, grain growth of the Pt particles
occurred, and non-ohmic behaviour was observed, as described above [28].

* Non-porous Pt paste electrode with borosilicate as fluxing agent: Electronic behaviour at high
voltages (> 2V), as glass prevents contact with the gas phase, and no free surface is available.

They conclude by making three suggestions. The first one is to use thin sputtered electrodes for the
study of bulk effects. The second one, is to use electrodes that cover the surface area of the sample
faces, to study polarization effects. Finally, the third one is to keep the applied voltage below the
decomposition voltage of the solid electrolyte, in order to avoid electrolysis.

2.1.3 Modelling of sample-electrode contact

Equivalent circuits have been used to model the kinetics of sample-electrode reactions since the 1940°s
when J.E.B. Randles proposed the Randles circuit, Figure 2.9(a). Since then, a wide variety of systems
[30]-[46], have used equivalent circuits based on the Randles cell to analyse and interpret their results.
These equivalent circuits include a double layer capacitance, modelled with a capacitor Cq, or a constant
phase element CPEg, a charge transfer resistance R, and a diffusion process, modelled with a Warburg
impedance Zw or a constant phase element CPEqi.

The difference among the proposed circuits, is the placement of these parameters, which is usually
found in two formats. The first one, is a series Rc-Zw element in parallel with Cqa, Figure 2.9(a) [40].
The second one, is a parallel Re-Cqi element in series with Zw, Figure 2.9(b) [37]. Usually, the Warburg
impedance is modelled using a CPE (CPEgirr)with a fixed n value of 0.5 [32], other studies set the n
parameter free[37], and some other studies do not specify how Zw was modelled [46]. When the
Warburg impedance appears to be a semicircle rather than a spike in the Z* plane, it is usually referred
to as a finite-Warburg impedance. The resistance it added to Zw is usually added in two ways. Either
Raitr is included in the Zw equation (Zw-finite or aif= Raifr tanh(jTw)"(jTw)" ; where in the diffusion
interpretation T = L,/D, where L is the effective diffusion thickness, and D the effective diffusion
coefficient), meaning that when using a software, such as Zview[47], to fit the measured impedance
data, it will ask for the resistance parameter, figure 2.11(a) and (b). The other approach is to add Rgisr in
parallel with CPEix[48], Figure 2.11 Lit-C.

a b
(@ Rs Cdi or CPEdI () Rs Cdlor CPEdI  Zw or CPEdIff

VAV ] | VAV | | \W-
| Rct Zw or CPEdiff| | Ret |

Figure 2.9. Randles circuit.

For our interest the oxide ion solid electrolyte-electrode interface between stabilised zirconias and noble
metals have been studied [1][2][11]-[13].

Schwandt and Weppner [1][2], studied the electrode reactions of stabilised zirconias using Pt and Au

as electrodes, in the temperature range between 500 to 900°C and pO, from 10°-10° Pa. Three main step

reactions were considered:

1. Dissociation and absorption of molecular oxygen at the electrode surface, which may be fast
and reversible
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O2(9)+2Vad(py) = 20a4(ry)

2. Surface diffusion of adsorbed oxygen towards electrochemical reaction sites (ers)
OadeptytVad(ers)=Oad(ers)* Vad(py)
3. Charge transfer reaction of adsorbed oxygen

Oad(ers)+VO"+23,:OOX

In the case of the Pt electrode, the conductivity was found to be dependent on pO,, with a maxima that
shifts to low oxygen pressures as temperature decreases, with slopes around -0.45 and +0.55 at low and
high pO., respectively Figure 2.10(a). For Au, the conductivity increased with pO2, showing two slopes
and therefore two competing limiting-rate reactions; at high pO; slope of +0.50, related to the diffusion
of adsorbed oxygen and at low pO- slope of +0.25, related to the charge transfer reaction of adsorbed
oxygen in the vicinity of a three-phase boundary, Figure 2.10(b). When comparing the total
conductivity of Pt and Au electrodes, Au resistance was larger than Pt, attributed to higher catalytic
activity of Pt.
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Figure 2.10. Pt (a) and Au (b) electrode conductivity as function of pO2, under different temperatures. Extracted from

[L112].

Various equivalent circuits were used to fit the electrode response of Pt and Au, Figure 2.11. The Pt
response was fitted to circuits Lit A-C. Circuit Lit-A gave a good fit at high temperatures and Lit-C at
low, in all the pO2 range. Au electrode was fitted to circuits Lit B-F. At high pO, (103-10°Pa) 3 parallel
R-CPE elements were needed to fit the response with the best fit given by circuit Lit-F, and at low pO;
(10°-10% Pa) by Lit-C. For the case of Pt electrode, it was mentioned that the bigger resistance will
account for 85% of the total electrode resistance; nevertheless, no further interpretation of the fitted
parameters was given. For the analysis of the kinetic reactions the total resistance of the electrode was
used.

circuit Lit-A circuit Lit-B circuit Lit-C
R CPE R CPE CPE R CPE
WAV P VAV 5 5 VAV 5>
| R | | R | | R | | R CPE \
. - - R
circuit Lit-D circuit Lit-E
R CPE CPE CPE R CPE CPE
VaVe > > 3> >> — >> 3>
R R R R R CPE
R
circuit Lit-G circuit Lit-F
R C R CPE
VaVe i VeV >
R CPE I L\/R\» CPE CPE

Figure 2.11. Various equivalent circuits used in the literature to fit the electrode response of stabilised zirconias. Adapted
from [31], [40]-[42].
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Sakurai et al. [40] studied the interfacial impedance of Pt and 8mol%YSZ. Two types of electrodes
were employed paste and evaporated (or sputtered) Pt. Impedance measurements were taken in the
temperature range from 650-850°C and pO; from 10%-10° Pa, frequencies from 10°-10°Hz. The two
consecutive step reactions were considered, which are the same as step reaction 1 and 3 considered by
Schwandt[31]. A good fit using the equivalent circuit Figure 2.9 (a) was found, the equations they used
to describe Zw, Raifr, Rt and the relationship between the effective length diffusion and the diffusion
constant can be found in equations [12-15] in ref[40]. It was concluded that the magnitude of Rgt and
Re: will be affected by electrolyte and the morphology of the electrode. Nevertheless, this latter will not
affect the mechanism of the electrode process.

The relationship between the fitted parameters and the morphological characteristics of the sample-
electrode interface was studied by Nakagawa et al. [41] Using circuit Lit-G, it was found that a paste
electrode gave a larger charge transfer resistance and smaller double layer capacitance than the
sputtered electrode, which was attributed to a reduced three-phase boundary and sample-electrode
contact area.

B.A. Boukamp et al. [42] performed dc polarization, impedance spectroscopy and isotope exchange
experiments on YSZ and erbia stabilised delta-bismuth oxide (BE25) to investigate the oxygen transfer
process at the sample-electrode contact. Au and Pt were used as electrodes. Au/ YSZ samples were
fitted to equivalent circuit Lit-F, in agreement with Schwandt[31], with the difference that the outer
parallel CPE was changed for a capacitor. The two parallel R-CPE elements in series are attributed to
electrode reactions, without giving any further explanations. For the case of Au/BE25, circuit Lit-B
gave a good fit.

2.2 Alumina

Alumina (Al>Os) is a dielectric [49], its electrical insulating nature makes it suitable for applications
such as electronic substrate, thermocouple and laser tubes, vacuum interrupters, among others [50],
[51]. For this reason, it is of great interest to know the conditions of the failure transitioning from an
insulator to a conductor. Several experiments in different fields of study have applied a large electric
field and observed an increase in conductivity.

2.2.1 Electrical characterisation

The most common test is dielectric breakdown [52]-[54], which is usually carried out at room
temperature and the sample is immersed in a dielectric liquid to avoid current along the surface or so
called flashover. The electrical breakdown strength (Es) of sapphire and polycrystalline alumina has
been measured as function of temperature, up to 1400°C [55]. Two methods were used: i) increased the
voltage in steps with a fixed temperature and ii) increased the temperature with a fixed voltage. The
electric field was in the order of 10°Vem'™. It was also found that the Es decreases with temperature and
with sample thickness (t) following equation 2.14,

E~ 1/"; n=0.1-0.5 (2.14)

When using method ii) a small current peak at the beginning of each voltage step was observed and
described as current absorption or leakage current; which caused localized Joule heating, increasing the
current. It was pointed out that the sample heating will be balanced by heat loss through conduction and
radiation, until the critical value was overcome leading to thermal runaway and dielectric breakdown
[55].

In addition the role of Si, MgO and CaO in the dielectric strength of alumina has been studied [56]. As
a general observation it was found that the dielectric strength was higher in alumina ceramics than in
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single crystals. Regarding the impurities the dielectric strength increased when Si was the major
impurity and decreases with the addition of MgO and CaO. This was attributed to enhanced solubility
of Si in the presence of MgO and CaO. Si segregation at the grain boundaries was proposed, causing
enhanced dielectric strength, by electron trapping in shallow traps as (3Si‘ai:V"”ai)* clusters.

As previously mentioned, the flashover phenomenon, which is the electric breakdown along the surface
of an insulator has been studied in a wide range of materials including alumina [57]-[61]. These types
of experiments are usually carried out under vacuum with applied electric fields on the order of 105Vem-
! Different models have been proposed where the process starts either at the cathode or anode.
Nevertheless, there is still controversy and it has been stated that no single model can explain all the
cases of surface flashover, and that the dominated mechanism will change according to the experimental
conditions [57]. For our interest it is important to note the relationship between the flashover voltages
and the waveform (dc, ac or pulse), as the highest are given by short pulses, intermediate by ps and dc,
and lowest by ac voltages, and that there is an inverse relationship between relative permittivity and its
flashover voltage [59], [61]. Moreover, the flashover event will have a life span in the order of ns [59].

The reversibility of the surface charge accumulation was observed after applying nanosecond pulse
voltage under vacuum at samples with different sintering conditions (temperature and dwell time).
Dissipation of the charge after 1h of the cut off the voltage showing less than 7% of the maximum
charge density [60].

Flash sintering is a process in which a green body is subjected to an electric field and high temperature.
After reaching an onset temperature and an incubation time, the samples conductivity increases
abruptly, along with emission and light and densification, this stage is known as the flash-event [62].
Further explanation about the flash sintering process will be given in the following section. Flash
sintering of pure and 0.25wt% MgO-doped alumina using an electric field from 250 to 1000Vcm™, was
one of the first experiments of this kind [63]. It showed that pure alumina did not flash, whereas MgO-
alumina flashed between 1260-1400°C. Nevertheless, conductivity Arrhenius plot under the application
of 25 to 1000 Vcm™?, showed similar activation energies for pure and MgO-alumina, between ~1.5-
2.3eV.

Similarity between flash sintering experiments and electrical breakdown strength in dielectrics, has
been pointed out [64] [65], as these two processes present a transition from insulator to conductor, need
an incubation time which decreases with the applied field and is sensitive to the sample geometry.
Samples of a-alumina pre-sintered at different temperatures were used for a flash sintering experiment,
by applying 500-1500Vcm™ [65]. It was found that the Poole-Frenkel model” [66], used to describe the
pre-breakdown behaviour of the dielectric breakdown process can also described the increase in
electrical conductivity.

The combination of radiation and electric field has also been studied [68]. Alumina single crystal at
~500°C in air, under an electron dose of 1.8MeV and 2.12kVcm™, showed an increase in conductivity
by 3 orders of magnitude. The conclusion was that the increase in conductivity could not be only
attributed to the presence of anion vacancies.

* Describes how the potential energy barrier of a trapped electronic charge carrier (e~ or h*) is reduced in the presence of an
electric field, increasing the corresponding densities of free charged carriers [66], [67].
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Current density measurements during the application of a lower range of electric fields were performed
on alumina and sapphire, between 1000 to 1650°C [69]. In the case of alumina from 0 to 40Vem?, and
for sapphire between 0 to ~560Vcm, with a dwell time of 2 minutes. Measurements were between the
outside and inside surface of a thin-walled hollow tube to eliminated effects of gas or surface
conduction. Ohmic voltage dependence up to 10-20Vem?, from where departure from linearity was
observed, Figure 2.12. Behaviour of electrodes was established as non-blocking, allowing oxygen
diffusion through the porous Pt-film. It was concluded that purely electronic or ionic conduction could
not account for the magnitude of the observed conductivity.
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Figure 2.12. Current density as a function of applied voltage for a ceramic alumina tube in vacuum and in air at different
temperatures [69].

It is known that the electrical conductivity of alumina varies with oxygen partial pressure at high
temperatures [70]-[72]. Dielectric relaxation experiments between 700 and 1200°C identified a
capacitance dispersion which varied its conductivity and thickness from 5 to 50 pum as a function of
pO- [73]. These results were attributed to a surface layer or an internal interface, as they were interpreted
by the interfacial polarization model. The formation of this layer was suggested to be a consequence of
the time required to attain equilibrium by the moving species. Also, the possibility of second phase
distributed as spheres or spheroids throughout the crystal could not be ruled out. In addition, the surface
layer had a higher resistance than the bulk.

2.3 Flash sintering

2.3.1 Introduction to flash sintering

Reduction of sintering temperatures and enhancement in densification are a few of the driving forces in
the search for alternative sintering techniques. Electric current activated/assisted sintering (ECAS)
incorporates, as its name states, the application of electric current during the sintering process. This can
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be classified according to the discharge time; if it is less than 0.1s it is known as “ultrafast ECAS”, but
if it is higher than 0.1s, it is called “fast ECAS”, Figure 2.13. The first one is related to capacitive
discharge, and the second one can be further divided into “resistance sintering”, which applies a constant
direct current and “pulsed electric current” [74].

Resistance Pulsed Electric Ultrafast
Sintering Current Sintering ECAS
DC current Pulsed Current Capacitor Discharge
Discharge time >> 0.1s Discharge time < 0.1 s

L J | —

Y
% Current Waveform
and Density

Mechanical Stress

Sintering
Application Atmosphere

Heating Methods
Figure 2.13. Main electric current activated/assisted sintering (ECAS) parameters [74].

Research in ECAS techniques started over a 100 years ago, with the first patent by Bloxam in 1906. In
the patent, the fabrication of tungsten or molybdenum filaments for incandescent lamps is described,
with the help of current in a reducing atmosphere or vacuum [75]. Since then, this field has been
developing to the point of reaching commercial deployment, one example is the 3,000 Spark Plasma
Sintering (SPS) furnaces installed around the world by 2016 [62]. In 2010, a peculiar behaviour was
identified by Cologna et al. [76] at Colorado University, which was referred to as the flash event.
Therefore, the technique was called “Flash Sintering” (FS). This process consists in sintering a material
within less than one minute, with the presence of power dissipation (between 10-1000mWmm~2) and, a
non-linear increment in conductivity, when heat and an electric field (between 7.5-1000V ¢cm™?) are
applied [62].

Since then, this technique has been intensely studied and slightly modified according to the availability
of equipment of the different research groups. Therefore, there are different configurations that are
described in the following section.

2.3.2 Flash sintering methods

Before trying to perform a flash sintering experiment there are several points to consider as: the machine
configuration, sample geometry and inputs and outputs for the equipment. These points are described
in this section, in addition to the possible sintering mechanisms.

2.3.2.1 Apparatus configuration There are two main groups of machine configuration, the ones that
are pressure-assisted and the pressure-less.

Pressure-less. Three set-ups without the use of pressure have been identified, wire suspended sample,
contactless and sliding. The first configuration consists of a vertical tube furnace, or a muffle furnace
with a window, the sample is suspended at the hot zone with platinum wires, which work as electrodes.
To increase the contact between the sample and the electrodes, the platinum ink or paste is deposited
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where the wire is going to be attached. Silver, carbon and stainless-steel electrodes, have also been used.
A CCD (charge couple device) camera is placed at the bottom of the tube furnace or, in front of the
window of the muffle furnace, with its specific filters to record the shrinkage and luminescence events
[63], [77]. The second approach is to make use of plasma as electrodes [78], the rectangular sample is
loaded into a ceramic holder, and placed between two plasma arcs, which are powered by transformer
welders. In order to measure the current, Hall effect sensors are used. Finally, the third one makes use
of sliding electrodes, but limited data has been publish using this set up [62].

Pressure assisted. The pressure-assisted set-ups are modifications of commercial dilatometers,
mechanical loading frames or spark plasma sintering (SPS) machines [77]. The first two make use of a
heating chamber, in which the pellet-shaped sample is placed between platinum electrodes and mounted
between alumina push rods that provide the uniaxial pressure. The electrodes are connected to the power
supply by platinum wires [77][79]. When an SPS machine is used for FS, the process is referred “flash
spark plasma sintering” (FSPS), the difference between these two is that in FSPS the current goes
through the sample, instead of going through a graphite die, which heats the sample. Therefore, in FSPS
the graphite die is separated from the sample by an insulating material, to avoid the current passing
through the sample and heat losses. Another option is not to use the graphite die and put the sample
directly between the electrodes [80][81][82]. Graphite punches are used as electrodes when the sample
is not susceptible to carbon contamination, otherwise refractory metal foils such as Ta, Mo or W are
placed between the sample and the graphite punch [62]. In some cases, graphite felt is placed around
the sample to reduce heat losses [80]. Some configurations, as FSPS, allow the use of different
atmospheres, from reducing to oxidizing.

2.3.2.2 Geometry of the sample

As one can see from the different set-ups, there are a variety of sample geometries, Figure 2.14. Dog-
shaped bones and bars are usually used in pressure-less configurations, while pellets of different ratios
and heights are used in pressure-assisted.
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Figure 2.14. Sample geometries. a)dog-bone shape, b)rectangular bar, c)different types of pellets [77].

The green sample has to be able to maintain its shape while handling and placing in the FS machine.
For this reason, additives, such as binders, dispersants and sintering aids, are added to the powder
mixture. In addition, the green body can be cold-pressed or pre-sintered.

2.3.2.3 Inputs

The two main aspects to consider before a FS experiments are the type of experiment in terms of heating
profile and application of current and voltage and, the kind of power supply that is going to be used.
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Experimental designs. There are two main experimental designs, dynamic and isothermal, Figure 2.15
[83]. The dynamic applies constant voltage, while the sample is heating at a constant rate (usually
10°Cmin™?1). The experiment changes from voltage control to current control, after the flash event occurs
or when the current has reac a. b. e power supply (normally
60mAmm2) [63]. In an isothern 4 /\_ A Jesired temperature, then an
electric potential is applied untiT l T . nts change from voltage to
current control [84].
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Figure 2.15. Flash sintering experimental profiles. Dynamic (a) and isothermal (b) [83].

*Power supply. According to a recent review [62], the majority of FS experiments use DC power
supplies instead of AC. When using a DC power supply the voltage and current are around 10-5000V
and 0.515A, respectively. In this case, the samples show a resistive load behaviour. In the case of an
AC power supply, the voltage and current are in the range 10-62V and 0.1-2A, and can operate in a
low-mid frequency range (50-1kHz) or, a high frequency range (up to 1 MHz). In this mode, the samples
can present capacitive or inductive behaviour. Prior to performing an FS experiment, it is important to
calculate the maximum initial electric field, Equation (2.15)

E=VI (2.15)
where V is the applied voltage and | is the length between the electrodes; the current density, Equation
(2.16) for a pellet and, Equation (2.17) for a dog-bone or a bar is

J = /n? (2.16)
where 1 is the current and r is the radius of the pellet
J=l/a (2.17)

and a is the cross-section area of the bar [77]. This means that these two parameters can be tuned
according to the dimensions of the sample.

2.3.2.4 Outputs
Here are some of the most common parameters and effects that can be measured during and after a FS
experiment.

Shrinkage. The densification or shrinkage of the sample can be measured by optical methods, with
CCD camera or lasers, or using a dilatometer. Therefore, the true linear shrinkage strain can be then
calculated, Equation (2.18)

e=In(1/lp) (2.18)
where | is the time-dependent gauge length and lois the initial gauge length [62].
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Electrical behaviour. After the shrinkage, the most common parameters to measure are the voltage
and current, in order to calculate the power and conductivity of the sample. The power dissipation
during current control is given by Equation (2.19)

P=I°R (2.19)
where | is the current and R the resistance. The peak power density, that separates the switch from
voltage to current control is defined by Equation (2.20)

Pw=EJ (2.20)
where E is the electric field and J the current density. Therefore, under voltage control the conductivity
is given by Equation (2.21) and, under current control by Equation (2.22) [85].

o = PulE? (2.21)
o =3Py (2.22)

Temperature. To determine the temperature of the sample during the flash event is a challenge, due to
the high heating rates (10%-10Cmin™?t). Many approaches have been tried using thermocouples, fitting
black body radiation from pyrometer data and using the relationship between the thermal expansion
coefficient and lattice parameters of the material. This last technique is an indirect way of measuring
the average temperature; the sample is heated in a modified furnace while XRD measurements are taken
[62]. It is important to take into consideration that a temperature gradient, in different scales, might be
present in the sample. The causes could be higher electron scattering in disordered or different chemical
composition regions; differences in electrical conductivity between phases and the heat losses at the
surface due to radiation.

Phase analysis. As mentioned before, by modifying a furnace, in situ XRD measurements can be taken
while the flash event occurs. This technique allows direct study of any reversible phase transformations,
which may not be possible to identify at room temperature after sintering [62].

Electroluminescence. This term refers to the generation of light, when an electric field is applied or is
passing through a material [86]. Different materials have the ability to absorb and/or emit light of a
particular wavelength. Therefore, during FS experiments any emitted light can be deconvoluted. Then,
an analysis could determine whether that emitted light corresponds to electroluminescence.
Nevertheless, it has been commented that incandescence might be stronger than the
electroluminescence effect [62].

A brief summary of the inputs and outputs of a flash sintering experiment is given in Table 2.1.

Table 2.1. Parameters that can be modified and obtained from a flash sintering experiment. Adapted from [62].

Input Output
Experimental designs Shrinkage

Power supply Electric behaviour
Material (crystallite size, sample preparation, etc.) Temperature
Sample geometry Phase analysis

Electroluminescence

2.3.3 Possible sintering mechanisms
There are several proposals that, in their own way, give an explanation for the increase in conductivity
and/or rapid densification, during the flash event.
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Joule heating. Todd et al, suggested that the thermal and electrical behaviours observed during flash
sintering are a consequence of thermal runaway initiated by Joule heating. In their model, the resistivity
is independent of time, and has an inverse Arrhenius relationship with temperature. It is also assumed
that the material behaves with a negative temperature coefficient (NTC), meaning that its resistance
decreases with temperature [87]. Therefore, current constriction at the contact points of particles,
produces localised heat, promoting atomic diffusion and, finally densification [62].

Frenkel pairs. Creation of defects has been suggested as a mechanism for flash sintering [63]. Cologna
et al, mentioned that the applied field can induce the nucleation of Frenkel pairs, by removing an
electron from a vacancy and a hole from an interstitial. Therefore, densification can occur as vacancies
are drawn to the grain boundaries, and interstitials to the pores. Finally, the electron-hole pairs will
contribute to the rise in conductivity.

Electrochemical reduction effects. The effects of polarization, due to an applied field, have also been
taken into consideration [15], [62]. When an ionic conductor is subjected to a voltage higher than its
decomposition potential, electrolysis can occur [29]. This means that, electronic carriers become present
and dominant over the mobile ions, which degrade, resulting in an increase of electronic conduction
and decrease of ionic conduction.
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CHAPTER 3
Experimental Procedures

3.1 Solid state synthesis

Samples* were prepared by solid-state reaction, using reagents on Table 3.1, which were dried
overnight. Stoichiometric amounts of reagents were weighted on a Sartorius Entris balance with a
tolerance of £ 0.0003 grams. Then, the mixtures were manually ground with acetone using a pestle and
mortar, and heated in alumina crucibles at 1150°C to decarbonate CaCO3z and start the reaction. Next,
the powders were reground and uniaxially pressed into pellets of 10mm in diameter at around 98MPa
and heated to sintering temperature for 10 h, with a heating and cooling rate of 5°C/min.

Table 3.1. Drying temperature, purity and source of reagents

Reagent Drying Temperature (°C) Purity Company
CaCOs 180°C 99% Fisher
ZrO; 1000°C 99% Aldrich

3.2 Flash sintering

Synthesised powders with 5wt% of PVA were uniaxially pressed into dog bone-shaped samples by
applying ~ 1ton. To burn out the binder, the samples were taken up to 550°C for 2 h with a heating rate
of 2 °C/min, and then heated to the pre-sintered temperature for 2h. Pt paste electrodes were painted
inside the holes of the dog-bones and dried at 900 °C for 2 h. The samples were suspended inside a tube
furnace using Pt wires and heated from room temperature with a heating rate of 10 °C/min; a constant
electric field was applied, 100 VV/cm, with a limit current density set at 100 mA/mm?.

3.3 Density determination

Theoretical and experimental densities were calculated. The theoretical density (pn) was obtained from
equation 3.1

Pt = g (3.)
where pr is the density (g/cm®), m is the molecular weight of the composition (g/mol), Z is the number
of formula units per unit cell, V is the volume of the unit cell (cm®) and Nais Avogadro’s number. For
the calcia-stabilised zirconia, the crystal structure is face centred cubic, therefore Z = 4. To obtain the
volume of the unit cell, first the lattice parameter of the samples was calculated by taking one reflection
plane of the diffraction pattern, and then applying Bragg’s Law, equation (3.2)

2dsing = nl (3.2)

Then, taking the relationship between the d-spacing of that plane and the lattice parameter of a cubic

arrangement, equation (3)
a
4= T 33
where d is the d-spacing, 8 the Bragg angle, 26 the peak position, 4 is the wavelength of the incident
radiation, n is the order of reflection (integer number), a is the lattice parameter and hkl represent the
Miller Indices. Finally, the volume of the unit cell was obtained by equation (3.4)

V=ad (3.4)

*Alumina samples with compositions 0.05wt%MgO-Al203 (Mg0.05) and 0.5wt%(MgO/SiO2)-Al03 were provided by an
industrial contact. These are typically prepared from reagent grade (> 99%) Al203, Mg(NOz)2-4H20 and Si(OC2Hs)4, and
sintered at 1550°C for 8 h in air [1]-[3].
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For the experimental density (pexp), the mass of the pellet was divided by the volume of the pellet, which
was obtained by measuring its thickness and diameter. In order to find out relative density of the sample,
pexpWas divided by pwand multiplied by 100.

3.4 X-ray diffraction (XRD)

Sintered powders were analysed using the diffractometers on Table 3.2. Data were collected from 26 =
20-80° and compared to various diffraction patterns, Table 3.3, using the JCPDS database. The cubic
lattice parameter was determined by least-squares refinement using STOE WinXPOW version 2.25,
with Si powder as internal standard.

