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Abstract 
 

Ionic transport in metal oxides is crucial for the functioning of a broad range of 
different components, such as heat resistant alloys designed for high temperature 
applications and oxide electrolytes in solid oxide fuel cells. This thesis presents results 
from in situ electrochemical studies of properties related to ionic transport in metal oxides 
that are important for their applications as protective oxides and ionic conductors. 

Heat resistant alloys of alumina-former type are known to form an adherent, slowly 
growing and protective aluminium oxide (Al2O3) scale that protects metals from chemical 
degradation at high temperature. In situ impedance spectroscopy was used to study highly 
pure and dense samples of α-alumina in the temperature range 400 – 1000 oC. It was 
shown that surface conduction on the sample could severely distort the measurement 
below 700 °C. The magnitude of the distortions appeared to be sensitive to the type of 
electrodes used. The use of a so-called guard electrode was shown to effectively block the 
surface conduction in the measurements. By varying the grain size of the sintered α-
alumina samples, the influence of grain size on the overall conductivity of the α-alumina 
was studied. It was shown that the activation energy for conductivity increased as the 
grain size decreased. Molecular dynamics calculations were performed in order to 
elucidate whether Al- or O ions are dominant in the ionic conductivity of the α-alumina. 
Comparing the calculation and experimental results, the dominating charge carrier was 
suggested to be oxygen ions.  

Moreover, the ionic transport in thermally grown alumina-like oxide scales formed on a 
FeCrAl alloy was studied in situ by impedance spectroscopy between 600 and 1000 oC. It 
was shown that the properties of these scales differ largely from those of pure and dense 
α-alumina. Furthermore, the conductivity is mainly electronic, due to the 
multiphase/multilayer microstructure and substantial incorporation of species from the 
base metal. However, the diffusivity obtained from the ionic conductivity was in line with 
diffusion data in literature obtained by other methods such as thermogravimetry. Besides, 
the initial stage of oxidation of a number of Fe-, Ni- and Co-based alloys at temperatures 
between 500 and 800 oC was studied in situ by high temperature cyclic voltammetry, in 
which the oxygen activity was changed over a wide range. From the resulting 
voltammograms the redox reactions occurring on the alloy surface could be identified. It 
was concluded that the base metal oxidized readily on these alloys before a protective 
chromia- or alumina-like scale is formed. The base metal oxide is most likely incorporated 
into the more protective oxide. 

Further, the oxygen ionic conductivity of highly pure and fully dense yttria-stabilized 
zirconia produced by spark plasma sintering was studied by impedance spectroscopy. The 
aim was to evaluate intrinsic blocking effects on the ionic conduction associated with the 
space charge layer in the grain boundary region. It was observed that the ionic 
conductivity of the spark plasma sintered oxides is equal or slightly higher than what has 
been achieved by conventional sintering methods. In addition, it was shown that the 
specific grain boundary conductivity increases with decreasing grain size, which can be 
explained by a decreasing Schottky barrier height (i.e., decreasing blocking effect). The 
quantitative results from this work verify the space charge model describing the influence 
of grain size on the ionic conductivity of yttria-stabilized zirconia through dopant 
segregation and oxygen vacancy depletion along the grain boundaries.  

 
Keywords: ionic transport, alumina, zirconia, in situ impedance spectroscopy, molecular 
dynamics, high temperature cyclic voltammetry, spark plasma sintering, initial oxidation, 
FeCrAl alloy, grain size, space charge model.  
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1 Introduction 
 

1.1 Background 
 
Depending on the rate at which ions are transported within a metal oxide at elevated 
temperatures, the oxide can be used in very different ways. For metallic heat resistant 
alloys used in high temperature applications, the metals are protected from oxidation by 
alloying with elements that form stable oxides like Cr2O3 and Al2O3

1. These oxides form a 
protective scale that is slowly growing and adherent and prevents the oxidation reaction 
from proceeding at a deleterious rate. In this case, a very slow ionic transport in the oxide 
is desirable for the long-term corrosion protection. Another good example is the solid 
oxide fuel cell (SOFC). The SOFC is an electrochemical reactor, which generates 
electricity by oxidizing hydrogen or hydrocarbons with oxygen2. By separating the fuel 
from the oxidizer via a gas tight electrolyte exhibiting a high ionic transport rate, the 
chemical energy in the fuel can be converted into electrical energy. A material that has 
proven to work well as electrolyte in SOFCs is the metal oxide yttria stabilized zirconia 
(YSZ)3. In order to exhibit high enough ionic conductivity YSZ is heated to as high 
temperatures as 1000 oC2. At such high temperatures high demands are put on other 
materials that are to be incorporated into the SOFC, especially metals since they will 
oxidize readily4,5. Consequently the oxidation resistance of metallic materials is also a 
critical issue in such systems. The ionic transport rate for the protective oxides formed on 
the heat resistant alloys is usually several orders of magnitude lower than for YSZ1.  

 

1.2 Motivation  
 
For metal oxides used in different types of applications, there is a need for being able to 
optimize the ionic transport in the oxides. By increasing the ionic transport rate in the 
SOFC electrolyte the fuel cell could be made to operate at a lower temperature or with 
higher efficiency. On the other hand, a reduced oxidation rate of metals could remove one 
major obstacle in increasing the temperature at which many energy conversion processes 
are designed to work and thereby increasing their efficiency6. Therefore general 
knowledge about how to engineer the ionic transport properties of metal oxides is of great 
importance in the optimization of the production and use of energy in the society. To 
contribute to this general goal, a detailed understanding is needed regarding the ionic 
transport mechanism and the influence of microstructure of the oxides. This motivates 
fundamental studies of the ionic transport properties of well-defined oxide samples.          
Impedance spectroscopy (IS) is an electrochemical method that has been extensively used 
in the study of metal oxides exhibiting high ionic transport rates such as YSZ. However, 
there has also been an interest to use IS and other electrochemical methods for in situ 
studies of ionic transport in oxides with low ionic transport rate such as Al2O3. Therefore 
it was highly motivated to explore how IS and cyclic voltammetry could be used as in situ 
tools to study the protective oxide films on engineering alloys at high temperatures.  
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1.3 Aim 
 

The aim of this thesis is to gain an improved understanding of how ions are transported in 
different types of metal oxides. Emphasis is put on the effect of microstructure (especially 
grain size), intentional and unintentional doping, formation conditions and preparation 
techniques. The primary objectives can be sectioned into three goals: 
 

a) In the first part of the thesis the focus is on highly resistive α-alumina. The goal is 
to study the intrinsic properties of ionic conductivity of highly pure and dense α-
alumina and the influence of grain size. In this case, it was necessary to investigate 
how the electrode configuration used for IS affects the measured conductivity of 
the sample. Further, the study also includes molecular dynamics calculations on 
self-diffusion in α-alumina in order to elucidate which ion (Al or O) is dominating 
in the ionic transport. 

 
b) The second goal is to study in situ the ionic transport in alumina like oxide scales 

formed on commercial alloys by IS. The thermally grown oxide scales are quite 
complex, and therefore the ionic transport properties differ considerably from that 
of the sintered α-alumina. Since initial oxide formed on heat resistant alloys has a 
certain influence on the ionic transport properties of the protective oxide scales, the 
study also includes investigation of the early stage of oxidation of a number of 
commercial alloys by cyclic voltammetry, aiming at elucidating what constituents 
of the alloys that oxidize during this early stage.  

 
c) The third goal is to evaluate ionic conductivity of highly pure and fully dense YSZ 

and the influence of the grain size. The well-defined samples produced by spark 
plasma sintering (SPS) enable quantitative studies of the intrinsic blocking effect 
associated to the space charge effect due to dopant segregation and oxygen 
vacancy depletion along the grain boundaries. Since the microstructure of the YSZ 
samples is very homogenous, the so-called bricklayer model can be satisfactorily 
used to study the electric and dielectric properties of this material in detail.  

 
 

1.4 Scope and collaborations  
 
The scope of this thesis work covers both fundamental and applied aspects of ionic 
transport in metal oxides. The oxide systems studied include both highly insulating oxides 
such as α-alumina (model oxides and industrial samples) and ionic conducting oxides like 
yttria-stabilized zirconia. The general topic is the influence of microstructure, in particular 
grain size and alloying/dopants, on the ionic transport/conduction properties. The research 
approach is mainly in situ experiments, but also includes theoretical calculations.      
This thesis consists of fruits of extensive collaborations between four institutions at three 
universities and one industrial company. Figure 1.1 illustrates the collaboration network 
as a tree, which shows the common objective (ionic transport), different types of metal 
oxides studied, and what method has been used and which institute has been involved. It 
also serves as a graphical outline of the thesis where each branch represents a paper. 
 
 



 

 3

Chapter 1 

 

Figure 1.1 The tree of collaboration.  
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2 Ionic transport in metal oxides 
 
Metal oxides can be regarded as “solid state ionics” in the study of properties related to 
ionic transport and mobility. Researchers with background in physics, chemistry and 
materials science often work side by side in the multidisciplinary field of solid state 
ionics. It is an active field of science with at least one journal entirely dedicated to the 
topic. If the string “solid state ionics” is entered in the search engine Google on Internet, it 
will generate more than 600000 hits. In everyday life applications of solid state ionics are 
found in, for instance, batteries, sensors, fuel cells and corrosion protection. This section 
is intended to give a short introduction about basics of mass transport and ionic 
conduction in metal oxides for readers who are new to the subject, in order to easier 
follow the discussion in the latter part of the thesis. For readers who are interested in 
further studies, there is a large collection of excellent textbooks1-4. 
 

2.1 Point defects and ionic transport in metal oxides 
The movement of ions in metal oxides proceeds by individual ions moving from one 
stable point in the lattice to the next unoccupied site. For this process to be feasible there 
has to be an adjacent vacant site in the close packed lattice to where the ion can jump. 
These vacant sites, often termed point defects, are present in all crystalline solids. Their 
equilibrium structure and concentration can be estimated from thermodynamic principles.  
For ionic crystals mainly three types of lattice defects are found, intrinsic Frenkel and 
Schottky defects, and extrinsic defects. A schematic view of a two-dimensional metal 
oxide lattice containing defects is depicted in Fig. 2.1. The lattice is assumed to belong to 
the schematic metal oxide MO. 
 
 

a

b

b

c

O2-

Me2+

 
 

Figure 2.1 Schematic illustration of the metal oxide MO. Metal ions are filled whereas oxygen ions 
are unfilled circles. case a) a Frenkel pair, case b) a Schottky pair and case c) an interstitial. 
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The arrow in Fig. 2.1a shows the creation of a Frenkel defect. A metal ion leaves its place 
in the lattice and moves to an interstitial site. For all defect reactions charge neutrality has 
to be conserved. Therefore the positive charge of the metal ion at the interstitial position 
has to be compensated by an equally negative charge at the vacant site, both with respect 
to the neutral lattice. Usually the Kröger-Vink notation is used to describe defect 
reactions. The formation of the Frenkel defect in Fig. 2.1a would then be written as: 
 

••+⇒ iMe
x
Me MeVMe ''        (2.1)  

 
Where MeMe denotes a metal ion at a lattice site, Mei a metal ion at an interstitial site, •• 
denotes the number of positive unit charges and ''  the number of negative unit charges 
with respect to the lattice, and VMe denotes the metal ion vacancy.  
Fig. 2.1b shows two vacancy defects that form a Schottky pair. In this case a formula unit 
of the metal oxide is taken away from the lattice. Again, forming vacancies of opposite 
charge fulfills the charge neutrality condition. However, it is not necessary for the charge 
neutrality to be achieved by formation of vacancies in the lattice. Another possibility is 
the formation of electronic defects, i.e., free electrons, 'e  or electron holes •h . The 
incorporation of the interstitial foreign atom in Fig. 2.1c, might be compensated for in 
such a defect reaction. Assume that the atom is hydrogen, then it will act as donor and 
form a hydrogen ion and an electron. This can for instance be the case for hydrogen 
incorporated in alumina5,6. 
 

