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Abstract 
 

     Ionic conductivity of metal oxides is critical for the function of a broad range of 
different components, such as electrolytes in solid oxide fuel cells and alloys designed 
for high temperature applications. In both cases the ionic conductivity can be studied 
by in situ impedance spectroscopy, which is also able to reveal information on the 
dielectric properties of the metal oxides, and in some cases the influence of their 
microstructure. The focus of this thesis is on impedance spectroscopy measurements of 
α-alumina in the temperature range 400-1000 °C. This metal oxide has found 
extensive use as the protective scale on heat resistant alloys. Some unpublished work 
on oxygen ion conductivity of yttria-stabilized zirconia is also included. 
 
     The low electrical conductivity of α-alumina can be a source for errors and 
misinterpretations during impedance spectroscopy measurements. A major disturbance 
originates from leakage currents that appear in the experimental setup. These leakage 
currents are due to conduction through the gas phase around the sample, conduction on 
the sample surface, or poor insulation in the sample holder. It was shown that below 
700 °C, conduction on the sample surface could severely distort the measurement. 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. 
 
     Conductivity of metal oxides is known to be dependent on their microstructure. 
Generally it is believed that ionic conductivity is favoured along grain boundaries and 
dislocations. The influence of microstructure on conductivity was studied for α-
alumina in the temperature range 400-1000 °C. The conductivity of a series of highly 
pure and dense samples with narrow grain size distributions was measured by 
impedance spectroscopy. It appeared that the activation energy for conduction 
increased with decreasing grain size.  
 
     Results based purely on impendence spectroscopy have some inherently 
weaknesses. For instance no information on the nature of the charge carrier can be 
found. Therefore the charge transport in single crystalline α-alumina was simulated by 
the molecular dynamics method. The results from the simulation were then compared 
to results from impedance measurements on single crystalline α-alumina. From the 
simulation it turned out that diffusion of aluminium ions had lower activation energy 
than diffusion of oxygen. The activation energy of oxygen was close to the measured 
activation energy, and the mobility of oxygen was higher than for aluminium. 
Therefore the dominating charge carrier was suggested to be oxygen ions. 
 
 
 
Keywords α-alumina, in-situ impedance spectroscopy, molecular dynamics, spark 
plasma sintering, conductivity, microstructure 
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1 Introduction 
 
 

1.1 Background and Aim 
 
     Metal oxides are used to protect alloys at high temperatures from corrosion 
and as electrolytes in Solid Oxide Fuel Cells (SOFC) [1-4]. The most important 
factor that governs the usability of a metal oxide in either of these two fields is its 
ionic transport rate. In the case of corrosion protection at elevated temperature it 
is necessary that the ionic mobility in the metal oxide is very low. If this is the 
case, the metal oxide that forms can act as a barrier that separates the alloy from 
the atmosphere and in this way prevents oxide growth, which eventually would 
consume the metal. The metal oxide in a SOFC electrolyte, on the other hand, 
should have the ability to selectively transport ions at a high rate between its two 
electrodes. A typical metal oxide for alloy protection is α-alumina and for SOFC 
electrolyte yttria-stabilized zirconia (YSZ). 
 
     This short introduction shows the importance of being able to measure and 
understand how ions are transported within metal oxides. The focus of this thesis 
is on a protective metal oxide, α-alumina. Components that rely on corrosion 
protection by this oxide are, for example, gas turbine blades and heating elements 
for industrial furnaces [1]. These components are either made of an alloy 
containing aluminum; alternatively the component is given a coating containing 
aluminum. When the metal later is exposed to temperatures above about 900 °C 
α-alumina is formed, which protects the metal from continuous oxidation and 
corrosion [1, 5-7]. The beneficial effects of aluminum additions to alloys in order 
to provide protection at high temperatures have been recognized at least since the 
early 1930s. However, there is still a debate ongoing how the protective ability 
can be increased and what factors that govern the ionic transport through α-
alumina [8].  
 
The aim of this study is rather fundamental. It evolves around three central 
topics: 
 

♦ The usability of electrochemical impedance spectroscopy. This is a 
technique, which is used extensively, to characterize ionic conductors as 
well as protective oxide films [9]. In order to perform the 
characterization, a sample of the oxide has to be contacted with some kind 
of electrode. The metal oxide α-alumina has very high impedance even at 
elevated temperatures where other oxides are rather conductive. One 
might then suspect that under these circumstances, constraints appear as 
to which electrodes that can be used [10]. Further, since the conductivity 
of the sample is very low, leakage currents might appear that are of the 
same magnitude as the current that goes through the sample [11, 12]. 
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♦ The role of microstructure. How will the microstructure of sintered, 
well-defined α-alumina affect its ionic conductivity? Generally diffusion 
is faster along grain boundaries, which has also been observed for the 
protective oxide film that is present on alumina forming alloys [3, 13, 14]. 
However, for many metal oxides with a high ionic conductivity like YSZ, 
grain boundaries appear to block the transport of ions within the oxide 
[15-17]. 

 
♦ Comparison of experiment and theory. A goal was set up to compare 

experimental results with molecular dynamics simulations. The obstacle 
in this case appeared to be a matter of scale and how to define the 
material. Experimentally, a large set of atoms is studied. The result is an 
average of the influence of various defects in the material such as grain 
boundaries, vacancies and impurities. In a simulation only a small number 
of atoms can be studied. Further the evolution of the system can only be 
studied for the duration of about one nanosecond of “real time”, due to 
limitations in computer time [18].  

 
 

1.2 Ionic Conductivity in Protective Metal Oxides 
 
     The growth of protective metal oxides on alloys is to a large extent controlled 
by counter flux of metal and oxygen ions within the film, where the fastest 
flowing 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, simultaneously there are metal ions moving in 
the opposite direction [3, 14]. A schematic view of the process is shown in Fig. 1. 
Other ways for the oxide to grow is through permeation of molecular oxygen 
through cracks and pores. Further, the diffusion rate within the film is seldom 
homogenous. It is often observed that diffusions along grain boundaries and 
dislocations are much faster than in the bulk, which adds to the complexity of the 
growth process of metal oxides. Therefore the description that follows is 
idealized.  

Metal

Mez+

O2-

Ze-

Oxide Air

O2

Me Mez++Ze- ½O2 O2-+2e-
 

Fig. 1 Schematic illustration of the reactions and transport processes in a growing 
metal oxide exposed to oxygen gas. 
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     The movement of ions in metal oxides progresses by individual ions jumping 
from one stable point in the lattice to the next unoccupied one. For this process to 
be possible there has to be an adjacent vacant site in the close packed lattice to 
which the atom can jump. These vacant sites, often termed point defects, are 
present in all crystalline solids. For ionic structures mainly three types of defects 
will operate, intrinsic Frenkel and Schottky defects and also extrinsic defects. A 
schematic view of a two dimensional lattice containing defects is depicted in Fig. 
2. The lattice is supposed to belong to the schematic metal oxide MO. The arrow 
in Fig. 2, case a, shows the creation of a Frenkel defect. An oxygen 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 negative charge of the oxygen ion at 
the interstitial position has to be compensated by an equally large positive 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 case a would then be written as: 
 

iO
X

O OVO ′′+⇒ ••    (1)  
 

Where •• denotes positive charge with respect to the lattice and ´´ negative 
charge. 
 

a

b

b

c

O2-

Me2+

 

Fig. 2 Schematic illustrations of the metal oxide MO. Metal ions are filled whereas 
oxygen ions are unfilled. In case a a Frenkel pair is show, case b a Schottky pair and 
case c an interstitial. 

 
Case b in Fig. 2. shows two 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 
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foreign atom in case c, Fig. 2, might be compensated for in such a defect 
reaction. Presume 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 alumina [19, 20] 
 

1.2.1 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. 3.  
 

O2-

Me2+

 

Fig. 3 Schematic view of the self-diffusion process in the MO lattice shown if Fig. 2. 

 
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. 4. If an ion is 
at the bottom of a well between two energy maxima, 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) 

 
where, Ea is the height of the potential barrier. If we assume that there are only 
very weak concentration gradients present, and that the jumps occur completely 
randomly, a diffusion coefficient can be derived from Fig. 4 [21]: 
 

 )exp(
2
1 2

kT
EvD a−= α     (3) 
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Fig. 4 Schematic illustration of the potential barriers that a migrating ion has to 
overcome in order to move in an one-dimensional crystal lattice. 

 
In a real metal oxide the way an ion travels is dependent on the three-
dimensional crystal structure. Therefore equation (3) has to be multiplied with a 
geometrical factor, g, to account for this. There has to be available vacancies for 
the ion to move to. Therefore the vacancy fraction nv also has to be included in 
equation (3), which then can be more accurately written as: 
 

 )exp(2

kT
EvngD a

v −= α     (4) 

 
If we assume that the metal oxide is subjected to a small and constant 
concentration gradient, Fick’s first law can express the flux of ions through the 
growing film in one dimension: 
 

 
dx
dcDJ −=      (5) 

 
For a number of protective metal oxides that form dense scales on the parent 
metal, the flux of ions through the oxide film is the rate-controlling factor. In 
those cases the oxidation rate of the metal will follow a characteristic parabolic 
dependence on time. Wagner described this classical relation as early as in the 
1930s [22-24]. 
 

1.2.2 Relation between conductivity and self diffusion 
    The driving force for a flux of ions doesn’t have to be a concentration gradient. 
For instance under an electric field or for growth of an oxide film in the nano-
meter range, potential gradients will provide the driving force [25]. If an ion is 
situated at a stable site in a metal oxide and it is subjected to an electric field, the 
situation shown in Fig. 4 will be somewhat different, as illustrated in Fig. 5.  
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Fig. 5 Schematic illustration of the potential barriers with height Ea, under the 
influence of an electric field E, that a migrating ion with charge ze has to overcome in 
order to move. α is the separation of stable sites for the ion in the lattice. 