Table 3.2. Diffractometers

Diffractometer Radiation Purpose
Bruker D2 Cu Ka Phase analysis
STOE STADI P Cu Koz Lattice parameter calibration

Table 3.3. Diffractions patterns from JCPDS database

Diffraction pattern PDF card
CaCOs 00-041-1475
CaO 00-037-1484
CaZrOs 00-035-0790
CaZr4Oq 00-031-0323
ZrO2 monoclinic 00-037-1484
ZrO, tetragonal 01-078-5752
ZrO; cubic 01-070-7361
Al;0s 04-005-4213
MgAl,O, 04-008-8339

3.5 Electron microscopy

Samples were grinded and polished metallographically using an AutoMet™ grinder-polisher following
the conditions on Table 3.4, based on Struers Inc. recommendations [4]. For thermal etching, samples
were heated up to 80% of its sintering temperature for 30 minutes, following the procedure mentioned
by Téaffner et al. [5]. Next, samples were mounted in aluminium stubs with Ag paste and sputter with
10nm of carbon. Scanning electron microscopy (SEM) images were taken on a field-emission scanning
electron microscope (FEI Inspect F50) using an acceleration voltage of 15 kV and energy- dispersion
analysis of X-rays (EDX) from Oxford Instruments using 20 kV.

Table 3.4. Metallographic grinding and polishing conditions

Step Grind paper or paste Time (minutes) | Force (N) | Rotational speed (rpm)
1 800P 1 20 300
2 2500P 1 20 300
3 6 um 10 20 150
4 3um 10 20 150
5 lum 10 20 150
6 Ya um 10 10 150
7 0.04um colloidal SiO; 20 10 150
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3.6 Impedance Spectroscopy

For impedance measurements, Pt paste electrodes were applied to both faces of the pellets and dried at
900 °C for 2 h. Three impedance analysers were used throughout this study, with the accuracy
measurements, frequency ranges and nominal ac voltages listed in Table 3.5.

Table 3.5. Impedance analysers

Impedance analyser Frequency range Nominal ac voltage Measurement accuracy
(Hz) (mV) (= %)

Agilent 4294A 0.04k-1M 100 0.08

Solartron SI 1260 10m-1M 100 0.1

Modulab XM MTS 10m-1M 100 0.1

Electroded pellets were attached to the Pt leads of an in-house conductivity jig with the facility to vary
the atmosphere flowing over the pellet. Prior to pO, measurements gases were dried by directing the
flow through a desiccator to avoid protonic conduction. Two sets of corrections were made to the
collected data: (i) a geometric factor concerning pellet thickness and sample-electrode contact area and
(ii) jig characteristics consisting of the blank, open circuit capacitance, typically 6 pF and the closed
circuit resistance of, primarily, the leads, 1-2 Q. Data analysis and equivalent circuit fitting was
performed using ZVIEW software (ZVIEW-Impedance Software version 2.4 Scribner Associates).

The Brickwork model [6] was employed for the identification of the electrical microstructure of the
samples, which uses the magnitude of the capacitance as the determination parameter, based on the

parallel plate capacitor relationship, equation 3.5

C = 8’80? (3.5

Where £’ is the relative permittivity of the material, &, the permittivity of the free space, A the sample’s
surface area and | the sample’s thickness. Assuming a constant unit A/l =1 and a typical &’ of ~10, results
in a capacitance of ~ 1pFcm™, which is a typical bulk response. If the grains are represented by cubes
of dimension Iy, separated by grain boundary of thickness lg,, with a sample-electrode interface of
thickness le, Figure 3.1, these regions can be identified making use of Table 3.6, taking into account the
inverse relationship between the thickness and capacitance.
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Figure 3.1. Representation of the Brickwork layer model, showing the thickness of the grains, grain boundaries and sample-
electrode interface.
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Table 3.6. Capacitance values and their possible interpretation [6].

Phenomenon or region responsible Capacitance (Fcm™)
Bulk/grain 1012

Minor, second phase; constriction resistance 10

Grain boundary 10 to 108

Bulk ferroelectric 101%to 10°°

Surface layer; depletion layer 10°to 107
Sample-electrode interface 107to0 10°
Electrochemical reactions 10*or higher

Each of these regions has a time constant t, which is independent from geometry and it is related to the
conductivity (o) and permittivity, and consequently to its resistance and capacitance, equation 3.6

T=¢'gy/o =RC (3.6)

These regions will relax-out at their corresponding w4, (0=2xf). Therefore, they can be identified by
their time constant, following equation 3.7, and separated from each other.
WmaxT = WmaxRC =1 (3.7

To have a broader data analysis perspective, impedance data was also plotted in the different complex
formalisms listed on Table 3.7. Each of these formalisms will highlight different features of the same
data set. Spectroscopic plots of log Y’ will show the total dc conductivity as a plateau at low frequencies,
M*’ the element with the smallest capacitance in the spectra and log C’ the plateaus of the different
elements, with the one at the high frequencies related to the bulk capacitance and therefore the
permittivity of the material.

Typically, at a fixed temperature the frequency window does not show all the regions or elements of
the impedance spectra. Therefore, there is the need to perform measurements at different temperatures
to have access to the whole spectra and observe all elements.

To have a broader data analysis perspective, impedance data was also plotted in the different complex
formalisms listed on Table 3.7.

Table 3.7. Interrelation of complex formalisms [7].

Formalism Symbol Relation to Z*
Admittance Y* [Z*]!
Electric modulus M* joZ*
Complex capacitance E* [j0z*]?

Absolute values multiply by Coto get relative values, where Co= g,A/l; capacitance of empty cell.

3.7 Simulation of equivalent circuits and their impedance response

The aim of this section is to have a visual representation of the change in the impedance response when
the values of specific parameters are modified. The effect of a constant phase element (CPE), a dielectric
response (series RC element), and an inductor is explored. Relevant equivalent circuits equations were
derived. In addition, a new approach to show the relative importance of individual elements to the
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overall impedance response is presented. The values used for the simulations are approximations of a
sample that has been corrected for its overall geometry.

Data simulation was performed using ZVIEW software (ZVIEW-Impedance Software version 2.4
Scribner Associates) and plotted using Origin Pro 2019 software. For data fitted to an equivalent circuit,
residuals were calculated using equations 3.8 and 3.9.

zZr d — Z'calculated
7. — Z'measure (3 8)
residual .
L |Z1measureal
Z”residual — Z!'"'measured — 2! calculated (39)

|Z1"measuredl

The type of data weighting was ‘Calc-Proportional” which normalizes each real and imaginary value
separately. To compare different equivalent circuits using the same data, the goodness of fit was
determined by the sum of squares (chi-squares) which is proportional to the average error between the
original data and the calculated values [8].

3.7.1 Derivation of impedance equations
The following points were considered:

e Admittances add in parallel and impedances in series
o j=+-1:j2=-1

e Toremove jfrom denominator:

. - 1 ] j j
—Xt=—— =2
o Multiply by j/j %5 = 7 p
. 1 +jb +jb +jb
o Use complex conjugate x =22 - 28 2

a—jb " a+jb  a?—j2p2 ~ a2+b2

3.7.2 Effect of constant phase element (CPE)

To illustrate the change in the impedance response of a parallel R-CPE-C equivalent circuit by varying
each parameter, a set of simulations was performed. While one parameter was set as a variable, the rest
were kept fixed. No material was used as reference, and the data range for each variable was chosen to
show a general trend.

The effect of varying R is shown in Figure 3.2. The Z* plane (a) shows that the arc scales to the value
of R. The log C’ plot (b), appears to be independent of R, as it does not change. The log Y’ plot (¢),
shows that the low frequency intercept with the y axis increases with decreasing R, and the shift from
a constant Y’ value to the high frequency dispersion moves to lower frequencies with increasing R. The
7’ peak (d) decreases significantly and moves to higher frequencies with decreasing R. And the M’
peak (e), increases slightly and moves to higher frequencies with decreasing R.
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Figure 3.2 Simulation of the change in R of the impedance response of a parallel R-CPE-C element represented with an (a)
impedance complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

The effect of varying C is shown in Figure 3.3. The Z* plane (a) shows that the arc intercepts remain
the same, but its height decreases with decreasing C. The log C’ plot (b), shows that the high frequency
limiting plateau decreases with decreasing C, but the low frequency dispersion remains the same. The
log Y’ plot (¢), appears to be independent of C, as it did not change. The Z’’ peak (d) increases slightly

and moves to higher frequencies with decreasing C. And the M’’ peak (e), increases significantly and
moves to higher frequencies with decreasing C.
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Figure 3.3 Simulation of the change in C of the impedance response of a parallel R-CPE-C element represented with an (a)
impedance complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

The effect of varying the Ao parameter of the CPE is shown in Figure 3.4. The Z* plane (a) shows that
the arc intercepts remain the same, but its height decreases with increasing Ao. The log C’ plot (b),
shows that all plots reach the same high frequency limiting plateau and the low frequency dispersion
keeps the same slope (with a value of n-1), but the intersection of these two regions moves to higher
frequencies with increasing Ao. The log Y’ plot (c), shows that all plots reach the same low frequency
limiting plateau and the high frequency dispersion remains with the same slope (with a value of n), but
the transition from one region the other moves to higher frequencies with decreasing Ao. The Z*’ peak
(d) decreases, broadens and moves to lower frequencies with increasing Ao. And the M’’ peak (e),
seems to mirror the behaviour of the Z’’ peak, as it decreases, broadens but moves to higher frequencies
with increasing Ao.
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Figure 3.4. Simulation of the change in the Ao parameter of the impedance response of a parallel R-CPE-C element
represented with an (a) impedance complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e)
M".
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The effect of varying the n parameter of the CPE is shown in Figure 3.5. The Z* plane (a) shows that
the arc intercepts remain the same, but its height increases with decreasing n. The log C’ plot (b), shows
that with increasing n the slope of the low frequency dispersion (with a value of n-1) decreases. The
log Y’ plot (c), shows that with increasing n, the slope of the high frequency dispersion increases (as it
has the value of n) and the low frequency plateau proves to be independent of n. The Z’* peak (d)
increases and moves to higher frequencies with decreasing n. And the M’’ peak (e) increases and
minimally moves to higher frequencies with decreasing n. In addition, at higher frequencies a shoulder
seems to appear with increasing n.
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Figure 3.5. Simulation of the change in the n parameter of the impedance response of a parallel R-CPE-C element represented
with an (a) impedance complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

3.7.2.1Derivation of impedance equations for a parallel R-C-CPE element

The admittance of a CPE can be described as,
Y*cpp = Ag™ [cos (n_n) + jsin (n_n)] = Aw" + jBo"
CPE 0 2 2

Therefore, the admittance of a parallel R-C-CPE element would take the form of
1
Y* = §+ jwC + Aw"™ + jBo™

The inverse of the admittance will give the impedance

1 1
Z*:—:

Y (% + Aoon) + j(wC + Bw")

Rearrangement of the equation by multiplying it by R/R
R

7+ =
(1 + RAw") + j(wRC + RBw™)
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Removing j from the denominator will give an equation that can be separated into its real and imaginary
parts

_ R(1+RAn") —jR(wRC + RBw")

" (1+RAw")2 + (wRC + RBw")2

E3

Real part, 7’
, R(1 + RAw™)
2 = A+ RAo"? + (0RC + RBon)?
ifw=0
Z'=R
ifo— o0
Z’' = undefined - 0
Imaginary part Z”
oo R(wRC + RBw™)
Zn=- (1 + RAw")? + (wRC + RB™)?
ifw=0
7’=0
ifo— o0

Z” = undefined . 0

3.7.3 Effect of a dipole in an equivalent circuit

One of the conclusions of Chapter 4 was that a good fit to the bulk response of CSZ x=0.12, 0.15 and
0.18, was obtained by adding a series R-C element in parallel with a parallel R-CPE-C. The effect in
the impedance response by changing the values of the capacitor (Co) and resistor (Ro) of the dielectric
element is explored and compared to the impedance response of a parallel R-CPE-C element.

The effect of varying Cofrom 5 to 0.1 pFcm™, is observed in Figure 3.6. The Z* plane (a) shows that
the intercepts of the arc do not change, but its height increases slightly with increasing Co. The log C’
plot (b) shows an intermediate plateau with the presence of the dielectric element at intermediate
frequencies. The capacitance of this plateau increases with increasing Co. The log Y’ plot (c) shows the
development of a plateau between the frequency-independent region and the high frequency dispersion,
which increases with increasing Co. The Z*’ peak (d) minimally increases and shifts to lower frequencies
with increasing Co. The M”’ plot (e¢) shows two peaks at intermediate and high frequencies, related
respectively to the R-CPE-C and dielectric element. With increasing Co, the intermediate frequency
peak decreases, while the high frequency peak increases.
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Figure 3.6. Change in the impedance response given by the equivalent circuit, inset (a), by changing Co; (a) impedance
complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

The effect of varying Ro from 0.1 to 100 MQcm is shown in Figure 3.7. The Z* plane (a) shows that
the curvature of the arc changes with Ry, but the intercepts with the real axis remain the same. The log
C’ plot (b) shows that the intermediate frequency plateau moves to higher frequencies with decreasing
Ro. Log Y’ (c) shows that the dielectric plateau shifts to higher frequencies and increases its admittance.
The height of the Z’* peak (d) fluctuates as with low values of R it increases slightly, but with high
values decreases. The M”’ plots (¢) shows a similar behaviour to the R-CPE-C response with high
values of Ro. However, when decreasing Rothe M’ peak decreases in height and divides in two, with
the new peak shifting to higher frequencies. The magnitude of the changes depends on R, and can be
either diminished or enhanced according to the value of Co, Figure 3.S1 and 3.S2.
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Figure 3.7. Change in the impedance response given by the equivalent circuit, inset (a), by changing Ro; a) impedance
complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".
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3.7.3.1 Derivation of impedance equation for a series Ro-Co in parallel with a parallel R-C-CPE
element
The impedance of series Ro-Co can be described as,

Z* = Ry +
0 joCy
The inverse of the admittance will give the impedance
1 1
Y* == —
Z* 1
Ry + JoCq
Rearranging
. JjwCyq
1+ jwRyCy

Removing j from the denominator
v* = (wR(Co)? + jwCo
1+ (wR(Cy)?

The admittance of the series Ro-Co in parallel with a parallel R-CPE-C element will be given by

(wR(Cy)? + jwCy
1+ (u)ROCO)z

1
Y*=E+Aw“+ij“+j(oC+

Therefore, its impedance will have the form of
1 1
=T (0R,Cy)Z + joC
Y = n : n i Whoblo JWLo
rt Aw™ +jBw" + jwC + T+ (0RyCo)?

Rearranging, grouping the real and imaginary numbers and passing j to the numerator will give

R(wR(Cp)? ) . ( jwRC )
n 0%0 n -0
Z*=R(1+RA(» +1+( RoCo)? + jR|RBw +u)RC+1+( RyCy)?

R((J)R()CO)Z )2 < ](A)RCO )2

n n
(1+RAw +1+( RCo)? + { RBw +u)RC+1+( RyCo)?
Real part, 2’
R(wR,Cp)? )
n o0
;i R (1 + RA0" + T+ (0R,Cy)?

R(O)R0C0)2

jwRC, )2
1+ (wRyCp)?

2
n [
) + (RBoo + wRC + TF (wRyCy)?

(1 + RA®™ +
ifo=0
7' =R
if @ — o
Z"” = undefined . 0

Imaginary part, Z”

iwRC
R (RBwn + wRC + ]‘”—0)
Z// — 1 + ((*)ROCO)2

R(wRyCy)? \? iwRC 2
(1 + RA@" + 7 ey +( (wﬁ()%i)z) + (Ran + WRC + 7 +](wR00c0)2>
ifo=0
77=0
ifw— o Z” = undefined . 0
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3.7.4 Inductance effect

The effect of including an inductance, in series with a resistor and a parallel R-C/CPE element was
studied simulating equivalent circuits (A) and (B) in Figure 3.8. Simulation results of both circuits
follows the same trend in most circumstances; therefore, the description applies for both equivalent
circuits unless mentioned otherwise. Therefore, figures for circuit (B) are shown within the text and for
(A) in the supplementary.

R (A) Rt L R (B)

Rt L
VAN QD AN VAN a@o A%
| c | | CPE |

Figure 3.8. Equivalent circuits considering inductive effect.

The characteristic features of the presence of an inductive effect can be identified as a high frequency
tail that drops to negative values on the Z* plane, and -Z’’ plot. On the log C’ plot, the appearance of a
disruptive inverted peak, and on the log Y’ plot the high frequency positive dispersion, is substituted
with a negative dispersion. As the inductive effect usually appears at high temperatures the R values
are small. For this reason the M’’ peak is out of the frequency range.

The effect of varying R from 60 to 140 Qcm is shown in Figures 3.9 and 3.S3. With increasing R; the
impedance response shifts to the right, on the Z* plane (a) and to lower capacitance (b) and admittance
(c) values. The -Z’* plot (d) seems to be independent of R;. The M’ plot, shows a positive high
frequency dispersion, which might be part of a peak; which shifts slightly to lower frequencies with
increasing R:.
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Figure 3.9. Change in the impedance response given by the equivalent circuit, inset (a), by changing Rt;(a) impedance
complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".
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The effect of varying L from 108 to 10 H is shown in Figures 3.10 and 3.54. The Z* plane (a) shows
that the length of the tails increases by sinking to lower values. In addition, the high frequency intercept
with the Z’ axis shifts to the right with equivalent circuit 7(b). However, the intercepts of the arc remain
the same for equivalent circuit Fig 10.7(a). The log C’ plot (b), shows that the disruptive peak moves
to lower frequencies with increasing L. The log Y’ (c¢) and -Z’’plots (d) show that the high frequency
tail shifts to lower frequencies, with increasing L. The M”’ peak seems to be independent of L.
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Figure 3.10. Change in the impedance response given by the equivalent circuit, inset (a), by changing L;(a) impedance
complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

The effect of varying R from 10 to 90 Qcm, is shown in Figures 3.11 and 3.S5. The Z* plane (a) shows
that the arc scales up, preserving the high frequency intercept with the Z’ axis, with increasing R. The
log C’ plot (b) shows that the capacitance of the low frequency dispersion / plateau increases with
increasing R. The log Y’ plot (c) shows that the admittance of the low frequency plateau decreases with
increasing R. The height of the -Z*’ peak increases and its position shifts to lower frequencies with
increasing R. And the M’ peak seems to be independent of R.
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Figure 3.11. Change in the impedance response given by the equivalent circuit, inset (a), by changing R;(a) impedance

complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

The effect of varying the Ao parameter of the CPE from 1072 to 10® Scm™rad™ and C from 10 to 10°
Fem?, is shown in Figures 3.12 and 3.S6. The Z*plane shows that the high frequency intercept with the
7’ axis shifts to the right (higher values), but keeping the same low frequency intercept, resulting in the
reduction and slight distortion of the arc, with decreasing Ao¢/C. In addition, the inductance tail changes
from vertical at high A/C magnitudes to curved at low magnitudes. The log C’ plot shows that the
capacitance of the low frequency dispersion / plateau decreases and the disruptive peak moves to higher
frequencies, with decreasing A¢/C. The log Y’ plot (c¢) shows that the frequency range of the high
frequency plateau increases with decreasing Ao/C. The -Z’* peak moves to higher frequencies with
decreasing A¢/C, and only at the lowest values of Ao¢/C it decreases its height. The M’” peak slightly
shifts to lower frequencies with decreasing Ao/C.

-Z" /Qcm

30

15

-15

-30

Figure 3.12. Change in the impedance response given by the equivalent circuit, inset (a), by changing Ao;(a) impedance

complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".
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The effect of varying the n parameter of the CPE from 0.4 to 0.8, is shown in Figure 3.13. A similar
effect is observed as with decreasing Ao. The high frequency of the Z’ axis (a) shifts to higher values
and the arc becomes distorted into the shape of half-drop. The disruptive peak on the log C’ plot also
shifts to higher frequencies with decreasing n, but the slope of the low frequency dispersion increases
with decreasing n. The log Y’ plot (c), also shows that the frequency range of the high frequency plateau
increases and also the slope changes from the two regions decreases, with decreasing n. The -Z”* peak
shifts to lower angles and decreases its height with decreasing n. And the M’ peak minimally shifts to

lower frequencies with decreasing n.
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Figure 3.13. Change in the impedance response given by the equivalent circuit, inset (a), by changing n;(a) impedance
complex plane and spectroscopic plots of (b) capacitance, (c) admittance, (d) Z" and (e) M".

3.7.4.1 Derivation of impedance equation of a parallel RCPE element in series with an inductor
and a resistance (Derivation of impedance equation of a parallel RC element in series with an inductor and a resistance

can be found in the supplementary information)

Z*=Ri+jwL+
g T Ao" +jBw"

Rearranging
Z*= R+ oL+ R(1 + RAw™) — jR?Bw"

et (1 + RAw")? + (RBo")2

Real part, 7’
R(1 + RAw")
Z'=R;+
(1 + RA®w™)? + (RBw™)?
ifw=0
Z'=R;+R

ifo —> o Z’=R,;
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RZBw™

Imaginary part, Z” 7" =wL — T RAGMZ 1 (RBam)?
ifo=0

2’=0
ifo— o

Z” = undefined . 0
ifZ’=0
RZBw"
(1 + RAw")2 + (RBw™)?

3.7.5 Impedance spectra deconvolution

In the following chapters the deconvolution of the impedance spectra has proved to be useful to
determine the contribution of individual impedance elements to the overall impedance response.
However, it needs to be noted that the data are better represented by spectroscopic plots of the different
impedance formalisms, than with the impedance complex plane. This can be observed in Figure 3.14,
where two parallel R-CPE-C elements in series were simulated and deconvoluted. The values used for
the simulations are approximations of a sample that has been corrected for its overall geometry, but not
for the grain boundary (element 2). The times constant (t) of each element differs by 2 orders of
magnitude, as 11=1x10%s and 1,=5x10*s. The Z* plane (a) shows that when the individual elements are
plotted they share the same origin, therefore if the total impedance response is unknown or unclear, it
would be difficult to determine the position of the elements in the Z’ axis. Nonetheless, by looking at
the collection of the spectroscopic plots (Z’ (b), -Z”(c), log C’(d), M”(e) and log Y’(f)), the position of
the elements in the frequency range becomes clearer, along with showing that the sum of the elements
results in the total impedance response. The criteria to choose which plot/formalism is chosen to
represent the impedance spectra deconvolution might consider the information that one wants to
highlight in the analysis.
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Figure 3.14. Deconvolution of impedance response presented in the Z* plane(a) and spectroscopic plots of Z'(b), -Z"’(c), log
C’(d), M”’(e) and log Y'(f). The black line: combine effect of both elements, the blue: element 1 and red: element 2.
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3.7.5.1 Alumina case

The impedance response of a highly resistive alumina sample is shown in Figure 3.15. The impedance

complex plane at 900 °C (a), the highest temperature studied, shows part of a single arc. The C’ data at

733°C (b) show a high frequency limiting capacitance, C1 ~ 0.85 pFcm™. However, the M’ spectrum

(c) is very broad and indicates significant inhomogeneity in the R and/or C parameters that represent

the impedance response.
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Figure 3.15. (a) Impedance complex plane plot and spectroscopic plots of (b) capacitance and (c) Z"/M" at different
temperatures for alumina.

Equivalent circuit analysis was required to deconvolute the impedance data of the alumina sample into
its component parts. Starting with the possibility that a combination of two elements in series may
represent the overall impedance response, various parameter combinations were tested. Two data points
between 10kHz and 100kHz were not taken into account in the fitting process as they were outliner
resulting from the experimental setup. An excellent fit was obtained using the circuit shown in Figure
3.16(a), which is a circuit that is frequently used to represent the grain and grain boundary impedances
of many materials; fitted parameters for the data set obtained at 900°C are listed. Regarding the units of
element 2, it is important to bear in mind that the measurements were corrected for the total sample’s
geometry and not for the grain boundary. However, a comparison of the time constants (t) would be
appropriate as it is a geometry independent parameter. In this case, both t are very proximate to each
other, as 1:=2.81x10°s and 1,=2.49x10°5s.

R1 54.69 MQcm
Aol 22.86 pScmtrad™
nl 0.707

C1 0.513 pFcm?

R2 0.296 MQcm

Cc2 8.413 pFcm?

log f/ Hz
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Figure 3.16. (a) M" data of alumina at 900°C, simulation of complete and deconvoluted equivalent circuit, using fitted results
shown. Inset (a) possible equivalent circuit. (b,c) Z"/M" simulations of components 1 and 2. (d) Conductivity Arrhenius plots
of the fitted values of alumina

Since R<<Ry, resistance R, dominates the impedance arc seen in Figure 3.15(a) but component R2C;
is clearly evident by deconvolution of the M’ spectrum into the two component elements, 1 and 2, as
shown in Figure 3.16(a).

The fitted capacitance values that show Ci1<C, and therefore, it is clear that element R;-C;-CPE;
represents the bulk and element R»,-C, represents the grain boundaries. From the fits, Ri>>R,, but
C»>Cs. The time constants, T, given by the RC products are in the sequence t:>1. and therefore, the
approximate frequencies of M”’ peak maxima, given by 2nfmaxRC=1 for a circuit consisting of an ideal
RC element, are in the sequence, fmax1<fmax2, as observed (a). This leads to the conclusion that the
highest frequency peak in the M”* spectrum is NOT the expected bulk peak but is the grain boundary
peak whose resistance is much less than the bulk resistance.

It was noted that the shape of the deconvoluted M’” peak for element 1, (a), is non-Debye-like and
asymmetric with a high frequency tail. Peak asymmetry of M’ and small displacement in positions of
fmax, SUCh that fmax, M»>Fmax,z7, ShOwn in (b) for element 1, are a direct consequence of the presence of
the CPE in the equivalent circuit [9]. Element 2 does not contain a CPE and the M”/Z” peaks are Debye-
like with coincident peak maximum frequencies (c). We tested the effect of adding a second CPE to the
circuit, as part of element 2, but the fit residuals were very much worse and a satisfactory refinement
was not obtained. An Arrhenius plot for R; and Rz is shown in (d). The conductivity, o, of element 2 is
greater than that of element 1, even after taking their different geometries into consideration.

3.7.6 Discussion

3.7.6.1 CPE

Different approaches have been used during the years to analyse and fit the impedance spectroscopy
data, mainly divided into the use of distribution of relaxation times (DRT) [10] and equivalent circuit
analysis [11], [12]. Some of the most common DRT functions are: the Cole-Cole [13], [14], Williams-
Watt [15], Davison-Cole [16], [17], Havriliak-Nagami[18], Jurlewicz-Weron-Stanislavsky [19], [20],
Hilfer [21], [22], generalised distribution of relaxation times [23]. These have also been used in
combination with the use of Fourier transform [24], statistical model selection [25], weight least squares
with optimal experimental design [26], and genetic programming [27], [28].