2.1.1 Self diffusion in metal oxides 
The M and O ions are constantly vibrating with a frequency ν around a mean position in 
the lattice where they are at energy minima. There is a certain probability that some ions 
will gain so much energy that they overcome the energy barrier in the lattice and move 
into vacant sites and leave new vacancies in the lattice. The process is known as self-
diffusion and it is shown schematically in Fig. 2.2.  
 
 

O2-

Me2+

 

Figure 2.2 Schematic view of the self-diffusion process in the MO lattice. 
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If the metal oxide lattice is viewed in a one-dimensional perspective, it can be modeled as 
a periodic array of consecutive energy barriers, see Fig. 2.3. If an ion is at the bottom of 
its energy minimum, the probability per second, P that it will move from one minimum to 
the next available one can be expressed according to Maxwell-Boltzmann statistics, with 
the following equation 
 

 )exp(
kT
EvP a−

=        (2.2) 

 
where, Ea is the height of the energy barrier (potential) and v the characteristic lattice 
vibrating frequency. If it is assumed that there are only very weak concentration gradients 
present, and that the jumps occur completely in a random way, a diffusion coefficient, Di, 
can be derived from Fig. 2.37 
 

 )exp(
2
1 2

kT
E

vD a
i −= α       (2.3) 

 
 

Ea

α
 

Figure 2.3 Schematic illustration of the energy barriers that a migrating ion has to overcome in order 
to move in an one-dimensional crystal lattice. 

 
Here α denotes the jumping distance. In a real metal oxide the way an ion travels is 
dependent on the three-dimensional crystal structure. Therefore equation (2.3) has to be 
multiplied with a geometrical factor, g, to account for this. There have to be available 
vacancies for the ion to move to. Therefore the vacancy concentration expressed as a site 
fraction [Vi] has to be included in equation (2.3) as well, which then can be more 
accurately written as 
 

 [ ] )exp(2

kT
E

VvgD a
ii −= α       (2.4) 

 
If it is assumed that the metal oxide is subjected to a small and constant concentration 

gradient 
dx
dci  of the ionic species i, the flux iJ of this species within the one-dimensional 

oxide can be approximated with Fick’s first law 
 

 
dx
dc

DJ i
ii −=         (2.5) 
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2.1.2 Relation between ionic conductivity and self diffusion 
The driving force for the flux of ions doesn’t have to be a concentration gradient; an 
electric field will have a similar effect. If an ion with the charge ze is situated at a stable 
site in a metal oxide and it is subjected to an electric field, the situation shown in Fig. 2.3 
will be somewhat different, as illustrated in Fig. 2.47.  
 

α

Ea

(zeαE/2)

(zeαE)

 

Figure 2.4 Schematic illustration of the energy (potential) barrier that a migrating ion has to 
overcome in the presence of an electric field. 

 
The activation energy Ea that the ions have to overcome in order to migrate will be 
modified in the presence of an applied electric field E in the way shown schematically in 
Fig. 2.4. The migration of charged particles is now strongly affected by the direction of 
the field. Assume that the ions have the same probability to make a jump of length α in 
either direction of the field as expressed in (2.2). Then their net velocity, V, in the 
direction of the field will be the difference between jumps made in the direction of the 
field and jumps in the reverse direction7 
 

 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ +
−−

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡ −
−= )2

1

(exp)2
1

(exp
kT

EzeE
v

kT

EzeE
vV

aa α
α

α
α   (2.6) 

 
For applied fields of low magnitude (small E), and by taking mobility μ as the 
proportionality constant between velocities and applied field, (2.6) can be rewritten as 
 

 )exp()(
2

kT
E

kT
zev a

i −=
αμ       (2.7) 

 
Ionic conductivity is defined as  
 
 iii zec μσ =         (2.8) 
 
where ci is the concentration of the migrating species i. The temperature dependence of 
conductivity is then accessible by combining (2.7) and (2.8). 
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 )exp()(
222

kT
E

kT
ezvc ai

i −=
α

σ       (2.9) 

 
Relation (2.9) has been used extensively throughout this work in order to evaluate the 
activation energy. The equation describing conductivity, σi, is very similar to equation 
(2.4) for the diffusion coefficient Di. By noting that the concentration of mobile defects ci 
may be expressed as 
 
 [ ] [ ]( ) [ ]NVNVVc iiii ≈−= 1        (2.10) 
 
where N is the number of ion i per unit volume, the relation between conductivity and 
diffusivity can be written as the Nernst-Einstein relation 
 

 
kT

eNz
Di

i
22

=
σ         (2.11) 

 

2.1.3 Ionic transference number 
Only few metal oxides are purely ionic conductors. Therefore the relation (2.11) between 
conductivity and diffusivity has to be used with some caution. Usually metal oxides are 
mixed conductors where the current originates from different charge carriers such as 
anions, cations, electrons and electron holes. The transference number, t, expresses the 
extent to which each of these species contributes to the conductivity. If the total 
conductivity of a material is σ, then the following expression is valid: 
 
 )( holeselectronssanioncations tttt +++= σσ      (2.12) 
 
and 
 
 1=∑ nt         (2.13) 
 
The value of each individual transference number is dependent on type of oxide, doping, 
surrounding atmosphere etc. An example of a metal oxide where tholes is very close to 1 is 
NiO, whereas tanions is known to be very close to 1 for YSZ.  
The mean ionic transference number in a metal oxide can be measured by subjecting it to 
a gradient in oxygen activity and measure the potential difference that develops as 
illustrated in Fig 2.5.  
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MO

O2-

e-

U

ElectrodeElectrode

Me2+

II
Oa

2

I
Oa

2

III 
 

Figure 2.5. Schematic drawing of an oxygen concentration cell involving the metal oxide MO where 
the O2 activity on side II is higher than on side I. 

 
The mean ionic transference ti number can then be estimated through8 
 
 

)ln(
2

2

I
o

II
o

i a

a
nF
RTtU =        (2.14)  

 
Where I

oa 2  and II
oa

2
denote the oxygen activity (partial pressure) on either side of the 

oxide in the concentration cell, n the number of electrons involved in the oxygen transfer 
reaction, R, T and F have their usual meaning. 

 

2.2 Oxide growth on metals 
 
In practice, most metals (except the noble ones) are unstable at high temperatures in 
gaseous environments9. They react readily to form oxides, sulfides or chlorides depending 
on the environment. Generally the Gibbs free energy of oxidation is most negative, which 
implies that an oxide scale will form on the metal. After an initial oxide formation 
process, the growth of oxide scale on the metal is to a large extent controlled by a counter 
flux of metal and oxygen ions within the oxide scale, where the fastest moving species 
will determine the growth rate. At the oxide/atmosphere interface oxygen molecules 
dissociate and form oxygen ions. These ions then migrate towards the oxide/metal 
interface, while simultaneously there are metal ions moving in the opposite direction10,11. 
A schematic view of the process is shown in Fig. 2.6. In these cases the oxidation of the 
metal will exhibit a characteristic parabolic dependence with time. Wagner described this 
classical relation as early as in the 1930s12-14. An alternative way in which oxide films 
grow is through permeation of molecular oxygen through cracks and pores15. Further, the 
mass transport within the film is seldom homogenous. It is often observed that diffusion 
along grain boundaries and dislocations are much faster than in the bulk. In practice, oxide 
scales are often heterogeneous, in the sense that they consist of several phases and exhibit 
gradients in composition9,16, which adds to the complexity.  
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Figure 2.6. Schematic illustration of the reactions and transport processes in a growing metal oxide 
exposed to oxygen gas. 

 

2.3 Mass transport in alumina 
 
Alumina (Al2O3) is an important technical metal oxide owing to its desirable properties 
such as high chemical stability, hardness and strength. The chemical stability of alumina 
and its slow self-diffusion for O and Al make it an excellent protective oxide on metals 
and alloys. Alumina appears in many crystalline phases, where the three most important 
for oxidation studies are α, γ and θ. The α-phase forms at oxidation temperatures above 
about 950 oC, whereas the other two are found at lower temperatures17. Although alumina 
has been studied extensively over the decades, there is still much controversy about its 
properties related to diffusion18-20. The foremost contributing factor to these controversies 
is probably that the intrinsic defect concentration in alumina is extremely low, which 
implies that mass transport in alumina will be governed by the presence of impurities19. 
Isotope studies of highly pure single- or polycrystalline α-alumina provide directly 
diffusion parameters of Al or O in the oxide, however, the temperature investigated is 
usually above 1300°C because of experimental constraints20. Since different transport 
mechanisms may be dominant in different temperature ranges, the information obtained at 
very high temperature may not be applicable at intermediate temperature (around 1000°C) 
where many applications of alumina-forming alloys are found. Frequently great 
discrepancies appear when diffusion data from experiments conducted on massive 
sintered α-alumina is compared with data gathered from the α-alumina scale formed 
through oxidation of alloys21,22. Comprehensive reviews of the mass transport in alumina 
can be found in the papers of Köger et al18-20.  

 

2.4 Ionic conduction in yttria stabilized zirconia (YSZ) 
 
Zirconia (ZrO2) appears in three different crystalline phases, monoclinic, tetragonal and 
cubic. By adding aliovalent cations such as Ca, Mg or Y, the two high temperature phases, 
tetragonal and cubic, can be stabilized down to room temperature. The addition of 
aliovalent dopants such as Y generates a high degree of oxygen vacancies in this metal 
oxide by the reaction 

2
'

32 222
2

ZrOVYOZrOY OZr

ZrO
x
O

x
Zr ++→++ ••    (2.15) 
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The introduction of oxygen vacancies leads to a dramatically increased oxygen ion 
conductivity. For YSZ the maximum conductivity appears around a doping level of 8-9 
mol% Y2O3.  
A feature of YSZ that is easily observed with impedance spectroscopy is that the grain 
boundaries appear blocking towards oxygen ion migration. This feature was first 
described by Bauerle in 196923. The blocking effect of the grain boundaries is often 
attributed to the presence of a poorly conducting siliceous phase, since Si is a common 
impurity in technical grade YSZ. However, even in highly pure YSZ the specific 
conductivity of the grain boundaries is at least two orders of magnitude lower than that of 
the bulk. The generally accepted explanation for this observation is the development of 
so-called space charge layers adjacent to the grain boundaries24, i.e., areas that are 
depleted in mobile oxygen vacancies25. The space charge layer develops since the grain 
boundary core carries a net positive charge relative to the bulk, due to accumulation of 
immobile positive defects such as Y ions and O vacancies, as illustrated in Fig 2.7.  
 

Grain boundary core

Grain a Grain b

Depletion
zone  

Figure 2.7. Schematic illustration of a grain boundary in YSZ. The grain boundary core carries a net 
positive charge due to accumulation of positively charged defects. The result is a zone depleted of 
mobile ••

OV  adjacent to the grain boundary core.  