 
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. 5. The migration of charged particles is now strongly 
favored in 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). Then the net velocity in the direction of the field will be the 
difference between jumps made in the direction of the field and jumps in the 
reverse direction [21]: 
 

 














 +
−−















 −
−= )2

1

(exp)2
1

(exp
kT

EzeE
v

kT

EzeE
vV

aa α
α

α
α  (6) 

 
For applied fields of low magnitude, and by taking mobility µ as the 
proportionality constant between velocities and applied field, (6) can be rewritten 
as: 
 

 )exp()(
2

kT
E

kT
zev a−=

αµ     (7) 

 
Further, through the definition of conductivity, (7) can be rewritten as 
  

 )exp()(
222

kT
E

kT
eznv a−=

ασ    (8) 

 
Here n denotes the number of migrating species per unit volume of the oxide. 
Relation (8) has been used extensively throughout this work in order to evaluate 
the activation energy. The equation describing conductivity σ, is very similar to 
equation (4) for the diffusion coefficient D. The relation between these two is 
known as the Nernst-Einstein relation: 
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kT

eNz
D

22

=
σ      (9) 

 
Here N is the number of lattice sites for the migrating species per unit volume. 
 

1.2.3 Transference number 
    The current that is transported through a metal oxide in a potential field can 
originate from different charge carriers: anions, cations, holes and electrons. The 
transport number 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    (10) 
and 
      (11) 1=∑ it
 
The value of each individual transport 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 close to 1 for YSZ [1]. 
 
 

1.3  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 
SOFC:s [26]. It is an electrochemical technique where the response is analyzed 
from electrodes and electrolyte upon a small-amplitude alternating voltage, 
which is varied over a wide frequency range. Either (one of) the electrodes or the 
electrolyte can be the sample. Between two and four electrodes are used in the 
setup and the electrolyte can be solid, aqueous or a flame [26, 27]. IS is able to 
determine a number of parameters related to electrochemical kinetics and 
polarizability, for instance, the polarization resistance of corroding electrodes in 
an aqueous electrolyte, the state-of-charge for batteries and the effect of 
microstructure on conductivity in SOFC electrolytes [26].  
 

1.3.1 Basic theory 
     The complex impedance response from electrodes and electrolyte is derived 
by forming the quota between a sinusoidal alternating signal V(t) and the time 
dependent current response from the sample and electrodes I(t): 
 

 
)(
)()(

tI
tVtZ =      (12) 
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Where tVtV ωsin)( 0=  
 )sin()( 0 θω += tItI  

      =θ Phase angle between V(t) and I(t) 
 

The strength of the IS method comes from its sensitivity towards the 
polarizability of interfaces either between electrodes and the electrolyte, or 
interfaces within the electrolyte or the polarizability within a dielectric medium. 
Depending on the nature of these entities, they will polarize at different 
frequencies of the applied potential, V(t). A solid electrolyte with the time 
dependent dielectric property ε´(t) subjected to the electric field E(t) will have the 
time dependent polarization P´(t) according to[9]: 
 

EtP )´()´( 0εε −=     (13) 
 
Here ε0 is the permittivity of free space. 
 
Polarization in turn can be related to the amount of charge stored within the 
material subjected to the external electric field E. The quotient between 
accumulated charge and applied potential is the capacitance C, which easily can 
be derived for a dielectric medium between two parallel plates with area A and 
separated by a distance d: 
 

d
AC 0´εε=      (14) 

 
The polarization and the measured capacitance will, hence, be dependent on the 
variation of ε´. A schematic relation is shown for arbitrary dielectrics in Fig. 6 
[28]. 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. The angle δ between the total 
current and the charging current is often used to express how great the dielectric 
loss is in a material according to: 
 

 
´
´´tan

ε
εδ =      (15) 

 
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 a 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. 6. It would then be possible to calculate 
capacitance and conductivity for each of these entities. 
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Fig. 6 Dielectric properties of a material that can be discerned at different frequency of 
the applied AC field. 

 
The data from an impedance measurement can be given in the form: 
 
 ´´´ ZZZ +=      (16) 
 
Here Z´ is the real part of the impedance that can be related to a pure resistance 
R, and Z´´ is the imaginary part that can be related to a capacitance: 
 

 
Cj

Z
ω
1´´=      (17) 

 
Where 1−=j  and ω is the angular frequency, ω = 2πf, f is the frequency in Hz. 
 
One of the common ways to display IS data is as Nyquist plots, see Fig. 7. Here 
the Nyquist plot for a solid ideal dielectric material is shown. Only one 
semicircle appears in this plot, which means that there probably 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 similar. The time constant is 
defined as: 
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 RC=τ      (18) 
 
α-Alumina shows typically one time constant behavior. On the other hand, the 
Nyquist plot for a spectrum taken on the oxygen ion conductor YSZ will show 
three semicircles. They correspond to the grain interior (dipole)-, grain boundary- 
and electrode polarization, in order of decreasing frequency [9]. 
 

ω

ωmax = 1/RC

ω 0

RReal Z´ (Ω)

Im
ag

in
ar

y 
-Z

´´ 
(Ω

)

∞

 

Fig. 7 Schematics of a Nyquist plot for a dielectric material showing one time constant. 

 

1.3.2 Spectra fitting 
    The spectra seldom appear as perfect as in Fig. 7. In order to understand what 
processes are governing an acquired spectrum, the data is often fitted to an 
equivalent circuit, consisting of mainly capacitances and resistances. More 
complex components can also be introduced, for instance elements that model 
diffusion. A commonly appearing problem is that the observed capacitances in 
the spectra are not ideal. The semicircles in the spectra appear “depressed” i.e. 
their centers are below the Z´-axis. 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 constants 
[9, 29, 30]. Even though the cause of the depression is not completely proven, it 
can be very well simulated mathematically by the introduction of a so-called 
constant phase element, CPE, that replaces the capacitances. The impedance of a 
CPE element is expressed as:  
 

 nCPE jQ
Z

)(
1
ω

=     (19) 
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Where  and Q is a constant which is set equal to the “true” capacitance 
in the fitting process. However, there are other interpretations that suggest a more 
complicated relation [31, 32]. 

10 << n

     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 consider the physical meaning of each circuit element. The equivalent 
circuit used to fit spectra with the features described in Fig. 7 is shown in Fig. 8.  
 

R

CPE  
Fig. 8 Equivalent circuit for fitting of the spectra in Fig. 7. 

 

1.3.3 From impedance spectra to conductivity 
     When the resistance (R) of the sample is obtained by the fitting procedure just 
described, the conductivity of the oxide can be calculated from the sample 
dimensions (thickness d, cross sectional area A) according to: 
 

 
AR
d

=σ      (20) 

 
The temperature dependence of conductivity often follows an Arrhenius relation 
as described in section 1.2.2. The relation between conductivity and temperature 
is characterized by the activation energy Ea which is found by plotting log(σT) 
vs. (1/T), compare equation (8). 
 
 

1.4  Molecular Dynamics 
 
     Collaboration between the Div. of Corrosion Science and Condensed Matter 
Theory at KTH made it possible to correlate experimental research data with data 
derived from computer simulations. Such teamwork has many benefits for both 
parties. Experimental data acquired solely by IS provide only overall 
conductivity, but no detailed information such as identity of dominating charge 
carrier, type of expected intrinsic defects etc. Computer simulations can acquire 
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these types of data. The benefit for the theoreticians in this case is that through 
such collaboration the applicability of the theoretical models is tested on 
problems encountered in everyday life. The latter point is especially important in 
order to attract the interest of industry. 
     The simulation technique used so far in our collaboration is Molecular 
Dynamics (MD). The fundamentals behind the technique was established as early 
as the 1950s by Adler and Wainwright [33-35]. MD 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 harvested from such a simulation is quite rich, e.g. data 
on thermodynamical-, 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 motion: 
 
 iii amF vv

=      (21) 
 
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. From this short introduction, two key issues of the MD method become 
apparent: how to describe the inter-atomic potentials and how small the time step 
between two consecutive updates of the position and velocity of the atoms should 
be?  
     The answer to these two questions greatly influences the kind of data that can 
be expected from a simulation. If we start by addressing the first question, there 
are generally two approaches. In the first 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 then 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 studied 
[36]. The other alternative is to describe the inter-atomic potentials by means of 
methods based on the rules of quantum mechanics and without any fitted 
parameters, known as ab initio simulations. In this way the interaction between 
the electrons and nuclei are also taken into account, which facilitates the study of, 
for instance, chemical reactions, which is not possible by purely classical 
mechanics. However, the increased accuracy of the ab initio methods has its 
price, which is the increased need for computer time. Therefore the simulation 
cells with a maximum of about 100 atoms can be studied. In some cases a 
compromise can be used, where classical mechanics are used side by side with 
quantum mechanics [37]. For the work presented in paper III in this thesis the 
inter-atomic potentials were described by a function containing terms 
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representing Coulombic, Van der Waals, and repulsive interactions. The function 
also contained fitted parameters that had been derived in earlier work. A fairly 
large simulation box of 12000 atoms was used. 
    The other important choice that has to be made is the length of the time steps 
in the simulation. It must be smaller than the time scale of any important 
dynamic process at atomic or molecular level. Since the atomic vibration 
frequency around its energy minima in a lattice is in the order of 1012 – 1013 s-1, a 
reasonable length of a time step is about 10-14 – 10-15 s [18]. After each time step 
the position and velocity of each atom is stored and the process is repeated, 
which gives a record of the time evolution of the system. The number of time 
steps can be set to a high value. However for calculations containing in the order 
of thousands of atoms, the practical limit for the length of simulated ”real time” 
is roughly one nanosecond! The results from a MD calculation can be 
extrapolated, but it is important that what is actually simulated has had enough 
time to occur with a high statistical probability.  
    When MD is to be compared with experimental techniques like IS to study 
ionic transport in metal oxides such as alumina, both the size of the simulation 
box and the length of real time that is simulated have to be kept in mind. For 
instance, the number of intrinsic defects in alumina is in the ppm level at 1000 °C 
[38], which would need a simulation cell with at least 106 atoms, if a true replica 
of the real structure was to be studied. Further, the probability that an atom will 
acquire enough energy in order to jump from its resting position in the lattice and 
reach a nearby vacancy is very low. The likelihood to observe the creation or 
annihilation of intrinsic vacancies at this temperature is even lower. It is 
impossible to run simulations that fulfill the requirements of size of the system 
and simulated real time. Therefore, if the ionic transport in alumina is to be 
studied, parameters that can be found from simulation of a small number of 
atoms have to be used. For instance, the attempt frequency ν, the average 
distance between energy minima a or, as in paper III, the activation energy Ea.  
    MD is an extensive computer simulation technique that evolves rapidly. For 
the interested reader there is a large volume of information available, including a 
few references mentioned in this paragraph. 
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2 Experimental 
 

2.1 Samples 
 
     The Spark Plasma Sintering (SPS) technique was used to produce 
polycrystalline α-alumina samples. The sintering was made at the Inorganic 
Chemistry Department at Stockholm University. The process is well described in 
an article by Shen et al [39]. In the SPS process a pulsed DC current is used to 
heat a starting powder, which is placed in a graphite die and subjected to a 
mechanical pressure by two punches. The powder is heated very rapidly to a 
predetermined sintering temperature where it is held for a period of time in order 
to form a dense body. The whole process is over in about 30 min, which is fast 
compared to many other sintering techniques. The advantage with short sintering 
cycles is that density and grain size can be controlled precisely.  
    Taimei Chemicals Co., Ltd, Japan, produced the starting powder for the 
alumina samples. The purity was above 99.99%, with the analysis according to 
Table 1. 
 