Typically, the bulk response of materials do not follow the ideal behaviour, frequency independent

behaviour, of a parallel R-C element, as they present power law dependencies referred as “universal
dielectric response’ (UDR) identified by Jonscher [29]-[32]. These can be observed on the log Y’ plot
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at high frequencies, of slope n, in addition to the low frequency independent plateau at low frequencies
related to the dc conductivity, and on the log C’ plot at low frequencies, with slope n-1, in addition to
the high frequency plateau, related to the material’s permittivity. These power law dependencies can be
modeled by a constant phase element (CPE), which can be referred as a parallel combination of a
variable frequency resistor and capacitor, where n is the ratio between these two. The presence of a
CPE can also be identified by the broadening of the Z*> and M’ peaks and its shift to lower and higher
frequencies, respectively, Figure 3.4; compared to the ideal behaviour where both peaks overlap.

Therefore, CPEs are employed in equivalent circuit analysis to deal with the non-ideal behaviour of the
materials (Figure 3.4 and 3.5) and to obtain an accurate fit [33]-[35]. However, the physical meaning
and/or interpretation of the CPEs are still under study, using Jonscher’s model as a ground base.

The UDR interpretation given by Funke, is that in solid electrolytes arises from the ion hopping process,
showing the charge carriers attempted hops caused by the electrostatic interaction between them [36]—
[39]. It has also served as a basis to the determination hopping rates and charge carrier concentration
in ionic conductors [40]-[42]. It has been also proposed that the UDR results from a random network
of interconnected resistors and capacitors, where the n parameter reflects the ratio between these two
[43], [44]. The random R-C network has been used to describe the conduction pathways of ionic
conductors [45] and the heterogenous microstructure of composites [46]-[49]. Therefore, a CPE can
be regarded as a frequency-dependent parallel R-C element that follows a power law behaviour.

3.7.6.2 Dipole

The effect on including a series RC element in parallel combination of a R-CPE-C was shown in Figures
3.6 and 3.7. The simulations and the low frequency limit of Z’ (when w — 0), show that the dielectric
component does not contribute to the total resistance of the simulated bulk response. Which has been
observed in a YSZ single crystal [50] and CSZ ceramics [51].

3.7.6.3 Inductance

The simulations of the equivalent circuits in Figure 3.8(a) and (b), showed that attention needs to be
taken when determine the value of Rt. The derivation of the Z’ equation of these equivalent circuits
showed that when w — o Z’=R;. The high frequency intercept with Z’ axis does not have to be taken
directly as the value of R;, without a previous equivalent circuit analysis, as it can be modified by L,
Ao, nand C.

3.7.6.4 Impedance spectra deconvolution

The deconvolution of the impedance spectra helps to highlight the induvial contribution of the
impedance elements, Figure 3.14. The implementation of these approach on the alumina sample helped
to determine the nature of the elements, even when in the position of the time constants was peculiar
Figure 3.16.

3.7.7 Conclusions

This section has presented a qualitative representation of the effect of a CPE, a dielectric element, and
an inductor, in relationship with specific equivalent circuits. It has been shown how the CPE parameters
alter the whole impedance response along the chosen frequency range. The universality of this
phenomena and its possible physical interpretations has been discussed. The distortion of the impedance
response due to the dipole/dielectric effect was shown. And it was corroborated that it does not
contribute to the to the dc conductivity. Regarding the inductive effect, it was noted that the value of
R:, for the equivalent circuit in Figure 3.8, in some cases does not correspond to the high frequency
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intercept as the values L, Ao, n and C can modify it. Finally, the deconvolution of the impedance spectra
has proven to be useful to show the relative importance of the individual electrical elements to the
overall impedance response.
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3.9.1 Impedance equation of a parallel RC element in series with an inductor and a resistance

Z* =R, +j oL+

% + jwC
Rearranging
2= Ry +j ol + R IORC
t¥J 1+ (wRC)?
Real part, 2’
, R
2= Rt T oROY?
ifw=0
Z'=R;+R
ifo— o
Z'=R;
Imaginary part, Z”
., wR?C
Z7 = ol = T GRO)2
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7’=0
ifo—> o0

Z” =undefined . 0
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Chapter 4
Electrical properties of calcia-stabilised zirconia ceramics

4.1 Introduction

Zirconia-based materials with defect fluorite structures are widely used as solid electrolytes for fuel cell
and sensor applications [1]-[4]. To optimise properties, compositional control includes the addition of
dopants that stabilise the cubic polymorph: Y is the main dopant for fuel cell electrolytes in yttria-
stabilised zirconia, YSZ, but Sc is of interest because of the higher conductivity of Sc-doped materials
[5]. The technology of these materials as solid electrolytes is well-developed but numerous scientific
issues remain to be clarified which may lead to property improvements.

First, impedance analysis of YSZ ceramics generally shows the common presence of grain boundary
impedances in addition to bulk impedances [6], but their origin is not well-understood and they are not
readily eliminated by attention to ceramic processing procedures. Second, the commonly-observed
curvature of conductivity Arrhenius plots at high temperatures is not well-explained [7]-[13]. Early
viewpoints attributed it to a transition from trapped to free oxide ion vacancies, but the reality is now
thought to be considerably more complex, especially since the high yttria content of high conductivity
materials makes it difficult to envisage how oxygen vacancies can be well-separated from the Y dopant.
Third, recent studies on YSZ ceramics and single crystals show that dielectric or dipolar elements
contribute to the overall bulk impedance and must be considered in full analysis of impedance data [14].
Fourth, whilst solid electrolyte applications require the absence of any electronic conduction, p-type
conductivity can be induced in YSZ on application of a small dc bias [15] and in yttria-rich YSZ
compositions, by simply making impedance measurements in oxygen [16].

There is interest in calcia-stabilised zirconia, CaxZr1.xO2.x, CSZ, as a model system to investigate some
of the above issues and also, as a prelude to using impedance spectroscopy, IS, to study the early stages
of flash sintering phenomena, which were discovered using YSZ materials [17]. Early literature, pre-
1970, on CSZ, including the stoichiometry range of cubic solid solutions at different temperatures and
their electrical properties is fully covered in [18]. Other fluorite-structured solid oxide electrolytes based
on ZrO,, ThO,, CeO; and HfO, are also reviewed in [18]. The cubic polymorph of pure zirconia is
thermodynamically stable only at very high temperatures, but phase equilibrium studies show that it is
stabilised to lower temperatures by numerous aliovalent substituents such as Ca*, Mg? and Y*, in
which charge compensation is achieved by oxygen vacancy creation. The advantages of such cubic
stabilised materials are that, not only are they very good oxide ion conductors because of the high
concentration of oxygen vacancies, but also the disruptive cubic-tetragonal-monoclinic phase changes
that are observed on cooling undoped ZrO, [19], [20] are not observed.

The most recent CaO-ZrO, phase diagram [20], shows an extensive range of cubic solid solutions,
0.14<x<0.18 at 1300 °C which increases to 0.06<x<0.21 at 2000 °C. According to the phase diagram,
the cubic solid solutions should decompose below a eutectoid temperature of 1066 °C, but the
transformation rate is very slow and cubic, single phase materials may be preserved readily, in a
metastable state, to lower temperatures. Several papers, summarised in [18], reported development of a
superstructure on annealing samples for long times at ~1000 °C. This was attributed to vacancy ordering
which occurred more readily with increasing Ca content and was not associated with eutectoid
decomposition.

CSZ is an oxide ion conductor over the oxygen partial pressure, pO, range 1-1022atm [21]; transport
measurements show that conduction is entirely anionic, with cation diffusion coefficients that are 5
orders of magnitude less than oxygen diffusion coefficients [18]. Almost all studies on CSZ and other
fluorite-structured solid solution materials assume implicitly that oxygen vacancy creation is the
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principal charge compensation mechanism on doping with lower-valent cations. However, Diness and
Roy, in a little-cited paper [22], showed clear evidence from density measurements of a change from
0Xygen vacancy compensation to interstitial calcium compensation on heating CSZ samples from 1600
to 1800 °C. The possible consequences of such a change in defect structure on electrical properties are
not known, although it is noted that an early study of the effect of sintering temperature on ceramic
microstructure and electrical properties indicated a possible decrease in total conductivity on heating at
2000 °C compared with heating at 1600 °C.

The onset of n-type conduction that occurs at very low pO. has been detected by emf measurements
and can be promoted by the addition of donor dopants [23]. The possibility of p-type conduction at high
pO: is envisaged, but was expected to be observed only at extremely high oxygen pressures [24] and
has not been observed experimentally. In the absence of Ca doping, however, ZrO, does show p-type
behaviour at high pO; [25], [26].

The oxide ion conductivity of fluorite-based oxide ion conductors has received much attention, partly
because (i) conductivities pass through a maximum at intermediate oxygen vacancy concentrations and
(i) conductivity Arrhenius plots frequently show a departure from linearity at high temperatures [7]—
[10]. A defect-dopant associate model was initially proposed to account for the conductivity maxima
[10], [11] and the high temperature curvature widely attributed to the dissociation of defect complexes,
thereby allowing values for the defect association and vacancy migration enthalpies to be determined
[9]. More recently, however, the validity of the defect dissociation model has been questioned.

Various studies, including neutron and X-ray diffraction and diffuse scattering, neutron quasi-elastic
scattering and high temperature neutron diffraction, together with DFT modelling, have led to the
suggestion that oxygen vacancies, whether single, paired or aggregated into larger clusters, are key
species that influence the composition- and temperature-dependent conductivities of YSZ and scandia-
doped zirconia, ScSZ [27]-[30]. Defect structure and diffuse scattering studies of CSZ single crystals
with x=0.04, 0.07, 0.10 and 0.15 showed two types of defect in micro-domains based on either a single
oxygen vacancy or a pair of vacancies separated by a Ca? ion in a <111> orientation [31], [32].
Molecular dynamic studies of CSZ showed a dynamic spatial distribution of oxygen vacancies that tend
to locate near areas with high density of Ca dopant [33].

There is a greater number of reports in the literature on defect structures in YSZ and ScSZ and it appears
that the variety of defect structures may be greater than with CSZ. In addition to oxygen vacancy pairs,
there is evidence for tetragonally-distorted defect clusters at low x and larger aggregates of vacancy
pairs at high x in YSZ and ScSZ [27]-[30]. However, ionic size mismatch between aliovalent dopant
and host (Zr) cations leads to localised strain effects which cause a repulsion between dopant and
oxygen vacancies. The resulting defect structures may then represent a compromise between repulsive
strain effects and electrostatic attraction between oppositely-charged defect species.

Single crystals and ceramics of CSZ with different composition have been characterised using
impedance spectroscopy [34]-[36]. Bulk, grain boundary and sample-electrode responses were
identified, although fitting of the impedance data to equivalent circuits was not reported. It was
suggested that at high Ca concentrations, the oxygen vacancies may migrate through a continuous
network of Vo-Caz defect complexes, without the need to overcome the association energy for the
vacancies to escape from the complexes [10].

The main purpose of the present study is to characterise the bulk impedance response of polycrystalline

CSZ; this made it necessary to also characterise fully the grain boundary response and the suitability of
the Randles circuit [37] to model the sample—electrode response. Further details and discussion of the
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sample-electrode response, and the application of IS to study the response of CSZ to a dc bias, will be
reported subsequently.

4.2 Experimental

Powders with composition CaxZrixO2-«: x=0.10, 0.12, 0.15, 0.18 and 0.20, were prepared by solid-state
reaction of CaCQOj3; (99%, Fisher) and ZrO; (99 %, Aldrich), which were dried overnight at 180 °C and
1000 °C respectively prior to weighing. The mixtures were ground manually with acetone using a pestle
and mortar, dried and heated in alumina crucibles at 1150 °C overnight to decarbonate CaCOs and start
the reaction. Subsequently, the powders were re-ground, pellets 10 mm in diameter were uniaxially
pressed at around 98 MPa and heated for 10 h. Temperatures depended on the composition; 1720 °C
for x=0.10, 1710 °C for x=0.12 and 1600 °C for x=0.15, 0.18 and 0.20. Pellet densities were ~86 %.

Pellets of each composition were crushed and analysed by x-ray powder diffraction with a STOE
STADI P diffractometer (Darmstadt, Germany), Cu Ka; radiation. Data were collected from 20 = 20-
80 ° and compared to the diffraction pattern of cubic zirconia (PDF card: 01-070-7361) using the JCPDS
database. The cubic lattice parameter was determined by least-squares refinement using STOE
WinXPOW version 2.25 and Si powder added as internal standard.

The sintered samples were polished metallographically, thermally-etched at 1300 °C for 30 min and
sputter-coated with 10 nm of carbon for microstructural analysis. Scanning electron microscopy (SEM)
images were taken on a field-emission scanning electron microscope (FEI Inspect F50) using an
acceleration voltage of 15 kV and energy-dispersion analysis of X-rays (EDX) from Oxford Instruments
using 20 kV.

For impedance measurements, Pt paste electrodes were applied to both faces of the pellets and dried at
900 °C for 2 h. Electroded pellets were attached to the Pt leads of an in-house conductivity jig with the
facility to vary the atmosphere flowing over the pellet. Impedance measurements were made between
190 and 900 °C using a Solartron SI 1260 (measurement accuracy +0.1%) impedance analyser over the
frequency range 10 mHz — 1 MHz with a nominal ac voltage of 100 mV. Two sets of corrections were
made to the collected data: (i) a geometric factor concerning pellet thickness and sample-electrode
contact area and (ii) jig characteristics consisting of the blank, open circuit capacitance, typically 6 pF
and the closed circuit resistance of, primarily, the leads, 1-2 Q. No corrections were done for the grain
boundary response. Data analysis and equivalent circuit fitting was performed using ZVIEW software
(ZVIEW-Impedance Software version 2.4 Scribner Associates).

4.3 Results

4.3.1 Materials characterisation

All samples appeared to be single phase and were indexed on a cubic unit cell, space group Fm3m; a
representative diffraction pattern is shown in Fig 4.1(a), for x = 0.15. The lattice parameter increased
linearly with composition, inset Fig 4.1(a), following Vegard's Law. Therefore, single phase samples
belonging to the cubic solid solution, CaxZrixO2«x had been obtained, consistent with the reported
homogeneity range at 1600-1700 °C [20]; these are referred to here as cubic stabilised zirconia, CSZ.
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Figure 4.1.(a) XRD diffraction pattern of CSZ x=0.15. Inset: Variation in the lattice parameter with x. (b) SEM and (c)(d)
EDX images of polished and thermal-etched pellet with composition x=0.20.

A typical micro-structure of pellet x=0.20, Figure 4.1(b), shows grain sizes in the range 10-60 um and
closed porosity, consistent with the measured density of ~86%. No binder or sintering aids were used
so as to avoid possible contamination and modification of the impedance results and therefore, no
attempt was made to achieve 100% sintered density. Similar microstructures and grain sizes were
observed for all compositions. EDX mapping showed a homogeneous distribution of Zr, with evidence
of minor traces of Ca segregation around some pores; Hf impurity was detected and presumably
originated from the ZrO, reagent (~0.30-0.41 At%, according to the Supplier’s composition); it was
evenly distributed.

4.3.2 Impedance data

The impedance response of CSZ pellets with composition x = 0.12, 0.15 and 0.18, was measured
between 190 and 990 °C in dry air; similar data sets were obtained for all three compositions. Data for
x = 0.15 at selected temperatures are shown in Fig 4.2; data for the other two compositions are shown
in Supplementary Figs 4.S1-S2. The impedance complex plane plot for a typical data set at 407 °C, Fig
4.2(a), shows two arcs and a large, low frequency curved spike. The same data replotted as a
spectroscopic plot of capacitance against frequency in (c) show three regions of almost constant
capacitance at low, intermediate and high frequencies. Z>’/M’” spectroscopic plots in (d) show a single
peak in M’’ that overlaps approximately with the high frequency peak in Z’” and is attributed to the
bulk response. Finally, the same data replotted as log Y’ vs frequency in (e) show plateaux at two
intermediate frequencies.

Some additional impedance features are seen at both higher and lower temperatures. First, impedance
complex plane plots at higher temperature show that the low frequency curved spike in (a) becomes a
broad arc, as shown at 697 °C in (b), that terminates in a ‘tail’ extending slightly along the Z’ axis at
lowest frequencies. Second, the C’ data at higher temperatures, eg 936 °C in (c), show a poorly resolved
plateau around 10°-10“ Fcm? attributed to the sample-electrode response which becomes a rising
dispersion at lowest frequencies. Third, at lower temperatures, eg 199 °C, (c), the C’ data level off at
high frequencies to give a clear, frequency-independent plateau around 2x10*2 Fcm™?, attributable to
the frequency-independent, high frequency permittivity, &’ with a value of ~22.6 given by ¢’ = C /e
where e is the permittivity of free space, 8.854x10* Fcm™.
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Figure 4.2. (a)-(b) Impedance complex plane plots and spectroscopic plots of (c) capacitance, (d) Z*/M" and (e) admittance
at different temperatures for x=0.15; w =2xf.

Consideration of all these plots and characteristic features together leads to the initial conclusion that
the data may be represented by an equivalent circuit that contains three impedance elements connected
in series. The arcs shown in (a) and (b) are attributed to, with decreasing frequency, bulk, b, grain
boundary, gb and electrode-sample contact, el, impedances. Resistance values were estimated from the
intercepts of the arcs on the Z’ axis and are shown as conductivity Arrhenius plots in Fig 4.3(a,b).
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Figure 4.3. Conductivity Arrhenius plots of (a) bulk and grain boundary, (b) total and (c) electrode resistances.

In (a), separate plots for grain and grain boundary conductivities are shown at ~200 — 720 °C over which
range, both values could be obtained. Activation energy values were estimated assuming linear plots,
as shown, although close inspection shows a small amount of curvature in some of the plots. Three
general observations may be made. First, all data sets are approximately parallel over this temperature
range. Second, both bulk and grain boundary conductivities decrease systematically with increasing Ca
content, x. Third, for each composition, although the grain boundary conductivities appear to be higher
than the bulk conductivities, the grain boundary values have been corrected only for the overall pellet
geometry. The true grain boundary conductivities, after correcting for grain boundary geometry, would
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be approximately two orders of magnitude smaller and therefore, true grain boundary conductivities are
significantly smaller than the bulk conductivities.

At temperatures above 720 °C, only the total sample resistances could be measured and are presented
in Fig 4.3(b) as total conductivities, ot. It is clear that these Arrhenius plots show significant curvature
at high temperatures, especially for the compositions with highest conductivity. In this sense, the data
are similar to those that are well-established for yttria-stabilised zirconia, YSZ, which also show
curvature and a systematic decrease in conductivity with higher Y content. Data obtained at high
temperatures for the overall conductivity of the sample-electrode impedance, oe, are shown in (c) and
give very non-linear Arrhenius plots with a high activation energy at low temperatures, > 3.0 eV, that
levels off to a much smaller value at highest temperatures. Again, the ¢ data are corrected only for the
overall sample geometry and not for the geometry of the sample-electrode contact.

4.3.3 Equivalent circuits

In order to quantify further the analysis and interpretation of impedance data, the next step is to find the
equivalent circuit that gives the best fits to the data and therefore, establish the correct equations to be
used to quantify impedance parameters, leading to a description of the behaviour and electrical make-
up of the sample. To a first approximation, the impedance data, Fig 4.2(a,b) indicate an equivalent
circuit that contains three impedances, b, gb and el, connected in series. Low temperature data are
considered first. These should be, at least partially, free from grain boundary and electrode impedances,
thus allowing the bulk response to be examined separately and with fewer parameters to be refined.
Knowledge of the bulk parameter values and their temperature dependence should also help subsequent
fitting to more complex circuits, with more variables, at higher temperatures.

4.3.3.1 Bulk impedance

A number of equivalent circuits that possibly could be used to represent the bulk response are shown in
Figs 4.4 and 4.5, together with the residuals between experimental and fitted impedance data for one
representative composition, x = 0.15 and temperature, 304 °C in Fig 4.5; for other compositions and
temperatures results are given in Figs 4.S3 and 4.S4. Justification for considering these circuits is as
follows. In all cases, the simplest possibility, a resistor, R and capacitor, C in parallel, Fig 4.4, is
considered as the starting point. R would represent the sample resistance and C its capacitance or
polarizability. One useful ‘thought process’ which clarifies why R and C should be placed in parallel is
to regard samples as leaky dielectrics; R represents a conduction pathway through the sample that is in
parallel with its polarizability.

- - - typical bulk response b
R @) ideal response ( )
VAN
Lo
L QO s
> Qe//" [8)
g QoY g ?{Ope:n_l c
PR SN
log f log f

Figure 4.4. Schematic representation of typical bulk response compared with the ideal response given by a parallel RC
element.
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Figure 4.5. Fitting residuals of the bulk response from 8 possible equivalent circuits for x=0.15 at 304°C.

For the parallel RC element, Fig 4.4, R and C are single-valued and the parameters Y’ and C’ are
frequency-independent, as shown schematically by the horizontal lines in Fig 4.4. In practice, Y’ and
C’ are rarely frequency-independent. Instead, Y’ data for a bulk response typically show a frequency-
independent plateau at lower frequencies which is the dc or bulk conductivity plateau, together with an
additional high frequency power law dispersion, of slope n when plotted on logarithmic scales,
attributed to the ubiquitous Jonscher Law behaviour, Fig 4.4(a). The onset of a power law response is
seen for frequencies > 10* Hz in Fig 4.2(e). As part of the same Jonscher Law behaviour, C’ data show
a dispersion towards increasing C’ values at lower frequencies, below that of the high frequency
permittivity plateau, Fig 4.4(b) and with slope (n-1) on logarithmic scales. This is seen for frequencies
over the range 10%-10° Hz in Fig 4.2(c).

Two circuits are commonly used in the literature to account for non-ideality in equivalent circuits. Both
involve inclusion of a constant phase element, CPE, whose admittance is given by Y* = 4" + jBo".
One circuit, A, Fig 4.5 has a CPE instead of capacitance C. The other, B, has a CPE in addition to, and
in parallel with the RC element. Although circuit A is often used to represent impedance data over a
limited frequency range [38], [39] and indeed, is included in the widely-used circuit fitting software
package [40], it ignores the frequency-independent permittivity shown in many data sets, such as Fig
4.2(c), particularly at high frequencies and low temperatures. Consequently, fitted values of the CPE
parameters obtained using circuit A may be incorrect, especially if the onset of the high frequency
capacitance plateau is apparent in the data.

Circuit C, Fig 4.5, has two impedances connected in series and is the circuit that is used very frequently
to represent materials that have both bulk and grain boundary impedances. Depending on the time
constants, z, of the two circuits, given ideally by the magnitude of their RC products, separate arcs may
be seen in impedance complex plane plots, as in Fig 4.2(a) and an intermediate frequency plateau in C’
spectroscopic plots, as in Fig 4.2(c). If the time constants are more similar, then single distorted or
asymmetric arcs may be seen in impedance complex plane plots.

Until recently, circuit B has been considered to represent adequately the bulk impedance response of
many ionically-conducting materials. However, studies on YSZ ceramics [41] and single crystals [14]
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showed the need for an additional circuit element to adequately represent the bulk response which was
different from the addition of a second RC element in series, as in circuit C. The element that was
considered most suitable is shown in circuit H and is considered, together with other similar possible
circuits, D-G, to model the CSZ data obtained here. All the circuits, D-H, include the possibility of a
series-connected RC element in parallel with the bulk conduction element.

This series RC element, considered in isolation, Fig 4.6, is the element that is regarded to represent
dielectric relaxation phenomena, such as dipole reorientation, in materials that show no dc conductivity.
Ro represents the resistive component of short range motions involved in the relaxation process; Co is
viewed as either a blocking capacitance that prevents long range conduction, or as the charge stored by
alignment of the dipoles. It is not clear from the literature whether there is a preferred or optimised
equivalent circuit to represent such series relaxation processes. Three ‘ideal’ possibilities are shown in
Fig 4.6; additional possibilities that involve non-ideal behaviour could involve replacement of either
capacitance, Co or resistance, Ro by a CPE, but were not found necessary to model the data reported
here.

0 RO (a) (o3 RO (b) co RO (c)
| | VaVa i | VaVa i | VAA
c1 c1
] L ] L
LI ) LI )

Figure 4.6. Possible equivalent circuits to represent dielectric relaxation phenomena.

In previous studies of the bulk impedance of YSZ single crystals [14], it was clear that circuit B gave
only an approximate fit with rather high residuals between experimental and fitted impedances. Circuit
C also did not fit the single crystal data well and anyway, should be inappropriate for a single crystal
sample. Circuit H gave a good fit and was justified as being the circuit that represented a combination
of the bulk conducting component, circuit B and the simple dielectric element, Fig 4.6(a). Therefore,
the initial assumption that circuit H may represent the bulk impedance data of the present CSZ ceramics
was made.
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Figure 4.7. The bulk impedance response of x=0.15 at 304°C, fitted to equivalent circuit H.
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Fits to circuit H for all four impedance formalisms are shown for one temperature and composition in
Fig 4.7; impedance residuals are shown for the same data set in Fig 4.5(h). Fits for other compositions
are shown in Fig 4.S5-S6, and fitted parameter values in Tables 4.51-S3. Excellent agreement between
experimental and fitted data is obtained for frequencies above 102-10° Hz and the residuals are as low
as those of any of the other circuits that were tested, and certainly better than those for circuit B. At
lowest frequencies, an additional circuit element representing the grain boundary impedance is required
to fit the data, especially the C’ data, Fig 4.7, as discussed later. The residuals in Fig 4.5 show a good
fit also for circuit G, which differs from H only in the location of capacitance C,. The fit for circuit E is
slightly less good than for H, but does have one fewer refineable parameter, ie Ry. The fits for circuits
A, B, D and F are significantly worse than the other fits.

It was concluded that circuit H is the preferred circuit for two reasons. First, it has the parallel
combination of conducting and dielectric elements, which intuitively, seems to be the most logical
circuit. Second, together with closely related circuit G, it has the smallest fit residuals. Circuit C also
has low fit residuals, but it was excluded since it would represent a series combination of two impedance
components and imply that the sample was electrically inhomogeneous. This circuit was excluded from
consideration of fits to single crystal YSZ [14].

Conductivity data for o1 (ie R1?) have already been given in Fig 4.3(a) and are reproduced in Fig 4.8(b),
together with data for the dielectric component, oo (ie Ro™). Two observations may be made. First, as
stated previously, o1 (ie on) decreases with increasing X but its activation energy is unchanged. The
conductivity of a material with hopping charge carriers is given by:

oc=neu (4.1)

where n, e and u are the number, charge and mobility of the carriers. Since the activation energy is
unchanged with composition, it is likely that the conductivity activation energy is the same as that for
migration, or mobility. Therefore, n is temperature-independent for a particular data set but decreases
with increasing x; the conductivity reduction is attributed to a reduction in number of mobile oxygen
vacancies.

Second, the activation energies for oo and o1 are the same for x = 0.12 but that for oo increases with x.
This means that, with increasing X, the processes responsible for oo are increasingly different from those
responsible for dc conduction, o1. In particular, the oxygen vacancy hops responsible for the dielectric
component or dipole reorientation become more difficult with increasing x.