 
The positive charge in the core of the grain boundary is counterbalanced by a depletion of 

••
OV and an accumulation of '

ZrY  in the space charge layers. A zone depleted in mobile ••
OV  

exhibits a much lower conductivity than the unaffected bulk. The thickness of the depleted 
zone is of the order of 5 nm26. A recently review by Guo et al25, summarizes the current 
status of the research regarding space charge related effects of doped zirconia and ceria.  
Electrical and dielectric response of polycrystalline ionic conductors can be modeled 
according to the so-called bricklayer model27,28. In this model the ionic conductor is 
viewed as brick wall, see Fig. 2.8. 

••
OV ••

OV
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Grain

Grain
boundary

 

Figure 2.8. Bricklayer model of a polycrystalline ceramic, showing an array of cubic grains separated 
by flat grain boundaries. 

 
From this model a number of relations can be derived that are useful in the analysis of the 
electric and dielectric properties of YSZ. By measuring the bulk and grain boundary 
capacitance using impedance spectroscopy, the grain boundary thickness δgb can be 
calculated 
 

 g
gb

bulk
gb d

C
C

=δ        (2.16) 

 
Where Cbulk is the capacitance associated with the grain interior, Cgb the capacitance 
associated with the grain boundary and dg the grain size. In (2.16) the assumption is made 
that the dielectric constants of the bulk and the grain boundary are similar. From the grain 
boundary thickness the specific grain boundary conductivity sp

gbσ  can be derived 
 

 
ggb

gbsp
gb AdR

Lδ
σ =       (2.17) 

 
Where Rgb is the resistance associated with the grain boundaries, A the sample area and L 
the sample thickness. The bricklayer model might appear as a rather crude model. 
However, it has been shown to give rather accurate predictions compared to computer 
models, provided that the grain size distribution is reasonably homogenous29,30. 
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3 Experimental Techniques 
 
This chapter includes short descriptions of the main experimental techniques that have 
been applied to gain the results presented in this thesis. For the in situ measurements, 
mainly two electrochemical techniques have been used for studies of the electrical, 
dielectric and thermodynamic properties of metal oxides at temperatures between 300 and 
1000 oC. These techniques are electrochemical impedance spectroscopy and cyclic 
voltammetry. Moreover, techniques such as spark plasma sintering, Atomic Force 
Microscopy (AFM) and molecular dynamics calculations have been essential for the 
outcome of this thesis. 
 

3.1  Impedance spectroscopy 
 
Impedance Spectroscopy (IS) has been used extensively in various fields such as aqueous 
corrosion, battery testing and in the developments of electrolytes for SOFC1. It is an 
electrochemical technique that can be used to measure and analyze the response from 
electrodes and electrolyte as well as the interface upon a small amplitude alternating 
voltage. In order to study electrochemical processes with different time constants the 
frequency of the AC signal is varied over a wide range. Between two and four electrodes 
are used in the setup and the electrolyte can be solid, aqueous or a flame1,2. By using IS it 
is possible to determine a number of parameters related to electrochemical kinetics, 
electrical and dielectric properties of materials. Just to mention a few, the polarization 
resistance of corroding electrodes in an aqueous electrolyte, and the effect of 
microstructure on conductivity in SOFC electrolytes1,3.  
 

3.1.1 Basic theory 
The complex impedance response from electrodes and electrolyte is derived by forming 
the quotient between a sinusoidal alternating signal U(t) and the time dependent current 
response from the electrolyte and electrodes I(t) 
 

 
)(
)()(

tI
tUtZ =         (3.1) 

 
Where tUtU ωsin)( 0=  
 )sin()( 0 θω += tItI  

 =θ Phase angle between U(t) and I(t) 
 ω = 2πf, f is the frequency in Hz 

 

By transforming (3.1) into the frequency domain the impedance, Z(ω), can be expressed 
in terms of real, Z´(ω), and imaginary Z´´(ω) components. 
 
 )´´()´()( ωωω ZZZ +=       (3.2) 
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Here Z´ is the real part of the impedance that can be related to a pure resistance R, and Z´´ 
is the imaginary part, which for most systems will be a capacitance. Therefore Z´´ is 
usually of the form 
 

 
Cj

Z
ω
1´´=         (3.3) 

 
Where 1−=j  and C is the capacitance. The capacitance, C, can easily be derived for a 
dielectric medium between two parallel plates with area A separated by a distance d: 
 

d
AC 0)´( εωε=        (3.4) 

 
Where ε0 is the permittivity of free space and ε´(ω) the frequency dependent permittivity 
of the dielectric material between the electrodes. The corresponding capacitance will 
hence be dependent on the variation of ε´(ω). Here lies the strength of impedance 
spectroscopy, since various processes in a material, or on an electrode surfaces, will 
absorb electric energy (polarize) at discrete frequencies, related to ε´(ω). A schematic 
relation is shown for an arbitrary dielectric in Fig. 3.14. The dielectric loss of the material, 
ε´´ is also included. The dielectric loss reflects the energy that is converted into heat due 
to dipole rearrangements and leakage currents that go through the material. Since the 
dielectric properties of a medium vary with the applied frequency, it is possible to discern 
which species or interface that is polarized, and to quantify properties that are related to 
polarization. Suppose that it would be possible to perform an IS measurement from 1016 
Hz down to 10-3 Hz, then information could be retrieved from the polarization of 
electrons, atoms, dipoles and interfaces as schematically depicted in Fig. 3.1. It would 
then be possible to calculate capacitance and conductivity for each of these entities.   
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Figure 3.1 The dielectric properties of a material, which can be retrieved at different 
frequencies of an applied perturbation signal. 
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In practice, however, the accessible frequency range by commercial impedance analysis 
instruments is usually below 1 MHz. This is sufficient for the study of interfacial 
processes such as corrosion of materials in liquids, and diffusion in solid materials and 
liquid solutions. IS is a general term for the technique, whereas the term electrochemical 
impedance spectroscopy (EIS) is commonly used where an aqueous electrolyte is 
involved. In this thesis work, mostly the term IS is used since the main purpose has been 
the investigation of resistive and capacitive properties of solid oxide systems.    
 

3.1.2 Presentation of IS data 
One of the common ways to display IS data is a Nyquist plot, see Fig. 3.2. Here the 
Nyquist plot for a solid ideal dielectric material is shown. Only one semicircle appears in 
this plot, which means that there is just one process that contributes to the polarization in 
the investigated frequency range. If there had been more than one process, additional 
semicircles would appear, provided their time constants τ had not been too close to each 
other. The time constant is defined as: 
 
 RC=τ         (3.5) 
 
In this thesis work, pure α-Alumina shows typically one time constant feature. On the 
other hand, the Nyquist plot for a spectrum taken on the oxygen ion conductor YSZ often 
shows three semicircles. They correspond to the grain interior (dipole)-, grain boundary- 
and electrode polarization, in order of decreasing frequency. 
In practice, the semicircles in the spectra obtained often appear more or less “depressed”, 
i.e., their centers are below the Z´-axis. This is an indication that the capacitive behavior is 
non-ideal. There are several explanations as to why the depression appears, for instance 
surface roughness of the electrodes or the presence of more than one polarization 
mechanism with similar time constants1,5,6, Heterogeneous corrosion product layers also 
exhibit greatly depressed semicircles7. The non-ideal capacitance has to be taken into 
account in quantitative analysis of the spectra.  
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Figure 3.2 Schematics of a Nyquist plot for a dielectric material showing one time constant. 
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3.1.3 Spectra fitting 
In order to understand what processes are governing an acquired spectrum, the data is 
often fitted to an equivalent circuit, consisting mainly of capacitances and resistances. 
More complex components can also be introduced, for instance elements that model 
diffusion. For the commonly observed non-ideal capacitance, even though the cause is not 
completely clear, it can be very well simulated mathematically by the introduction of a so-
called constant phase element, CPE, which replaces the capacitance. The impedance of a 
CPE element is expressed as  
 

 nCPE jQ
Z

)(
1
ω

=        (3.6) 

 
For n = 1 the CPE element is equal to a pure capacitance and for n = 0 it equals a pure 
resistance. For n-values close to 1 it is tempting to directly associate the parameter Q with 
capacitance C. Strictly speaking, that is not correct since the dimensions of C and Q are 

dissimilar (
V
AS  vs. 

V
AS n

). A sound approach in finding a relation between C and Q 

should be directly linked to physical properties of the system under study. Such properties 
are the top frequency of the impedance arc, which corresponds to the relaxation 
frequency, ωtop of the process under study and its resistance R. These entities are in turn 
related to capacitance, since ωtop = 1/RC. Further it can be shown that RQωn =1, which 
gives at hand that8 
 

nn
n

QRC /1
1−

=          (3.7) 
 
This way of evaluating capacitance, which is dimensionally correct, has been used for 
different systems, such as electrodes for solid oxide fuel cells and protective oxide films 
on metals8-10.  
When there are so many different elements to construct the equivalent circuit from, it is 
evident that several different circuits can fit one and the same spectrum. It is therefore 
important to keep the equivalent circuits simple and always to have the physical meaning 
of each circuit element. The equivalent circuit used to fit spectra with the features 
described in Fig. 3.2 is shown in Fig. 3.3.  
 

R

CPE  

Figure 3.3 Equivalent circuit for fitting of the spectra in Fig. 3.2. 
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3.1.4 From impedance spectra to conductivity 
When the resistance (R) of the oxide sample is obtained by the fitting procedure, the 
conductivity, σ, of the oxide can be calculated from the sample dimensions (thickness d, 
cross sectional area A) according to: 
 

 
AR
d

=σ         (3.8) 

 
The temperature dependence of conductivity often follows an Arrhenius relation as 
described in section 2.1.2. The relationship between conductivity and temperature is 
characterized by the activation energy Ea, which can be obtained by plotting log (σT) vs. 
(1/T). Where appropriate, the diffusivity of ions can be calculated from the ionic 
conductivity according to the Nernst-Einstein equation. 
 

3.1.5 Experimental setup for IS 
In this work, impedance measurements were performed with a Solartron 1260 frequency 
response analyzer combined with a Solartron 1296 dielectric interface. The equipment is 
designed to be able to measure very high impedances of up to 1014 Ω over a wide 
frequency range from MHz down to mHz. In most of the measurements, the experimental 
setup utilizes a two-electrode configuration with a floating ground. During the 
measurement the sample is mounted in a gas-tight sample holder that, in turn, is placed 
into a tube furnace. The temperature is controlled with a precision of ± 1 degree by a 
thermocouple in close vicinity to the sample. The setup is schematically shown in Fig. 3.4.  
 

Gas Out

Gas In

Thermocouple

Furnace

Sample

Signal connection

Pt - electrodes

Pt - coating

 

Figure 3.4 A schematic drawing of the sample holder inserted in the tube furnace. The close-
up shows a sample in the shape of a sintered pellet, which has been fitted with Pt electrodes. 