Table 1 Analysis of alumina powder 

Impurities (ppm) Al2O3 (%)
Si Fe Na K Ca Mg Cu Cr Mn U Th 

>99.99 10 8 8 3 3 2 1 <1 <1 <0.004 <0.005 

 

All of the samples produced in this way had a density above 99.8% of the 
theoretical and a narrow grain-size distribution.  
     Single crystalline  α-alumina was also studied. These samples were purchased 
from SCI Engineered Materials Inc., USA. They were grown by the Czochralski 
technique and had a purity of 99.996%.     
     For the work performed on YSZ, the SPS technique at Stockholm University 
was also used for sample preparation. The high purity powder was in this case 
bought from Tosho Corp., Tokyo, Japan. The composition of the powder was 
3Y2O3-97ZrO2. The density of the samples was exceeded 99% of the theoretical 
value.  
 
 

2.2 Impedance Measurements 
 
     Impedance measurements were made with a Solartron 1260 frequency 
response analyzer combined with a Solartron 1296 dielectric interface. The 
equipment is designed to measure very high impedances of up to 1014 Ω over a 

 14



  

wide frequency range from MHz down to mHz. The setup utilizes a two-
electrode configuration with a floating ground. During a 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 shown in Fig. 9.  
 

Gas Out

Gas In

Thermocouple

Furnace

Sample

Signal connection

Pt - electrodes

Pt - coating

 

Fig. 9 Schematic drawing of the sample holder inserted in a tube furnace. The close-up 
shows a sample, which has been fitted with Pt electrodes. Porous Pt coatings were used 
in some measurements. 

 
The data generated by the IS measurements were analyzed according to 1.3.2 by 
means of the software Zview from Scribner associates, Inc. 
 

2.2.1 Electrodes 
     The different types of electrodes that were tested are thoroughly described in 
paper I, Pt foil, porous Pt, porous Au and co-sintered Pt foil, see Fig. 10 for a 
schematic overview. When the foil electrodes were used the sample was simply 
placed in between the electrodes, which, in turn, were under a spring load in 
order to keep the sample in place. Sintering a metal containing ”paint” which had 
been applied to the sample surfaces by means of a brush formed the porous metal 
electrodes. The paint was purchased from Johnson Matthey GmbH, Germany. 
The sintering was made in air for 20 min at 1050 °C. In this way a highly porous 
and adherent electrode was formed. The co-sintered electrodes were, as the name 
suggests, sintered together with the sample in the SPS equipment.  
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b

a

c

Voids between Pt foil and sample

 

Fig. 10 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. 

 

2.2.2 Guard electrode 
     A key issue, 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 idea behind the guard electrode is described in Fig. 
11. The purpose of the guard electrode is to block possible 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 .By keeping the top 
and guard electrode at the same potential, 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 known and used frequently, see 
for instance Will et al [12]. 
 

Center electrode
(ground)

AC
Signal

Guard ring-
electrode
(ground)

Top view

 

Fig. 11 Metal oxide sample equipped with guard electrode. All electrodes are of the 
porous Pt type. 
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3 Results and discussion 
 
     In the following paragraphs the main results from paper I, II and III are briefly 
discussed. Unpublished work on YSZ is also discussed at the end of this section. 
 
 

3.1 In-situ Measurements by Impedance Spectroscopy of Highly 
Resistive α-alumina 
For details, see paper I. 

 
     The intention behind this paper was to investigate how the choice of 
electrodes influences the measured impedance. As described in section 2.2.1, 
four types were tested, Pt foil-, co-sintered Pt foil- and porous Pt or Au 
electrodes. Except for the co-sintered Pt foil electrode, all of these variants of 
electrodes are used in IS studies of solid electrolytes [9, 10]. What distinguishes 
them from each other is 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 [40]. 
Reproducible results were achieved with all electrodes. However between the 
different electrodes the conductivity varied with more than one order of 
magnitude, see Fig. 12. 
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Fig. 12 Arrhenius plots of conductivity measured by the different electrodes. Baseline 
measurement with the empty sample holder has also been added. 
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    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 registered. 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. The level of 
the activation energy is lower than expected for conductivity in alumina, but 
close to what has been reported for surface diffusion [41, 42]. 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 suggest that the measured 
conductivity with activation energy of 1 eV is due to the presence of leakage 
currents. 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. 12) clearly show lower 
conductivity than when a sample is inserted. A way to investigate the latter 
question, if there is a leakage current along the sample surface, is to use a so-
called guard electrode as mentioned in section 2.2.2. 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 effect of the guard is shown in Fig. 13.  
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Fig. 13 Arrhenius type plots of conductivity measured under guarded and unguarded 
conditions in air and in N2. 
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    Apparently at lower temperatures than around 700 °C there is a necessity to 
use a guard electrode, otherwise the measured conductivity look unreasonably 
high. 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. 
12 is that the conductivity measured by the porous metal electrodes exhibit the 
same activation energy over the entire temperature range, which suggests that 
those types of electrodes would benefit charge transport on the sample surface. 
Measurements performed with the Pt-foil electrodes, on the other hand, are not as 
sensitive to distortions by the surface conduction phenomena, at least above 
about 700 °C, 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. 13 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 in the pure N2 used, the surface conduction is still 
significant, probably due to a high mobility of the 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 fraction of ionizable species.  
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3.2 Influence of Grain Size on Ionic Conductivity of Pure and Dense α-
Al2O3 in the Temperature Range 400 – 1000 °C 
For details, see paper II 
 

 
     The intention behind this paper was to evaluate the relation between grain size 
and conductivity of α-alumina. A series of well-defined α-alumina samples with 
varying grain size, as described in section 2.1, was studied in the temperature 
range 400 – 1000 °C. The conductivity was measured by performing IS 
measurements in laboratory air with Pt-foil electrodes.   
     The impedance spectra exhibit only one semicircle, i.e. one time constant, as 
exemplified in Fig. 14 for all grain sizes and temperatures.  
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Fig. 14 Nyquist plot of the impedance of an alumina sample with an average grain size 
of 0.5 µm at selected temperatures. 

 
The conductivity of the samples all followed an Arrhenius relation, as 
exemplified in Fig. 15, for one of the samples with a grain size of 0.5 µm and a 
single crystal.  
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Fig. 15 Arrhenius plots for the sample with grain size 0.5 µm and the single crystal 
where the conductivity has been measured parallel to the [0001] direction. 

 
     The Arrhenius plots of the conductivity for the six samples all showed similar 
general behavior, e.g. two distinct regions with different temperature 
dependence, and with a transition around 650 °C. The reason for the appearance 
of these two regions is not clear. However, from paper I it is reasonable to 
suggest that below about 650 °C, surface conduction may become a significant 
part of, or dominate the measured conductivity. However, above that temperature 
reproducible data showed that the activation energy for conduction was 
influenced by the grain size of the alumina sample. As shown in Table 2, the 
activation energy decreased as the grain size increased. 
 

Table 2 Relation between activation energy and grain size for pure and dense alumina 

Grain size  
(µm) 

 
0.5 

 
1 

 
3 

 
8 

 
15 

 
Single-
crystal 

Ea (eV)  
650 - 1000°C 

 
2.4 

 
2.0 

 
2.0 

 
1.8 

 
1.6 

 
1.5 

Ea (eV) 
400 - 650°C 

 
1.0 

 
0.9 

 
1.1 

 
1.0 

 
1.1 

 
1.0 

 
 
The experimental results show a relationship between activation energy and grain 
size, however, with no real explanation. As a complement a literature review was 
included on the conductivity of α-alumina. A key issue in the review was the 
dominating charge carrier. It has been suggested that O2-, Al3+, H+ or electron 
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species can contribute to the conductivity. For highly pure single crystalline 
alumina the conductivity has been suggested to be ionic below about 1400 °C 
and at atmospheric oxygen partial pressure. For polycrystalline alumina 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-alumina 
will control the charge transport mechanism in commercially pure α-alumina, 
since the level of intrinsic defects is very low. The observation in paper II that 
grain boundaries appear to hinder ionic transport in alumina is not entirely new it 
has earlier been observed at higher temperatures by other authors [38, 43, 44].  
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3.3 Self-diffusion Activation Energies in α-Al2O3 Below 1000 °C. 
Measurements and Molecular Dynamics Calculation.  
For details see paper III 
 

 
     In this paper the objective was to explore some of the unresolved questions 
that appeared in paper II, such as the dominating charge carrier in α-alumina and 
the activation energy for conduction. The problem was addressed by performing 
molecular dynamics simulations on single crystalline alumina. The results from 
these simulations were then compared with data gained by IS for single 
crystalline α-alumina. All simulations were performed at the department of 
Condensed Matter Theory at KTH in Stockholm, 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 simulation cell and in that way provide a voltage to each 
atom in the crystal lattice, it was possible to elucidate activation energies, as 
indicated in Fig. 16. 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 -0.945 e. The activation energy obtained for Al diffusion is about 1.0 
eV and for O 1.5 eV. From Fig. 16 it is also apparent that the diffusion 
coefficient and, hence, the conductivity is higher for O than for Al.  
 