Fitted data for the dipole or dielectric capacitance, Co are shown in Fig 4.8(a). Two effects are seen:
(i) Co values decrease with increasing x. This is consistent with the decrease in g0 shown in (b): the
dipoles show smaller polarizability or capacitance at the same time as their ease of reorientation, given
by oo, decreases with x

(i) Co values increase with increasing temperature, (a) and at the same time, oo increases, (b). Again,
there is a correlation between increased local conductivity and increased polarizability of the local
environment around the hopping oxide ions.

The bulk polarisation, represented by Ci, remain between 1.45pFcm™ to 1.57 pFem™? for x=0.12, 1.72

pFcm™to 1.90 pFem™ for x=0.15 and 1.88 pFcm™ to 1.91 pFem™ for x=0.18, within the corresponding
temperature range of Fig 4.8.
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Figure 4.8. Temperature and composition dependence of dipolar relaxation parameters (a) Co and (b) oo (=Ro™) for
x=0.12,0.15 and 0.18. Data for o1 are included in (b) for comparison.

4.3.3.2 Grain boundary impedance

The next step in circuit analysis was to consider the grain boundary data. It was found that addition of
the parallel element R,CPE; to circuit H gave good fits, as shown for x = 0.15 at 455 °C in Fig 4.9 and
for other compositions and temperatures in Figs 4.S7 and 4.S8. Tables of the fitted parameters are shown
on tables 4.S4-S6 The presence of CPE, was required to obtain a good fit, but it was not found necessary
to add an additional parallel capacitance C, to the circuit. Arrhenius plots for the grain boundary
conductivity, oy (ie o2), are given in Fig 4.3(a). Within errors, the values obtained were the same as
those estimated manually from intercepts of the grain boundary arc, such as seen in Fig 4.2(a), on the
7’ axis. From the similarity in activation energies, it was concluded that the grain boundary material is
essentially the same as the bulk CSZ, but the concentration of mobile carriers is different, perhaps due
to partial segre%gation of Ca towards / away from the gra!g boundaries.
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Figure 4.9. Fitting results and residuals of circuit H in series with a parallel R-CPE element that together, represent bulk
and grain boundary response of x=0.15 at 455°C.
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4.3.3.3 Sample-electrode impedance

The final step in circuit analysis was to consider the sample-electrode response. Typical data, Figs 4.2(a)
at 407 °C and 2(b) at 697 °C, show a high impedance effect that dominates the overall response at these
temperatures and is characterised by a broad asymmetric arc that appears to have a linear component at
the highest frequencies. Various circuits, including the Randles circuit, are considered in the literature
and include the possibility of two impedance contributions: (i) a parallel RC element (ideally) in which
R represents charge transfer of oxygen species / electrons and is in parallel with a double layer
capacitance at the sample-electrode interface; (ii) a Warburg diffusion element that represents oxygen
molecules moving towards / away from the interface and involves diffusion through the electrode.

Various circuits that may represent these possibilities were tested for one typical data set and are shown
in Fig 4.10, together with the fit residuals that were obtained. Fitted parameter values are given in Table
4.5S7. Due to frequency limitations of the data at high temperatures, the only components of the sample
impedance that could be included in the fits were the bulk resistance, Ry and the grain boundary
impedance, R.CPE,. The most satisfactory fit for the sample-electrode response is shown in (c) and has
components R3C3 that appear to represent the charge transfer impedance and RsCPE. that represents the
Warburg; this is a finite Warburg which is limited at low frequencies by the parallel resistance, Rsand
probably, is a characteristic of the electrode material and its microstructure. The fitted impedance
response for x=0.15 at 697°C is shown in Fig 4.S9.
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Figure 4.10. Fitting residuals from 6 possible equivalent circuits to represent the bulk, grain boundary and electrode
response of x=0.15 at 697°C.

4.4 Discussion

4.4.1 Conduction mechanism in CSZ grains and grain boundaries

The decrease in bulk conductivity with increasing x, reported here for compositions in the range 0.12
to 0.18, is consistent with literature reports that show a maximum conductivity around x=0.12 to 0.13
[10], [18], which is just inside the compositional range of the cubic stabilised solid solutions.
Comparison of activation energy values with those in the early literature is not straightforward,
however, due to (i) the possible contribution of grain boundary impedances to total conductivity data in
the early literature, (ii) the effect of curvature in Arrhenius plots at high temperatures and (iii) the
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possibility of order-disorder phenomena associated with differences in sample history and annealing
temperature. Nevertheless, since all Arrhenius plots are essentially parallel, the implication is that the
conductivity differences are attributable entirely to differences in mobile carrier concentration; a single
conduction mechanism is responsible for the temperatures and compositions studied, as well as for both
grain and grain boundary regions.

The reduction in bulk conductivity, and therefore, mobile oxygen vacancy concentration, between
compositions 12 and 18% CaO, Fig 4.8(b), is by a factor of about 20-25. As a consequence of the charge
compensation mechanism half of the dopant concentration creates oxygen vacancies, as shown in
equation 4.2, therefore the total vacancy concentration increases by 50%.

ca0 2% cal, + vt + 0F (4.2)

As the difference between 18% and 12% is 6%, this means that the effective mobile carrier concentration
in 18% CaO is only about 3% of that in 12% CaO and indeed, it is by no means certain that all vacancies
in 12% CaO are mobile. CSZ may, therefore, be regarded as a weak electrolyte [42], [43] in which only
a small number of the potential current carriers are dissociated, or mobile. The conclusion that mobile
carrier concentration is independent of temperature in the lower temperature region of linear Arrhenius
behaviour agrees with similar conclusions in [44], but disagrees with the conclusion in [44] that all
oxygen vacancies are mobile.

The bulk and grain boundary conductivities in the linear, low temperature region have activation energy,
1.15(6) eV, independent of x over the range 0.12 to 0.18. Grain boundary conductivities are apparently
% to 1 order of magnitude higher than the bulk conductivities, Fig 4.3(a), but are not corrected for the
geometry of the grain boundary regions. Capacitance data, Fig 4.2(c), show plateaux around 0.1-1 nF
that are two orders of magnitude larger than the bulk plateaux. Making the assumption that grain
boundary thickness is inversely proportional to grain boundary capacitance [45], the grain boundary
resistivities may be up to one order of magnitude larger than grain resistivities. This may reflect a
reduction in mobile carrier concentration in the grain boundary regions, possibly due to partial
segregation of Ca, and oxygen vacancies away from the grain boundaries. However, similarity of grain
and grain boundary activation energies indicates a similarity in structure of the two regions and
therefore, that the grain boundary has the character of a constriction resistance [46], associated either
with incomplete densification of the ceramics or segregation of Ca.

There has been much interest in the literature in the mechanism of conduction by oxygen vacancies in
CSZ and in other fluorite-structured materials, especially YSZ. Dopants such as Caand Y carry different
charge to neutral Zr and the oxygen vacancies are also charged, leading to strong electrostatic
interactions between dopants and the current carrying species. An early defect structure model was
developed [10] that predicted a change in the composition dependence of the conductivity of CSZ which
passed through a maximum at a similar composition, x=0.125, to that seen experimentally by several
authors. The model was subsequently applied to YSZ compositions [11] to account for experimental
data. Nakamura and Wagner [10], [11], suggested that oxide ion conductivity takes place through the
dopant-Vo™ path but involves more than one level of dopant-defect association, taking into
consideration that every cation has 8-first and 24-second nearest anion neighbour sites. The essence of
the model is that vacancy conduction is facilitated best when each substitutional Ca has one of its eight
nearest neighbour oxygen sites vacant, in what was described as a ‘one-fold dopant-defect associate” or
complex involving interactions such as Caz’’-Vo™ in CSZ or Yz’-Vo™ in YSZ. At composition X =
0.125, these complexes overlap to cover the entire structure which means that long range oxygen
vacancy hopping could occur inside the complexes and therefore, the complexes would act to facilitate
rather than hinder conduction.

In the Nakamura / Wagner model, migration of un-associated oxygen vacancies requires extra energy
compared with that for migration within the complexes and is regarded as the reason for reduced
conductivity at smaller x values where the complexes do not link to form a continuous network. At
higher x values, more than one oxygen vacancy / Ca is associated with each complex leading to trimers
such as Caz’’- Vo™ - Caz’’. These were thought to bind the oxygen vacancies more strongly, thereby
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reducing the carrier concentration but also, blocking partially the vacancy migration pathway.
Consequently, the conductivity decreases at higher x values. This viewpoint is, however, significantly
different from that of many subsequent authors who treated the complexes as instead, traps that require
an additional enthalpy of dissociation to liberate ‘free” oxygen vacancies.

Various models for defect formation, interaction and association in YSZ and ScSZ have been evaluated
in a definitive series of papers by Hull et al [27]-[29]. They used a combination of conductivity
measurements, diffraction studies, including diffuse scattering, quasielastic scattering and molecular
dynamics simulations and were able to investigate the significance of various defect combinations. To
summarise briefly the main conclusions:

1.0xygen vacancies are associated preferentially with Zr rather than with Y, Sc;

2.Cation—oxygen vacancy interactions are mainly responsible for differences in conductivity with
different dopants;

3.0xygen vacancy—oxygen vacancy pairs in the <111> orientation are important in determining the
composition—dependence of conductivity for a given dopant;

4.The decrease in conductivity that is generally observed at higher dopant concentrations is attributed
to immobilisation of the oxygen vacancy pairs into aggregates with a <112> orientation. Interestingly,
these aggregates resemble the oxygen vacancy order in ZrsY4O:, and raise the possibility of
premonitory segregation of ordered regions within an otherwise-homogeneous solid solution.

The defect structure in CSZ [33] appears to be different from that in YSZ and ScSZ and is limited to
single oxygen vacancies and vacancy pairs [27], [31], [32], without evidence for either larger defect
aggregates or tetragonal distortions. In all three cases, however, it appears that defect clusters are
responsible for reduced conductivity at high x, but is less clear whether single oxygen vacancies or
vacancy pairs are responsible for the high conductivity at low X. The role of the acceptor dopant appears
not to be dominant in optimising conductivity at low x since the conductivity in all systems decreases
with dopant concentration at higher x. For ScSZ, the composition with maximum conductivity varies
with measurement temperature and so, in this system at least, there is not a specific composition at
which the conductivity is maximised [29].

4.4.2 Curvature of Arrhenius plots

Early models of the widely-observed curvature in conductivity Arrhenius plots at high temperatures
[7]-[13] assumed that dissociation of trapped vacancies was responsible, which would reduce even
further the mobile vacancy concentration at lower temperatures. This model may be correct in principle,
but alternatively, the carriers may be trapped as oxygen vacancy pairs or larger aggregates that may, or
may not, involve cations. There may also be oxygen vacancy pairs that have different separation in
<111>, <110> and <100> orientations. Evidence from MD simulations on YSZ and ScSZ indicates that
the numbers of pairs of these three types is temperature-dependent [28].

4.4.3 Dielectric contribution to the bulk impedance

No direct experimental evidence was found for the possible effect of dipoles on electrical properties has
been presented previously. Some authors report dielectric measurements with data presented in tan 6
format [9], [47]; however, tan & peaks are not necessarily evidence of dipole re-orientation but can arise
simply from series R-C connections that form part of a larger equivalent circuit. The features of the
experimental results that need explanation are:

1.At the lowest x value studied, x=0.12, the activation energies for dielectric relaxation or dipole
reorientation and bulk conductivity are similar, 1.21 eV, Fig 4.8(b).

2.With increasing x, the activation energy for the dielectric component is increasingly greater than that
for bulk conduction, eg 1.73(7) eV compared with 1.19(5) eV for x=0.18.

3.The dipole capacitance, C,, increases with temperature but decreases with x, Fig 4.8(a).
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In order to detect dipolar processes in impedance data, it is essential that the processes are (i) localised,
(it) constrained by a series capacitance, Co and (iii) do not contribute to long range conduction. The
logical origin of dipoles would be the association of oppositely-charged oxygen vacancies and calcium
dopants, ie V,"-Caz"”, although it is clear that strain effects associated with size mismatch can act to
moderate the strength of electrostatic interactions [29]. The results of diffuse scattering measurements
on single crystals of CSZ with different composition [31], [32] were interpreted in terms of two types
of defect, single oxygen vacancies with relaxed neighbouring ions and oxygen vacancy pairs. These
results show the composition independence of the bulk activation energy and the decrease in
conductivity with x, taken together, indicate that the species responsible for bulk conduction are likely
to be isolated oxygen vacancies whose number decreases with increasing x at the same time as the
number of oxygen vacancy pairs increases.

The dipoles may correspond to oxygen vacancies that form pairs to either side of a Ca?* ion, oriented
in the <111> directions. Dipole reorientation may involve vacancies that hop in either <100> or <110>
directions although in both cases, this results in an increase in separation of the Caz and Vo species that
form the dipoles. The activation energy for dipole reorientation, oo, increases with X, either because
their reorientation becomes more difficult with an increase in number of pairs, or because the pairs
begin to coalesce into larger aggregates. With increasing temperature, the increase in permittivity, ¢’,
is attributed to increased thermal motion of the dipole components, but with increasing x, €” decreases
due to the increase in dipole cluster strength.

For a structure such as CSZ that contains both short range dielectric and long range conductivity
components, there appears to be no a priori reason why the local process should have either higher or
lower activation energy than long range conduction. From these results on CSZ, the short range
conduction has either similar (x=0.12) or greater (x=0.15, 0.18) activation energy, whereas for YSZ
single crystal [14], its value was less. The similarity in activation energy for x=0.12 could indicate that
the first hop is the same for both long range conduction and short range dielectric processes, but the
distinction arises over the possibility of second, and subsequent hops; clearly in the dielectric case,
follow-on hops are blocked.

4.5 Conclusions

The bulk conductivity of CSZ ceramics decreases with increasing x but the activation energy is
unchanged. This means that the activation energy is controlled by the activation energy for migration,
or hopping, of oxygen vacancies.

The magnitude of the conductivity is controlled by the number of mobile oxygen vacancies which
decreases greatly with X. The number of oxygen vacancies that are mobile is small, <3% at high x,
indicating that CSZ may be regarded as a weak electrolyte. The number of mobile vacancies is
temperature-independent for 12, 15 and 18% CaO, at least in the lower temperature region of linear
Arrhenius behaviour.

The mechanism responsible for increased immobilisation of the oxygen vacancies with increasing x is
tentatively attributed to the formation of oxygen vacancy pairs and/or larger aggregates, similar to those
that have been identified in YSZ and ScSZ.

The impedance data show the presence of a local dielectric loss or conductivity in addition to long range
conduction. The logical explanation for this is that local hops occur but without the possibility of follow-
on hops. It is difficult to see how oxygen vacancy pairs alone could lead to dipoles. These are therefore
attributed to Caz — V, pairs or larger defect groupings.

Although oxygen vacancy pairs and defect dipoles are both in evidence, the precise factors that control

the ionic conductivity, its activation energy and high temperature curvature in Arrhenius plots are still
not fully resolved. The species that are responsible for long range conduction appear to involve a
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minority of the potentially mobile oxygen vacancies, which complicates their study by most
characterisation techniques.

The presence of local conduction processes such as dipole reorientation, in parallel with long range
conduction, does not affect the value of the sample bulk conductivity but is apparent on fitting
impedance data to the most appropriate equivalent circuit.
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Figure 4.S5. The bulk impedance response of x=0.12 at 253°C, fitted to equivalent circuit H.

7.5
R1 (@
VAN
CPE1
—
5.0 c1
g50f ——
O co RO
G —t
=
=~ o
N o
! 25 B P, o—0—C%e © e
o Oov
o s
@ Q
@ Q.
/ %
0.0 L L
0.0 2.5 5.0 7.5
Z' [ MQcm
3 15
©
OQDUTDD
o oo B8
o o . An
2t vd b % 110§
g ? 0 o] DD E
o] (ol 5 i FI‘Q
= -—0n o % =
N N o) E
1F P o Q 15 F‘é)
O n qQ —
1)
8 $ %
§ﬂ’£ %
0 Ll"'_'_'__'_pr_r‘ 1 1 1 0
1 2 3 4 5 6

log f/ Hz

log C'/ Fcm™?
KR
g2

-5

log Y'/ Scm™
&

o data

x:0.18 349°C  (b)

log f/ Hz

-7

(d)

3 4 5 6
log f/ Hz

Figure 4.S6. The bulk impedance response of x=0.18 at 349°C, fitted to equivalent circuit H.
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Table 4.S1. Fitted parameters of the different circuits tested for the bulk response, x=0.15 at 304°C.

Weighted
Circuit Ry Ro As n C: Co X? Sum of
(MQcm) (MQcm) (pScm-trad™) : (pFcm™) (pFem™?) (x10%) Squares
(x10%)
A 6.7(5) - 13.7(5) 0.884(3) - - 128 65
B 7.02(2) - 48(3) 0.715(7) 1.89(3) - 11 5.5
C 5.3(8) 1.6(8) 73(6) 0.688(7) 2.16(3) 2.7(2) 1.6 0.8
D 7.03(5) 0.8(1) 59(4) 0.677(6) 2.41(2) - 12 6.3
E 6.8(2) - 29(4) 0.56(1) 2.18(2) 5.7(4) 3.6 1.8
= 6.7(2) 26(2) 9.1(2) 0.913(2) 7.8(4) - 14 6.9
G 6.8(1) 1.0(1) 28(1) 0.759(5) 12.2(9) 2.12(2) 1.4 0.7
H 6.8(1) 47(3) 28(1) 0.759(5) 1.81(3) 0.31(2) 1.4 0.7
Table 4.S2. Fitted parameters of the different circuits tested for the bulk response, x=0.12 at 253°C.
Weighted
Circuit R1 Ro A1 n C1 (pFem) Co X? Sum of
(MQcm) (MQcm) (pScmtrad™) ! 1P (pFem™?) (x10%) Squares
(x107%)
A 12.1(2) - 13.5(7) 0.854(4) - - 222.4 108.9
B 13.3(7) - 71(5) 0.650(7) 1.32(2) - 14.4 6.909
C 10.7(3) 2.3(2) 103(14) 0.62(1) 1.46(3) 27(3) 5.4 2.471
D 13.1(7) 1.7(2) 67.(5) 0.645(7) 1.64(2) - 11.6 5.455
£ 12.5(5) - 323(43) 0.52(1) 1.48(1) 5.3(4) 5.7 2.671
F 12.3(6) 40(3) 7.7(3) 0.895(3) 0.84(5) - 32.7 15.387
G 12.9(6) 1.8(4) 48(5) 0.58(1) 9(1) 1.54(3) 6.0 2.776
H 12.9(6) 23(3) 107(5) 0.58(1) 1.56(2) 0.32(1) 6.0 2.776
Table 4.S5. Fitted parameters of the circuit fitted to the bulk and grain boundary response, x=0.15 at 455°C.
Weight
R1 Ro A1 n Ci Co Rz Az n X? Sum of
(kQecm)  (kQem)  (nScmlrad™) ! (pFecm™?) (pFecm?)  (kQecm)  (nScmtrad™) 2 (x10%) Squares
(x10%3)
46.3(7)  72(3) 0.118(7) 0.69(2)  1.90(3) 1.49(1)  15.2(5) 21.8(3) 0.890(1) 18.5 11.6
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Figure 4.S7. Fitting results and residuals of circuit H in series with a parallel R-CPE element that together, represent bulk

and grain boundary response of x=0.12 at 387°C.

Table 4.S5. Fitted parameters of the circuit fitted to the bulk and grain boundary response, x=0.12 at 387°C.

Weight
Ri Ro A1 n C1 Co Rz Az n X2 Sum of
(kQecm)  (kQem)  (nScmlrad™) ! (pFecm™?) (pFecm?)  (kQecm)  (nScmtrad™) 2 (x10%) Squares
(x10°3)
82.0(1) 107(3) 0.517(2) 0.56(1) 1.53(2) 1.28(4) 37.0(3) 35.9(5) 0.82(3) 14.6 10.5
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Figure 4. S8. Fitting results and residuals of circuit H in series with a parallel R-CPE element that together, represent bulk
and grain boundary response of x=0.18 at 399°C.

Table 4.S5. Fitted parameters of the circuit fitted to the bulk and grain boundary response, x=0.18 at 399°C.

R1
(kQcm)

90.0(5)

Ro
(kQcm)

150(15)

A1
(pScm-trad™)

90(2)

ni

0.695(6)

Ci
(pFem™?)

1.88(2)

Co
(pFem™?)

1.23(9)

Rz
(kQcm)

88(2)

Az
(nScmtrad™)

81(5)

n2

0.786(6)

XZ
(x107)

6.09

Weight
Sum of

Squares
(x103)

2.2
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Figure 4.S9. Impedance response of x=0.15 at 697°C, fitted to equivalent in Figure 4.10(c).

Table 4.S7. Fitted parameters of the different circuits tested for the electrode response, x=0.15 at 697°C.

t —_ 3 “ Eg R — T 8~
ircui S i€ o o £ £ <E o5 E2E8%
Circuit c F9 < £ c FE 5 g 9 X o wE S o

> 4] 3 <3 ¢ 2 £ ga§%

o £ 2 =S

1.R3CPE3 1705(6) 0.125(1) 0.603(2) - - - 15.76 127.7
2.(CPE3-

R3)C3 2.1x10%(4) - 0.67(2) 0.16(1) - - 11.8(9)  1963.9 1610.4
3.(R3C3)-

(RACPE4) 15.4(2) 1671(5) - - 121.4x103(9)  0.618(2)  1.26(6) 1.93 1.35
4. (Zws-

R3)C3 1.6x10°5(7) 1552(12) - - 274(9) 0.275(9) 3.1(2)  114.85 141.27
5.(R3C3)-

Zws 626(20) 906(22) - - 72(4) 0.072(4)  376(3) 114.68 141.05
6.(R-

(CPER4))C

3 39(2) 1650(5) - - 142.6x103(8)  0.611(2) 1.60(8) 8.75 10.76
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Chapter 5
Electrical properties of calcia-stabilised zirconia ceramics:
pO. dependence and electrode response

5.1 Introduction
The dependence of conductivity on oxygen partial pressure, pO; is a useful parameter for determining
whether an oxide ion conductor is in the electrolytic domain or has started to become electronically
conducting by losing or gaining oxygen. The following equilibria:

O0*—>1/20,+ Vo' + 2¢’ (5.1)

1/202+ Vo**— Oo* + 2h* (5.2)
results in the presence of n- or p-type conductivity, respectively [1].

Cubic calcia-stabilised zirconia (CSZ) is a well-known oxide ion conductor [2] [3]. The limits of its
electrolytic domain have been studied: evidence of n-type conduction at low pO- was detected [4] [5] by
emf measurements, and the possibility of p-type conduction has been predicted theoretically at very high
pO., but without experimental confirmation [6].

The Randles equivalent circuit and its modifications have been used to interpret the impedance response of
the sample-electrode interface in many systems [7]-[18]. What these equivalent circuits have in common is
the presence of a double layer capacitance, modelled by either a capacitor, Cq, or a constant phase element,
CPEy, that is in parallel with a charge transfer resistance, Re, and in series with a diffusion process,
modelled with either a Warburg impedance, Zw or a constant phase element, CPEugit.

This study aims to investigate the pO. dependence of the impedance response of CSZ and to further
investigate the electrode response by equivalent circuit analysis.

5.2 Experimental

Electroded pellets with composition CaxZri«xOz«: x= 0.12, 0.15, 0.18 and densities ~86%, were prepared
following the procedure described in Chapter 4. Impedance measurements were taken between 390 and 930
°C using a Modulab XM MTS impedance analyser (measurement accuracy +0.1%) frequency range 100
mHz-1 MHz, with a nominal ac voltage of 100 mV in both cases. Pellets were attached to the Pt leads of a
conductivity jig which allowed the flow of gas over the pellet.

Two sets of corrections were made to the collected data: (i) a geometric factor consisting of pellet thickness
and sample-electrode contact area and (ii) jig impedance characteristics consisting of the blank, open circuit
capacitance, typically 6 pF and the closed circuit resistance of, primarily, the leads, 1-2 Q. Data analysis
was performed using ZVIEW software (ZVIEW-Impedance Software version 2.4 Scribner Associates).

5.3 Results

Samples with x= 0.12, 0.15 and 0.18 were measured sequentially in Ny, air, O, air and N or in a similar
sequence but commencing with O, at a fixed temperature. Prior to each set of measurements, samples were
allowed to equilibrate with the new atmosphere for 5-15 min; separate measurements after different times
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showed that this length of time was sufficient for samples to equilibrate. Previous impedance analysis at~
400 °C of similar samples identified the presence of bulk, grain boundary and electrode responses with
decreasing frequency. Initially, the effect of pO, was studied around this temperature, but the impedance
responses in for example, the Z* plane, Figure 5.1 or the log C’ spectroscopic plot, Figure 5.2 did not show
any variation with pO., indicating that at this temperature and pO. values, the samples were in the
electrolytic domain.
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Figure 5.1. Z* plane showing impedance response of CSZ x=0.12 (a), 0.15(b) and 0.18 (c) under different pO2 at ~ 400 °C.
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Figure 5.2. Log C’ spectroscopic for the data shown in Figure 5.1.

To assess whether there was any change with temperature, similar impedance data sets were recorded at~
892-928 °C. At these temperatures, only the low frequency electrode response was seen, as a rather distorted
arc, but the impedance data had two additional features at the frequency extremes, shown for one example
in Fig 5.3. At the highest frequencies, an inductive effect was apparent, highlighted in blue, in both Z" and
C' data. At the lowest frequencies, the Z* plane showed an additional, poorly-resolved component,
highlighted in green; this appeared as an additional dispersion in the log C’ plot above 10° Fcm™.
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Figure 5.3. Impedance response of CSZ x=0.15 at 892°C, showing inductive (blue) and possible electrochemical reactions
(green) effects, which are out of the scope if this study.

In addition to the extra effects at these temperatures, the electrode response was pO: dependent, Figure 5.4.
The sample-electrode resistance increased with decreasing pO. for all three compositions, (a-c). However,
the high frequency intercept with the real axis, related to the sample total resistance (R= Rouik + Rgrain boundary),
had more complex pO, dependence, shown on expanded scale in (d-f). For x=0.12, the intercept shifted
slightly to lower resistance with decreasing pO.; with x=0.15, it remained essentially the same; with x=0.18,
it shifted to higher resistance with decreasing pO,. The log C’ plots at this temperature, Figure 5.5, show
that the capacitance of x= 0.12 and 0.18 decreased slightly with increasing pO, whereas that for x= 0.15
remained almost the same. As only one sample per composition was run at this temperature, repetition
would be beneficial to confirm this behaviour.
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Figure 5.4. Z* plane for x=0.12 (a)(d), 0.15(b)(e) and 0.18 (c)(f) under different pO2 at ~ 930°C.
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Figure 5.5. Log C’ plots for x=0.12 (a), 0.15(b) and 0.18 (c) under different pO2 at ~ 930°C.