 
The data generated by the IS measurements were analyzed according to section 3.1.3 by 
means of the software ZView from Scribner associates, Inc. 
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3.1.6 Electrodes and setup 
The different types of electrodes that were tested, Pt foil, porous Pt, porous Au and co-
sintered Pt foil, are thoroughly described in paper I, see Fig. 3.5 for a schematic overview. 
When the foil electrodes were used the sample was simply placed between the electrodes, 
which, in turn, were under a spring load in order to keep the sample in contact with the 
electrodes. For the porous electrodes, a metal containing paste was applied to the large 
sample surfaces and sintered into adherent and porous electrodes. The paint was 
purchased from Johnson Matthey GmbH, Germany. The sintering was made in air for 20 
min at 1030 °C. The porous electrodes may result in an enhanced dissociation of oxygen 
molecules, which should be taken into account in the interpretation of experimental 
results. The co-sintered electrodes were, as the name suggests, sintered together with the 
sample in the spark plasma sintering machine, see section 3.2. In this case, a perfect 
contact is established between the solid oxide sample and the electrodes, without the 
additional effect of enhanced dissociation.   
 

b

a

c

Voids between Pt foil and sample

 

Figure 3.5 Left: Schematic illustration of electrode-sample contacts. (a) spring-loaded Pt 
foils, (b) porous Pt coating, and (c) co-sintered Pt foils. Right: SEM-image of the porous Pt 
coating. 

 

3.1.6.1 Guard electrode 
A key issue in the impedance measurement of highly resistive oxides like α-Al2O3, which 
is discussed in paper I, is the presence of eventual leakage currents in the measuring setup. 
One way to avoid leakage currents is to use a so-called guard electrode. The guard 
electrode is shown in Fig. 3.6. The purpose of the guard electrode is to block eventual 
surface currents that pass between the bottom and top electrodes. The guard and the top 
electrodes are kept at exactly the same potential, in this case virtual ground, so that no 
current will flow between them. If there is a surface current between top and bottom 
electrode, it will be diverted by the guard and not measured. The method is well 
established11. 
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Center electrode
(ground)

AC
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Guard ring-
electrode
(ground)

Top view

 

Figure 3.6 Metal oxide sample fixed with guard electrode. All electrodes are of the porous Pt 
type. 

 

3.1.6.2 Electrode for IS study of thermally grown oxide scale  
In some part of the work (paper IV), IS was used to study the electrical conductivity and 
ionic transport in the thermally grown oxide scales on a FeCrAl-alloy. In order to 
determine ionic transference number of the oxides, the electrode configuration shown in 
Fig. 3.7 was designed for this measurement.  
 
 

Pt foil-electrode ∅  8mm 

Metal oxide 
FeCrAl-alloy 

Spot weld 

Pt wire 

 

Figure 3.7 The electrode configuration used to study thermally grown oxide films in situ. 
Metal is shown in black and oxide in light grey.  

 
 
In this configuration, a spring loaded Pt-foil electrode was put into contact with the oxide, 
shown on the right of Fig. 3.7. The metallic sample itself was used as the counter 
electrode, by connecting a spot-welded Pt wire on the opposite side of the sample. This 
setup had a dual application in the electrical measurements. By measuring the voltage 
over the oxide film the ionic transference number of the oxide could be evaluated 
according to section 2.1.3. Further, two electrode IS measurements were performed by 
using the same electrodes. 
 
 



 

 26

Chapter 3

3.2   Spark plasma sintering 
 
The spark plasma sintering (SPS) technique was used to produce pure and dense oxide 
(ceramic) samples for the work presented in this thesis. The sintering was performed at 
the Inorganic Chemistry Department at Stockholm University. The characteristic for the 
SPS method is that a starting powder is compacted under pressure in a graphite die, which 
is rapidly heated due to the application of a pulsed DC current. By this method the powder 
can rapidly be sintered into a practically void-free body with a well controlled grain size. 
The SPS process is schematically illustrated in Fig. 3.812,13.  
 

 

Figure 3.8 Schematic illustration of the SPS process. 

 
The SPS method has been proven to have certain advantages compared to conventional 
sintering methods such as hot pressing and pressureless sintering13. These advantages 
include lower sintering temperature, shorter holding time, cleaner grain boundaries and 
improvements in materials properties of the sintered body. The rapid sintering process 
also facilitates the densification of void-free samples from nano-sized precursor powders, 
without considerable grain growth. The high heating rate of the sample originates from the 
current flowing in the graphite die, or through the sample if it is conducting. The effect of 
the pulsed DC current itself on the sintering process is still not clear. Despite that 
“plasma” occurs in the name of this sintering method, it is still debated if plasma actually 
forms between the powder particles13. However, the cleaning of grain boundaries from 
adsorbed species in the early stages of the sintering process has been attributed to electric 
discharge12. It is likely that the application of a DC current will affect the mass transport 
within the sample during the sintering, especially for ionic conducting materials. A 
decrease in the activation energy of migration of defects was observed in the Ni3Ti 
system14. Further the grain growth has been reported to be faster during SPS compacting 
of alumina12 and 3Y-TZP [paper VII] compared to other sintering methods. 
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3.3 Molecular dynamics 
 
In order to elucidate ionic transport mechanism through comparison with experimental 
results, Molecular Dynamics (MD) was used to calculate the activation energy for O and 
Al diffusion in α-alumina (paper III). The fundamentals behind the method was 
established as early as the 1930s by Adler and Wainwright15. MD simulation enables the 
determination of the time-dependent evolution of a set of interacting atoms confined in a 
simulation box, which often is given periodic boundary conditions. The information that 
can be gained from such a simulation is quite rich, e.g. data on thermodynamic, structural, 
and dynamic properties. The idea behind MD is conceptually rather simple; it is based on 
a numerical step-by-step solution of Newton’s equation of motion16. 
 
 iii amF vv

=         (3.9) 
 
Newton’s equation states in this case that each atom i with a mass mi in a system will be 
given an acceleration iav  due to the force iF

v
 acting upon it from neighboring atoms. In 

MD the force term is calculated from the derivative of the inter-atomic potentials. A 
complete solution of Newton’s equation will make it possible to determine the position 
and velocity of the individual atoms at a given time. In the MD approach the potential 
fields obey the laws of classical mechanics. In this case the forces acting on the particles 
in the system are derived from potential energy functions of the type (U(rN)), i.e., 
Coulombic attraction, van der Waals interaction, etc., but also from fitted parameters. The 
output will of course be highly dependent on how well the chosen functions fit the reality. 
What is gained by applying simplified expressions for the inter-atomic potentials is that 
the simulations are less time consuming or that large simulation boxes in the order of 106 
atoms can be studied15. For the work presented in paper III in this thesis, the inter-atomic 
potentials were described by a function containing terms representing Coulombic, Van der 
Waals, and repulsive interactions. The function also contained fitted parameters that had 
been derived in earlier work. The work on MD simulation presented in paper III was 
performed at the Division of Condensed Matter Theory at the Royal Institute of 
Technology in Stockholm. 
 

3.4 High temperature cyclic voltammetry 
 
For in situ studies of initial oxide formation, high temperature cyclic voltammetry (CV) is 
used to investigate the very early stage of oxidation of some common engineering alloys 
(papers V and VI). The basic idea was tested in the early 80s, and the detailed technique 
used in this work was largely developed at the Institute of Chemical Technology and 
Analytics within the University of Technology of Vienna, Austria, for investigations of 
the stability range of solid electrolytes17,18. 
In the field of aqueous corrosion, cyclic voltammetry is a well known technique used to 
investigate electrochemical characteristics of a system under study19. Thermodynamic 
information can be obtained, such as equilibrium potentials of electrode reactions as well 
as kinetic information like diffusion coefficients for species participating in these 
reactions. The high temperature cyclic voltammetry technique offers an opportunity to 
electrochemically study the oxidation process of metals and alloys in situ at elevated 
temperatures. By using an oxygen ion conducting electrolyte, i.e. yttria stabilized zirconia 
(YSZ), and a pseudo reference electrode whose potential is fixed by the ambient gas, 
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measurements can be performed at temperatures from about 300°C and upwards20. A 
schematic illustration of the experimental setup is shown in Fig. 3.9.  

 
 Spring loaded Pt tips

Pt plate

Pt plate (RE)
Al2O3 bar

Sample (WE1)

Cu wire (WE2)

YSZ

Sputtered Pt (CE)  

Figure 3.9 Schematic illustration of the setup used for high temperature cyclic voltammetry 
measurements. 

 
In the setup, the counter electrode (CE) consists of a sputtered Pt layer on one of the large 
faces of a rectangular piece of single crystalline YSZ. On the opposite side of the YSZ 
crystal one quasi-reference electrode (RE) and two working electrodes (WE1, WE2) are 
contacted by means of a spring force. The RE consists of a small Pt plate, whose potential 
is determined by the oxygen activity in the ambient gas (e.g., N2). It has been shown to be 
stable within 10 mV between 300 and 730 °C17,20. WE1 is the sample to be investigated, 
and WE2 is a Cu wire used for calibration measurements. An example of high 
temperature CV is illustrated in Fig 3.10 for a Co-based alloy sample.  
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Figure 3.10 (a) Cyclic potential sweep. (b) The resulting voltammogram from a Co-based 
alloy. The filled black arrow denotes the redox potential of the redox couple CoO/Co. The 
oxygen activity corresponding to the sample potential is indicated on the upper abscissa.  

 
A potential sweep is applied to the sample with respect to the RE from Einitial to Ereverse and 
back according to Fig. 3.10a. The corresponding current through the sample is plotted 
against the applied potential in Fig. 3.10b. As the potential is increased from Einitial it will 
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reach the point where the sample is oxidized by oxygen, which is electrochemically 
produced from the YSZ electrolyte. This results in an anodic current peak indicated by the 
reaction Co + OYSZ → CoO in Fig. 3.10b. As the potential reach Ereverse the scan direction 
is reversed and CoO is reduced at a certain potential, resulting in a cathodic current peak. 
In order to calibrate the CE, an additional CV scan is performed on WE2 (Cu wire). From 
that spectrum it is possible to determine the redox potential of Cu in the N2 atmosphere. 
By comparing the measured redox potential of Cu to the value calculated from 
thermodynamic data, the potential of the WE is adjusted so that it corresponds to the 
Reversible Oxygen Electrode (ROE) at 1 atm. By doing this calibration, the potential of 
the measured redox reactions can be compared to corresponding standard potentials 
calculated from thermodynamic data. The potential of the WE electrode can also be 
related to the oxygen activity experienced by the sample. These procedures are described 
in detail in paper V.   
 

3.5 Atomic force microscopy 
 
The microstructure of the sintered yttria-doped zirconia samples (paper VII) was 
investigated by atomic force microscopy (AFM). The advantage of using AFM is its 
ability to generate high-resolution topographical images. The imaging was performed in 
contact mode, where a nanometer sized tip fixed on a cantilever is brought into contact 
with the surface and scanned in a raster pattern. The principle of the technique is 
schematically shown in Fig. 3.11. 
 
 

 

Figure 3.11 Schematic illustration of the principle behind AFM.  