 

Fig. 16 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. 
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To our knowledge, there are no diffusion data reported for single crystalline 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 crystalline samples at temperatures between 650 and 1000° C. This can be 
compared with the MD calculations, which give self-diffusion activation energy 
of about 1.5 eV for O and 1.0 eV for Al in single crystalline 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 crystalline oxide. This is also supported by the fact that similar activation 
energies were measured from two single crystalline samples with mutually 
perpendicular crystalline orientations. 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 was not at hand. Even 
so, the relationship between grain size and activation energy described in paper II 
provides qualitative evidence for the influence of grain boundary on the 
conductivity of α-Al2O3.  
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3.4 Background and Comments on Unpublished Studies of Yttria-
Stabilized Zirconia 

 
 
    The oxygen ion conductor YSZ has been the subject of extensive 
investigations by IS for more than three decades [45]. The IS method is 
particularly suitable to study YSZ, because in this case, the grain boundary 
conductivity can be separated from the bulk conductivity. The reason why this is 
possible is because the time constant related to dipole polarization within the 
YSZ grain is well separated from the time constant related to polarization of the 
grain boundaries and electrodes. In a Nyquist type plot, the impedance spectra 
will show up to three distinct semicircles, where the semicircle corresponding to 
the grain interior conductivity is at the high frequency end of the spectra. This is 
exemplified in Fig. 17 for an YSZ sample produced by the SPS sintering 
technique. The semicircle corresponding to electrode polarization is abbreviated, 
since the frequency was not scanned to low enough values.  
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Fig. 17 Nyquist plot of impedance spectra registered at 375 °C from a YSZ sample 
produced by the SPS technique. The left semicircle, at the high frequency end of the 
spectra, corresponds to polarization of dipoles in the grain interior and the right to 
grain boundary polarization. 

 
The main goal with the research on YSZ is to increase the oxygen ion 
conductivity of this ceramic material, which would enhance its performance, e.g. 
as SOFC electrolyte or as oxygen sensor. This can either be done by changing the 
level or type of stabilizing doping oxide in zirconia or by changing the 
microstructure of the ceramic.  
     It is well known that the specific grain boundary conductivity in YSZ is about 
100 to 1000 times lower than the bulk conductivity [15-17], even for pure and 
dense samples. The explanation for these findings has been suggested to be the 
formation of space charge layers adjacent to the grain boundary [15, 46-48]. The 
grain boundary is known to attract vacancies but also doping or impurity ions. In 
the case of YSZ these species would be •••Y , V  and possibly ••

O
••••Zr  [47, 49, 50], 

all with a positive charge compared to the neutral lattice. Because of charge 
neutrality, a space charge will build up from the grain boundary and into the core 
of the grain with opposite sign compared to the charged grain boundary. The 
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charge carriers in YSZ are ionic, which means that the space charge layer will 
form due to ionic concentration gradients. There will thus be an accumulation of 

 but most important a depletion of V , adjacent to the grain boundary. Since 
the conductivity in YSZ is due to migration of oxygen ions, which are hampered 
by the low V concentration in the space charge layer, it will appear as if the 
grain boundaries reduce conductivity. 
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     The purpose of the work on YSZ, which was carried out together with the 
Inorganic Chemistry Department at Stockholm University, was to investigate if 
the SPS technique could be used to increase the conductivity of the ceramic. 
Since the SPS technique shortens the sintering time considerably, which enables 
precise control of parameters, such as grain size and density, it was thought that 
the grain boundary conductivity could be increased through precise control of the 
SPS process. Among others, the influence of the mean grain size on the 
conductivity was investigated for grain sizes between 100 – 300 nm. The 
preliminary results from the experiment are shown in Fig. 18.  
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Fig. 18 Grain interior (left) and grain boundary conductivity (right) of 5 samples of YSZ 
with varying grain size produced by the SPS technique.  The conductivity is normalized 
to the sample geometry.  

 
The grain interior conductivity of the samples, depicted in Fig. 18 (left), is not 
influenced by the grain size, as expected. The grain boundary conductivity in Fig. 
18 (right), based on the sample geometry, on the other hand decreases slightly 
with decreasing grain size, in agreement with observations on conventionally 
sintered samples. The total DC conductivity of the samples is calculated as: 
 

 
gigbtotal σσ

11
+=       (22) 

 
Where, σgb denotes grain boundary- and σgi bulk conductivity. 
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     Since the grain interior conductivity is the same for all the samples, the total 
DC conductivity will follow the same trend as for the grain boundary 
conductivity. The magnitude of the DC conductivity for the samples produced by 
SPS was slightly higher than for conventionally sintered YSZ samples with the 
same composition [51]. This is probably due to the increased density of SPS 
samples compared to conventionally sintered samples [52, 53]. 
     In summary, these preliminary results show that the SPS sintering technique 
could increase the conductivity of YSZ by increasing the density of each sample. 
Further studies are ongoing to explore if the technique could give significantly 
improved properties. 
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4 Conclusions 
 
     It has been shown that two-electrode impedance spectroscopy (IS) 
measurements of highly resistive α-alumina are sensitive to the type of electrodes 
that are used for contacting the sample. The investigation was made in the 
temperature interval 400 – 1000 °C. The results indicated that leakage currents 
could appear below about 700 °C, which were larger in magnitude than the 
current through the sample. The remedy to this disturbance of the measurement 
was suggested to be the use of a so-called guard electrode. Under unguarded 
conditions, the porous metal electrodes often used in IS measurements on solid 
ionic conductors appeared to increase the magnitude of the leakage current. On 
the other hand, Pt foil electrodes showed results comparable to what was 
achieved under guarded conditions, at least in the temperature interval 700 – 
1000 °C. The origin of the leakage currents was suggested to be charge transport 
on the sample surface of ionized gaseous species originating from the ambient 
air, i.e. O2-, OH- and H+. 
 
     The influence of microstructure on the conductivity for highly pure and dense 
polycrystalline α-alumina with well-defined grain size distributions was studied 
by IS. Irrespective of the grain size, the IS spectra exhibited only one semicircle, 
i.e. one time constant characteristics. The temperature dependence of 
conductivity on the other hand showed an interesting correlation with the grain 
size. It was shown that the activation energy for conduction increased with 
decreasing grain size. This trend also included samples of single crystalline α-
alumina. 
 
     Despite the obstacles of merging applied experimental work with simulations 
based on well-defined systems, a way was found where the disciplines could 
meet. Molecular dynamics simulations of single crystalline α-alumina showed 
that the activation energy for Al diffusion would be 1.0 eV and for O diffusion 
1.5 eV. The simulation also showed that the mobility of O in α-alumina is much 
higher than for Al. From IS measurements it was found that the activation energy 
for conduction in single crystalline α-alumina was 1.5 eV, which is in agreement 
with O diffusion according to the MD simulation. This correlation suggests that 
the ionic transport in α-alumina is dominated by transport of oxygen ions under 
current circumstances.  
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5 Outlook 
 
 A substantial part of the work in this thesis has been possible thanks to the 

cooperation between experimentalists and theorists. By continuing along that 
road much can be gained. As an experimentalist you often do observations 
that you try to find answers to by testing different hypotheses or theories in 
the laboratory. Instead if you can make an observation well defined and scale 
it down so it can be described through the interaction between a small 
numbers of particles, then it is possible to find many answers through a 
simulation. However, how to perform this adaptation of an observation is not 
straightforward. Therefore more work has to be done by both parties in order 
to be able to go further. 

 
 One advantage with IS is that the technique is fast and nondestructive. 

Information on conductivity and the dielectric properties of a protective metal 
oxide can be acquired in the order of minutes, which enables the continuous 
monitoring of corrosion processes in situ. This ability is not only interesting 
from a scientific point of view, but also from a more technological one. A 
trend in corrosion protection is to monitor the corrosion in real time and to 
obtain the results on line. In that way corrosion rate can be handled as a 
process parameter in, for instance, district heating plants. An adaptation of the 
IS technique to more applied conditions could very well fulfill this need.  

 
 As mentioned in the introduction, the research regarding the membrane in 

solid oxide fuel cells and the properties of protective oxide scales on alloys 
resistant to high temperatures is closely related. In both cases the transport of 
ions in a metal oxide is studied. It would be beneficial to merge these two 
closely related areas of science and in that way new ideas could be brought 
into both fields. 

 
 The observed influence of microstructure on the conductivity of α-alumina 

should be given an explanation. A way to address the problem is by MD 
simulations of how the grain boundary interacts with charged species. The 
simulation would then probably need input of experimental results regarding 
grain boundary structure, segregation, space charge effects etc. Another way 
would be on the experimental approach to obtain more information, for 
instance, the identity of the dominating charge carrier. However, below 1000 
°C this can be difficult, since many of the techniques that would be suitable 
for the task are base on thermodynamic equilibrium, which is only reached 
after very long holding times. 
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Abstract  
 
    In-situ Impedance spectroscopy has the potential of being a versatile tool for 
characterisation of metal oxides used to protect alloys at elevated temperatures. However, for 
highly resistive oxides, the influence of experimental parameters needs to be taken into 
account, e.g., electrode contact and leakage currents due to gas phase and surface conduction. 
In this study, IS measurements of well-defined α-alumina (α-Al2O3) samples were performed 
in the temperature range 400 – 1000 °C with different types of electrode contact, in air as well 
as in nitrogen. The results show that above 700 °C the influence of these parameters is 
negligible, whereas at lower temperatures the surface leakage current was substantial, and the 
use of a so-called guard electrode recommendable. Using a porous Pt electrode needs 
cautiousness since it sees to give a too high conductivity. 
 