The sample-electrode impedance response of x=0.15 was fitted to several equivalent circuits in the previous
chapter. The best fit was given by parallel element R3C3 in series with parallel element RsCPE., inset Figure
5.6(a). In order to further investigate the effects of pO, and the inductance, equivalent circuit analysis was
performed on the 928°C datasets, Figures 5.6, 5.7 and 5.8 for all three compositions. The values of the fitted
circuit parameters are shown in Tables 5.1,5.2 and 5.3. The data points highlighted in green in Figure 5.3,
were excluded from the fitting analysis as they appear to be related to electrochemical reactions which are
beyond the scope of this project.
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Figure 5.6. (a-e) Impedance data (symbols) and fits (solid lines) for x=0.12 at 928°C under different atmospheres. (f) Residuals.
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Table 5.1. Fitted impedance values for x=0.12 at 928°C, Figure 5.6a.

Rt L R3=Rct  Ra=Ruirr Cs-Cal Aos=Zw ) 5
ATM  gem) (uHem) (Qem)  (Qem)  (wFem) (uScmiradmy M X000
0, 5301(6) 5.93(3) 81(7) 388(7)  30(3) 219(9)  0.747(8) 326
Air 5022(5) 5.92(2) 81(6) 59.(7)  33(2) 177(5)  0.738(5)  23.7
N, 46.65(8) 533(4) 15(1) 158(1)  42(3) 143(5)  0720(5) 513
300 x=015 928°C  (a) *ro “ x=015 928°C  (c)
200} M YT 10t 5L
£ g §
S 100} S o = 8
N N © s o,
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Figure 5.7. (a-e) Impedance data (symbols) and fits (solid lines) for x=0.15 at 928°C under different atmospheres. (f) Residuals.
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Table 5.2. Fitted impedance values for x=0.15 at 928°C, Figure 5.7a.

Rt L R3=Rct  Ra=Ruirr Cs-Cal Aos=Zw

(Qcm) (uHem?) (Qcm)  (Qcm)  (WFem?) (uSemragn) M X000

ATM

0, 62.37(7) 6.89(3) 9.2(6) 79.6(8)  38(3) 304(9)  0.665(5) 27.5

Air 61.78(6) 6.89(3) 7.5(6) 108.3(7)  46(4) 176(3)  0.703(4)  19.8
N, 62.02(8) 6.92(4) 8.0(9)  238(1) 75(9) 113(2)  0.712(3) 24.1
150 20
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Figure 5.8. (a-e) Impedance data (symbols) and fits (solid lines) for x=0.18 at 928°C under different atmospheres. (f) Residuals.
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Table 5.3. Fitted impedance values for x=0.18 at 928°C, Figure 5.8a.

Rt L Re=Ret  Ra-Rarr  Ca=Ca  Aws=Zw X2(x10°5)

ATM (Qcm)  (uHcm?)  (Qcm) (Qcm)  (nFem?) (uScmtrad™) e

0, 222(1) 6.37(8) 7.27(0.97) 54.2(2)  25(6) 3306) 0.529(2) 4.67

Air 2237(1) 7.01(3) 6.8(1) 61.96(17) 29(5) 237(4)  0559(2)  4.65

N, 2362(9) 6.38(9) 6.8(9) 126.4(2)  30(7) 105(1)  0.618(1)  4.28

The main results from these fits are summarised as follows:

1.For all compositions, R4 and C; increased and Aqs decreased with decreasing pOa.

2.With decreasing pO., Rs increased for x=0.12, decreased for x=0.15 and remained the same for x=0.18.
3.The inductance, L, remained approximately the same with changing pO. for each composition.

4.With decreasing pO., R decreased for x=0.12, remained similar for x=0.15 and increased for x=0.18.

The sample-electrode impedance fitted an equivalent circuit with two elements, 3 and 4, in series, ie R3Cs
and R4CPE4. Deconvolution of the fit for the Z” parameter of these two components is shown in Figure 5.9
(a) for x=0.12 at 928°C under O,. Experimental data are shown together with the overall fit and the two
components using the data in Table 5.1. This deconvolution allows comparison of the effect of pO, effect
on element 3, (b) and 4, (c). The Z” peaks of both decrease in magnitude and shift to higher frequencies,
illustrating the reduction in R and R4 with increasing pO..
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Figure 9. Simulations using equivalent circuit in inset and fitting results from Table 5.1, presented as spectroscopic plots of -Z”,
showing the combined and deconvoluted response of component 3 and 4 (a), and the change of component 3(b) and 4(c) with pOa.

5.4 Discussion

5.4.1 pO, dependence

When the conductivity of an oxide ion conductor is independent of pO2, it can be regarded to be in the
electrolytic domain [1]. Therefore, in agreement with the literature [3], all three compositions near 400°C
are in the electrolytic domain, as no change in the overall impedance response was observed with changing
pOa.

At higher temperature, above 900°C, the impedance response did vary with pO,. The electrode-sample
component is extrinsic to the overall measured impedance, as the interfacial roughness and electrode
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porosity and thickness will generally vary from sample to sample, independent of sample composition.
Although it was not possible to compare meaningfully the individual electrode responses of pellets with
different composition, it was possible to compare the high frequency intercept on the Z’ axis which is
related to the sample total resistance, R;, which it is related to the sum of the bulk and grain boundary.

Consequently, x= 0.12 shows the presence of n-type conductivity, as with higher pO2, R increased, x=0.15
seems to be in the electrolytic domain, as R remained in the same position and x=0.18 showed introduction
of p-type conductivity as R: decreased with increasing pO2. As previously mentioned, repetition of these
experiments would benefit the confirmation of the results, and therefore their interpretation. However, in
the spirit of an open discussion these results relate to the previously-reported n-type conductivity detection
by emf [5] and the prediction of p-type conductivity in this system [6]. In addition, there is a similarity with
yttria-stabilised zirconia, in the sense that for YyxZixO..x2 (YSZ), the conductivity of x=0.08 is pO.
independent [19], but higher yttria content YSZ, x=0.4-0.7, shows p-type conductivity [20]. However, n-
type conductivity is seen in YSZ only under strongly reducing conditions.

Thus, these results suggest that the upper and lower limits of the electrolytic domain of CSZ are dependent
on both composition and temperature. With lower X, n-type conduction is promoted by oxygen loss
following Eq 5.1. At higher x, p-type conduction arises by oxygen uptake, following Eq 5.2. The width of
the electrolytic domain contracts markedly with increasing temperature and is essentially non-existent at
928°C.

The holes in the p-type region are assumed to be localised on under-bonded oxygen ions near sample
surfaces and in the vicinity of acceptor dopants. They form as the first step in dissociation of lattice oxide
ions during oxygen uptake [21], similarly to the mechanism proposed in the case of high yttria content YSZ
[22].

5.4.2 Electrode-sample response

The electrode-sample response was successfully fitted to the equivalent circuit shown in Figure 5.6(a),
where R3 is attributed to the charge transfer resistance (Rc), Cs to the double layer capacitance (Cq), CPE4
to a Warburg impedance (Zw) representing diffusion of oxygen molecules towards and away from the
sample-electrode interface and R4 to the finite resistance of the Warburg impedance (Ruitr).

With decreasing pO», the amount of oxygen in the atmosphere available to participate in charge transfer at
the negative electrode decreases. As a result, the values of R¢: and and Rgitr increase, as shown in Table 5.1.
The double layer capacitance, Cq, remains similar within errors under the three atmospheres, which
indicates that the geometry of the region, was not altered by the change in pO,. The microstructure of Pt
electrodes over YSZ and its effects on interfacial impedance were investigated by impedance spectroscopy
[12].

In this work, R is lower than Rgis. This relationship has been observed previously where it was concluded
that the rate limiting step in the electrode process was surface diffusion of dissociated oxygen molecules
adsorbed on the platinum electrode towards the electrochemical reaction sites (ers) [7], [8]. The electrode
conductivity arises from the electric current generated by Eq 5.3

1/20; @ers) + Vo™ (vsz) + 2€’ py—> Oo*(vsz) (5.3)
When the electrode conductivity was plotted as a function of pO,, Figure 5.10, it was observed that at 900°C

the conductivity increased with pO2, but with decreasing the temperature, the curve increased up to a
maximum, followed by a decrease, with increasing pO.. In addition, these maxima shifted to lower pO,
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with decreasing temperature. Equation 5.1 and 5.2, might occurred simultaneously, however these results
might suggest that when the electrode conductivity increases, equation 5.1 dominates and when it decreases
equation 5.2 becomes dominant. Which could confirm the possibility of the presence of n- or p-type
conduction in addition to the oxide ion and its interaction with the electrode response.
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Figure 5.10. Electrode conductivity of O2|Pt]YSZ as function of pO2 at different temperatures. From Fig 5 in ref [7].

5.5 Conclusions

The pO. dependence of CSZ ceramics with composition x=0.12, 0.15 and 0.18 was analysed by impedance
spectroscopy. The resistance of all the compositions remain independent of pO. around 400°C, indicating
that with those conditions they remain within the electrolytic domain. At higher temperatures, near 930°C,
CSZ x=0.12 showed introduction of n-type conduction, x=0.18 of p-type and x=0.15 did not show pO;
dependence. These preliminary results might lead to the conclusion that the limits of the electrolytic domain
vary with temperature and composition.

The electrode response was fitted to a parallel Re-Cai element in series with a parallel Rgit-CPE,w element.
Representing the charge transfer resistance (Rc), double layer capacitance (Ca), diffusion processes model
as a Warburg impedance using a CPE (CPE,y) with a finite resistance (Ruifr). Retand Rgirr were deconvoluted
from the total electrode response, and it was found that Ret << Rgis.

Regarding the pO, dependence of the electrode response both R and Rairs increase with decreasing pOx,
presumably related with the reduction in availability of molecular oxygen to take part in charge transfer
reactions.
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CHAPTER 6
Electrical properties of calcia-stabilised zirconia ceramics:
dc bias effect

6.1 Introduction

Cubic calcia-stabilised zirconia (CSZ) is a well-known oxide ion conductor [1]. The limits of its
electrolytic domain have been studied, evidence of n-type conduction at low pO was detected [2] by
emf measurements, and the possibility of p-type conduction has been theoretically predicted at very
high pO; [3]. The previous chapter showed an attempt to present experimental evidence of these
transitions.

The transition from ionic to mixed electronic-ionic conduction in cubic zirconias has being explored by
changing the measurement conditions. Samples of 8mol% yttria-stabilised zirconia (YSZ) showed a
decrease in resistance, correlated with the decrease in ionic transport number, with the application of a
small dc bias (1-20V or 5-100Vcm™) across the sample at 566°C [4]. High yttria content zirconia
(Zr1<xYxOs-x»; Xx=0.4-0.7) has shown pO,- and dc- bias dependence with decreasing resistance under
high pO. and increasing voltage, around 750°C and 800°C [5]. Later, it was confirmed that the increase
in conductivity was related to introduction of p-type conductivity [6] by the application of voltage under
different atmospheres, as the decrease in resistance was more pronounced with increasing voltage under
oxygen than under nitrogen. The creation of a p-n junction was detected in 10mol% YSZ [7] by using
N2/Ag and air/Pt electrodes and applying less than 2.23V between 700 to 900°C and also in YosZros-
xM@gxO1.75, With x = 0.01 [8] by applying more than 2V under N, at 800°C. In addition, the possible
reactions and charged species leading to the formation of a p-i-n junction as a consequence of the
application of a dc bias to YSZ between blocking electrodes has been explored [9].

The resistance of CSZ has also been shown to be voltage-dependent. Samples with composition
Cao.15Zr0.s501.85 in a symmetrical cell set-up with oxygen pressures ranging from 1 to 10—20 atm, under
the application of voltages from 0-6V at 560°C showed two regimes, attributed to different rate-limiting
steps [10] . Below 2V the resistance varied with pO2, associated with the oxygen diffusion through the
Pt electrode. At higher voltages, above 2V, no pO, dependence was observed. Blackening from cathode
to anode on glass-encapsulated 10mol% CSZ samples, was detected during the application of 10 to 500
V at 500°C [11]. The blackened front moved faster with increasing voltage and was attributed to
electrochemical reduction. It was also observed that the blackened zirconia showed higher conductivity
than the original.

A sudden increase in conductivity is also characteristic of flash sintering [12]-[14]. This technique
allows the densification of a green body within less than a minute, combining the application of an
electric field with heat. Prior to the “flash event”, which is characterised by the presence of
densification, luminescence and an abrupt increase in conductivity, an incubation time is required. It
has been envisaged that this time, which might depend on the length of the sample and the magnitude
of the applied electric field, is required to change the concentration of charged species generated and/or
consumed by internal reactions [15]. Also, the transition from blocking to non-blocking Pt electrodes
on asingle crystal YSZ sample, was observed during the incubation time of flash sintering between 300
to 700°C [16]. These results imply the introduction of electronic conductivity during this period.
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Regarding the electrical properties of flash sintered samples, 8 mol% YSZ showed an increase in ionic
conductivity, after flash and removal of the applied voltage [17]. Flashed samples with different current
density limits were compared to conventional sintered samples. An increment in the bulk and grain
boundary conductivity was observed with increasing current density limit. The enhanced ionic
conductivity was attributed to an unknown change in the defect structure of the material, leading to an
increase in the concentration of mobile charges, and not associated with microstructural changes.

Voltage effects in oxide ion conductors are in need of further study. Therefore, the work reported in
this chapter analyses the impedance response of CSZ samples during and after the application a range
of electric fields. The temperature, voltage hold time and cooling rate were used as variables to identify
changes in the electrical properties of the samples.

6.2 Experimental

Electroded pellets with composition CaxZrixO2.«: x=0.12, 0.15, 0.18 and densities ~93%, were prepared
following the procedure described in chapter 4. Impedance measurements were taken between 350 and
850°C using two impedance analysers: a Modulab XM MTS (measurement accuracy +0.1%) frequency
range 100mHz-1MHz and an Agilent Agilent 4294A (measurement accuracy £0.08%) frequency range
40Hz-1MHz, with a nominal ac voltage of 100 mV in both cases. In some cases, a dc bias in the range
0.5-42.5 V was applied across samples, at the same time as impedance data were recorded.

For the dc bias and temperature cut-off, two profiles were used, Figure 6.1. The aim of profile 1 was to
register the recovery of the sample after the application of voltage. Therefore, impedance measurements
were taken after the voltage cut off, keeping a constant temperature. Profile 2 aimed to freeze the sample
state during the voltage application. Thus, the sample was taken out of the furnace and compressed air
at room temperature was purged directly to the sample, whilst the voltage was still applied. After this
the voltage was turned off.

Profile 1 Profile 2
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Figure 6.1. Temperature and dc bias cut-off profiles.

Two sets of corrections were made to the collected data: (i) a geometric factor consisting of pellet
thickness and sample-electrode contact area and (ii) jig impedance characteristics consisting of the
blank, open circuit capacitance, typically 6 pF and the closed circuit resistance of, primarily, the leads,
1-2 Q. Data analysis was performed using ZVIEW software (ZVIEW-Impedance Software version 2.4
Scribner Associates).
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6.3 Results

6.3.1 Comparison of the 3 compositions

Based on chapter 4, it was established that the bulk, grain boundary and sample-electrode interface
impedance responses are visible in the frequency range 100mHz-1MHz between 350-440°C, for CaxZri-
xO2x: x=0.12, 0.15, 0.18. Therefore, this temperature range was chosen to compare the response of the
three compositions to dc bias. Prior to voltage application, and to be able to observe changes in
conductivity, a similar value for the total resistance R; (Rp + Rgb) was chosen as ~ 780kQcm. As a result,
the temperature required to reach this value was 358°C for x=0.12, 391°C for x=0.15 and 436°C for
x=0.18.

A comparison of the impedance response of x=0.12, 0.15 and 0.18 during the application of 0.5 to 8
V, is shown in Figure 6.2. The bulk response was not altered by the dc bias, in any of the three cases,
as its resistance, capacitance and M”’ peak did not change. The grain boundary resistance decreased
with increasing voltage. The change in size of the Z’* peak with dc bias appears to be least for x=0.15.

The largest change in the overall impedance response was given by the sample-electrode interface for
all three samples. Nevertheless, it is not possible to make a quantitative compositional comparison of
the electrode response as its properties are extrinsic to the material. The porosity, roughness and
thickness of the interface varies from sample to sample, which may be reflected in the shape and
magnitude of the arc in the Z* plane. However, a similar trend is observed in the three samples with
increasing voltage and can be related to be the effect of dc bias. In particular, the decrease of R is
substantial at 8V it was no longer visible in the Z* plane, and a decrease of the low frequency dispersion
from 107to 10° Fcm™ is seen in the log C’ plot. From this analysis it was concluded that the overall dc
resistance of the sample decreases due to decrease of Re.
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Figure 6.2. Change in the impedance response under the application of 0.5-8 V on CSZ x=0.12 (a-c), 0.15 (d-f) and 0.18 (g-
i); corresponding sample thickness of 1.02mm, 1.03mm and 1.13mm.

To find out if the dc bias effect was reversible, 3 impedance responses at OV were compared: (i) the
initial impedance before the voltage steps, (ii) the final impedance right after the voltage cut off, and
(iii)10 minutes after the voltage cut off, Figure 6.3. The Z* plot (a) shows that the grain boundary
resistance recovered the initial state after 10 minutes of the voltage cut off, and the log C’ plot (b) shows
that the initial capacitance was recovered right after the voltage cut off. The impedance of the sample-
electrode interface, moved towards the initial state upon removing the voltage; however, longer times
were required to recover the initial state completely.
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Figure 6.3. Impedance response of x=0.5 at 0V, before and after the voltage application.

6.3.2 CSZ x=0.15 at intermediate temperatures and bias voltages

A different impedance analyser was used for this study; as a consequence, the frequency range changed
due to the instrument limitations. A sequence of 30 minutes of applied voltage followed by 30 minutes
of recovery at 0V, with voltage steps from 4.1 to 16.5 V (corresponding to 25 to 100 Vem™?) at 518°C
was applied, Figure 6.4. The Z* plane (a) shows that Ry, Rgpband Res all decreased with dc bias. The log
C’ plot (b) shows that C, and Cq, do not changed, but Ce dropped with V increasing from 0 to 25V/cm.
Figure 6.4 (d), that changes to R: were reversible after a recovery of 30 min.
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Figure 6.4. (a-c) Impedance response of x=0.15 at 518°C after 30 minutes of applied voltage sample. (d) Total resistance as
function of electric field, after 30 minutes of applied voltage and from voltage cut off. Sample thickness: 1.65mm

On voltage application and removal, the main changes occurred within the first minute. Figure 6.5
shows the impedance evolution of x=0.15 under 55Vcm™?, ON (a)-(c), and OFF (d)-(f). During the ON
state Rdecreased by ~2kQcm after 1 minute and by an additional ~300Qcm after 30 minutes. The log
C’ (b) and M’ (c) plots did not show any change after the first minute of applied voltage. Similar
behaviour was observed during the OFF state.
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Figure 6.5. Time dependence of the impedance response of x=0.15 at 518°C during the application (a-c) and removal (d-f)
of 55VemL. Sample thickness 1.65mm.

6.3.3 Combined effect of pO, and voltage

In order to find out if the dc bias effect is dependent on pO2, N2, dry air and O, were purged over a
sample with x=0.15 during the application of 0 to 25V. Prior to the voltage application, preliminary
impedance measurements were taken under different atmospheres with the furnace temperature fixed.
However, the temperature reading from the thermocouple placed near the sample varied by a couple of
degrees depending on the purge gas. This might be related to the location of the gas tanks and their
exposure to weather conditions and/or to the manual adjustment of the flow rate and gas pressure. To
eliminate any effect due to variation of temperature, the initial value of R; at 0V was subtracted from
all of the measurements; therefore Figure 6.6 shows the normalised change of Ry, in blue. From these
plots it can be observed that the voltage effect is independent of pO, for this composition.
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Figure 6.6. Normalised change in total resistance of CSZ x=0.15 with voltage application at ~ 600°C. Sample thickness
1.03mm.

6.3.4 Change in impedance depending on the time of exposure to a large voltage at high
temperature

A sample of composition x=0.15 was subjected to an “ON (25V) and OFF (0V)” cycle at 721°C, Figure
6.7. The “ON” state dwell times at 25V were: 10s, 30s, 1 min, 10 min, 30min, 1h and 2h, and impedance
measurements were taken during voltage application after the completion of each time segment. The
“OFF” state at OV were 6 min after the short “ON” states and 12 min after the long “ON” state;
impedance measurements were taken every minute during these recovery segments.
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Figure 6.7. Voltage application profile for sample x=0.15 at 721°C.

Figure 6.8 shows a comparison of 5 impedance responses at 721°C. The response during the application
of 25V after 30 min and 2h, with their corresponding response after 12min of voltage cut off is shown.
As reference, the initial impedance response at OV is shown as a black line. Before describing the
voltage effect, note that above 700°C the impedance response shows an inductive effect at high
frequencies. This is shown on the Z* plane (a) as a tail that drops to negative values and on the log C’
plot (b) as a disruptive inverted peak.

The initial response at OV shows, from high to low frequencies, in the C’ plot (b), an inductive effect,
grain boundary and electrode response. On application of 25V for 30min and 2h, the Z* plane (a) shows
that the impedance is lowest after 30min of voltage application, and the log C’ plot (b) shows that the
response is dominated by the inductive effect. On removal of the voltage after 30 min, Z* and C’ plots
(a,b) showed recovery of the initial state. After 2h with an applied voltage, the resistance in the “ON”
state increased from ~200 to ~300Q2cm. During the “OFF” state, Z* (a) shows part of an arc with a
resistance of ~15M Qcm, which is ~ 4 orders of magnitude larger than the initial state, and the log C’
plot a high frequency plateau of a couple of pFcm™; which resembles the bulk response at low
temperatures (~ 300°C).
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Figure 6.8. Impedance response of x=0.15 at 721°C, during the application of 25V for 30 min (orange) and 2h (yellow), and
after the 30 minutes from the voltage cut off, from 30min (aqua) and 2h (green)of voltage application. Sample thickness
1.03mm.

94



Two new pellets with composition x=0.15, were used as sacrificial samples to observe the
microstructure near the positive and negative electrodes after applying 25V for 30min and 2h at 720°C.
Figure 6.9 (a)-(b) shows the fracture surfaces and EDX mapping, after 30min of applied voltage, and
(c)-(d) after 2h. A good sample-electrode contact can be observed for both electrodes after 30min of
voltage application, (a)-(b), and in the negative electrode after 2h of voltage application (d). However,
the positive electrode presents delamination (c) and Figure 6.S1. For all cases, EDX maps showed an
even distribution of Zr, minor traces of Ca segregation around some pores, and the location of the Pt
paste.
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Figure 6.9. Micrographs of fracture surface near the electrodes of sacrificial samples of CSZ x=0.15 after being subjected
to 25V for 30 min and 2h at 720°C
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An impedance summary of the sample with composition x=0.15 that was subjected to the “ON and
OFF” cycling of Figure 6.7 and 6.8, is shown in Figure 6.10. Figure 6.10 (a) shows the initial total
resistance Ryat OV, and how it changes during the voltage application under the different dwell times.
R: decreases with increasing time up to 30min, but then starts to increase (a). The response of Riduring
each “OFF” state is shown in Figure 6.10 (b) on a logarithmic scale and a zoom of the dotted region is
presented in (c) on a linear scale. Figure 6.10 (b) shows that R; increased by ~2 orders of magnitude
after holding 25V for 1h, and ~ 4 orders of magnitude after 2h. Figure 6.10 (c) shows that after the
voltage cut off of applying 25V for 10s, 30s and 1 minute, R; approximates the initial resistance with
time, but with dwell voltages longer than 10 min the resistance exceeded the initial resistance.
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Figure 6.10. (a)Total resistance Rt (R1+Rz2), of x=0.15 at 721°C, during the application of 25 V under different dwell times.
(b) time dependence of Rt after the removal of 25V from the different dwell times. (c)Zoom in of dotted region on (b). Sample
thickness 1.03mm.

6.3.5 Air quench during voltage application

The purpose of this set of experiments was to freeze in any changes that occur during the voltage
application, using profile 2 of Figure 6.1, that might disappear if the sample is slow cooled by
using profile 1 of Figure 6.1. The experiment sequence is shown in Figure 6.11. First, impedance
measurements of a sample with composition x=0.15 were taken in the temperature range from
300 to 850°C, in order to register the sample’s original behaviour. Then, the temperature was set to
750°C and 250V/cm were applied for 30min. After 30min the sample was taken out of the furnace,
without removing the dc bias, and compressed air was purged directly onto the sample; after ~ 1 min
the dc bias was removed. Then, a second set of impedance measurements was taken over the
temperature range 300 to 850°C (in order to find out if there any changes). This same process was
repeated on a new sample of the same composition, with the difference of applying the voltage for 2h.

Impedance
measurements from
300-850°C

Impedance
measurements from
300-850°C

Application of
250V/cm at 750°C

Air quench procedure

*To register sample’s eFor 30 min or 2h sFollowing profile 2 of *To identify changes in the
original behaviour Figure 6.1 sample

Figure 6.11. Voltage-air quench experimental procedure.
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6.3.5.1 Air quench after 30min of 250V/cm at 750°C

The impedance response at 373°C before and after air quenching from 250V/cm for 30min, is shown
in Figure 6.12. The Z* plane (a) shows that the overall impedance reduces after the voltage treatment.
The log C’ plot (b) based on the analysis of chapter 4, shows that the dipole plateau and the grain
boundary are no longer well defined. The Z” plot (c) shows a decrease in the bulk and electrode peak,
with the grain boundary peak not visible. And the M” plot (c¢) shows that the high frequency peak shifted
to higher frequencies.
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Figure 6.12. Impedance response of x=0.15 at 373°C before and after applying 30 min of 250V/cm followed by air
quenching with applied voltage. Sample thickness 1.43mm.

To gain further information, the impedance responses before and after the voltage-quench treatment
were successfully fitted to an equivalent circuit consisting of a parallel R-CPE-C in parallel with a series
C-R for the bulk (1) response, which together are in series with two parallel R-CPE elements,
corresponding to the grain boundary (2) and electrode (3) responses. Figure 6.13 shows the circuit and
fit results for the 30 min-250V/cm quenched response at 373°C, Table 6.1 the list the values of the fitted
results.
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Figure 6.13. Impedance response of x=0.15 at 373°C, after applying 30 min of 250V/cm followed by air quenching with
applied voltage, fitted to the equivalent circuit inset (a). Inset (d) residuals. Sample thickness 1.43mm.
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Table 6.1. Fitting results from fitting equivalent circuit Figure 6.13(a) to the impedance response of x=0.15 at 373°C, before
and after the 30 min voltage-air quench treatment.