 
Briefly, as the tip is brought into close proximity with the sample surface the tip will be 
deflected (due to the repulsive atomic force) in accordance with Hooke’s law. The 
deflection is measured using a laser spot reflected off the back of the cantilever. In order 
to keep the tip in constant contact with the surface, a feedback circuit is used. The 
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feedback signal is, in turn, used to guide a piezoelectric tube that controls the position of 
the tip in the Z-direction. The topographical image is generated by continuously plotting 
the Z-position of the tip as it is moved laterally over the surface. Also the deflection of the 
cantilever can be used to generate an image. For readers interested in further information 
on AFM there is a vast choice of good literature21. 
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4 Summary of results 
 

4.1 Protective oxides - pure and fully dense α-alumina 
 
The first part of this thesis work has focused on oxides of very low ionic conductivity, 
relevant for protective oxide scales formed on high temperature alloys, and “barrier 
layers” coated on other alloys for protection of the materials at high temperatures. The 
samples studied were model oxides, a set of highly pure and fully dense α-Al2O3 samples 
of controlled grain size varying from 500 nm to 15 μm, prepared by SPS sintering. Single-
crystal α-Al2O3 samples were also included for comparison. The well defined samples 
used ensure a good quality of experimental results, and facilitate the comparison with 
theoretical calculations.     
The impedance spectra obtained from these well defined α-Al2O3 samples at different 
temperatures exhibit only one nearly perfect semi-circle, i.e. one time constant, as 
exemplified in Fig. 4.1. This enables accurate quantitative analysis of the spectra, so that 
the resistance and capacitance values of the oxides can be obtained by simple spectra 
fitting. The resistance was used to calculate the ionic conductivity and diffusivity of the 
oxides, whereas the capacitance was used to evaluate the dielectric property, e.g., 
relationship between dielectric constant and geometric parameters of the oxides.  
 

-4.0 106

-3.0 106

-2.0 106

-1.0 106

0.0
0.0 1.0 106 2.0 106 3.0 106 4.0 106

1000oC
950oC
900oC

Im
ag

in
ar

y 
Z'

' (
Ω

)

Real Z' (Ω)  

Figure 4.1 Nyquist plots of the impedance of the α-Al2O3 sample with an average grain size of 
0.5 μm at selected temperatures. 

 
Because of very high resistance of the oxides, the effect of experimental setup on the IS 
results may become significant. This has been investigated in paper I. The influence of 
grain size on the conductivity of α-Al2O3 was studied by in situ IS in the temperature 
range between 400 and 1000 °C, and the results are summarized in paper II. Further, 
molecular dynamic simulations of such oxide systems were compared with the 
experimental results, to gain a better understanding of the ionic transport mechanism, e.g., 
which mobile species in the oxide is dominating ionic charge carrier, see paper III.   
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4.1.1  Influence of experimental parameters (Paper I) 
In situ measurements by impedance spectroscopy of highly resistive α-alumina  
 
The aim of this paper was to investigate how different types of electrodes influence the 
measured conductivity. Four types were tested, Pt foil-, co-sintered Pt foil-, porous Pt and 
Au electrodes. Except for the co-sintered Pt foil electrode, all of these variants of 
electrodes are used in IS studies of solid electrolytes. What distinguishes them from each 
other is mainly the effective contact area with the sample compared to their geometrical 
area. The Pt foil electrode has the lowest effective contact area with the sample, whereas 
the porous Pt and Au have a higher contact area, followed by the co-sintered Pt foil 
electrodes. The porous Pt may also have additional effect in dissociating adsorbed species 
on the surface at a much higher rate than the Au electrode. Reproducible IS results were 
achieved with all these electrodes. However, between the different electrodes the 
conductivity varied significantly, see Fig. 4.2. 
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Figure 4.2 Arrhenius plots of conductivity of the same α-Al2O3 sample measured by the different 
electrodes. Baseline measurement with the empty sample holder is also shown. 

 
For the Pt-foil electrodes, two regions can be identified in the Arrhenius plot, with 
different temperature dependence. In the low temperature region below about 650 °C, the 
activation energy is close to 1 eV. Above that temperature much higher activation energy 
is obtained. The same trend is observed for the co-sintered Pt- foil electrode. However, in 
that case the trend is not so obvious, and the inclination point between the high and the 
low temperature region is at higher temperature. The activation energy for conduction 
measured by the porous metal electrodes is close to 1 eV over the whole temperature 
range. This level of the activation energy is lower than expected for conductivity in 
alumina, but close to what has been reported for surface diffusion. Further, the magnitude 
of the measured conductivity does not have the expected correlation with effective contact 
area since the porous Pt electrodes show a higher conductivity than the co-sintered Pt foil 
electrodes, despite the latter having a higher effective contact area. These observations 
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suggest that the measured conductivity with activation energy of 1 eV is due to the 
presence of leakage currents. Generally, leakage currents can be due to conduction 
through the gas phase surrounding the sample, short-circuits in the sample holder, or 
surface conduction. The first two origins of leakage currents can easily be ruled out since 
base line measurement with an empty sample holder (Fig. 4.2) clearly shows lower 
conductivity than when a sample is inserted. A way to investigate the latter question, i.e., 
if there is a leakage current along the sample surface, is to use a so-called guard electrode. 
The role of the guard electrode is simply to block the surface current from being measured 
and in that way securing a correct measurement. The measurements using the guard 
electrode were performed, and the effect of surface conduction on the measured 
conductivity of single crystal α-Al2O3 is shown in Fig. 4.3.  
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Figure 4.3 Arrhenius type plot of conductivity of the same single crystal α-Al2O3 sample measured 
under guarded and unguarded conditions in air and in N2. 

 
At temperatures lower than around 700 °C it is necessary to use a guard electrode, 
otherwise the measured conductivity will be overestimated. The activation energy of the 
conduction below 700 °C in the unguarded case is about 1 eV, which is indicative of 
surface conduction. Notably from Fig. 4.2 is that the conductivity measured by the porous 
Pt and Au electrodes exhibits the same activation energy (1 eV) over the entire 
temperature range, which suggests that those types of electrodes would enhance charge 
transport on the sample surface. Above about 700 °C, on the other hand, measurements 
performed with the Pt-foil electrodes are not sensitive to distortions by the surface 
conduction phenomena, where higher activation energy than 1 eV was measured. 
Comparison between the unguarded measurements in air and in pure N2 is helpful for the 
understanding of the origin of the surface conduction. It can be seen in Fig. 4.3 that in air, 
where O2, H2O and H2 are present, the surface conduction is more pronounced than in 
pure N2. This suggests that migration of charged species (e.g., O2-, OH-, H+) on the sample 
surface cause the surface conduction. However, even when the measurement is performed 
in pure N2 the surface conduction is still significant, probably due to a high mobility of 
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surface defects (e.g., vacancies) on the oxide. It is also possible that the level of impurities 
in the N2 was too high to completely eliminate the content of ionizable species.  
In short, for highly resistive oxides like α-Al2O3, the effective contact area between the 
electrode and the sample, and leakage current due to surface conduction may have an 
important influence on the measured conductivity. Below about 700 oC, the surface 
conduction leads to overestimate of the conductivity, and may become dominant in the 
measured conductivity if no guard electrode is used in the IS measurements.     

 

4.1.2  Influence of gain size (Paper II) 
Influence of grain size on ionic conductivity of pure and dense α-Al2O3 in the 
temperature range 400 – 1000 °C 
 
The focus of this paper was to evaluate the relationship between the grain size and 
conductivity of α-Al2O3. A series of SPS sintered well defined α-Al2O3 samples with 
varying grain size and single-crystal samples were studied in the temperature range 
between 400 and 1000 °C. The conductivity was measured by performing IS 
measurements in laboratory air with the Pt-foil electrodes.      
The conductivity of the samples followed an Arrhenius relation, as exemplified in Fig. 
4.4, for the sample with grain size of 0.5 μm and a single-crystal sample. The Arrhenius 
plots for the six samples all showed a transition in the temperate dependence of the 
conductivity at about 650 °C. From the results in paper I it is reasonable to suggest that 
below about 650 °C, surface conduction may become a significant part of, or even 
dominate the measured conductivity. Nevertheless, above that temperature where the 
influence of surface conduction is small or negligible, reproducible data showed that the 
activation energy for conduction is influenced by the grain size of the α-Al2O3 sample. As 
shown in Table 4.1, the activation energy decreased as the grain size increased, and the 
sample of the largest grain size (15 μm) had activation energy close to that of the single-
crystal sample. 
The experimental results summarized in Paper II reveal a certain relationship between the 
grain size and activation energy for conduction in α-Al2O3. In this case, since the 
impedance spectra exhibit only one time constant (one semi-circle in Nyquist plot), it is 
not possible to evaluate the explicit effect of grain boundary on the conductivity by the IS 
method. At this stage, a convincing explanation is missing for these observations. 

 

Table 4.1. Measured activation energy versus grain size for pure and dense a-Al2O3 
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Figure 4.4 Arrhenius plots for the α-Al2O3 sample with grain size 0.5 μm and the single-crystal where 
the conductivity has been measured parallel to the [0001] direction. 

 
There are only a limited number of reports available in the literature regarding 
measurements of the activation energy for conduction in α-Al2O3, probably due to the 
experimental difficulties involved in the measurement of very high impedance. A key 
issue in the literature is the identification of a dominating charge carrier. It has been 
suggested that O2-, Al3+, H+ electrons or electron holes can contribute to the conductivity. 
For highly pure single crystalline Al2O3 the conductivity has been suggested to be ionic 
below about 1400 °C and at atmospheric oxygen partial pressure. For polycrystalline       
α-Al2O3 some authors have suggested electrons or holes as the dominating charge carrier, 
whereas other suggest Al3+. It is obvious that the impurity levels in α-Al2O3 will control 
the charge transport mechanism in commercially pure α-Al2O3, since the level of intrinsic 
defects is very low. The large variation in the results from different reports is likely 
related to poorly defined oxide samples used in the different studies. The model oxides 
used in this work provide a good basis for experimental measurements. However, 
theoretical calculations are necessary to elucidate the conduction mechanism in such 
oxides. This motivates the molecular dynamic simulation study in the next paper. 
 

4.1.3 Ionic transport mechanism (Paper III) 
Self-diffusion activation energies in α-Al2O3 below 1000 °C. Measurements and 
molecular dynamics calculation 
 
The objective of this paper was to explore some of the unresolved questions, such as the 
dominating charge carrier in α-Al2O3 and the activation energy for conduction. The 
problem was addressed by performing molecular dynamics (MD) simulations of existing 
vacancies in single-crystal α-Al2O3. Since a large energy is needed for vacancy formation 
in α-Al2O3, it is reasonable to assume that no new vacancies are formed at temperatures 
below 1000 °C. All the simulations were carried out at the Division of Condensed Matter 
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Theory at the Royal Institute of Technology in Stockholm. The results from these 
simulations were then compared with the activation energy data obtained by IS 
measurements of single-crystal α-Al2O3 samples.  
The MD simulations were performed with a computational cell containing 12000 atoms. 
Inter-atomic potentials were described by terms representing classic atomic interactions as 
well as fitted parameters. By applying an electric field to the computational cell, and in 
that way providing a voltage to each atom in the crystal lattice, it was possible to elucidate 
activation energies (at which a sharp increase in the mobility occurs), as indicated in Fig. 
4.5. The activation energy was derived by multiplying the applied voltage with the 
effective charge of each atom, which for Al is 1.4175 e and for O is -0.945 e. The 
activation energy obtained for Al diffusion is about 1.0 eV and for O is about 1.5 eV. 
Moreover, the MD simulations show that the activation energy of Al is dependent on the 
crystallographic orientation of α-Al2O3, whereas that of O is not.  
 