Keywords: A. Aluminium oxide; B. Impedance spectroscopy; C. Ionic conductivity, High 
temperature corrosion  
 
 

1. Introduction 
 
     Ionic transport in metal oxides is important for high temperature corrosion protection of 
metallic materials. At sufficiently high temperature a thermal oxide will form on most metals 
and alloys. The growth rate of the oxide scale and its adherence to the metal substrate, and 
hence its protective ability, depend to a large extent on ionic transport of metal and oxygen 
ions through the oxide scale. Impedance spectroscopy (IS) has been used since the late 1960’s 
to study solid-state ionic conductors [1], mainly for applications as solid oxide fuel cells or 
gas sensors. The main advantage is that the in-situ IS method not only gives the conductivity, 
which can be related to ionic transport properties of the oxide, but also information on its 
dielectric characteristics. These properties can even in some cases be obtained for different 
phases (or bulk and grain boundaries) of the material [2]. When electrical measurements are 
performed on highly resistive metal oxides such as alumina, a number of problems can arise, 
since the response current from the sample is very low and therefore hard to measure 
correctly. Measurement errors may occur due to leakage currents originating from gas phase 
conduction, surface conduction around the sample or contact resistance between sample and 
electrodes [3-5]. The usual way to avoid gas phase or surface conduction is to use a so-called 
“guard” electrode (see chapter below). At temperatures well above 1000 °C, the mass and 
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charge transport in alumina have been extensively studied both through isotope experiments 
[6 ,7] and electrical measurements [8-10]. However, the temperature range around or below 
1000 °C is also important in many applications where high temperature corrosion is a 
concern. To be able to explore the ionic transport in alumina at these comparatively low 
temperatures, the possible sources of measuring errors have to be taken into consideration.  
     Generally, for IS studies of solid-state ionic oxides a two-electrode set-up is used, the 
electrodes are made either by sputtering, or by painting the sample with a metal containing 
paint that later is fired into a porous and adherent metal layer. Pt is the most commonly used 
electrode material, but Ag and Au are also used at lower temperatures. IS measurements have 
also been performed on oxidized metal samples, where the oxide is present as a film on a 
metal substrate. In this case, sputtering or painting of metallic electrodes is not suitable due to 
the risk of short-circuiting through the commonly porous or cracked oxide layer. Instead, foil 
electrodes are used, which are kept in contact with the sample by a spring load [11-14]. 
     The objective of this work is to evaluate how the choice of electrodes and electrode set-up 
affect the measured conductivity during IS measurements of highly resistive alumina samples. 
By using instruments capable of measuring very high impedance, IS measurements were 
performed on well-defined, pure and dense alumina samples in the temperature range form 
400 – 1000 °C, a range in which alumina is fairly unexplored. Since alumina is very stable at 
temperatures below 1000 °C, both regarding microstructure and defect structure [15-17], the 
different results obtained can be related to possibly influences of these experimental 
parameters. 
 
 

2. Experimental 
 

2.1. Samples 
     Polycrystalline α-alumina samples produced by Spark Plasma Sintering (SPS) technique, 
and single crystal α-alumina (SCI Engineering Materials) were used for the IS measurements. 
The purity of the samples was at least 99.99% and the density higher than 99.8% of the 
theoretical value. For the two-electrode measurements, samples with a diameter of 12.2 mm 
and a thickness between 0.64 - 1.03 mm were used. For the “guarded” measurements that 
require a larger diameter, the sample used was a single crystal of 18 mm in diameter and 0.5 
mm in thickness. All samples were polished and degreased before measurement. Samples that 
were re-measured were polished again before the next measurement. 
 

2.2. Electrodes 
     Three types of electrodes were used, as illustrated in Fig. 1: (a) a spring loaded Pt foil. In 
this case the sample was kept in contact between two Pt foils by a spring load, and insufficient 
contact with the oxide is expected; (b) a porous Pt or Au layer. A layer, about 30 µm in 
thickness was formed after heat treating Pt or Au pastes painted on the sample surface; and (c) 
a co-sintered Pt foil. In this case, two Pt foils (10×9.8×0.5 mm) were co-sintered by (SPS) 
with the alumina powder, which created a polycrystalline sample (∅15×2 mm) with a perfect 
contact between the Pt foil and the alumina sample. For practical reasons, only one sample of 
this type was made. 
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c

Voids between Pt foil and sample

 
 
Figure 1. Left: schematic of electrode-sample contacts, (a) spring-loaded Pt foils, (b) porous 
Pt coatings, (c) co-sintered Pt foils. Right: SEM image of the porous Pt layer. 
 

2.3. Guarded measurements 
     The usual way to avoid leakage currents in electrical measurements is to use a guard 
electrode [4 ,9 ,18]. Basically one of the electrodes in this two-electrode set-up is surrounded 
by a third “guard electrode”, i.e., a ring electrode, which is maintained at the same potential as 
the encircled electrode. Since there is no potential difference between these two electrodes, no 
current will flow between them. In this way, the guard electrode will block all eventual 
surface currents. This set-up is shown in Fig. 2. 
 

Center electrode
(ground)

AC
Signal

Guard ring-electrode
(ground)

 
 
Figure 2. Schematic of the cross-section of a guarded two-electrode set-up. A guard ring 
electrode surrounds the centre electrode that measures current. Centre and guard ring 
electrode areas are maintained at the same potential (virtual ground potential).      
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By connecting and disconnecting the guard electrode to the virtual ground of the instrument, 
IS measurements can be performed under guarded respectively unguarded conditions. In this 
study, the guard electrode and measuring electrodes consisted of porous Pt. The current 
measuring electrode had a diameter of 5 mm and the bottom electrode had a diameter of 15 
mm, to achieve a more stable current distribution in the sample when the guard electrode was 
connected.  
     To further study the effect of surface conduction, measurements were also made in high 
purity (99.996%) nitrogen, so that the content of O2, H2O and H2 were kept at a low level. 
These species are known to be able to dissociate and ionize, and thereby may contribute to the 
measured current [19]. By reducing the number of these molecules, the contribution of the 
surface current should decrease, whereas the bulk conductivity of the sample will not change, 
since the defect structure changes very slowly in the temperature range 400 - 1000 °C. 
 

2.4. IS measurements 
     Details of the equipment are schematically depicted in Fig. 3. During a measurement a 
sample is inserted into the sample holder, which in turn is put into a tube furnace. The sample 
holder is designed to facilitate electrically shielded impedance measurements with two to four 
electrodes in a controlled atmosphere.  
 
 

Gas Out

Gas In

Thermocouple

Furnace

Sample

Signal connection

Pt - electrodes

Porous Pt

 
 

Figure. 3. Schematic sketch of the sample holder inserted into a tube furnace. The close-up 
shows a sample and two types of electrodes that can be used. 
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The section that goes into the furnace consists of four coaxial tubes, supporting rods and disks 
made of a high temperature resistant alloy. Inside each coaxial tube there is an alumina tube, 
which contains a Pt lead that is connected to one of the electrodes at the left side of the 
sample holder. The metal tubes are fixed to a brass cap at the right side of the sample holder, 
which is connected to ground. In this way the signals that are carried by the Pt leads are 
effectively shielded from external electromagnetic fields. A spring load can be applied to the 
centre rod in the sample holder, which makes it possible to keep a sample pressed between 
two electrodes. The atmosphere control is achieved by enclosing the part of the sample holder 
that is inserted in to the furnace in a quarts glass tube. The glass tube is in turn sealed against 
the brass cap by a rubber sealing. Various gases can be introduced in the enclosed volume by 
feed troughs in the brass cap. The temperature is controlled with a precision of ± 1 °C by a 
thermocouple in close vicinity of the sample. The IS measurements were in this case 
performed in the temperature range 400 - 1000 °C with 50 °C intervals, both for decreasing 
and increasing temperature. The IS instruments used were a Solartron 1260 impedance/gain 
phase analyzer coupled to a Solartron 1296 dielectric interface. The AC perturbation was 0.6 
– 0.8 V r.m.s and the frequency was swept from 1 MHz down to 100 mHz. The data were 
analyzed by using the software ZView (Schribner Associates, Inc.). 
 

3. Results and discussion 
 
3.1 Analysis of IS spectra 
     For the two electrode measurements, all the impedance spectra obtained show a simple 
feature, i.e. one time constant behaviour, regardless of variations in the experimental set-up. 
This is exemplified at different temperatures in Fig. 4, which shows one semicircle in the 
Nyquist plots, where the imaginary part of impedance is plotted against the real part as a 
function of frequency f.  
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Figure 4. Nyquist plots obtained for single crystal alumina using porous Pt electrodes. Insert: 
equivalent circuit consisting of a resistor in parallel with a capacitor. 
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In the case when a guard electrode was applied the spectra were somewhat distorted. 
However, the main feature of one single semicircle was still dominant. The IS spectra 
obtained in this study could be modelled by an electrical analogy consisting of a resistor 
connected in parallel with a capacitor (nearly ideal), see the insert equivalent circuit in Fig. 4. 
By fitting the measured spectra to the equivalent circuit, the resistance (R) and capacitance 
(C) were obtained for the oxide samples at different temperatures.  
     The dc conductivity (σ) of the oxides at different temperatures was calculated from the 
resistance values, the surface area of the fitted electrode and thickness of the samples. The 
temperature dependence of the conductivity is usually displayed in Arrhenius plots. The 
activation energy (Ea) for conductivity can be obtained by fitting the conductivity data to the 
formula [20]: 
 
 )/exp(0 kTET a−= σσ      (1) 
 
Where σ0 is a constant containing factors related to the vibration frequency of the ions around 
their stable sites in the lattice, the distance between these stable sites, number of vacancies in 
the lattice and a geometrical factor. The denominator kT has its usual meanings.  
 