Parameter R1 Aol nl C1 Cco RO R2 A2 n2
Before 320(1) kQem  0.244(14) nScmirad™  0.596(4) 1.90(4) pFcm™  0.86(4) pFecm™  633(38) kQem  290(8) kQem  16(1) nScmrad™  0.83(1)
After 185.2(5) kQem  1.450(5) nScmirad™  0.571(5) 0.97(3)pFcm™  0.73(5) prem™®  119(9) kQem  74(2) kQem  238(20) nScmrad™  0.53(1)

Simulations of the impedance response resulting from the equivalent circuit (excluding electrode
element) and the values of Table 6.1, are plotted in Figure 6.14 as spectroscopic plots of Z’ (a, b) and -
Z” (c). It can be observed that after the voltage-air treatment the overall impedance response decreased,
with the grain boundary having the larger reduction. In addition, Table 6.1 shows that the dipole
parameters (CO and R0) have decreased.
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Figure 6.14. Simulations using equivalent circuit in inset and fitting results from Table 6.1, presented as spectroscopic plots
of Z’(a)(b) and -Z” (c), showing the change of the total and deconvoluted impedance response before and after the 30 min
voltage-air quench treatment.

Figure 6.15 shows the resistance values of R1, Rz (2) and R; (b) before and after the voltage-air treatment
as conductivity Arrhenius plots. After the voltage-air treatment the conductivity of R, and R at low
temperatures increased, and the activation energy of R; decreased from 1.128(8) to 0.87(4) eV.
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Figure 6.15. Conductivity Arrhenius plots of R1 and Rz (a) and Rt (b), before and after the 30 min voltage-air quench
treatment.

6.3.5.2 Air quench after 2h of 250V/cm at 750°C

The impedance response at 371°C before and after the application of 250V/cm for 2 hours, is shown in
Figure 6.16. The Z* plane (a) shows that the overall impedance increased after the voltage-quench
treatment. The log C’ plot (b) shows similar capacitive response as that after the 30 minutes voltage-
quench treatment, with no defined dipole nor grain boundary response. The Z” plot (c) shows one peak
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from high to intermediate frequencies and a low frequency dispersion. And the M” plot (c) shows that
the high frequency peak did not change.
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Figure 6.16. Impedance response of x=0.15 at 371°C before and after applying 2h of 250V/cm followed by air quenching
with applied voltage. Sample thickness 1.70mm.

A good fit was obtained to a parallel R-CPE-C in parallel with a series C-R for the bulk (1) response,
in series with three parallel R-CPE, corresponding to an unidentified response (X), the grain boundary
(2) and electrode elements (3) responses. Figure 6.17 shows the fit results, and Table 6.2 the values of
the fitted results.
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Figure 6.17. Impedance response of x=0.15 at 371°C, after applying 2h of 250V/cm followed by air quenching with applied
voltage, fitted to the equivalent circuit inset (a). Inset (d) residuals. Sample thickness 1.70mm.

Table 6.2. Fitting results from fitting equivalent circuit Figure 6.17(a) to the impedance response of x=0.15 at 373°C, before
and after the 2h voltage-air quench treatment.

Parameter R1 Aol nl C1 Cco RO R2 Ao2 n2 Rx Aox nx
Before 599(3)kQcm  0.31(4)nScmirad™  0.618(8)  1.83(3)pFecm™ 0.78(7)pFcm™  2.5(2)MQcem  369(11)kQem 13(1)nScmirad™  0.82(2)
After 445(39) kQcm 0.293(2)nScmrad™  0.635(8)  2.4(1)pFem™ 0.98(4)pFem™  3.5()MQem  L.1(1)MQem 20(1)nScmirad™  0.525(3) 453(20)kQem 0.30(3)nScmrad™ 0.86(1)
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Simulations of the impedance response resulting from the equivalent circuit (excluding electrode
element) and the values of Table 6.2, are plotted in Figure 6.18 as spectroscopic plots of Z’ (a, b) and -
Z” (c). After the voltage-air treatment the overall impedance response increased. The individual
contribution from the bulk decreased, from the grain boundary increased and an additional impedance
element is observed. Table 6.2 shows that the values of CO and RO increased.
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Figure 6.18. Simulations using equivalent circuit in inset and fitting results from Table 6.2, presented as spectroscopic plots
of Z’ and -Z”, showing the change of the total and deconvoluted impedance response before and after the 2h voltage-air
quench treatment.

With increasing temperature, for 2h voltage-quenched sample only the high frequency intercept with
the Z’ axis of the electrode response was clear, which was taken as R:. A comparison of R; before and
after the voltage-quench treatment is shown in Figure 6.19. Similarly to the 30min voltage-quench

sample, the activation energy decreased to some extent as the values match within errors.
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Figure 6.19. Conductivity Arrhenius plots of Ry, before and after the 2h min voltage-air quench treatment.

6.4 Discussion
The observed decrease in resistance with applied voltage may be explained by the introduction of
electronic conductivity, resulting in a mixed ionic-electronic conduction pathway. The nature of the
electronic conductivity could be p-type, by merging the pO. dependence results of chapter 5 and a
comparison with other systems [4]-[8]. In this case, the electron holes might be located on under-
bonded oxygen ions near the surface and/or close to an acceptor dopant. In the presence of a dc bias
under-bonded oxygen ions might give up an electron to the positive electrode, following equation 6.1
from left to right

Oo* <> O¢® +¢’ (6.1)
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This process seems to be gradual, starting at the sample-electrode interface, by showing the collapse of
its impedance, which might be related to the readiness of a charge transfer process and/or the diffusion
of oxygen in-and-out the sample, Figure 6.2. After that, it might continue through the grain boundaries,
where resistance decreases with applied voltage, showing sensitivity to composition. Finally, it reaches
the bulk, which is only evident when high voltages are applied, as shown in Figure 6.4.

A sample of composition CSZ x=0.15 was tested under the combined effect of pO, and voltage. This
test confirmed that such composition did not present impedance variations with the effect of pO- during
voltage application. However, it needs to be noted that this behaviour might change with variations in
temperature or composition, as from chapter 5 it was established that the limits of the electrolytic
window may vary with temperature and composition.

The sections 6.3.4 and 6.3.5 of this chapter explore the effect of applying high voltage, temperature and
different dwell times, as well as, the effect of air-quenching. The results presented in these sections
leave some open questions. What happens during the application of high voltage for a long time at high
temperature? , why does the resistance start to increase after 1-2 hours of applying 25V when the trend
during the first 30min was the opposite? , why does the resistance increase by 4 orders of magnitude
after applying 25V for 2h followed by a voltage cut-off?, what is the nature of the unidentified element
found in the fittings in the sample that was subjected to the voltage-quench treatment of 2h at 250V/cm?

Here an attempt to address these points is made, in the spirit of an open discussion.
The initial increase in resistance shown in Figure 6.10 (a), might be due to oxygen loss, according to:
Oo*«1/20,+ Vo' + 2¢’ (6.2)

This effect could have three consequences: (i) Oxygen gas is pumped out of the ceramic which may
damage the sample-electrode interface, resulting in delamination, as observed in Figure 6.9 and 6.S1.
(ii) Creation of free electrons that may be injected to the sample through the negative electrode, filling
the electron holes, and increasing the resistance. (iii) Formation of a passive/surface layer which
obstructs, prevents or limits the formation of electron holes, either because all the under-bonded
oxygens have been ionised, oxygen loss has left an oxygen-depleted region, or the oxygen diffusion
rate at each electrode differs from each other. All of these consequences may be related to the highly
resistive element identified by the equivalent circuit analysis of the sample, shown in section 6.3.5.2.

The Arrhenius plots, in Figures 6.15 and 6.19, show a decrease in activation energy after the voltage-
air quench experiment. This could be due to an increase in charge carrier mobility, resulting from the
formation of new conduction pathways during the voltage application.

6.5 Conclusions

The bulk, grain boundary and electrode response of CSZ ceramics was analysed by impedance
spectroscopy under the application of a range of dc bias. The general trend was a decrease in resistance
with increasing voltage at short times, with an enhanced effect at higher temperatures. The main
conclusion of this study, is to relate this behaviour to the introduction of p-type conductivity, attributed
to localised holes in under-bonded oxygen ions.
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Out of the 3 electrical components (bulk, grain boundary and electrode) the electrode response was the
most sensitive to voltage. This indicates that the electrode processes, charge transfer and/or oxygen
diffusion resistance, get facilitated under voltage application. Then, the change in grain boundary
response proved to be dependent on composition. Finally, the bulk response showed dc bias dependence
under higher voltages and temperatures.

The impedance of a sample with composition x=0.15 was measured under the combined effect of
voltage and pO.. It was concluded that this composition did not present pO, dependence under the
application up to 25V at ~ 600°C. The application of extreme conditions (250V/cm for 2h at 750°C),
resulted in an increased of resistance ~ 4 order of magnitude larger than the original state.

6.6 References

[1] F.Hund, “Die Fluoritphase im System ZrO»-CaO,” Zeitschrift fiir Phys. Chemie, vol. 199, no. 1, p.
142, 1952.

[2] T.H. Etsell and S. N. Flengas, “The electrical properties of solid oxide electrolytes,” Chem. Rev.,
vol. 70, no. 3, pp. 339-376, 1970.

[3] F. A. Kroger, “Electronic conductivity of calcia-stabilized zirconia,” J. Am. Ceram. Soc., vol. 49,
no. 4, pp. 215-218, 1966.

[4] N. Mas6 and A. R. West, “Electronic conductivity in Yttria-stabilized zirconia under a small dc
bias,” Chem. Mater., vol. 27, no. 5, pp. 1552-1558, 2015.

[5] M. Jovani, H. Beltran-Mir, E. Cordoncillo, and A. R. West, “Atmosphere- and voltage-dependent
electronic conductivity of oxide-ion-conducting Zri.xYxO2.x2 ceramics,” Inorg. Chem., vol. 56, no.
12, pp. 7081-7088, 2017.

[6] X. Vendrell and A. R. West, “Induced p-type semiconductivity in yttria-stabilized zirconia,” J. Am.
Ceram. Soc., vol. 102, no. 10, pp. 6100-6106, 2019.

[71 W. Weppner, “Electronic transport properties and electrically induced p-n junction in ZrO; + 10
mol% Y,03,” J. Solid State Chem., vol. 20, no. 3, pp. 305-314, 1977.

[8] M. Jovani, H. Beltran-Mir, E. Cordoncillo, and A. R. West, “Field-induced p-n transition in yttria-
stabilized zirconia,” Sci. Rep., vol. 9, 2019.

[9] R. Kirchheim, “On the mixed ionic and electronic conductivity in polarized yttria stabilized
zirconia,” Solid State lonics, vol. 320, pp. 239-258, Jul. 2018.

[10] H. Yanagida, R. J. Brook, and F. a. Kroger, “Direct Current-Voltage Characteristics of Calcia
Stabilized Zirconia with Porous Platinum Electrodes,” J. Electrochem. Soc., vol. 117, no. 5, p. 593,
1970.

[11] J. Janek and C. Korte, “Electrochemical blackening of yttria-stabilized zirconia - Morphological
instability of the moving reaction front,” Solid State lonics, vol. 116, no. 3-4, pp. 181-195, 1999.

[12] M. Yu, S. Grasso, R. Mckinnon, T. Saunders, and M. J. Reece, “Review of flash sintering:
materials, mechanisms and modelling,” Adv. Appl. Ceram., vol. 116, no. 1, pp. 24-60, 2017.

[13] C. E. I. Dancer, “Flash sintering of ceramic materials,” Mater. Res. Express, vol. 3, no. 10, 2016.

[14] M. Biesuz and V. M. Sglavo, “Flash sintering of ceramics,” J. Eur. Ceram. Soc., vol. 39, no. May
2018, pp. 115-143, 2018.

[15] R. Kirchheim, “Incubation time for flash sintering as caused by internal reactions, exemplified for
yttria stabilized zirconia,” Acta Mater., vol. 175, pp. 361-375, 2019.

[16] S. Jo and R. Raj, “Transition to electronic conduction at the onset of flash in cubic zirconia,” Scr.
Mater., vol. 174, pp. 29-32, Jan. 2020.

[17] X. Vendrell, D. Yadav, R. Raj, and A. R. West, “Influence of flash sintering on the ionic
conductivity of 8 mol% yttria stabilized zirconia,” J. Eur. Ceram. Soc., vol. 39, no. 4, pp. 1352—
1358, Apr. 2019.

102



electrode

ceramic

\)

6.7 Supplementary

Figure 6.S1. Micrographs of fracture surface near the positive electrode of a sacrificial sample of CSZ x=0.15 after being
subjected to 25V for 2h at 720°C.
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Chapter 7
Flash phenomena in lime-stabilised zirconia oxide ion
conductor

7.1 Introduction

In recent decades, different sintering techniques have been developed to reduce the energy consumption
during sintering of ceramics; among them, the electric current assisted/activated sintering techniques
also aim to reduce the processing time [1]. Flash sintering, which belongs to this category, is able to
sinter samples in less than a minute, after reaching an onset temperature (Tonser) during the application
of an electric field [2]. The shrinkage process is accompanied by power dissipation, non-linear increase
in conductivity and emission of light; therefore, this stage of the process is known as the "flash-event".

The first material to be flash sintered was the oxide ion conductor 3 mol% yttria stabilised zirconia
(3YSZ) by Cologna et al. [3]. The furnace temperature was reduced from 1450°C to ~900°C and the
densification duration from hours to seconds, in comparison with conventional sintering, by applying
100V/cm during heating.

Calcia-stabilised zirconia (CSZ) is also an oxide ion conductor [4], and was chosen over YSZ is in the
former the number of cations needed to obtain the same number of defects in the crystal structure is
halved [5], as shown in equations 7.1 and 7.2.

Zr0o

Ca0 =3 Ca"y, + 0% + Vg (7.1)
Zro

Y,0; 22 2Y', + 30% +Vg* (7.2)

The aim of this work is to find out whether CSZ behaves in a similar manner to YSZ during the flash
sintering process.

7.2 Methodology

Powder with composition CaxZr1.«O2«; X: 0.15, was prepared by solid-state reaction using CaCOs (99%,
Fisher Chemical) and ZrO; (99%, Aldrich Chemistry), which were dried overnight at 180°C and
1000°C, respectively prior to weighing. The mixture was manually ground with acetone using a pestle
and mortar, then fired to decarbonate and start the reaction at 1150°C. Subsequently, the powder was
re-ground and heated at 1500°C for 8h.

The resulting product was analysed by X-ray powder diffraction using a Stoe Stadi P diffractometer
(Darmstadt, Germany) using Cu Ko radiation. Data were collected from 26=20 to 80° and compared
to the diffraction pattern of cubic zirconia (PDF card:01-070-7361) using the JCPDS database.

7.2.1 Conventional sintering

Pellets of 10 mm diameter were uni-axially pressed at around 98MPa, and sintered at 1600°C for 10h.
To ensure a good electrical contact, Pt paste electrodes were applied on both sides and dried at 900°C
for 2h. Pellet densities were ~86%.

Electrical measurements from 350 to 650°C were performed on conventional-sintered samples using an
impedance analyzer Solatron SI 1260 (measurement accuracy + 0.1%) over the frequency range
10mHz-1MHz with an ac voltage of 100mV. Measurements were corrected for the geometry of the
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pellets and for the blank cell capacitance, more commonly known as jig correction. ZVIEW software
(ZVIEW-Impedance Software version 2.4 Scribner Associates) was used to analyse the results.

7.2.2 Flash sintering

Dog bone-shaped samples with 5wt% of PVA as binder, were pressed using a uniaxial press, applying
1ton. To burn out the binder, the samples were taken to 550°C for 2h with a heating rate of 2°C/min,
and pre-sintered at 1300°C 1400°C and 1500°C for 2h; this step was used to allow the density changes
during the subsequent flash process to be measured. As with conventional-sintered samples, Pt
electrodes were painted inside the holes of the dog-bones and dried at 900°C for 2h. The samples were
suspended inside a tube furnace using Pt wires and heated from room temperature at a heating rate of
10°C/min; a constant electric field was applied, 100V/cm, with a current density limit set at
100mA/mm?. Relative density values were calculated by comparing theoretical and measured density.

7.3 Results and Discussion

Synthesized powder appeared to be single phase and was indexed on a cubic unit cell, space
group Fm3m,  Figure 7.1. Therefore, the cubic phase of zirconia was stabilised by adding 15mol%
of CaO, consistent with the reported phase diagram for the CaO-ZrO, system [6].
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Figure 7.1. XRD pattern of CSZ

A representative set of impedance data, recorded at 456°C, is shown in Figure 7.2. The impedance
complex plane plot (a) shows three components: one semicircle at high frequencies, another at
intermediate frequencies and a spike at low frequencies. The capacitance spectroscopic plot (b) shows
2 plateaus with values of ~1pF/cm at high frequencies and ~0.6nF/cm at intermediate frequencies.
These values are typical of bulk and grain boundary responses. At low frequency the capacitance
dispersion reaches a value of ~20 uF/cm, which can be related to the sample-electrode interfaces, due
to ionic species creating a double layer capacitance at the electrodes. Therefore, from these capacitance
values, the three components on the impedance complex plane can be identified [7].
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Figure 7.2. Impedance complex plane plot (a) and capacitance spectroscopic plot (b) of CSZ x:0.15 at 456°C, w = 2xf.



From the impedance plots at different temperatures, the total resistances (bulk + grain boundary) were
extracted from the intercepts with the Z' axis and are shown as a conductivity Arrhenius plot, Figure
7.3. The activation energy was calculated from the slope with a value of ~1.2 eV, in agreement with
values reported [8] for oxide ion conduction in CSZ, although there was evidence for curvature of the
Arrhenius plot at high temperatures, similar to that seen for YSZ [9].
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Figure 7.3. Arrhenius plot of the total conductivity of CSZ.

From these results, it was confirmed that the powder used for the flash sintering experiments was single
phase and had the expected ionic conduction.

The samples subjected to the flash experiment showed a few of the characteristics of the "flash event"
but not all. The conductivity increased, light was emitted, but an increase in density was not observed.
The sudden increment in the conductivity is shown in Figure 7.4; the current density passing through
the samples increased after reaching the flash onset temperature (Tonset). AS the samples were heated at
a constant rate, time and temperature are proportional; in this case, the results are plotted as function of
time. Two types of control were used. During heating, the power supply operated in voltage control and
applied a constant voltage. Once the rise in conductivity occurred, the power supply switched to current
control. The samples were held between one and two minutes before turning off the power supply.
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Figure 7.4. Current density as a function of time during the flash sintering experiment, showing the increase in
conductivity and the onset temperatures for the samples pre-sintered at different temperatures.

The onset temperature varied according to the pre-sintering heat treatment; with higher heat treatment
temperatures, Tonset decreased. This might be due to the lower porosity achieved at higher pre-sintering
temperatures, allowing the current to find more easily a conduction pathway.
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Emission of light was also present in all three cases during the flash event and remained during the
subsequent current control stage, Figure 7.5.

Figure 7.5. Sample pre-sintered at 1500°C during current control.

The relative densities of the samples after flash were less than 60%, as shown in Table 7.1. These were
significantly less than those achieved during conventional sintering.

Table 7.1. Final densities of the samples subjected to the flash experiment.

Pre-sintering heat treatment Relative density (%)
temperature (°C) after flash

1300 53

1400 54

1500 59

The origins of densification and the emission of light are still unclear; different mechanisms that relate
one to the other have been suggested by different authors. In the case of densification, Joule heating
was proposed by Du et al. [10], formation of Frenkel pairs by Naik et al. [11], local overheating at grain
boundaries and the interaction between electric field and space charge by Cologna et al. [12]. For the
emission of light, electroluminescence, related to formation of defects, was proposed by Terauds et al.
[13] and incandescence, related to Joule heating, by Biesuz et al. [14]

The results presented in this work indicate that the phenomena surrounding the flash event could be of
different nature and that densification may be decoupled from the emission of light.

Some results in the literature could support this suggestion. Fully dense samples were flashed by Lebrun
and Raj [15], in order to study the conductivity and photoemission relationship. They observed both
increased conductivity and luminescence and proposed that the rise in conductivity was due to the
creation of e-h pairs and the emission of light resulted from the recombination of these two electronic
species. Composites of non-polar (SrTiO3) and polar (0-25vol% KNbOs) ceramics were flashed sintered
by Naik et al. [10]. They observed that on increasing the amount of KNbOs, little or no densification
was achieved and the luminescence intensity decreased. The hypothesis was that defects (vacancies and
interstitials), which were thought to be responsible for the densification, originated within the grains
and migrated to the grain boundaries. For this reason, in pure SrTiOs, full densification was achieved
as the defect concentration was generated in the entire volume of the ceramic, whereas in the composites
not enough defects were generated, due to the presence of the metallic interphases.

As the material used in the present study was single phase and not fully dense prior to the flash
experiments, it provides a clear example of the possible decoupling of the densification and emission
of light, referred to as “flash-sans sintering” by Raj [16].
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7.4 Conclusions

The cubic phase of zirconia can be stabilised at room temperature by adding 15 mol% of CaO.
Conventional-sintered samples showed three electrical components bulk, grain boundary and sample-
electrode interface, and ionic conduction with an activation energy of ~1.2eV.

Samples subjected to the flash experiment showed an abrupt increase in conductivity and emission of
light at an onset temperature between 720°C and 850°C depending on the temperature of pre-sintering
heat treatment; nevertheless, densification did not occur. The implication of these results is that the
sintering process can be separated from the emission of light.

Further work using different experimental conditions is planned in order to gain a better understanding
of the origins of the flash event.
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Chapter 8
Electrical properties of Mg-doped alumina

8.1 Introduction

The defect structure and electrical properties of pure and doped Al.Os have been the focus of many
studies since 1960 [1]. Extensive reviews on the diffusion of oxygen and aluminium have been written
[2][3][4] which reflect the continuing debate and unresolved questions on this topic.

The defects responsible for conductivity and/or diffusion were considered variously to be aluminium
vacancies (Vai), aluminium interstitials (Ali*"), oxygen vacancies (Vo™) and oxygen interstitials (Oi")
[5]-[17]. The intrinsic Schottky, anion Frenkel and cation Frenkel defect reactions are shown in
equations 8.1-8.3

2AL% + 30% -2V +3V" &1)
(8:3)

AL, > V4! + AL

These were suggested from a wide range of diffusion experiments, dc and ac conductivity
measurements, consideration of the thermodynamics of defect equilibria including the energetics of
formation of Schottky and Frenkel defects, molecular dynamic and atomic scale simulations.
Difficulties in identifying the intrinsic defects in alumina arise from the similarity in formation energies
of oxygen Frenkel and Schottky defects [16], [17] and their sensitivity to impurities: a few ppm may
create defects whose consequences overshadow the effects of intrinsic defect concentrations [17].

The possible defects created as compensation mechanisms for doping with divalent cations (D),
equations 8.4-8.6,

Al,O0
2D0 232D, +20% + DI* (8.4)
Al,O0
3D0 233D, +30% + ALL** (8.5)
Al,O0
2D0 232D, + 205 + Vg (8.6)
and tetravalent (T) cations, equations 8.7-8.8,
Al 05 . X " (87)
270, =53 2T3, +40% + 0"
Al,O0
3T0, —3 3T}, + 60% + V"4, (8.8)

have been mentioned in studies involving a wide range of dopants [7][16]. It was suggested that for
doping with divalent ions Vo™ would be created more readily and Vai~ for doping with tetravalent ions
[7]1[16]. However, it was also suggested that if Frenkel defects predominate, divalent cations are
compensated by Al [7] and O;~ species compensate for the dissolution of Ti**, rather than Va/ [15].
There is general agreement that oxygen diffusion increases with Mg-doping and decreases with Ti-
doping; it was concluded that oxygen diffusion occurs via Vo™ in the former and O;” in the latter and
that Vo™ diffusion is 2-2.5 times faster than that of O;" [2]. Nevertheless, aluminium diffusion, as either
vacancies or interstitials, was also considered possible, with the conclusion that Al;** dominates in the
presence of Mg?* and Va/~ in the presence of Ti** [2]. When comparing aluminium and oxygen
diffusion, Al diffuses 103-10* times faster than Vo™ [2] and the presence of Si increases the amount
of Va"' [12].
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Conductivity measurements at 1650°C showed a large variation with pO.. The electronic conductivity
increased in either reducing or oxidizing atmospheres and was separated by an electrolytic domain that
became increasingly broadened as temperature decreased to 1200°C [11]. Due to the resistive nature of
the material, long times were necessary to reach equilibrium below 1200°C [12]. Depending on
stoichiometry and experimental conditions, especially temperature and oxygen partial pressure, pO,
Al;O3 could present both electronic (n- or p-type) and/or ionic conductivity. Consistent with this
observation, thermoelectric emf experiments showed that the hot junction on a single crystal of Al,O;
was positive under pure oxygen and negative under low pO; (~10"° atm) [5]. Other factors to be
considered in rationalising knowledge of defect concentrations and equilibria with conductivity and
diffusion data include the distinction between continuous, long range conduction and short range hops
over barriers that have the lowest energy, the possibility of defect-defect interactions and the formation
of charged or neutral clusters; these appear to be ignored in most cases [4].

Alumina-based ceramics have found use in a wide range of commercial applications due to their many
key properties. Exceptionally high electrical resistivity, high mechanical strength, corrosion resistance
and thermal stability well above 1000 °C, as well as biological inertness, combine to allow extensive
utilisation of Al,O3.[18] The cost of manufacturing Al,O3 ceramic components is highly dependent on
the purity and processing routes used, which in turn influence the microstructure and final properties.
A balance in both cost and final properties must be reached depending on the final application. For
example, a small grain size (< 2 pm) and high purity (> 99 %) are desired in demanding mechanical
and chemically corrosive applications, but can be costly. There is also a necessity for the addition of a
sintering aid, commonly MgO, which enables the Al,O3 ceramic to sinter to near full density, whilst
controlling grain growth [19].

Often, a secondary glass phase is used as a processing aid, despite potentially lowering the ceramic’s
mechanical strength. As an electrical insulator, Al,O3; ceramics can benefit from a glass phase through
improved bonding strength to metallisation inks used for metal assemblies. The use of a glassy
secondary phase also aids sintering, with rates of mass transport increased at relatively lower firing
temperatures, allowing for the use of a larger starting particle size Al.Os, reducing the overall cost of
production [20]. For electrically insulating applications, such as electrical feedthrough or high voltage
power tubes, it is important that the addition of a sintering aid does not diminish the electrical resistivity
of the Al;Os. Understanding the electrical resistance behaviour of an Al,O; ceramic can aid in
understanding why some grades perform better in specific applications, whilst directing the future
development of new grades.