 

Figure 4.5 Diffusion of Al ( ) and O ( ) as a function of a voltage across the computational cell in 
the (0001) direction. The sharp increase of mobility of Al and O at 0.7 V and 1.6 V indicates that the 
activation energy was reached at these particular electric fields. Diffusion of Al when the electric field 
is co-planar to the ab plane is shown by filled squares ( ). Diffusion of O does not depend on the 
electric field orientation. 

 
To our knowledge, there are no diffusion data reported for single-crystal α-Al2O3 in the 
temperature range below 1000° C, and thus no information could be found regarding 
which species (Al or O) is dominant in the ionic transport. Under the experimental 
conditions (below 1000° C in air) in this work, it may be assumed that the measured 
conductivity is predominantly ionic for the α-Al2O3 samples. The activation energy 
measured in this study is about 1.5 eV for the single-crystal samples at temperatures 
between 650 and 1000° C. This can be compared with the MD simulations, which give a 
self-diffusion activation energy of about 1.5 eV for O and 1.0 eV for Al in single-crystal 
α-Al2O3. The agreement between the calculated activation energy for O diffusion and the 
measured activation energy suggests that O bulk diffusion through vacancies is dominant 
in that temperature range, and responsible for the conductivity of the single-crystal oxide. 
This is also supported by the fact that similar activation energies were measured from two 
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single-crystal α-Al2O3 samples with mutually perpendicular crystalline orientations, 
because these observations coincide with the conclusions from the MD simulation that the 
activation energy of O atoms practically does not depend on the electric field orientation 
relative to the lattice. 
It would have been interesting to perform a MD simulation, which included the effect of 
grain boundaries. However, such simulation would need detailed input of the grain 
boundary structure and chemistry, which seems not to be at hand at present time. Even so, 
the relationship between the grain size and activation energy reported in paper II provides 
evidence for the influence of grain boundary on the conductivity of α-Al2O3.  
 
 

4.2 High temperature oxides formed on commercial alloys  
 
For high temperature applications, Fe- and Ni-based alloys are often used. On the surface 
of these alloys oxide scales consisting mainly of Cr2O3 and/or Al2O3 are formed, which 
protect them from fast oxidation/degradation. In industrial practice, these alloys are 
classified as Cr2O3-formers and Al2O3-formers, respectively. The ionic transport 
properties of the oxide scales are of great importance for the oxide growth and long-term 
protection of the materials. The oxidation products formed on commercial alloys, the 
oxide scales, are often far from pure and dense, and therefore the ionic transport properties 
of such oxide scales may deviate largely from the model oxides. Moreover, the initial 
oxides formed on commercial alloys may incorporate into the later developed oxide scales 
as dopant, and thus have a large influence on the ionic transport properties and the long-
term protection of the oxide scales.   
In the second part of this thesis, the IS study has been extended to protective alumina like 
oxide scales formed on Kanthal alloys, see paper IV. In this case, the alumina like oxides 
were formed on this Fe-based alloy after a relatively long time (100 h or longer) of 
oxidation in air at and below 1000 °C. Moreover, in order to investigate the initial oxides 
formed on commercial heat resistant alloys, high temperature cyclic voltammetry has been 
applied to identify the initial oxidation reaction and evaluate early stage of oxidation of 
the alloys, see paper V and paper VI. In this case, the alloys studied were three Fe-based 
alloys include two Cr2O3-formers and one Al2O3-former (Kanthal AF), one Co-based alloy 
and one Ni-based alloy. The results from the different alloys enable validation of the 
method, and provide information for comparison between different types of alloys. 

         

4.2.1  Protective oxide scales formed on Kanthal AF (Paper IV) 
In situ impedance spectroscopy study of electrical conductivity and ionic transport in 
thermally grown oxide scales on a commercial FeCrAl alloy 
 
In contrast to the highly pure and well defined SPS sintered α-Al2O3 investigated in the 
first three papers, the alumina scale that forms during thermal oxidation of a FeCrAl-alloy 
is very heterogeneous. Depending on the oxidation temperature, the scale may consist of 
different polymorphs of alumina and contain varying amount of impurities, usually the 
base metal but also other alloying elements. In some cases, the resulting oxide scale on the 
alloy looks like a sandwiched structure with layers of different phases and properties. 
Intuitively it is interesting to study oxide scales with such a microstructure by IS, since the 
method has the ability to separate electrical and dielectric properties of multiphase- or 



 

 40

Chapter 4 

multilayer-structured materials. In this study, the samples were coupons of a FeCrAl alloy 
(Kanthal AF) oxidized in air at 1000, 900 and 800 °C for 100 h. The study is of relevance 
when exploring the new applications of this high temperature material. The sample 
oxidized at 1000 °C is known to form an oxide scale consisting primarily of α-Al2O3, 
whereas the samples oxidized at the lower temperatures contain increasingly higher levels 
of impurities and meta-stable phases of alumina. In situ IS measurements were made in air 
from the oxidation temperature and downwards using the setup shown in section 3.1.6. 
Generally the impedance spectra recorded from the oxide scales on the FeCrAl-alloy were 
more complex compared to the spectra recorded from the SPS sintered α-Al2O3. As an 
example, selected spectra from the sample oxidized at 900 °C are shown in Fig. 4.6. 
Unlike a nearly perfect semi-circle for the pure and dense α-Al2O3 samples, the semi-
circles for these samples are more or less depressed, which is obviously related to the 
heterogeneities of the oxide scales.  
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Figure 4.6 Impedance spectra recorded at temperatures between 900 and 850 °C from the sample 
oxidized at 900 °C. The insert shows the small semicircle that appears at high frequencies. 

 
The impedance spectra shown in Fig. 4.6 exhibit two semicircles, one at high frequencies 
and one at intermediate frequencies. The depressed semicircles indicate that the dielectric 
properties of the oxide scales are non-uniform. This is what can be expected due to the 
complexity of the thermally grown oxide scales. By using the capacitance derived for the 
two semi-circles appearing in the spectra shown in Fig. 4.6, it was possible to estimate 
corresponding thickness of the alumina scales on the alloy. The thickness derived from the 
semi-circle appearing at intermediate frequency range is in agreement with the thickness 
calculated from mass gain of the sample. The same is true for the samples oxidized at 
1000 and 800 oC, respectively. Fig. 4.7 shows the total conductivity of the alumina like 
oxide scales formed on Kanthal AF at the three temperatures.  
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Figure 4.7 Arrhenius plots of the total conductivity of the oxide scales on Kanthal AF samples 
oxidized at 1000, 900 and 800 oC, respectively. Ea: activation energy. 

 
From Fig. 4.7 it is apparent that a higher oxidation temperature results in higher activation 
energy and lower conductivity. Such a correlation between oxidation temperature and 
conductivity is expected since the mass transport by diffusion or migration is known to be 
slower through the α-Al2O3 scale formed at 1000 oC than in the alumina polymorphs that 
form at lower temperatures. Note that only the activation energy of the sample oxidized at 
1000 oC is comparable to that of pure and dense α-Al2O3. 
However, it has to be emphasized that Fig. 4.7 shows the total conductivity, which 
includes both electronic and ionic conductivity that may vary greatly for such complex 
oxide scales. In order to measure the ionic conductivity, which is most important for 
oxidation studies, the ionic transference number was determined though a complementary 
measurement, described in section 3.1.6.2. From this measurement it is apparent that the 
ionic transference number is very low, indicating that this oxide scale formed on Kanthal 
AF is a predominant electronic conductor. The ionic conductivity of the oxide scale could 
then be calculated as the product of conductivity and ionic transference number at 
respective temperature. It follows that the ionic conductivity is somewhat higher for the 
oxide scale formed at lower temperature, which is expected when considering the oxide 
scale formed at a lower temperature deviates more from α-Al2O3.  
By using the Nernst-Einstein relationship the ionic conductivity could be converted into 
diffusivity data for O- and Al-ions. These diffusivity data were then compared to 
diffusivity data gained from oxidation studies using other techniques such as 
thermogravimetry. The difference between the diffusivities for O and Al ions derived 
through these independent methods was less than two orders of magnitude. For diffusion 
studies such a difference is to be considered as small. It should be mentioned that the 
results from in situ IS measurements provide information about mobility of ions (or ionic 
defects), whereas thermogramvitry studies give an overall kinetic parameter, which may 
contain contributions from all possible ways of mass transport. In both cases, there are a 
number of assumptions in the calculation of the diffusion coefficients.  
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4.2.2 Initial oxide formation studied by high temperature CV (Paper V, VI) 
Study of initial oxidation of engineering alloys by high temperature cyclic voltammetry  
 
The results in paper IV clearly show that the ionic transport properties of thermally grown 
alumina like scales on the FeCrAl alloy are affected by incorporation of alloying elements 
like Cr and Fe. This incorporation probably occurs to a large extent in the beginning of the 
oxidation process when the alloy surface is only partially covered by the alumina scale. 
Following this, high temperature CV was applied for in situ study of the early stage of 
oxidation of heat resistant alloys. The principles of this technique are described in section 
3.4, and it has been used previously for the study of a number of pure metals. The focus of 
paper V was the application of high temperature CV for identification of initial oxide 
formation on three Cr2O3 forming alloys, one Fe-based, one Co-based and one Ni-based.  
An example of a voltammogram recorded from the Fe-based alloy is shown in Fig. 4.8. 
Here it can be seen that the oxidation of Fe can be investigated in a wide oxygen activity 
range, from below 10-30 and upwards. The base metal, in this case Fe, oxidizes readily 
during the initial stage of oxidation. As the oxygen activity increases Fe oxidized to FeO, 
Fe3O4 and finally Fe2O3. When the oxygen activity was lowered on the reverse scan, the 
oxides were reduced in the opposite order. The redox potentials for the observed redox 
reactions were compared to values calculated based on thermodynamic data, and the 
agreement was generally good. Redox reactions involving Cr were not observed, probably 
because they appear at oxygen activities that are below what is practically achievable with 
the experimental setup used.  
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Figure 4.8 High temperature cyclic voltammogram recorded from the ferritic SANDVIK 4C54 
stainless steel at 600 oC. The potential is given related to the oxygen electrode at 1 atm. pressure. The 
corresponding oxygen activity at the sample-YSZ interface is also shown. “O” and “R” indicate the 
identified oxidation and reduction peaks. The arrows indicate the calculated redox potential for 
respective redox reactions. 
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The high temperature CV studies of the early stage of oxidation of the Co- and Ni-base 
alloys showed similar results as the Fe-base alloy, i.e., the base metal was oxidized 
readily. The measured redox potential for the redox reactions involving the base metal 
were in good agreement with the values calculated based on thermodynamic data. 
However, the samples became too insulting for the CV measurements as the temperature 
approached the high end of the investigated temperature range. Probably a poorly 
conducting Cr-rich oxide scale had formed on the alloy surface. 
 