3.2 Reproducibility of results 
     Comparisons between the conductivity data obtained for increasing and decreasing 
temperature are depicted in Fig. 5 for different types of electrodes. The reproducibility of 
repeated measurements, under decreasing temperature can be found from the comparisons 
shown in Fig. 6.  
     With the spring-loaded Pt foil electrodes (Fig. 5a) and the porous Pt electrodes (Fig. 5b), 
the conductivity is higher for decreasing temperature than increasing temperature, but the 
difference becomes smaller at higher temperatures. On the other hand, with the co-sintered Pt 
electrodes (Fig. 5c), a good reproducibility of the data was evident. For clarity only the result 
from one measurement is shown for each electrode. However, several more measurements 
were made with each type of electrodes, except for the co-sintered Pt foil electrodes, on 
different samples that showed the same trends. A possible explanation for these observations 
is the electrode-sample contact area, which may change during the heating process. For the 
spring-loaded Pt foil electrodes, the contact area will increase during heating due to thermal 
expansion, and some inter-diffusion may occur which leads to sticking of the electrodes on 
the sample as observed sometimes. Likewise in the case of the porous Pt electrodes the 
porosity or size might change during the heating process, although SEM observations did not 
reveal any pronounced change. The electrode-sample contact for the co-sintered Pt electrodes 
is basically constant, so that the data are not affected by the heating.  
     Repeated measurements were performed after removing the sample from the sample 
holder and preparation of new electrodes. No new sample with co-sintered Pt electrodes was 
made because of the complexity of making such an electrode. It is expected that such 
electrodes give reproducible results, since the data were reproducible during decreasing and 
increasing temperature, which suggests that no change occurs in the sample-electrode contact. 
Figure 6 shows the comparison between the data for decreasing temperature from repeated 
measurements with the spring-loaded Pt foil electrodes and porous Pt electrodes. As can be 
seen, the reproducibility of the results is generally good despite of some variation at low 
temperatures. The results also suggest that a stable electrode-sample contact is reached after 
the temperature increase. Therefore only data measured during decreasing temperature are 
presented and discussed in later chapters.  
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Figure 5. Arrhenius plots of conductivity for the alumina samples with (a) spring-loaded Pt 
foils, (b) porous Pt, and (c) co-sintered Pt foil electrodes, obtained during increasing and 
decreasing temperature, respectively.  
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Figure 6. Arrhenius plots of conductivity for alumina samples with (a) spring-loaded Pt foil, 
and (b) porous Pt electrodes, obtained from repeated measurements under decreasing 
temperature. 
 

3.3 The influence of electrode-sample contact 
     The influence of electrode-sample contact on the measured conductivity is shown in Fig. 7, 
for similar polycrystalline alumina samples with three different types of Pt electrodes (Fig. 1). 
The results obtained for the empty cell (sample holder with foil electrodes at 1 mm 
separation) are also included for comparison, see next section. Since the samples were very 
similar and the measuring conditions were the same in all cases, the differences in the 
measured conductivity are basically due to the different types of Pt electrodes.  
     Apparently the porous Pt electrodes yield the highest conductivity, followed by the co-
sintered Pt foil electrodes and then the spring-loaded Pt foil electrodes. The three electrodes 
differ in their true contact area on the sample. The spring-loaded Pt foil electrodes obviously 
has the lowest true contact area, whereas the co-sintered Pt foil electrodes has a complete 
physical contact with the sample, and therefore the contact area is the same as the geometric 
area. A lower contact area of the spring-loaded Pt foil electrodes is probably the main reason 
for the lower conductivity (calculated using geometric area). As temperature increases, the 
conductivity measured by the spring-loaded Pt foil electrodes approach that for the co-
sintered Pt foil electrodes, probably due to increased contact area at higher temperatures.    
    For solid metal-metal contacts, a reduced contact area implies a more limited area for the 
current to pass through, which may generate spreading resistance [21]. When current passes 
between two surfaces that are not in perfect contact, it has to pass narrow asperity junctions 
with small cross sections, which results in a resistivity in the junction higher than in the bulk 
material. For good conductors this is hardly noticed, but for poor conductors like alumina it 
might be of importance. A considerable contact resistance may also have contributed to the 
lower conductivity measured by the spring-loaded Pt foil electrodes. 
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Figure 7. Arrhenius plots of conductivity for the alumina samples with electrodes of spring-
loaded Pt foils, porous Pt layer (12.2 mm in diameter), co-sintered Pt foil, and for empty 
sample holder. 
 
    The reason why the highest conductivity was obtained with the porous Pt electrodes is not 
obvious. The porous Pt electrodes have a large interfacial area with the atmosphere. The 
catalytic effect of Pt in oxygen dissociation leads to a high activity of atomic oxygen on the 
surface [22]. Pt may also enhance the dissociation of other molecules, like H2O, present in air. 
For dense α-alumina within a short period at temperatures below 1000 °C, this is not expected 
to remarkably change the bulk property of the oxide. However, the large amount of 
dissociated oxygen and other species on the surface may contribute to an increased surfaced 
conduction if they are ionized. 
    The porous Pt layer leaves certain areas of the sample that are not covered, see Fig. 1. 
Apparently the true contact area of the porous Pt electrodes is smaller then that for the co-
sintered Pt foil electrodes. On the other hand, surface diffusion of Pt during the sintering and 
heating processes may lead to the presence of some atomic Pt layer on the open sample 
surface. This may even extend to the edge of the oxide sample, forming some path for leakage 
current during the IS measurements. It follows that some surface conduction along the edge of 
the oxide sample may have contributed to the highest conductivity obtained for the porous Pt 
electrodes. The surface conduction issue will be further discussed below. 
    

3.4 The influence of gas phase conduction 
     The gas phase conduction is due to thermal emission of electrons from the electrodes 
and/or ionization of the atmosphere around the sample. The conducting gas phase then 
constitutes a path for leakage current. This has been reported to cause significant errors in 
electrical measurements of α-alumina samples at temperatures above 1000 °C [4,5]. In this 
study, as evident in Fig. 7, the measured conductivity of the empty cell is significantly lower 
than the conductivity measured with the sample, usually 102 to 104 times lower, depending on 
the electrode used. The results demonstrate that gas phase conduction has only a minor or 
negligible influence on the IS measurements of alumina below 1000 °C.  
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3.5 The influence of electrode size and material 
     In this part of the study, the porous Pt electrodes on the sample surface were made with 
different diameters (4, 7, 10 and 12.2 mm), from which follows that the length for surface 
conduction was 9.4, 6.4, 3.4, and 1 mm, respectively. Moreover, a porous Au electrode was 
also used for comparison with the Pt electrodes. The results from these samples are depicted 
in Fig 8, where the conductivity data were calculated using the electrode area.  
     If surface conduction were responsible for leakage currents, a change in the length for 
charge transport on the surface might be expected to show a certain influence on the data. 
And, if oxygen ions and/or vacancies were dominating charge carriers on the surface, a higher 
surface conductivity might be expected for the Pt electrodes than the Au electrodes, since Pt is 
far more efficient than Au in dissociation of oxygen molecules into atoms. This leads to a 
much larger amount of ionisable species in the case of Pt electrodes.  
     It can be seen in Fig. 8 that the data from all samples are scattered within the 
reproducibility range, and no clear trend is evident for the influence of electrode size on the 
measured conductivity. Moreover, there appears to be no significant difference between the 
samples measured with porous Pt and Au electrodes. The results indicate a minor or 
negligible influence of the electrode size and material on the conductivity data. On the other 
hand, these measurements cannot exclude an eventual effect of surface conduction on the 
measured conductivity.  
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Figure 8. Arrhenius plots of conductivity data of identical samples measured with different 
diameters of porous Pt electrodes. Results from one measurement with porous Au electrodes 
are also included. 

3.6 Guarded measurements 
     To further explore the effect of surface conduction, a limited number of experiments were 
performed with a guard electrode, and the results are summarized in Fig. 9. It is clear that, in 
the temperature range of 700 – 1000 °C, there is no difference in the data between guarded 
and unguarded measurements. However, at lower temperatures the conductivity measured by 
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the unguarded electrode was substantially higher than that measured with the guard electrode 
in operation. Apparently in the unguarded case a charge transport mechanism with lower 
activation energy becomes dominant in the lower temperature range. The activation energy in 
this case is about 1 eV, which is close to that for self diffusion on alumina surfaces [23 ,24]. 
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Figure 9. Comparison of guarded and unguarded measurements of conductivity for single 
crystalline α-alumina in air and in pure N2.  
 
     Since the guard electrode blocks surface conduction, the conductivity obtained by guarded 
measurement is basically the bulk conductivity, whereas in the case of unguarded 
measurement the conductivity may contain contribution from surface conduction. The results 
shown in Fig 9 indicate that, at temperatures below about 700 °C, the total current is 
obviously higher than the current through the sample, and the surface conduction may become 
dominant in the low temperature range for unguarded measurements.  
     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. 9 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 in the pure N2 used, the surface conduction is 
still significant, probably due to a high mobility of surface defects (e.g., vacancies) on the 
oxide. It is also possible that the level of impurities in N2 was too high to eliminate the 
fraction of ionisable species sufficiently. Further studies are needed to elucidate the 
mechanism of the observed surface conduction.  

3.7 Applicability of different types of electrode set-up 
     This study focuses on how the choice of electrode type and material will influence the 
conductivity results in IS measurements. For oxides with high conductivity, e.g., yttria 
stabilised zirconia, leakage currents do not constitute a problem, therefore the contact area 
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between oxide and electrode should be the dominating factor. However, for oxides with very 
low conductivity, as revealed by the results in this study, the choice of electrode set-up needs 
careful consideration. Metal oxide samples may also be of different type such as grown single 
crystalline oxide, sintered polycrystalline oxide, or thin oxide film formed on a metal 
substrate during oxidation. From this follows that not only the conductivity itself, but 
properties like shape of the sample should influence the choice of electrodes. 
     At temperatures well above 1000 °C, some leakage current due to gas phase conduction 
needs to be considered [3 ,4]. For measurements of single crystalline alumina, a guard 
electrode is necessary at temperatures below about 700 °C. Otherwise surface conduction 
becomes a dominating mechanism, see Fig. 9. In the temperature range of 700 – 1000 °C, 
however, the guarded and unguarded measurements yielded very much the same results, and 
the spring-loaded Pt foil electrodes also gave comparable conductivity and activation energy. 
In this case, the spring-loaded Pt foil electrodes can be used for simplicity [25], and the data 
obtained are in line with that obtained with a guard electrode in this study. It should be 
mentioned that when a guard electrode is used, a certain error might be induced in the 
calculation of conductivity, due to the poorly defined electrode area (different diameters for 
top and bottom electrodes, Fig. 2) and uneven current distribution through the oxide. 
     For highly resistive oxides, the use of porous Pt electrode needs cautiousness, especially 
when applied to a small sample. The results from this study show in this case that, the 
activation energy for conduction is around 1 eV over the whole temperature range 
investigated, which is an indication that surface conduction is the dominating mechanism.  
 