The main purpose of this study has been to use impedance spectroscopy to measure the electrical
properties of doped alumina ceramics at much lower temperatures,~500-900 °C, than those used to
evaluate defect equilibria, usually in single crystal materials, at very high temperatures, > ~1400 °C.
The objective is to identify and understand the main factors and principal defects that control the
conductivity of doped ceramics, whether ionic or electronic. Although the materials are unlikely to be
in thermodynamic equilibrium with the atmosphere at these relatively low temperatures, the properties
should nevertheless be dominated by the defects and their concentrations that have been frozen in from
higher temperatures. The materials may, therefore, exhibit kinetic stability and associated metastable
equilibria that have a controlling effect on electrical properties at lower temperatures. Two types of
Mg-doped alumina ceramics have been studied, both with and without the addition of silica. It was of
interest to see whether the addition of silica led to the presence of a separate glassy phase or whether it
could dissolve in the alumina lattice. The results demonstrate particularly well the sensitivity of
electrical conductivity to the charge compensation mechanism associated with aliovalent dopants.
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8.2 Experimental

Samples with compositions 0.05wt%MgO-Al,03 (Mg0.05) and 0.5wt%(MgO/SiO2)-Al.O3 were
provided by an industrial contact. These are typically prepared from reagent grade (> 99%) Al,QOs,
Mg(NOs).4H,0 and Si(OC3Hs)s [21]-[23], which were combined and mixed with inorganic additives
and organic binders in an aqueous slurry before spray drying. Dried powders were uniaxially pressed
using a 20 mm pellet die at 150 MPa before debinding and sintering sintering at typically 1550°C for 8
h in. The final fired density of each of the pellets was 3.94 and 3.86 g/cm?® for Mg0.05 and Mg0.5,
respectively. Mg0.05 had an average grain size of 2 um, while Mg0.5 had an average of 20 pm.
Platinum paste electrodes were applied to opposite pellet faces and dried at 900°C for 2 h. For
impedance measurements, pellets were attached to the Pt leads of a conductivity jig which allowed the
flow of gas over the pellet.

Sintered samples were polished metallographically, thermally etched at 1350°C for 20 min and sputter-
coated with 10 nm of carbon. Ceramic microstructures were determined by secondary electron (SE)
images taken on a field-emission scanning electron microscope (FEI Inspect F50) using an acceleration
voltage of 15 kV and energy-dispersion analysis of x-rays (EDS) from Oxford Instruments using 20
kV.

For impedance measurements, Pt paste electrodes were applied to opposite pellet faces and dried at
900°C for 2 h. Electroded pellets were attached to the Pt leads of a conductivity jig which allowed the
flow of gas. Isothermal impedance measurements were taken after 30 min of flowing N2, O, and dried
air at 101.325 kPa, over the temperature range 400-950 °C. Two impedance analysers were used: a
Solartron SI 1260 (measurement accuracy +0.1%), frequency range 10 mHz-1 MHz and an Agilent
Agilent 4294A (measurement accuracy £0.08%), frequency range 40 Hz-1 MHz, with a nominal ac
voltage of 100 mV in both cases.

Two sets of corrections were made to the collected data: (i) a geometric factor consisting of pellet
thickness and sample-electrode contact area and (ii) jig impedance characteristics consisting of the
blank, open circuit capacitance, typically 6 pF and the closed circuit resistance of, primarily, the leads,
1-2 Q. The reported values for bulk resistances, Ri, correspond approximately to their resistivities;
grain boundary resistances, Rz, are not resistivities as they were not corrected for grain boundary
geometries, although they are reported also in units of ohm cm. Data analysis was performed using
ZVIEW software (ZVIEW-Impedance Software version 2.4 Scribner Associates).

8.3 Results

8.3.1 Mg0.05 gave a typical impedance complex plane response characterised by 3 electrical
components, Figure 8.1(a-c). At 433°C (a), part of a poorly-resolved semicircular arc with resistance
R1 is observed at high frequencies (schematic fit is shown, dashed, as a visual aid) and at lower
frequencies, a spike. The spike becomes the high frequency tail of a second arc with resistance R at
higher temperatures, as shown in (b). The same data plotted as a capacitance, C’ spectroscopic plot (d),
show a high frequency plateau, C1 ~ 0.54 pFecm™, that is attributed to the bulk response and corresponds
to a relative permittivity of ~ 6.04, given by:
e’=C’/eo (8.9)

where g is the permittivity of free space, 8.854x1071* Fecm™. Further evidence of the bulk response is
given in the spectroscopic M” plot (e); this shows a Debye-like peak in the same frequency range as
the poorly-resolved, high frequency arc in Z*. Because the largest peak in an M” spectrum is dominated
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by the component with the smallest capacitance [24], M” spectra provide a very useful, visual way to
identify the bulk response of a sample.

The second arc and resistance R, dominates the impedance complex plane at 762°C (b); at 923 °C (c)
a third, low frequency arc with resistance (extrapolated) Rs is seen. The capacitance data at 762 °C (d)
show a plateau, C, around 10 pFcm ™ at similar intermediate frequencies to the second impedance arc.
At 923 °C, a low frequency dispersion in C* with values above 10 pFecm™ is observed (d) at similar
frequencies to the low frequency arc. From the magnitudes of their capacitances, these three impedance
elements were attributed tentatively, with decreasing frequency, to the bulk effect (R1), grain boundary
or minor second phase (Rz) and sample-electrode interface (Rs). Values for the resistances R; and R
were estimated directly from the intercepts of semicircles with the Z” axis and are shown as conductivity
Arrhenius plots in (f). Ry has activation energy 0.92(4) eV and, as discussed later, is associated primarily
with bulk oxide ion conduction whereas Rz is more resistive, with high activation energy, 2.29(2) eV,
and is attributed to a grain boundary whose conductivity is mainly electronic.

100 300
Mg0.05 433°C () Mg0.05 762°C  (b) Mg0.05 923°C (c)
o 1000 -
e schematic fit
75| 2
200 +
1 £ e 1S
13 / 3] S
(@] e o] (@]
S 50, / < x
~ f ke = 500f 2 =
= R N
N 7 N Pu—— 100}
251 4 e [ O 3
ee eo/e 10kHz e\o‘ee ) 100mHezeeoeeeeee
1-§10KHZ g ~ 100kHz 3% i @@M
08 | | | 0 ) ) ! )
0 25 50 75 100 0 500 1000 0 100 200 300
Z'/ MQcm 7'/ kQem Z' | kQcm
T/°C
900 750 600 450
-5 Py 200 7.5 -4 T T T T
g0. (d) Mg0.0f. 433°C (e) R Mg0.05 (f)
< LY e
as 8 o/. % HE e
5 \ J 2 150 9
€ € 1 e £ -6 0.92(4)
S S -5 J \ < 5 229(2) ® °
L @] \ / . !
= of S 100 | b \ & = .
O = ., s \ )
= \ F o s
8 N L s {255 ©
. hd S -8+
-11F o 433°C L o =
= 517°C Ed
o 762°C o o ° R
0, 'O, a
1al° 923°C o . oeossea00mmagans 0.0 =R ‘
-2 0 2 3 4 5 6 0.8 1.0 1.2 1.4
log f/ Hz log f/ Hz 1000K /T

Figure 1. (a)-(c) Impedance complex plane plots and spectroscopic plots of (d) capacitance and (e) Z"/M" at different
temperatures for Mg0.05; (f) Conductivity Arrhenius plot of bulk, R1 and grain boundary, Rz impedances

8.3.2 Mg0.5 also gave typical impedance data sets with three electrical components, Figure 8.2. The
impedance complex plane at 909°C (a) shows two arcs of similar size at high frequencies and a broad
depressed arc at low frequencies. The C’ data at this temperature (b) show, similarly, a low frequency
dispersion approaching 0.62 uFcm™, an intermediate plateau around ~ 15 pFcm*and a high frequency
limiting capacitance ~ 0.88 pFcm™, which is seen more clearly at lower temperature, 708°C (b) and
corresponds to a bulk relative permittivity of ~ 9.9. The Z”’/M” plots at 909°C, (c), show that the highest
frequency Z”’ peak and impedance complex plane arc (a) correspond to the component with the lowest
capacitance, C; that is responsible for the M”’ peak.
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Figure 8.2. (a) Impedance complex plane plot and spectroscopic plots of (b) capacitance and (c) Z"/M" at different
temperatures for Mg0.5; (d) Conductivity Arrhenius plot of bulk, R1 and grain boundary, Rz impedances

The main difference between Mg0.05 and Mg0.5 datasets is that, although both have impedance
components of similar geometric dimensions from the values of C; and C,, the values of resistances Ry,
Rz and Rz are comparable for Mg0.5 whereas for Mg0.05, R; is relatively, much smaller than the other
two resistances. Arrhenius plots for Mg0.5, Fig 8.2(d), show that there is not the same dramatic
difference between R; and R; that is seen with Mg0.05, Fig 8.1(f); we attribute this difference to the
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reduced level of oxide ion conduction in Mg0.5, discussed later.

Arrhenius plots for both samples are collected in Figure 8.3 where they are separated into (a) bulk and
(b) grain boundary components. The bulk conductivities, o1 decrease with increasing amount of dopant,
in the sequence Mg0.05 > MgO0.5. However, the grain boundary conductivities, o> have similar
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Both samples showed dependence of conductivity on oxygen partial pressure, pO, at~900 °C, as shown
in Figure 8.4(a-b), but not at lower temperature (c-d). In each case, at~900 °C the total resistance of the
samples, as well as the three individual resistance components for both Mg0.05 and Mg0.5, decreased
with increasing pO.. This behaviour suggests a p-type electronic contribution to the conductivity at
higher temperatures since the following idealised equilibrium at the sample surfaces is displaced to the
right with increasing pO-:
1/20,+Vo* — Oy + 2h° (8.10)

At lower temperatures, the absence of any pO, dependence suggests that under these conditions (c,d),
the samples are within the electrolytic domain and any p-type conductivity is too small to detect in the
presence of the oxide ion conductivity.
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Figure 8.4. Impedance complex plane plots showing pO2-dependence of Mg0.05 and Mg0.5 at different temperatures.

8.3.3 SEMV/EDS results are shown in Figures 8.5 and 8.6. Secondary electron, SE, images, 5(a), for
Mg0.05 show a small amount of closed porosity and grain sizes in the range 0.7-5 um with an average
of~2 um; EDS images, 5(b,c), show a homogeneous distribution of Al and Mg. For Mg0.5, SE images,
6(a), show a wider range of grain sizes, 0.7-40 um with an average of~15 um and slightly more closed
porosity; EDS maps, 6(b-d), show a homogeneous distribution of Al, Mg and Si through the grains with
minor amounts of isolated Si segregation.

Figure 8.5. (a) SE and (b,c) EDS images of polished and thermal-etched pellet of Mg0.05.
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Figure 8.6. (a) SE and (b-d) EDS images of polished and thermal-etched pellet of Mg0.5.

8.4 Discussion

The impedance data for both Mg0.05 and Mg0.5 show three components which indicate an equivalent
circuit consisting, to a first approximation, of three parallel RC elements in series. Resistance values
were obtained readily from the intercepts, or extrapolated intercepts, of arcs on the Z’ axis of impedance
complex plane plots. However, the impedance arcs were broadened from an ideal semi-circular shape;
detailed circuit analysis and fitting would require inclusion of constant phase elements in the equivalent
circuit but was not deemed necessary since resistance values were obtained directly from Z* plots.
Resistance data gave linear Arrhenius plots and activation energies in the range 0.92(4) to 2.36(9) eV.

Capacitance values were estimated from plateaux in spectroscopic plots of log C’. Using the relation:
C =eee’Ad? (8.11)

where A and d represent the area and thickness of regions responsible for a particular impedance effect,
the capacitance values were assigned as follows: C; - sample bulk; C; - grain boundaries; Cs - sample-
electrode interface. Permittivity values calculated from C; were in the range 6-10, consistent with values
expected for dielectric Al.Os. Values for C,, around 102! Fcm, indicated that the thickness of the grain
boundary regions was approximately 5-10 % that of the bulk grains, assuming a simple model in which
Cad?, equation (8.11). It should be emphasised that these capacitance values and relative thicknesses
refer to the electrical microstructure of the samples, which is not necessarily the same as the
microstructure determined by direct microscopic observation. Limiting values of Cs at 10 Hz were,
for Mg0.5, >10® Fcm*and for Mg0.05, >10° Fem™®, which clearly correspond to the sample-electrode
contact impedances.

Information on the nature of the current carriers responsible for the conductivity data was obtained
from a combination of impedance measurements at different frequencies and in atmospheres of
different pO,. The results taken together indicate a temperature- and composition-dependent
combination of oxide ion conduction and p-type electronic conduction.
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8.4.1 lonic conduction is indicated by a high value of sample-electrode capacitance at low frequencies:
double layer capacitances of ~10° Fcm™ are typical of ion blocking at sample-electrode interfaces.
Experimental values obtained here, >3x10° Fcm™ at 102 Hz for Mg0.05, are attributed to oxide ions as
the conducting species responsible, consistent with a charge compensation mechanism of oxygen
vacancy creation on doping alumina with Mg?*. For Mg0.5, the alumina appeared to be double-doped
with self-compensating Mg?* and Si**, which greatly reduced the need for oxygen vacancy creation;
the smaller value of the capacitance, 10 Hz at 102 Hz, is consistent with a reduced level of oxide ion
conductivity.

The impedance response of oxide ion conductivity may also be sensitive to pO; for two possible
reasons. First, redox transfer of oxygen usually occurs across the sample-electrode interfaces and can
be represented by a charge transfer resistance, Rcr, in parallel with a blocking double layer capacitance,
CoL. The effect of Rcr is to transform an ‘electrode spike’ into a low frequency impedance arc whose
magnitude may depend on pO: in the surrounding atmosphere. The oxygen redox reaction, given
ideally by:

1/20; + Vo™ + 2’ > Oo* (8.12)
occurs in opposite directions at the two electrodes, one of which, either the oxygen evolution reaction,
OER, or the oxygen reduction reaction, ORR, is likely to control the overall impedance and measured
Rer value.

Second, permeation of oxygen molecules, either towards or away from the sample-electrode interface
may be a rate-limiting step in the overall impedance. To represent this, a Warburg impedance, Zw, is
usually placed in series with the rest of the equivalent circuit and becomes the limiting, zero frequency
impedance of the measuring system. Both of these effects, Rct and Zw, may therefore make a
contribution to the value of Rs. Although the electrode response, RsCs of oxide ion conductors may be
sensitive to pO,, the sample resistances themselves, R and R, do not change because the effect of pO;
on oxide ion vacancy concentration is very small. As discussed later, a small uptake of oxygen may
occur at sample surfaces and interfaces with increasing pO_, which is compensated by the onset of p-
type electronic conductivity, but the overall change in oxygen vacancy concentration is too small to
influence the level of oxide ion conductivity.

8.4.2 Electronic conduction can also be studied by measurements in atmospheres of different pO,
which in particular, can provide information concerning the nature of electronic charge carriers, as
shown in the data obtained at~900 °C, Figure 4. For materials that are conductors of oxide ions alone,
as indicated above, the bulk and grain boundary conductivities should not be sensitive to pO,. For
materials that are low level electronic semiconductors, however, measurements in different pO; allow
distinction between n- and p- type carriers. From equations (8.10) and (8.12), the effect of increasing
pO-is either to decrease the number of n-type carriers (8.12) or to increase the number of p-type carriers
(8.10). Results obtained here with both samples showed enhanced conductivity with increased pO; and
therefore, p-type extrinsic conductivity. This must occur in parallel with any oxide ion conductivity and
therefore, the materials are mixed conductors.

At this stage, we have no information on the relative transport numbers of holes and oxide ions, but
clearly both are significant and the electronic transport numbers are not fixed but vary with pO2. The
bulk conductivity of Mg0.05 is 1-2 orders of magnitude higher than that of Mg0.5 and also has a much
lower bulk activation energy, whose value, 0.92(4) eV is typical of oxide ion conductors such as yttria-
stabilised zirconia, YSZ [25]. Therefore, it is suggested that Mg0.05 is primarily an oxide ion conductor
whereas Mg0.5 is primarily an electronic conductor.
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In our experience of sample-electrode contacts in materials that are electronically conducting, a contact
impedance is commonly observed (ie contacts may be non-ohmic) but is not double layer in nature.
Since there is no capacitive charge build-up, the interface behaves effectively as a parallel RC element
in which the capacitance represents an, often poor, contact between rough surfaces of the sample and
metal electrode and typically, has much smaller capacitance values. The smaller value of the low
frequency capacitance for Mg0.5 compared with that for Mg0.05 is consistent with electronic
conductivity but also a certain amount of oxide ion conductivity.

The possible mechanism(s) for incorporating Mg and Si dopants into the alumina samples were next
considered. The SEM/EDS results give two important conclusions. First, in composition Mg0.05, the
Mg is distributed homogeneously through the alumina grains with no indication of any segregation.
Second, in Mg0.5, both Mg and Si are distributed homogeneously through the alumina lattice.

Mg?* and AI** are similar-sized ions with similar bonding character and are able to substitute readily
for each other in crystal structures, as shown by the variable stoichiometry of MgAl.Os spinel in the
MgO-Al,Os phase diagram. Addition of MgO to Al,Os could, in principle, involve two possible ionic
charge compensation mechanisms. The general formulae that arise, as well as use of Krdger-Vink
notation to describe the reactions, are as follows:

1.Creation of oxygen vacancies in Al,_,Mg,0,_x
2

AlLO;3 ,
2Mg0 —=3 2Mg}, + V&' + 205 (8.13)

2.Creation of interstitial cations in Aly-2xMgaxOs:

3Mg0 — 2Mg),; + Mg;* + 305 (8.14)

A related possibility is that the interstitial Mg?* ions may change places with lattice AI** ions to give
interstitial AI**ions, consistent with a Frenkel defect model for alumina.

3.Creation of holes. An electronic charge compensation mechanism requires the creation of holes, but
neither Mg?* or AI** are possible as locations of holes due to their very high subsequent ionisation
potentials. The observed, thermally-activated p-type conductivity at high temperatures and its
dependence on pO, is therefore attributed to creation of holes on oxygen to give, AloxMgxOs.x/2):5:

1/202 + Vo" + Oox Aand 200. (815)

In this mechanism, O, molecules from the surrounding atmosphere absorb on the sample surface,
dissociate, pick up electrons from neighbouring under-bonded oxide ions which ionise singly and
occupy oxygen vacancies as O ions.

In summary, only mechanism 1, equation (8.13), involves oxygen vacancy creation and therefore,
readily accounts for the observed oxide ion conduction. Mechanism 2 could conceivably give rise to
conduction by interstitial Mg?* or AI** ions but not to hole conduction. Mechanism 3 accounts for hole
conduction and the ready variation in p-type conductivity with changing pO;, but not oxide ion
conduction. Both ionic and electronic mechanisms are generally involved, therefore and the relative
importance of each depends on experimental conditions, especially temperature and pO..
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The sizes of Si**and AI** are also similar and many examples of mixed site occupancy exist in the large
family of aluminosilicate minerals and their synthetic analogues. In these, Si occupies tetrahedral sites
exclusively. It is rare, but not unknown, for Si to occupy octahedral sites, as in glassy and crystalline
Si phosphates [26]. In Mg0.5, the SEM / EDS results support a mechanism by which Al,Os is co-doped
with both Mg?* and Si**:

. Al;03
MgO + SiO; — Mg',; + Sijy + 305 (8.16)

Further work is required to determine whether both Si and Mg occupy octahedral sites or whether Si
occupies tetrahedral sites. However, a direct consequence of the co-doping mechanism, irrespective of
the details concerning the location of Si, is that creation of oxygen vacancies is not necessary to
compensate for equal amounts of Mg and Si dopants.

The requirements for p-type conductivity in the doped aluminas were considered. Equation (8.15)
appears to be the mechanism responsible and in particular, requires (i) the availability of oxygen
vacancies to absorb oxygen with increasing pO; and (ii) the availability of underbonded oxide ions
which can ionise readily, transferring one electron to an incoming oxygen atom and thereby generating
two singly charged O~ ions. Under-bonded oxide ions may be regarded as those in the vicinity of Mg?*
dopantions, also regarded as acceptor dopants, since such oxide ions are not surrounded exclusively
by AlI**ions and do not experience a full quota of positive charge, 2+.

The bulk conductivity of Mg0.5 is significantly lower than that of Mg0.05 although it contains 10x
more Mg than Mg0.05, but nevertheless, it is still a modest mixed hole/oxide ion conductor. A ready
explanation of this based on the results was found in which the concentration of both oxygen vacancies
and electron holes is reduced and also in the literature on sintering and microstructural studies of doped
alumina ceramics [22][27][28]: a key result was that the solubility of Mg in alumina is greatly enhanced
by co-doping with Si. The sintering studies also showed that the initial location of dopants at grain
boundaries (as expected by the in-diffusion mechanism associated with dopant incorporation) was
followed by a gradual incorporation of Mg and Si into the grain interiors after, for example, heating at
1525 °C for 3 hours.

Literature data on well-sintered ceramics [22][27][28] show well-defined, thin grain boundaries,
typically 1 nm thick, with segregation of dopants, at least in the early stages of sintering. Electrical
microstructure results presented here on the well-sintered samples indicate that electrically, the grain
boundary regions are very much thicker, even though the SE images show clear microstructures with
narrow and pore-free contacts between grains. There is an apparent conflict, therefore, between the two
types of microstructure, determined either directly by microscopy [22][27][28]or indirectly by
impedance spectroscopy. Possibly, there are two types of grain boundary, thin ones seen by high
resolution electron microscopy [22][27][28] which do not impact on the electrical properties and thick
ones detected indirectly by impedance spectroscopy but for which there is no direct microscopic
evidence. The grain boundary regions seen in the impedance data are more resistive than the bulk
regions; they have higher activation energy and therefore, the concentration of mobile oxygen vacancies
is less. The EDS results do not show any significant variation in Mg distribution throughout the grains.
Possibly, a different mechanism of charge compensation exists in the grain boundary regions, such as
the creation of either interstitial Mg?* ions, equation (8.14), or O ions, equation (8.15) both of which
avoid the creation of oxygen vacancies. Further studies, including high resolution TEM would be
required to determine whether there is any cation segregation at the thin grain boundaries; from the
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impedance results, however, there is no evidence of any additional impedance associated with thin grain
boundary regions.

The results reported here, showing high temperature conductivity properties that range from oxide ion
conduction to p-type electronic conduction, depending on composition, pO, and temperature, are
consistent with early measurements on the dc conductivity of pure and Mg-doped alumina single
crystals and polycrystals [6], [10]. Direct comparison with the literature is difficult, however, since our
ac results show that grain boundary resistances dominate the impedance at lower temperatures whereas
the higher activation energy of grain boundary resistances means that bulk resistances may dominate
their impedance at temperatures > 900°C, beyond the present measuring range and assuming linear
Arrhenius behaviour.

Nevertheless, it is clear from [6], [10] that the materials are essentially p-type conductors at high
temperature and increasingly, show a broad, pO.-dependent electrolytic domain with ionic conductivity
at lower temperatures. The general behaviour of Mg-doped polycrystalline Al,O3; [6] was reported to
be similar to that of single crystal samples but the transition to electronic conduction occurred at lower
temperatures and lower pO2; possibly, this was because the higher oxygen vacancy concentration in the
samples promoted an increase in p-type conduction. The activation energies for conductivity reported
in [6] were in the range 2.5 to 3.5 eV; these are not inconsistent with our grain boundary activation
energies in the range 2.29-2.36 eV. Our much lower bulk activation energy of 0.92 eV for Mg0.05
would not have been observed in dc measurements because of (i) the high grain boundary activation
energy at lower temperatures and (ii) a switch to electronic conductivity at high temperatures.

It was not possible to solve the conundrum of the discrepancy between experimental and calculated
diffusion parameters highlighted in [2]-[4] , but are able to suggest some additional factors that may
merit consideration. From our results and the early literature on electrical properties, it is clear that for
conductivity measurements in air or O, of both nominally pure and doped Al,Os, the materials are
mixed conductors ranging from mainly oxide ion conduction at lower temperatures to p-type semi-
conduction at the high temperatures,~1600 °C, that are typically used in diffusion measurements. The
p-type conductivity is likely to be a hopping conductivity which means that the holes are localised on
an atomic species, for which the only realistic possibility is oxygen. Holes on oxygen equate to lower
valence O ions instead of the ubiquitous O% ions. The structures therefore contain mixed anions, O-
and O%, as well as showing mixed ionic and electronic conductivity. Since O ions and the associated
holes appear to be the dominant defects that control conductivity at 1600°C, their role in diffusion
processes, of both Al and O, may be significant.

Clear evidence for two ionic charge compensation mechanisms have been showed here, leading to either
oxygen vacancies or self-compensation of aliovalent cations, with the possibility under certain
circumstances of a third mechanism involving either interstitial Mg?* ions or O™ ions that fill available
oxygen vacancies. Each of these compensation mechanisms may impact differently on the measurement
of diffusion coefficients.

8.5 Conclusions
Some general conclusions can be drawn concerning the electrical properties of alumina ceramics, based
on samples prepared with different doping schedules that were studied here.

The main charge compensation mechanism for incorporation of Mg?* ions as a single dopant into the
alumina lattice appears to involve oxygen vacancy creation. This is responsible for the observed oxide
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ion conduction, for which evidence is provided by the presence of double layer capacitance effects in
low frequency impedance data.

In the presence of Si, literature data suggest that dissolution of Mg is enhanced by a double substitution
mechanism in which charge balance is achieved without oxygen vacancy creation. This is confirmed
by the EDS results showing a uniform distribution of both Mg and Si dopants through the alumina
grains and accounts for the much reduced oxide ion conductivity associated with a reduced oxygen
vacancy concentration observed in composition Mg0.5 compared with Mg0.05.

The Mg-doped samples are mixed conductors of both oxide ions and holes. The level of hole
conductivity is sensitive to oxygen partial pressure in the surrounding atmosphere. This sensitivity
indicates rapid oxygen exchange between the surrounding atmosphere and sample surfaces at ~900 °C
and is probably facilitated by the presence of oxygen vacancies in Mg-doped alumina.

The easy creation of holes on oxygen, as Oions, is attributed to the under-bonding of certain oxide ions
associated with the acceptor dopant Mg?*. Absorption of O, molecules and creation of holes may be
represented ideally by equation (8.10), similar to what was proposed to account for the occurrence of
p-type conductivity in acceptor-doped Ba and Sr titanate perovskites [28].

Although Al,Os; is regarded as a ‘classic’ ionic oxide, at high temperatures it is a p-type electronic
semiconductor with holes located on oxygen. This means that, to achieve charge balance of O ions, a
slight excess of oxygen, beyond that of the Al,O3 stoichiometry, may be required and especially, be
facilitated by the availability of oxygen vacancies in Mg-doped alumina. In contrast to ceramic oxides
such as TiO,and BaTiOg, that lose a small amount of oxygen at high temperature by oxidation of some
near-surface lattice O ions and exhibit n-type semiconductivity, Mg-doped alumina shows only partial
oxidation of O? ions, by reaction with O, giving rise to p-type semiconductivity associated with the
resulting O"ions.
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8.7 Supplementary

Composition (mol% Al,03)
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Figure 8.51. MgO-Al20s phase diagram [30].
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Chapter 9
Electrical properties of Mg-doped alumina: effect of dc bias

9.1 Introduction

Alumina (Al2Os) is a well-known dielectric [1]. A large range of applications rely on its electrically
insulating properties. Therefore, it is of great interest to understand the dielectric breakdown conditions.
The effect of MgO and SiO; on the dielectric strength of alumina has been studied [2] indicating that it
increases when SiO; is the major impurity and decreases when MgO is added. In a different field of study,
flash sintering, a sudden increase in conductivity is observed, along with densification and luminescence,
when a large voltage is applied across a sample [3]. Mg-doped alumina has being flash sintered [4].
Similarity between flash sintering and electrical breakdown strength in dielectrics, has been pointed out [5]
[6]. These two processes present a transition from insulating to conducting behaviour, need an incubation
time which decreases with applied field, and are sensitive to sample geometry.