4.2.3 Initial oxidation in the temperature range 500-800ºC (Paper VI) 
Cyclic voltammetry study of the initial stage of high temperature oxidation of alloys 
 
In paper VI, the study of the early stage of oxidation was extended to two additional Fe-
based alloys, a 304 type stainless steel (Cr2O3-former) and the Kanthal AF alloy (Al2O3-
former). On both alloys the oxidation of Fe was observed in a similar way as on the 
Sandvik 4C54 Steel. The oxidation of pure Cr was studied as well in order to verify that 
no redox reaction peaks could be observed in the accessible oxygen activity range. 
Moreover, to further investigate the applicability of high temperature CV, the effect of 
potential scan rate was investigated at constant temperature. In aqueous electrochemistry 
this is a well-established way to determine kinetic properties of the involved redox 
reactions. Although the relationships derived for aqueous electrolytes are not directly 
applicable to the metal/oxide systems, the effects of potential scan rate on the peak 
potential and the square root of peak current were investigated at 600 oC for all of the 
alloys. The aim was to evaluate the reversibility of the redox reactions and compare the 
different alloys. The results showed a certain influence of the potential scan rate on the 
redox reactions, as exemplified by the voltammograms recorded from the Sandvik 4C54 
steel in Fig. 4.9. It is apparent that an increased scan rate results in increased peak 
currents, whereas the peak potentials are rather unaffected. This trend has also been 
observed for the other alloys studied.  
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Figure 4.9 The effect of potential scan rate on voltammogram for Sandvik 4C54 steel at 600  oC. 
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For further analysis of the influence of potential scan rate, the peak potential versus the 
scan rate, and peak current versus square root of scan rate were plotted for the Fe3O4/FeO 
redox reaction, as exemplified in Fig. 4.10 for the Sandvik 4C54 steel. At scan rates above 
about 50 mV/s, it can be seen that the peak potentials are independent of the scan rate, 
Fig. 4.10a, and the relation between Ip and v  is approximately linear, Fig. 4.10b. In 
analogy to aqueous CV, this may indicate that the redox reaction is to a certain extent 
reversible (quasi-reversible), at sufficiently high scan rates. This could be justified by the 
fact that only a very thin oxide layer is formed at high scan rates due to a short time for 
the oxide to grow. 
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Figure 4.10 Effect of potential scan rate on the current peaks corresponding to the Fe3O4/FeO redox 
reaction on Sandvik 4C54 at 600 oC. a) Peak potentials and redox potential vs. scan rate, b) Peak 
currents vs. square root of scan rate. 

  

4.3 Ionic conductor – highly pure fully dense yttria-doped zirconia  
 
A major effort of this thesis work has been dedicated to study of the influence of 
microstructure on ionic transport in metal oxides exhibiting low conductivity like α-
Al2O3. On the other hand, the influence of microstructure on ionic transport is also a 
critical issue for solid-state oxide electrolytes where a high ionic conductivity is desirable. 
A classical example is yttria-doped zirconia (YSZ), a well known oxygen ionic conductor 
with applications as electrolyte in solid oxide fuel cells and oxygen sensors. The influence 
of the grain size and grain boundary on the ionic conductivity is generally related to 
extrinsic (impurities) and intrinsic (space charge) blocking effects. Extensive studies have 
been carried out for YSZ ceramic oxides to elucidate the ionic conduction mechanisms 
and the influence of different parameters such as concentration of dopants and impurities 
as well as the grain size. Meanwhile, efforts have been made to synthesize pure and dense 
YSZ ceramic oxides in order to optimize the ionic conductivity and mechanical 
properties. The porosity of YSZ needs to be minimized because of the risk for leakage 
problem and other negative effects on its performance.  
Spark plasma sintering (SPS), has shown the ability to produce fully dense ceramic oxides 
with well controlled grain size from μm to nano scale. This is achieved by electric field 
assisted migration and densification during rapid sintering cycles. Moreover, it may be 
possible that such a rapid sintering process alters the grain boundary chemistry and 

Redox  potential 
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structure, and hence electric and dielectric properties of the grain boundaries in the 
sintered oxides.  
The third part of this thesis is devoted to the study of the influence of microstructure (in 
particular grain size) on the ionic conductivity of SPS sintered ceramic oxides, 3 mol% 
yttria-doped tetragonal zirconia (3Y-TZP) and 8 mol% yttria-doped zirconia (8YSZ). By 
using highly pure starting powder, a series of highly pure and fully dense samples were 
sintered, with well controlled grain size varying from a few hundreds nm to a few μm. 
These well defined samples ensure a high quality of experimental results, and provide a 
good basis to verify the space charge theory describing the intrinsic blocking effect of the 
grain boundary. The results from 3Y-TZP are presented in paper VII. The results from 
8YSZ will be summarized in a forth coming paper, and a short summary is given in the 
thesis.     
In the study of electrical conductivity of such ionic conductors, the IS method has great 
advantages in separating the resistance and capacitance of the grain boundary from that of 
the bulk oxide. Examples of the IS spectra are shown in Fig. 4.11, together with the 
equivalent circuit used for spectra fitting. In this case, the high frequency semicircle is 
associated to the impedance from the bulk oxide, the intermediate frequency semicircle 
represents the impedance from the grain boundary, and the low frequency tail is due to the 
electrode impedance from the interface between sample and Pt electrode.  
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Figure 4.11  a) Impedance spectra obtained at 350 °C for two 3Y-TZP samples (grain size of 180 and 
2200 nm, respectively)  b) The equivalent circuit used for spectra fitting. Subscript b denotes the bulk 
and gb the grain boundary. The electrode elements are drawn with a broken line. 
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4.3.1 Ionic conductivity of SPS sintered 3Y-TZP (paper VII)   
Microstructure and electrical conductivity of yttria doped zirconia ceramics sintered by 
spark plasma sintering: Part I. 3Y-TZP  
 
In paper VII, the SPS sintered 3Y-TZP samples had a very low porosity (less than 1%, 
mostly below 0.5%). The microstructure of the samples was investigated by AFM 
imaging on polished and thermally etched cross sections of the sintered pellets. The grain 
size determined in this way ranged from 180 nm to 2200 nm, including the Mendelson 
factor of 1.56. Further the grains were quite uniform and the grain size distribution was 
narrow. Assuming that the grain growth followed an Arrhenius relationship during the 
sintering, it was possible to derive the activation energy for the grain growth, which 
amounted to 1.1 eV. That is considerably lower than reported values for grain growth in 
conventionally prepared 3Y-TZP. This indicates that during the SPS process the grain 
growth is controlled by other mechanisms than those operative in conventional methods.  
As an example, Fig. 4.12 shows AFM images of the samples sintered at 1100 and 1600 
oC, respectively. The sample sintered at 1100 oC, Fig. 4.12a, displays a fine-grained 
microstructure made up of equiaxed grains. With increasing sintering temperature (1300 
oC or above), the grains become larger and a secondary fine structure appears within some 
of the grains. This “sub-structure” consists of smaller particles that have approximately 
the same size as the grains in the sample sintered at 1200 oC, as exemplified in Fig. 4.12b 
for the sample sintered at 1600 oC.   
 

a )   b) 

 

Figure 4.12 AFM images (scan size 4×4μm) showing polished and thermally etched cross sections of 
the 3Y-TZP samples. The images were recorded in a mode that uses the cantilever deflection to 
produce an image showing relative changes in height rather than absolute height. a) Sample sintered 
at 1100 oC, and b) sample sintered at 1600 oC. 

 
The ionic conductivity of the 3T-TZP was measured by IS in a wide temperature range. 
Through spectra fitting using the equivalent circuit, the bulk and grain boundary response 
could be separated as described in section 4.3. As expected, the bulk conductivity was 
observed to be independent of grain size in the temperature range from 100 to 600 oC. 
Above 600 oC, however, a slight increase in activation energy was observed for the 
samples with larger grains, possibly related to the sub-grain structure. The measured bulk 
conductivity was in good agreement with what has been reported earlier for 3Y-TZP 
sintered with other techniques, in the temperature range below 600 oC where reference 
data could be found.  
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By applying the bricklayer model1,2, the electric and dielectric properties of the grain 
boundaries were analyzed. In this model, the bulk and grain boundary capacitance along 
with the average grain size and sample dimensions are used to calculate a number of 
parameters, such as grain boundary thickness and specific conductivity. From the results 
obtained, the grain boundary thickness, which corresponds to the area adjacent to the 
grain boundary that is depleted in mobile oxygen vacancies, was calculated to be 5-8 nm. 
That is slightly higher than the typical thickness of about 5 nm reported earlier. The grain 
boundaries in the more fine-grained material had higher specific conductivity compared to 
the more coarse-grained material. In Fig. 4.13 the measured specific grain boundary 
conductivity in this work is compared to what has been reported for 3Y-TZP in earlier 
publications. It is apparent that the specific grain boundary conductivity in the samples 
produced by the SPS technique is in line with, or somewhat higher, than what has been 
achieved with other sintering methods.  
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Figure 4.13 Comparison of the measured specific grain boundary conductivity of 3Y-TZP in this work 
with data from earlier publications. Guo et al pressureless sinterin3, Mondal et al 2.9-TZP 
pressureless sintering4. 

 
Moreover, from the space charge theory one can calculate the Schottky barrier height, 
which is the potential of the grain-boundary core relative to the bulk, a measure of 
blocking effect on oxygen vacancy transport across the space charge layer at the grain 
boundary. The Schottky barrier height data obtained in this study are in agreement with 
what has been found earlier. The results show that the Schottky barrier height decreases 
when the grain size decreases. The observation that specific grain boundary conductivity 
increases with decreasing grain size can be explained by the decreasing Schottky barrier 
height (i.e., decreasing blocking effect).  
In summary, the most profound difference between 3Y-TZP sintered by SPS and 
conventional methods is the appearance of a sub-grain structure in the material prepared 
by SPS. The results from this work with fully dense 3Y-TZP ceramics sintered by SPS 
provide further evidence that supports the Schottky barrier model. Moreover, the SPS 
sintered 3Y-TZP ceramics exhibit the same level of bulk and specific grain boundary 
conductivity as what can be achieved by traditional sintering methods. 
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4.3.2 Ionic conductivity of SPS sintered 8YSZ  
Summary of results for 8YSZ (to be published) 
 
The 8YSZ ceramic oxide has a cubic structure and is known to exhibit a higher 
conductivity than 3Y-TZP at temperatures above 800 oC where the SOFC operates. In this 
work, a series of SPS sintered 8YSZ samples with varying grain size were studied, and the 
interpretation and analysis of the results preformed in a similar way as those for the 3Y-
TZP samples. The activation energy for grain growth for 8YSZ is 2.0 eV, higher than that 
for 3Y-TZP (1.1 eV). The grain size for the 8YSZ samples ranged from 240 nm to 25000 
nm. The sub-grain structure observed in the 3Y-TZP appeared in the 8YSZ as well, even 
more pronounced. As an example, Fig. 4.14 displays IS spectra for the samples with grain 
size of 240 and 25000 nm, respectively, showing impedance response from the bulk (high 
frequency) and grain boundary (intermediate frequency). Note the difference in grain 
boundary response between the two samples. 
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Figure 4.14 Impedance spectra at 350 °C from two samples of 8YSZ with different grain sizes. 