 

4. Conclusions 
 

     In this study, impedance spectroscopy measurements of a highly resistive oxide, α-
alumina, were performed in the temperature range of 400 – 1000 °C in air and partly in pure 
N2, using different types of electrode set-ups. Reproducible results were obtained from 
repeated measurements. The electrode contact was observed to have a certain influence on the 
conductivity, but the influence diminishes with increasing temperature. Gas phase conduction 
did not appear to distort the measurements in the temperature range investigated. However, at 
temperatures below 700 °C, surface conduction has a significant influence on the measured 
conductivity. From this follows that the use of a so-called guard electrode is necessary. At 
temperatures above 700 °C, the influence of the above-mentioned parameters seems to be 
minor and spring-loaded electrode can be used for simplicity. The use of porous Pt electrodes 
for highly resistive oxides needs cautiousness, since unwanted surface conduction may 
become dominant, probably due to the large surface area of the electrodes and the catalytic 
ability to dissociate molecular species in the atmosphere into surface mobile charged species.  
 

5. Acknowledgement 
 
     The financial support from the Swedish Foundation for Strategic Research is greatly 
acknowledged. The authors also wish to thank Dr. Z. Zhao and Ass. Prof. Z. Shen at the 
department of Inorganic Chemistry, Arrhenius Laboratory, Stockholm University, for kindly 
providing the well-defined Al2O3 samples and for valuable discussions.   
 
 
 

 12



 
 

6. References 
 
[1] J. E. Bauerle, Study of Solid Electrolyte Polarization by a Complex Admittance Method, 
J. Phys. Chem. Solids 30 (1969) 2657-2670. 
[2] J. R. Macdonald, Impedance Spectroscopy - Emphasizing Solid Materials and Systems, 
(1987) 
[3] D. V. Peters, L. Feinstein, C. Peltzer, On the High Temperature Electrical Conductivity of 
Alumina, J. Chem. Phys. 42 (1965) 2345-2346. 
[4] F. G. Will, K. H. Janora, Minimization of Parasitic Currents in High-Temperature 
Conductivity Measurements on High-Resistivity Insulators, J. Am. Ceram. Soc. 75 (1992) 
2795-2802. 
[5] J.-H. Hwang, K. S. Kirkpatrick, T. O. Mason, E. J. Garboczi, Experimental Limitations in 
Impedance Spectroscopy: Part IV. Electrode Contact Effects, Solid State Ionics 98 (1997) 93-
104. 
[6] D. Prot, C. Monty, Self-Diffusion in Alpha- Al2O3 II. Oxygen Diffusion in "Undoped" 
Single Crystals, Phil. Mag. A 73 (1996) 899-917. 
[7] M. Le Gall, B. Lesage, J. Bernardini, Self-Diffusion in α-Al2O3. I. Aluminium Diffusion 
in Single Crystals, Phil. Mag. A 70 (1994) 761-773. 
[8] F. G. Will, H. G. deLorenzi, K. H. Janora, Conduction Mechanism of Single-Crystal 
Alumina, J. Am. Ceram. Soc. 75 (1992) 295-304. 
[9] K. Kitazawa, R. L. Coble, Electrical Conduction in Single-Crystal and Polycrystalline 
Al2O3 at High Temperatures, J. Am. Ceram. Soc. 57 (1974) 245-251. 
[10] R. J. Brook, J. Yee, F. A. Kroger, Electrochemical Cells and Electrical Conduction of 
Pure and Doped Al2O3, J. Am. Ceram. Soc. 25 (1971) 444-251. 
[11] J. Pan, C. Leygraf, B. Jönsson, Impedance Spectroscopy Study of Transport Properties of 
High-Temperature Oxide Films Formed on Kanthal APM, in: 15th International Corrosion 
Congress, Granada, Spain (2002), 
[12] J. J. Senkevich, D. A. Jones, I. Chatterjee, Measuring the Growth of Oxide Films on Low 
Carbon Steel at 500 Degrees C by Impedance Spectroscopy, Corros. Sci. 42 (2000) 201-210. 
[13] S. Song, P. Xiao, Microstructural Evolution of the Oxide Film Formed During High 
Temperature Oxidation of Nickel Evaluated by Means of Impedance Spectroscopy, Scripta 
Mater. 44 (2001) 601-606. 
[14] S. Song, P. Xiao, An Impedance Spectroscopy Study of Oxide Films Formed During 
High Temperature Oxidation of an Austenitic Stainless Steel, J. Mater. Sci. 38 (2003) 499-
506. 
[15] F. A. Kröger, Defect Related Properties of Doped Alumina, Solid State Ionics 12 (1984) 
189-199. 
[16] H. P. R. Frederikse, W. R. Hosler, High Temperature Electrical Conductivity of 
Aluminum Oxide, Mater. Sci. Res. 9 (1974) 233-252. 
[17] N. M. Tallan, H. C. Graham, Interfacial Polarization and Electrical Conductivity in 
Sapphire, J. Am. Ceram. Soc. 48 (1965) 512-516. 
[18] H. M. Kizilyalli, P. R. Mason, Electrical Conduction in Single Crystal Alumina, Phys. 
Stat. Sol. A 36 (1976) 499-508. 
[19] T. Norby, P. Kofstad, Electronic, Ionic, and Protonic Conductivities of a Commercial, 
Polycrystalline α-Al2O3, High Temp. High Press. 20 (1988) 345-360. 
[20] R. J. D. Tilley, Defect Crystal Chemistry, London, (1987) 
[21] P. G. Slade, Electrical Contacts: Principles and Applications, New York, (1999) 

 13



 14

[22] G. Hultquist, E. Hörnlund, Q. Dong, Platinum-Induced Oxidation of Chromium in O2 at 
800oC, Corrosion Science 45 (2003) 2697-2703. 
[23] D. Martin, D. Duprez, Mobility of Surface Species on Oxides. 1. Isotopic Exchange of 
18O with 16O of SiO2, Al2O3, ZrO2, MgO, CeO2, and CeO2-Al2O3. Activation by Noble 
Metals. Correlation with Oxide Basicity, J. Phys. Chem. 100 (1996) 9429-9438. 
[24] W. Shin, W.-S. Seo, K. Koumoto, Grain-Boundary Grooves and Surface Diffusion in 
Polycrystalline Alumina Measured by Atomic Force Microscope, J. Eur. Ceram. Soc. 18 
(1998) 595-600. 
[25] J. Öijerholm, J. Pan, B. Jönsson, Influence of Grain-Size on Ionic Conductivity of Pure 
and Dense α-Al2O3 in the Temperature Range 400 - 1000oC, in: High Temperature Corrosion 
and Protection of Materials, France May (2004), 865-874  
 
 



Influence of grain-size on ionic conductivity of pure and dense 
α-Al2O3 in the temperature range 400 - 1000°C. 

 
J. Öijerholm1, J. Pan1, B. Jönsson2 

1Div. Corrosion Science, Dept. Materials Science and Engineering, Royal Institute of Technology 
Drottning Kristinas väg 51. SE-100 44, Stockholm, Sweden, johano@kth.se   

2 Kanthal AB, PO Box 502, SE-734 27 Hallstahammar, Sweden, bo.jonsson@kanthal.com  
 
Keywords:  Alumina; Grain size; Impedance spectroscopy; Electrical conductivity. 
 
 
Abstract. Ionic transport in α-Al2O3 at high temperatures is important for oxidation/corrosion 
resistance of Al2O3-forming heat resistant alloys. Whereas most of previous studies were performed 
at temperatures above 1000°C, this work concerns the temperature range 400 to 1000°C. Electrical 
properties of polycrystalline and single crystal α-Al2O3 were measured in air by using impedance 
spectroscopy in order to study the ionic transport in Al2O3. The influence of grain size was 
investigated by measurements on a series of highly pure and dense samples with well-defined grain 
size ranging from 0.5 to 15 µm, produced by the spark plasma sintering technique. The results show 
that the grain size has a certain influence on the conductivity in the temperature range between 650 
and 1000°C, where the activation energy for conductivity decrease from 2.4 to 1.6 eV with 
increasing grain size. At lower temperatures the activation energy is about 1.0 eV and independent 
of the grain size, indicating a different conduction mechanism.  
 