To gain insight into the early stages of these two processes, this work studies changes to the impedance of
Mg-doped alumina during application of lower voltages than those used in flash sintering and dielectric
breakdown. In addition, measurements involving a combination of applied voltage and change in oxygen
partial pressure (pO-) give further information about the nature of the mobile species.

9.2 Experimental

Impedance measurements of the same electroded samples that were used for chapter 8 (Mg0.5 and Mg0.05)
were made at around 900°C using a conductivity jig which allowed flow of a gas over the pellet. An Agilent
4294 A was used as impedance analyser (measurement accuracy +0.08%), frequency range 40 Hz-3 MHz,
with a nominal ac voltage of 100 mV. In some cases, a dc bias in the range 1-35 V was applied across
samples, at the same time as impedance data were recorded. Two experiment profiles were used for
application of the voltage, Figure 9.1. Profile A applied 15 minutes of voltage followed by 15 minutes of
recovery at 0 V, with an electric field range from 5 to 75 Vem™. Profile B applied 1 hour of voltage, electric
field range 75 to 175 Vcem?, followed by voltage removal and impedance measurements over the time
required to obtain a similar impedance response to that of the original state.

Two sets of corrections were made to the collected data: (i) a geometric factor consisting of pellet thickness
and sample-electrode contact area and (ii) jig impedance characteristics consisting of the blank, open circuit
capacitance, typically 6 pF and the closed circuit resistance of, primarily, the leads, 1-2 Q. Data analysis
was performed using ZVIEW software (ZVIEW-Impedance Software version 2.4 Scribner Associates).
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Figure 9.1. Experimental voltage profiles.
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9.3 Results

9.3.1 Mg0.5

The impedance response of Mg0.5 at 909 °C, measured during and after application of an electric field
ranging from 0 to 75 Vem for 15 mins, is shown in Figure 9.2. At 0 Vcm™ the Z* plane (a) shows two arcs
of similar size, labelled as R; and R, with decreasing frequency, which give a total resistance R; (R1+R2) of
~1MQcm at 0 Vem':, increasing to ~ 4 MQcm at 75 Vem'™. The corresponding capacitances are shown in
(b) with C1~ 1 pFem™ and C,~ 10 pFecm, in addition to the onset of a low frequency dispersion related to
the sample-electrode interface. From the capacitance values, element 1 corresponds to the bulk response
and element 2 to either the grain boundary, surface layer or shell of a core-shell structure. The increase in
resistance with applied voltage was, however, time-dependent, as shown in (c). For each voltage, the
resistance increased gradually and had not reached a steady state, even after 15 min. On removal of the
bias, all of the resistances decreased gradually but also, had not recovered the initial value after 15 mins.
The time evolution of the impedance response during the application, and after removal, of 75 Vem™, is
shown in Supplementary Figure 9.S1.
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Figure 9.2. (a)-(b) Impedance response after 15 minutes of applied voltage at 909°C. Inset (a) possible equivalent circuit.
Continuous lines are fitted results. (c)Time dependence of Rt during and after the application of voltage using profile A, Figure
9.1.

In order to further understand the effect of voltage and extract accurate resistance and capacitance values
for the bulk and grain boundary impedances, equivalent circuit analysis was carried out. Two circuits were
tested to fit Mg0.5 data at 0 Vem™. The first consisted of two parallel R-CPE-C elements in series, Figure
9.3a, and the second included a series R-C element in parallel with the existing R-CPE-C bulk element,
Figure 9.S3a. Addition of the series R-C element would represent a dielectric/dipole response, similar to
that seen recently in yttria- and calcia-stabilised zirconia samples [7], [8]. In general, both circuits gave
successful fits, Figures 9.S2, 9.S3, with the difference that, at high frequencies the residuals of the second
circuit were lower. As the objective here was to extract the resistance and capacitance values, and both
circuits gave similar values for these, the simpler circuit was used to fit the data with applied voltages in
the range 5-75 Vem™. The possibility of an additional dielectric component in the overall response was not
further investigated here.

Examples of the fits (black lines) for 25 and 75 Vcm™ are given in Figure 9.2(a,b). A more detailed

presentation of the fit with 75 Vem? is given in Figure 9.54, where the residuals are shown and the
contribution of individual bulk and grain boundary components is deconvoluted from the overall response.
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The extracted resistance and capacitance values for the bulk and grain boundary as a function of voltage
are summarised in Figure 9.3. Resistance values were taken from fits to the 15 min datasets although, as
shown in Fig 9.2(c), these had not reached a steady state. Both R; and R, showed voltage dependence (a);
however, R; showed a delayed response at lower voltages compared to Ry, but from 25 Vem™ a similar
trend was followed in both. C, showed a consistent decrease in capacitance from 8.6(5) to 4(3) pFcm™ with
increasing voltage (b). By contrast, C; appeared to show a slight increase from 0.93(1) to 1.1(2) pFcm™.
This could be interpreted as a change in size of the two regions with voltage: the grain boundary is getting
thicker as C; decreases and therefore, to compensate, the bulk is getting thinner as C; increases. As a note,
one possible reason for the increased errors shown for R and C values at the higher voltages is the increased
similarity of C; and C, values leading to more uncertainty in their refined values.
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Figure 9.3. Electric field dependence of fitted results of Mg0.5 at 909°C, resistances (a) and capacitances (b).

9.3.2 Mg0.05

It was shown in chapter 8 that at 0 V, pellet Mg0.05 showed two impedance components, attributed to bulk
and grain boundary elements and a low frequency spike that was evidence of a significant contribution of
oxide ion conduction to the overall conductivity. For measurements with an applied bias, different
impedance instrumentation was used that had a more limited frequency range, with a lower limit of 100
Hz, compared with 0.01 Hz for the zero bias studies. This meant that a full coverage of the low frequency
impedance response was not available. In addition, the bulk impedance component was concealed under
the high frequency wing of the distorted impedance arc dominated by the grain boundary impedance. Partly
for this reason, the following results focus on the total resistance R: only, where R; = R1 + R,. At higher
voltages and with increasing times, the low frequency spike changed into a curved arc from which an
additional resistance Rs was apparent.

The impedance response with and without applying 75 to 175 Vem' for 1 hour at 914 °C is given in Figure
9.4. At 0 V, the Z* plane shows part of an arc with resistance R:(a, inset). The log C’ plot shows an
intermediate frequency plateau (C, ~6 pFecm™) corresponding to the grain boundary and a low frequency
dispersion representing the electrode contact impedance (b), as discussed in chapter 8.

With increasing voltage, the Z* plane (a) shows that R; increases. The spike seen at 0 Vem™ (a inset),
evolves into a large semicircle with resistance Rs (eg Rs ~ 6 MQcm at 175 Vem™?). The log C’ plot (b)
shows that C, decreases to a similar value of ~ 0.93 pFcm™ at all voltages and an additional, poorly-resolved
plateau forms of value ~20 pFcm™ at low frequencies, which is attributed to the new element, Ca.
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Figure 9.4. Impedance response of Mg0.05 at 914°C, after 1 hour of applied voltage.

These results are a snapshot taken after 1 hour of voltage application, but to reach this state there was a
gradual change in the impedance response. A representative time dependence under 175 Vemis shown in
Figure 9.5. In the first minute, R rises rapidly and C, appears to decrease. With time, Rycontinues to increase
but passes through a maximum around 7 minutes and then decreases. At the same time, Rz appears and
continues to increase with time, while R; decreases.
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Figure 9.5. Change in the impedance response of Mg0.05 at 914 °C with time, during the application of 175 Vem™.

On removal of the dc bias, the Z* and log C’ plots, Figure 9.6, show that the time required to recover the
initial state after application of 5 Vem™, 15 min, and 150 Vem, 1h was both time- and voltage- dependent;
ie after applying 5 Vem™ around 15 min of recovery was enough, but over 50 h recovery was required after
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Figure 9.6. Change in the impedance response of Mg0.05 with time, after the voltage cut off after applying 5 to 50 Vem™ for 15
min, and 150 Vem for 1 h.
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The effect of pO, on the impedance response under a dc bias, 175 Vem™at 920 °C, is shown in Figure 9.7.
The evolution with time is shown in N (a,c) and O, (b,d). The Z* plane shows that R; is larger under N
than O.. With time under N, (a) Rs and/or R; increases and then gradually evolves into a spike at lowest
frequencies. Under O; (b), Rs/R; also increases, but remains as part of an arc. The log C’ plots show that
under N2 (c), C, decreases faster than under O (d).
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Figure 9.7. Impedance response of Mg0.05 at 920 °C, during the application of 175 Vecm-tunder N2 (a)(c) and Oz (b)(d).

The overall effect on R; of both applying and subsequently removing electric fields up to 175 Vem™? is
summarised in Fig 9.8(a,b) and of a field of 175 Vcm™ in different pO; in Fig 9.8(c). Two regimes can be
identified: <50 Vem™ and >75Vem™. In the first, (a), R: increased rapidly and reached a steady state with
time. In the second, (b), Rt increased rapidly, reached a peak and then decreased gradually to a steady state.
The magnitude of the peak increased with voltage.

When comparing the effect of dc bias in different atmospheres, Fig 9.8(c), the same trend was observed in
N2 and air, but R; was slightly larger in N2. In O, R; did not pass through a maximum but instead, increased
slowly and steadily. However, all three plots seem to converge with time, to give a similar steady state R;
value.
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9.4 Discussion
The data for Mg0.5 show that: (i) both resistances R; and R; increase with (a) increasing bias voltage, Fig
9.2(a) and (b) increasing time, Fig 9.2(c); (ii) on removal of the bias voltage, both resistances gradually
reduce and may recover their original values after sufficient time, Fig 9.2(c); (iii) data for C; and C, show
that the apparent grain boundary regions thicken with applied bias whereas the bulk becomes thinner, Fig
9.3(b); (iv) there is an induction period before R; starts to increase with applied bias, but this is not observed
with Ry, Fig 9.3(a).
To account for these observations, we assume that the changes seen in the impedance results are associated
entirely with the level of electronic p-type conductivity and that any effect of changes to possible oxide ion
conductivity is negligibly small. We also note that, unusually, the electronic conductivity is p-type, which
is the opposite of that expected for many materials which start to lose a little oxygen at high sintering
temperatures, leading to n-type behaviour. p-type behaviour in a hopping conductor requires the holes to
be located on a specific atomic species, which we believe is oxygen and leads to the unavoidable conclusion
that O ions are responsible. Further, since the hole concentration increases with pO; (as judged by an
increase in conductivity), oxygen from the atmosphere must be involved in creation of O ions. The only
possible source of the necessary electrons to form O ions on dissociation of O, molecules, is pre-existing
O% ions within /at the surface of the alumina lattice, Figure 9.9. In particular, these appear to be O? ions
that are under-bonded and are associated with lower valence Mg?* ions that substitute for AI** ions in the
alumina crystal structure. Hence, the overall equation for the creation of holes is, ideally:

1/20;, + Vo™ + Oo* < 20¢° (9.2)
in which Og'is Kroger-Vink notation for an O-ion.
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Figure 9.9. Schematic diagram showing the creation of holes by donation of electrons from under-bonded lattice oxide ions to
incoming oxygen molecules which dissociate and occupy oxide ion vacancies as O ions.
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The effect of either an applied bias, or reduction of pO; is to drive equation (9.1) to the left, although the
exact mechanistic details associated with the effect of an applied bias are not fully resolved. In practice, the
grain boundary resistance R, responds first to changing pO- or applied bias and this accounts for the
induction period seen with Ry, ie the surface/grain boundary regions represented by R- respond to an
external stimulus more quickly than the grain cores. The reduction in C, with increasing bias shows that
the effective grain boundary regions thicken as O. is evolved from increasingly deeper regions of the
alumina ceramic, leading also to a corresponding gradual reduction in thickness of the grain cores, or bulk
regions. We do not understand the precise compositional / microstructural reasons why the grain boundaries
are different from the grains but are able to comment on their electrical properties and changing dimensions.
The diffusion of oxygen molecules / ions through the ceramic is likely to be very slow, which accounts for
the time dependence of the resistance changes, which are particularly slow in the forward direction of
equation (9.1) that requires the in-diffusion of oxygen.

The data for Mg0.05 present a more complex voltage response, in particular associated with the appearance
of a third impedance element at high voltages. We were unable to deconvolute the contributions of R; and
R, at the measuring temperature,~900 °C and therefore, report data for Ry, although the data for R; were
probably dominated by R2. R;shows a complex time dependence, passing through a maximum after a few
minutes under bias, especially at voltages above 50 Vcm™. At approximately the same time, the low
frequency electrode spike becomes obscured by the appearance of a third impedance element, RsCs.

The impedance changes under bias depend strongly on pO; in the surrounding atmosphere, which confirms
the controlling importance of oxygen exchange reactions at the sample surface on the overall electrical
properties. The effect of changing pO; in isolation can be interpreted in terms of equation 9.1, but with an
applied bias it is necessary to consider that different reactions or phenomena may be present at the two
electrodes, both of which may contribute to the overall impedance response. At the positive electrode, O
gas may be released according to the ideal equation (9.2):
0% — 1/20,+ 2e (9.2)

and the released electrons annihilate the holes responsible for the p-type conductivity, Figure 9.10(a),
leading to the observed resistance increases under bias. At low voltages, there appears to be no evidence
from the impedance data of any reactions at the negative electrode, but at high voltages, resistance decreases
are observed at longer times that may indicate the onset of electron injection at the negative electrode,
Figure 9.10 (b).
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Figure 9.10. Schematic diagram showing electron holes filled by electrons coming from oxygen loss at the anode/positive
electrode(a) and electron injection at the cathode/negative electrode (b).

The onset of resistance R; at high voltages indicates the creation of an additional high resistance component
that may involve sample decomposition leading to loss of oxide ion conductivity. Since oxide ion vacancies
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are created by the incorporation of Mg?* ions into the alumina lattice, Rsmay result from decomposition of
the solid solution and segregation of insulating Al.Osand/or MgO components.

9.4.1 Comparison with, and comments on the Literature

Very many reports appear in the early literature on the electrical properties of pure and doped alumina
ceramics and single crystals, from which, no clear picture has emerged. As stated in [9], ‘all authors agree
on the magnitude of the conductivity data >1400 °C, but there is a wide range of interpretation of these
data’. We agree with several reports that, (i) at lower temperatures, materials are in the electrolytic domain
and exhibit oxide ion conduction and (ii) at higher temperatures, materials exhibit primarily p-type
electronic conduction, especially in atmospheres of high pO,[10-12].

Very few impedance measurements are reported in the early literature, other than a significant paper on
dielectric measurements [13] which considers both dipolar processes and interfacial polarisation as the
origin of tan & peaks. A key conclusion, with which we strongly agree, is that a ‘surface layer whose
conductivity is different from that of the bulk appears, whose thickness depends on temperature and time
of annealing treatment’; this is what we observe with resistances R» and Rs. Dielectric relaxation
experiments between 700 and 1200°C, found a capacitance dispersion sensitive to pO,, which vary its
conductivity and thickness from 5 to 50 wm [13]. These results were interpreted by the interfacial
polarization model and attributed to a surface layer or an internal interface. The formation of this layer was
suggested to be a consequence of the time required to attain equilibrium by the moving species. Also, the
possibility of second phase distributed as spheres or spheroids throughout the crystal could not be ruled out.
In addition, the surface layer had a higher resistance than the bulk. Therefore, there is the possibility that
Rs; and C; are associated with the formation of a second / surface layer product or a gradient of mobile
species within the sample.

Very few dc bias studies have been reported, but in one, an alumina tube at 1537°C under vacuum, showed
a decrease in conductivity with an applied electric field, ranging from 0 to 40 Vem™[9], Figure 9.11. The
behaviour of electrodes was established as non-blocking, allowing oxygen diffusion through the porous
electrode (Pt-film). Thus, it was concluded that purely electronic or ionic conduction could not account for
the magnitude of the observed conductivity. Figure 9.11, was adapted from Fig.1 ref [9], and the
conductivity values were calculated using the following relationship:

J=cE (9.3)
where J represents the current density and E the electric field.
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Figure 9.11. Current density as function of applied voltage of an alumina tube under vacuum. Adapted from Fig 1 ref [9].
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9.5 Conclusions

The effect of a dc bias in the range 1-35 V at~900 °C on the impedance of two Mg-doped alumina ceramics
has been studied, with very different results in the materials. Sample Mg0.5 showed a bias-dependent and
time-dependent increase in both the bulk, R; and grain boundary/surface layer/shell, R, resistances. R1
showed an induction period before the resistance rise which points to a mechanism involving oxygen loss
that commences at the sample surface. The response of Mg0.05 was more complex; at higher voltages, the
total resistance R; (which ~ = R,) passed through a maximum after a few minutes and again, O, loss appears
to be the controlling parameter. The changes to Ri and R, were reversible over longer timescales on
removing the dc bias. The increase in resistances with a dc bias is attributed to electron-hole recombination
and the loss of p-type conductivity associated with oxygen loss.
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Figure 9.51. Impedance response of Mg0.5 at 904°C, during and after the application of 75Vcm-2,
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Chapter 10
Conclusions

Flash sintering can reduce the sintering time from hours to < 1 minute [1]. The onset mechanisms of
this technique are still under debate. Therefore, the aim of this study was to gain further understanding
of the early stages of this process. The approach was to (i) choose a material (calcia-stabilised zirconia
and Mg-doped alumina), (ii) identify its electrical properties using impedance spectroscopy and (iii)
observe how they change as function of temperature, oxygen partial pressure (pO2) and applied voltage.
This allowed to observe how the electrical microstructure of these materials changed at the pre-
monitored region of the flash event.

10.1 Calcia-stabilised zirconia

Calcia-stabilised zirconia ceramics with composition CSZ (CaxZrixO2x:0.10<x<0.20) were synthesised
by solid state reaction. Single phase samples belonging to the cubic solution were obtained. The lattice
parameter increased linearly with composition, following Vegard’s Law. Detailed impedance analysis
of compositions 0.12<x<0.18 in the temperature range 190-900°C showed the presence of bulk (Ry),
grain boundary (Rg») and sample-electrode (Rer) responses, as well as an inductive effect above 600°C.

Conductivity Arrhenius plots presented a decrease in conductivity with increasing x. A similar effect
has been observed in Scandia-, Yttria- and other Calcia-stabilised zirconias. This was attributed to
aggregates of Vo™~ Vo™ pairs [2][3] or Caz’’-Vo™-Caz’’ trimers [4][5]. The calculated bulk and grain
boundary activation energies were ~1.1eV, indicating the migration or hopping of oxygen ions. The
total conductivity (oi= R!; Ri= Ry + Rgs) showed curvature at the highest temperatures. This behaviour
may be explained by dissociation of trapped Vo™, as the number of Vo™~ Vo™ pairs is temperature
dependent, demonstrated by molecular dynamic simulations [3]. However, the origin of the curvature
remains an open question.

A good fit to the bulk response was obtained when a series R-C element was added in parallel to a
parallel R-C-CPE element. The series R-C element represents a dielectric/dipole response, attributed to
a Caz’’- Vo™ pair. The activation energy for the dielectric component increased with x. This could be
caused by an increase in the number of Caz’’-Vo™ pairs or to their coalescence into larger aggregates,
causing greater difficulty for the dipole reorientation. The permittivity of the dipole increased with
temperature, due to thermal motion, and decreased with x, by an increment in the dipole cluster strength.
The presence of a local conduction process, such as a dipole reorientation in parallel with the long-
range conduction, does not affect the value of the sample bulk conductivity. However, it is evident on
fitted impedance data on the most appropriate equivalent circuit.

The electrode response was fitted to a parallel Rc-Ca element in series with a parallel Rgit-CPEw
element. These parameters represent a charge transfer resistance (Rc), double layer capacitance (Cqi),
diffusion processes model with a Warburg impedance as a CPE (CPE.w) and, a finite resistance for the
diffusion process (Rairr). Ret and Rgitr were deconvoluted from the total electrode response, and it was
found that Rt << Ruitr.

Preliminary results of atmosphere-dependence impedance measurements showed that the limits of the
electrolytic domain varied with temperature and composition. Around 400°C, samples of all
compositions remained independent of pO,. Near 930°C, sample with composition x=0.12 showed
introduction of n-type conduction, whereas x=0.18 presented p-type conduction. The cause of such n-
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type conductivity is an indication of oxygen loss and the p-type conduction of oxygen intake. The
electron holes may be located on under-bonded oxygen ions near the surface and/or near acceptor
dopants.

Voltage-dependence impedance measurements showed that Ry, Rgp and Rel decreased with increasing
voltages. This effect was enhanced at higher temperatures. Re was the most sensitive to voltage, and
Rp, only showed dc bias dependence under higher voltages and temperatures. High yttria content
zirconia and 8mol%YSZ have shown pO,- and dc- bias dependence [6][7]. The resistance decreases
under high pO; and with increasing voltages, around 750°C and 800°C. This behaviour was attributed
to an introduction of p-type conductivity. Impedance studies of Yos50Zr0.4sMg0.0101.74 have shown a
transition from p-type to n-type conduction above 2V under reducing atmospheres [8]. By comparison
with these systems, the voltage-dependence of CSZ was attributed to the introduction of p-type
conduction, with the electron holes localised on under-bonded oxygen ions. The application of extreme
conditions (250V/cm for 2h at 750°C) resulted in a resistance increment of ~ 4 order of magnitude
larger than the original state. The nature of this highly resistive component remained unknown.

10.2 Flash-sans sintering

CSZ samples of composition x=0.15 subjected to flash sintering showed an abrupt increase in
conductivity and emission of light. However, no densification was observed during the flash event. The
implication of these results was that the sintering process could be separated from the emission of light
and the increase in conductivity, suggesting that they may be different in nature. The results can be
compared to those performed on fully dense samples [9] and single crystals [10], where the increment
in conductivity and luminescence was observed and densification was not required. In those studies, it
was proposed that the rise in conductivity was due to the creation of e-h pairs while the emission of
light resulted from the recombination of these two electronic species.

10.3 Mg-doped Alumina

By impedance spectroscopy it was possible to identify the bulk, grain boundary and electrode response
of Mg-doped alumina, with composition 0.05wt%MgO-Al,03 (Mg0.05) and 0.5wt%MgO/SiO-AlL03
(Mg0.5). The literature proposes several defects responsible for the conductivity and/or diffusion in
aluminas, such as aluminium vacancies (Vai~), aluminium interstitials (Ali"™*), oxygen vacancies (Vo™)
and oxygen interstitials (O;") [5]-[17]. A similar case is found for the compensation of dopants,
suggesting that divalent ions are compensated by Vo™ [10] or Al [7]. This study concludes that the
main charge compensation mechanism for incorporation of Mg?* ions as a single dopant into the
alumina lattice, appears to involve Vo™ creation. This is responsible for the observed oxide ion
conduction, for which evidence is provided by the presence of double layer capacitance effects in low
frequency impedance data.

Under different atmosphere Mg-doped samples showed pO, dependence around 900°C, providing
evidence of mixed ionic and p-type electronic conduction. The easy creation of electron holes on
oxygen ions, as O, is attributed to the under-bonding of certain oxide ions associated with the acceptor
dopant Mg?*. Absorption of O, molecules and creation of holes may be represented ideally by equation
(8.2). These results agree with the literature where conductivity values measured at 1650°C showed
pO, dependence. The conductivity increased in either reducing or oxidizing atmospheres, separated by
an increasingly broadened electrolytic domain in ambient atmospheres as temperature decreased to
1200°C [17].
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The sample resistance increased with the application of a dc bias. This effect was enhanced at low pO,,
which lead to the conclusion that oxygen loss might occur under high voltages, resulting in an electron-
hole recombination and the loss of p-type conductivity.

10.4 Simulation of equivalent circuits and their impedance response

The deconvolution of the impedance spectra has proven to be useful, showing the relative importance
of the individual electrical elements to the overall impedance response. It was found that the CPE
parameters contribute to the whole impedance response. It was corroborated that a series R-C element
in parallel with a typical bulk equivalent circuit, does not contribute to the dc conductivity. Finally, it
was observed that in the presence of an inductive effect, in some cases, Rt value does not correspond
to the high frequency intercept with Z’.
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Chapter 11
Future work

11.1 Calcia-stabilised zirconia

The equivalent circuit with the best fit to the bulk response included a dielectric/dipolar component.
Two techniques that might reveal more information or further evidence of this dielectric component
are: dielectric loss transient spectroscopy (DLTS), and thermally stimulated depolarization current
(TSDC). Therefore, CSZ samples of different compositions could be tested using these techniques and
their results compared to the ones in chapter 4.

Chapter 5 showed that the limits of the electrolytic domain of CSZ vary with temperature and
composition. To corroborate this conclusion, the impedance of samples with composition x=0.1 and 0.2
could be measured as a function of temperature and pO.. Composition x=0.1 is expected to show n-type
conduction and x=0.2 p-type conduction. In addition, the combined effect of pO. and applied voltage
could be tested.

The nature of the highly resistive component that appeared after the application of 250V/cm for 2h at
750°C requires further study. Information about the elemental composition, concentrations and
chemical environments (oxidation states) of the cross-section surface might be useful. This information
could be gathered by X-ray photoelectron spectroscopy (XPS).

11.2 Flash-sintering

Flashed sintered samples of 8mol% Y SZ have shown enhanced ionic conductivity compared to the ones
that were conventionally sintered [1]. To find out if CSZ shows a similar behaviour, the impedance
response of compositions that have been conventionally sintered to the one that have been flashed
sintered could be compared, as shown in Figure 12.1.

impedance
measurements comparison
conventlonal
sintered samples impedance
flash conditions | P
measurements

Figure 12.1. Experiment profile to find out if the flash event changes the ionic conductivity of CSZ samples

The possibility of starting a mixture of reagents and obtaining a dense single-phase sample a brief flash
sintering experiment has been explored and referred to as reactive flash sintering [2]-[4]. A
comprehensive study could be developed to find out whether CSZ sample could be obtained by this
method.

11.3 Mg-doped Alumina

The combined effect of applied voltage and pO; dependence in the impedance response of Mg0.05
indicates that under high voltages, oxygen loss occurs. To support this conclusion, samples could be
guenched from high temperatures under reducing atmospheres, and their impedance response compared
with that of an untreated sample, Figure 12.2
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Figure 12.2. Experiment profile to find out if Mg-doped Alumina loses oxygen under reducing atmospheres at high
temperature.

Different diffusion and charge transfer processes might occur at each electrode during the application
of a dc bias. One possible approach to identify them and separate them could be the implementation of
a 3-point impedance measurement; by doing this the impedance of the positive and negative electrode
could be contrasted.
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