 
Compared with the 3Y-TZP ceramic oxides, the bulk conductivity of the 8YSZ shows an 
extra transition temperature at 300 oC in the Arrhenius plot, see Fig 4.15. Below 300 oC, 
the samples sintered at higher temperatures than 1400 oC exhibited an increased 
conductivity and decreased activation energy as compared to the samples sintered at 
temperatures lower than 1400 oC. This observation is not straightforward to explain. One 
could speculate that it is related to the sub-grain structure in the 8YSZ ceramic oxide with 
a large grain size. Another explanation could be that a certain degree of electronic 
conductivity has been created within the material when the sintering temperature 
exceeded 1400 oC. It is known that the yttria doped zirconia ceramic appears black when 
sintered in a highly reducing atmosphere5. This “reduced” form of stabilized zirconia 
exhibits electronic conductivity (increased total conductivity and lower activation energy). 
However, it regains its normal state after annealing in oxidizing atmosphere. The samples 
produced by SPS in this work were black directly after the sintering, and were therefore 
annealed at 1000 oC for several days to ensure pure ionic conductivity. The increased 
conductivity of samples sintered at or above 1400 oC, was reproduced both through re-
measuring of the same samples and by producing new parallel samples. Further, since 
these samples went through the same annealing process as the ones sintered at lower 
temperature, it is not likely that electronic conductivity should remain only in the samples 
prepared at high temperature. Therefore it is not likely that increased electronic 
conductivity is responsible for the increased overall conductivity.  
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Figure 4.15 Bulk conductivity of 8YSZ sintered by SPS at different temperatures. The sample sintered 
at a lower temperature has a smaller grain size. 

 
Similar to the observations on the 3Y-TZP, at temperatures above 600 oC, the activation 
energy for bulk conductivity of the 8YSZ is in general higher for the large grain samples 
(higher sintering temperature). Probably this effect could also be attributed to the sub-
grain structure in the large grains. However, it should be kept in mind that the analysis of 
the IS spectra becomes difficult above about 500 oC because of a diminishing bulk 
semicircle, which makes extrapolations necessary. In the intermediate temperature range 
the bulk conductivity of the 8YSZ was in agreement with literature data. 
The impedance response of the grain boundaries in the 8YSZ was analyzed in the same 
way as for the 3Y-TZP. The grain boundary thickness of the 8YSZ varied from 5 to 15 
nm, which is somewhat higher than the value of about 5 nm usually reported in literature 
2,6. The specific grain boundary conductivity was also in line with, or somewhat higher, 
than what has been reported earlier, see Fig. 4.16.  
In short, highly pure and fully dense yttria-doped zirconia ceramic oxides sintered by SPS 
provide excellent model oxides for the study of space charge phenomenon and the 
consequent blocking effect on the ionic conductivity. The SPS sintered yttria-doped 
zirconia ceramic oxides exhibit the high conductivity achieved by other conventional 
methods. Being a rapid sintering method, SPS has advantages in producing ionic 
conductor materials of well controlled microstructure. Further effort is being made to 
elucidate the nature of the sub-grain structure present in the primary grains of SPS 
sintered yttria-doped zirconia, and its influence on the electric and dielectric properties.  
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Figure 4.16 Comparison of specific grain boundary conductivity of the SPS sintered 8YSZ in this work 
and literature data. Guo et al, pressureless sintering 6, Anselmi-Tamburini, SPS,7, Martin, 
pressureless sintering 8. 
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5 Conclusions 
 
In this work, electrochemical methods have been applied in order to study the ionic 
transport properties of metal oxides through in situ measurements of the resistive and 
capacitive properties as well as initial oxide formation on commercial alloys. The focus 
has been on alumina and zirconia types of oxides. The ionic and dielectric properties of 
massive samples of these oxides were studied in situ by impedance spectroscopy (IS). 
Moreover, the ionic transport properties were studied also for alumina like oxide films 
formed on a commercial heat resistant alloy. Further, the early stage of oxidation on a 
number of commercial alloys was investigated in situ by high temperature cyclic 
voltammetry. The most important conclusions from the appended papers are briefly 
summarized below:  
 
I. The use of appropriate electrodes is important when highly resistive oxides like α-

alumina are studied by IS. It was shown that, below about 700 oC, surface conduction 
could severely disturb the measurement. The remedy of this problem could be the use 
of a so-called guard electrode. Under unguarded conditions the often-used porous Pt 
electrodes appeared to increase the leakage current due to surface conduction. On the 
other hand, Pt foil electrodes showed results close to what was achieved with a guard 
electrode, at least in the temperature range between 700 and 1000 oC.  

 
II. The influence of grain size on the conductivity was studied in situ by IS measurements 

of highly pure and dense polycrystalline α-alumina with well-defined grain size 
distributions. Irrespective of the grain size, the IS spectra exhibited only one semicircle, 
i.e., one time constant feature. The temperature dependence of the conductivity, on the 
other hand, showed an interesting correlation with the grain size: the activation energy 
for conduction increased with decreasing grain size, and following this trend the 
activation energy of the large grain sample was close to that of single crystalline α-
alumina. 

 
III. Molecular dynamics (MD) simulations of self-diffusion in single crystalline α-alumina 

showed that the activation energy for Al diffusion was 1.0 eV or lower depending on 
crystallographic orientation, and for O diffusion 1.5 eV independent of crystallographic 
orientation. From the IS measurements it was found that the activation energy for 
conduction in single crystalline α-alumina was 1.5 eV independent of crystallographic 
orientation. Comparison between the experimental results and the MD simulation 
suggests that the self-diffusion in α-alumina is dominated by transport of oxygen ions 
under the current circumstances. 

 
IV. Ionic transport in thermally grown alumina-like oxide scales on a FeCrAl alloy formed 

at temperatures between 800 and 1000 oC was studied in situ by IS measurements. The 
IS spectra indicate that the oxide scales formed on the alloy below 900 oC are much 
more inhomogeneous. The thickness of the oxide scales estimated from the IS data was 
in agreement with that measured through thermogravimetry. It was shown that the 
oxide formation temperature has a significant influence on the ionic transport 
properties of the oxide scale. Moreover, the oxide scales are predominantly electronic 
conductors. The self-diffusion data calculated from the ionic conductivity of the oxide 
scales are in line with literature data obtained by other methods. 
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V. The early oxidation of three different engineering alloys was studied in situ by high 

temperature cyclic voltammetry in the temperature range from 500 to 800 oC. The 
technique proved to generate clear voltammogram curves, showing current peaks that 
can be used to identify what species that undergo oxidation at a given temperature. It 
was concluded that the base metal (Fe, Co, Ni, respectively) in the alloys oxidizes 
readily during the early stage of oxidation.  

 
VI. Additionally, pure Cr and an alumina forming FeCrAl-alloy were investigated by high 

temperature cyclic voltammetry. No current peaks related to oxidation of Cr could be 
observed in the voltammograms recorded on pure Cr due to experimental constrains. 
The oxidation/reduction reactions involving the base metal at 600 oC was also studied 
with respect to the influence of variations in the oxygen activity. The redox reactions 
were observed to be close to reversible, when the O2 activity was changed fast enough. 

 
VII. The microstructure and ionic transport properties of 3 mol% yttria-doped zirconia 

(3Y2O3-ZrO2) compacted by spark plasma sintering (SPS) were investigated by atomic 
force microscopy and IS. The grain growth during SPS exhibited much lower 
activation energy than what is reported for conventional sintering methods, and a sub-
grain structure was present within the large grains. The bulk and grain boundary 
conductivity of 3Y2O3-ZrO2 prepared by SPS were about the same or slightly higher 
than what has been reported for other sintering methods. Moreover, it was shown that 
the specific grain boundary conductivity increases with decreasing grain size, which 
can be explained by a decreased intrinsic blocking effect associated with the space 
charge layer along the grain boundaries. The results from these highly pure and fully 
dense 3Y2O3-ZrO2 samples conformed well to what is predicted by the space-charge 
theory.  
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6 Implications and future work 
 
 
This thesis work covers both fundamental and applied aspects of ionic transport in metal 
oxides. The influence of microstructure (particularly grain size) on the ionic transport and 
conduction mechanisms could be explored in detail by using highly pure and fully dense 
model oxides, and by combined experimental measurements and theoretical calculations. 
The results from well-defined model oxides provide good references for comparison with 
results from complex oxide scales formed on commercial alloys in the applied research on 
high temperature oxidation. Moreover, the oxide systems studied include both highly 
insulating oxides such as α-alumina and ionic conducting oxides like yttria-stabilized 
zirconia. Although the effort is rather limited in this thesis, this approach shows promises 
in gaining a deeper scientific understanding of the ionic transport mechanisms of metal 
oxides, which is of general interest for many technological applications, e.g., sensors, full 
cells and corrosion protection.      

  
One of the most important implications of this Ph.D. thesis within the research program 
initiated by the Swedish Foundation for Strategic Research is a number of established 
research collaborations. The joint work between experimental measurements at the Div. of 
Corrosion Science and theoretical calculations at the Div. of Condensed Matter Theory at 
the Royal Institute of Technology would probably never occur without this research 
program. These two divisions usually have very little in common since their research 
activities and prerequisites are vastly different. Despite of difficulties in mutual 
understanding in the beginning, this cooperation turned out to be fruitful and resulted in 
one joint publication on the study of self-diffusion in single crystal α-alumina. This leads 
to the opportunity to jointly study grain boundaries in polycrystalline oxides, which is 
now at the forefront in computational materials science. The access to state of the art 
synthesis technique at the Inorganic Chemistry Department at Stockholm University 
enables fundamental studies of the ionic properties of many metal oxides. The high 
quality experimental data obtained from the well-defined samples provide a good basis for 
comparison with theoretical calculations. Furthermore, through the use of in situ high 
temperature cyclic voltammetry developed at the Vienna University of Technology, 
opportunities become obvious for the study of the initial oxidation of engineering alloys. 
Due to a fast changing oxide in the initial stage, the information on initial oxide formation 
is hardly accessible for other in-situ techniques. In the progress of this thesis work, there 
has been valuable participation from Swedish industry, in particular Kanthal AB, through 
the Swedish Competence Centre for High Temperature Corrosion. In this way there has 
been a continuous input regarding applied aspects on the fundamental research. It has 
been inspiring and fruitful for both parties to have this forum for exchange and testing of 
ideas. 
 
The most important technical implications of this work are probably the use of in situ 
electrochemical methods in the applied study of high temperature oxidation resistance of 
engineering materials. These methods can be used as a compliment to more common 
methods such as thermogravimetry and electron microscopy. The ability of the spark 
plasma sintering technique to produce well defined polycrystalline samples for 
fundamental studies of ionic conductivity in metal oxides also deserves to be mentioned.  
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The establishment of these collaborations opens up a number of opportunities for future 
research work. 

 
 By working jointly, theoreticians and experimentalist can gain new insights into 

ionic transport in metal oxides. The key issue is to define the problem in a way 
so that both parties can address it. Properties related to grain boundaries will 
most likely be a future topic. 

 
 The ability of in situ electrochemical techniques in the study of high temperature 

oxidation of metals has not been exploited fully. For instance the effect of 
changing oxidation environment was not explored. Monitoring the momentary 
effect on oxide film formation or ionic transport rate in oxide scales upon 
introduction of SO2, H2O or other gaseous constituents would be interesting for 
applied research. 

 
 Studies of oxide scales with microprobe techniques, i.e, conductivity mapping by 

using atomic force microscopy should be exploited. The idea was tested during 
the thesis work and showed a certain promise, but substantial efforts are required 
to overcome experimental difficulties. Further, if the microprobe technique is 
applied at elevated temperature conductivity associated with grain boundaries 
might be possible to be studied more explicitly. The latter approach would be 
very interesting to apply to alumina-like scales, since IS can’t separate the grain 
boundary and bulk conductivity in this case.   

 
 Explore the possibility of controlling the grain boundary structure and properties 

related to ionic conductivity by adjusting the SPS parameters. A limited effort 
has been made in this thesis work. This is an area that deserves much more 
attention and efforts in the future.    
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