 
Introduction 
 
Due to its importance as the protective oxide film on the surface of alloys in high temperature 
applications, and for its electrical insulating properties, mass- and charge transport in α-Al2O3 have 
been studied extensively during the past several decades, either by isotope experiments [1-6], or by 
electrical conductivity measurements [7-19]. Isotope studies provide directly diffusion parameters 
of Al or O in the oxide, however, the temperature investigated is usually above 1500°C because of 
experimental constraints. Since different transport mechanisms may be dominant in different 
temperature ranges, the information obtained at very high temperature may not be applicable at 
medium high temperature (around 1000°C) where many applications of Al2O3-forming alloys are 
found. Most of the early electrical conductivity studies were carried out at temperatures above 
1000°C [9-11, 13-17, 20], and only in a few cases down to 700°C by using ac methods [12, 18]. By 
using carefully established set-up for low conductivity measurements, experiments on single-crystal 
Al2O3 have been reported down to 400°C [7, 8]. The difficulties in measuring the low conductivity 
of oxides like α-Al2O3 by traditional dc methods include, among others that a relatively large 
voltage has to be applied, which may induce artifacts. The lower the temperature (lower 
conductivity), the higher the voltage (up to 100 V) is needed to perform the measurement [7, 8, 15]. 
Under those conditions, the surface and/or gas conduction have to be taken into account in the 
measuring setup, usually by the use of guarded electrode and volume guard [8].  
     For conductivity measurements, a major issue of interest has been whether the dominating 
charge carrier is ionic, electronic or a mix thereof. Additional efforts have been made to clarify 
what type of ionic charge carrier that dominates, and how the oxygen partial pressure, doping and 
impurities influence the charge transport mechanisms. A diagram has been established for single-
crystal Al2O3 that shows different type of conduction regions in relation to temperature and oxygen 
partial pressure [12, 13]. According to this diagram ionic conduction is dominating at temperatures 
below 1200°C under a wide range of oxygen partial pressures. There is a large scattering in 
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literature data of diffusion and conductivity of Al2O3 [9, 10, 13], probably due to differences in the 
impurity content and poorly defined microstructure of the samples, e.g., grain boundary 
segregation. It can be expected that, impurity and porosity of polycrystalline oxides have a 
significant influence on the experimentally measured diffusion/conductivity data. Obviously, well-
defined samples with high purity and low porosity are needed in order to obtain reliable results.   
     In most previous studies, the temperature range is > 1000°C. However, properties of Al2O3 oxide 
films for alloy protection are important also below that temperature. The influence of grain size on 
the ionic transport is of great importance for the oxide growth, but in spite of this, there are only 
few systematic experimental studies in the literature. This is probably partly due to the difficulties 
in making oxide samples of well-defined grain size.  
     The aim of this work was therefore to investigate the properties of highly pure and dense α-
Al2O3 in the temperature range below 1000°C, with an emphasis on the effect of grain size. At these 
relatively low temperatures, gas phase conduction is low or negligible because of low ionization of 
the gas. In addition, a modern technique, impedance spectroscopy (IS), and up-to-date instruments 
were employed for the investigation, which give several advantages: 
•   Very low conductivity value can be measured accurately with a small applied voltage, 10mV to 

1V, so that measurements could be performed at temperatures down to 400°C.  
•   The small voltage used in the IS measurements voltage reduce the risk for leakage current due to 

surface conduction [8].  
•   The IS spectra of the oxides over a wide frequency range provide additional information about 

the dielectric properties (capacitance) of the oxides [21].   
 
 
Experimental 
 
Samples. Five highly pure and dense polycrystalline Al2O3 samples with different grain sizes were 
studied in this work. The samples were produced by the spark plasma sintering (SPS) technique1 
[22]. By using SPS, polycrystalline alumina with high density and well-controlled grain size 
distributions can be prepared. The samples used in this work had a purity of at least 99.99 % and a 
density exceeding 99.8 % of the theoretical. The average grain size was 0.5, 1, 3, 8 and 15 µm, 
respectively, for the five samples. Fig. 1 shows a SEM-image of the microstructure of the most fine-
grained sample. After sintering, cutting and mechanical polishing, the samples were 12.2 mm in 
diameter and between 0.64 – 1.03 mm in thickness. For comparison, a single crystal Czochralski 
grown Al2O3 sample2 was included in the experiments. Base line measurements without the sample 
were also performed to check the influence of gas phase conduction in the experimental setup.  
 
IS measurements. Details of the experimental setup including a specially designed sample holder 
for the IS measurements were described previously [23]. In brief, the sample was mounted in the 
sample holder and inserted into a tube furnace. The temperature was controlled with a precision of 
± 1°C by a thermocouple in close vicinity of the sample. Electrical contact was established by 
pressing two circular spring-loaded Pt foil electrodes against the sample. The IS measurements of 
the Al2O3 samples were performed in air in the temperature range 400 to 1000°C with 50°C 
interval. The IS instruments used were a Solartron 1260 Impedance/Gain Phase analyzer combined 
with a Solartron 1296 Dielectric Interface, controlled by a computer. The ac perturbation was 0.6 V 
r.m.s, and frequency range was from 106 down to 0.1 Hz. The acquired data were analyzed by using 
the software ZViewTM (Scribner Associates, Inc.).  
 
________________________________________________________________________________ 
1 Department of Inorganic Chemistry, Arrhenius Laboratory, Stockholm University 
2 SCI Engineered Materials, Inc. 
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Fig. 1.  SEM-image showing the microstructure of spark plasma sintered Al2O3 
 
 
Results and discussion 
 
All the samples exhibit a simple feature, i.e., one time constant behavior, in their IS spectra 
obtained at different temperatures. This is exemplified by the spectra in Fig. 2a, which shows one 
semicircle in the Nyquist plots, typical for a parallel connection of a resistor and a capacitor. It can 
be seen in the Bode plot, Fig. 2b, that the impedance modulus at the low frequency limit (dc 
resistance) is extremely high at 400°C, but it decreases with increasing temperature. In Fig. 3, 
examples of impedance spectra for samples with average grain size of 3 and 15 µm can be seen. 
The conductivity of the samples differs slightly at high temperature but significantly at low 
Temperature.  
 

-5 109

-4 109

-3 109

-2 109

-1 109

0
0 1 109 2 109 3 109 4 109

60

65

70

Im
ag

in
ar

y 
Z'

' [
Ω

]

Real Z' [Ω]

m

 
Fig. 2.  Examples of IS spectra from the 0
(a) Nyquist plots, the insert shows the equ

 

Grain size 0.5 µ
5 109

0 oC

0 oC

0 oC

104

105

106

107

108

109

1010

1011

1012

10-2 10-1 100 101 102 103 104 105 106

400 oC
500 oC
600 oC
700 oC
800 oC
900 oC
1000 oC

Im
pe

da
nc

e 
m

od
ul

us
 IZ

I [
Ω

]

Frequency [Hz]

.5 µm grain size Al2O3 sample at different temperatures. 
ivalent circuit;  (b) Bode plots. 

867



104

105

106

107

108

109

1010

1011

1012

10-2 10-1 100 101 102 103 104 105 106

Grain size 3 µm

400 oC
500 oC
600 oC
700 oC
800 oC
900 oC
1000 oC

Im
pe

da
nc

e 
m

od
ul

us
 IZ

I [
Ω

]

Frequency [Hz]

104

105

106

107

108

109

1010

1011

1012

10-2 10-1 100 101 102 103 104 105 106

400 oC
500 oC
600 oC
700 oC
800 oC
900 oC
1000 oC

Im
pe

da
nc

e 
m

od
ul

us
 IZ

I [
Ω

]

Frequency [Hz]

Grain size 15 µm

 
Fig. 3.  IS spectra from the 3 µm grain size and 15 µm Al2O3 samples at different temperatures.  
 
     The IS spectra obtained in this study can be modeled by an electrical analogy of a resistor and a 
capacitor in parallel, see the insert diagram in Fig. 2a. By fitting the measured spectra to the 
equivalent circuit, the resistance (R) and capacitance (C) were obtained for the oxide samples at 
different temperatures. The product of R and C is termed as time constant (τ) of the material. There 
is a relationship between the time constant and the position of the peak frequency (f) of the 
semicircle in the Nyquist plot: 
 
 f = 1/(2πRC)         (1) 
 
     It is clear that, for all the spectra obtained in this study, only one time constant is present in the 
measured frequency range, which suggests that the measured impedance response is dominated by 
the resistive and capacitive properties of the oxide (see discussion of the capacitance below). 
Generally, in the IS spectra obtained for solid oxide systems, an additional semicircle may be 
present in the Nyquist plots, which then is attributed to the contact impedance due to imperfect 
contacts at the solid electrolyte, i.e., existence of insulating gaps at the electrode/oxide interface 
[24-26]. Although the contact between the Pt electrode and the oxide in this study probably is 
limited to multiple point contacts, the IS results (one semicircle) indicate that the contact resistance 
was small in relation to that of the oxide. 
     The capacitance of Al2O3 dielectrics can be calculated using the parallel-plate model:  
 
 C = εε0A/d         (2) 
 
where ε is the dielectric constant of the oxide and ε0 the permittivity of vacuum, A is the surface 
area and d is the thickness of the oxide film. The capacitance obtained in this study shows only a 
slightly increase with temperature. The measured capacitance can be compared to that calculated 
from the parallel-plate model using literature values of ε for Al2O3 at elevated temperatures [27], 
and the area and thickness of the samples. A good agreement indicates that the measured 
capacitance is indeed from the oxides; the contact area is also close to the geometric area. This also 
suggests a good contact between the Pt electrode and the oxide sample during the IS measurements.  
 
 

 868



     The dc conductivity of the oxides at different temperatures can be calculated from the resistance 
values, the surface area and thickness of the samples. Temperature dependence of the conductivity 
is usually displayed in Arrhenius plots. The activation energy (Ea) for conductivity can be evaluated 
by fitting the conductivity data to the formula: 
 
 )/exp(0 kTET a−= σσ      (3) 
 
     The Arrhenius plots of the conductivity for the six samples all showed similar general behavior, 
as an example, the data for the samples with average grain sizes of 0.5 µm and 15 µm are shown in 
Fig. 4, together with some literature data. In the results from this study, two distinct regions with 
different temperature dependence can be seen, with a transition around 650 °C. The alternation in 
temperature dependence of conductivity in different temperature ranges is well known and appears 
in a number of oxide materials, and is attributed to a change in the dominating charge transport 
mechanism.  
     The activation energy obtained for the Al2O3 samples are given in Table 1. It appears that, in the 
medium high temperature range (650 - 1000°C), there is a correlation between the average grain 
size of the oxide and the activation energy for conduction as the activation energy for conduction 
decreases with increased grain size. The activation energy reduces from 2.4 to 1.6 eV as the grain 
size is increased from 0.5 to 15 µm, and the single-crystal sample gives about 1.5 eV. The 
activation energy 2.0 eV for the 1 and 3 µm samples is in good agreement with that found in a 
previous study performed for an Al2O3 scale with approximately this grain size formed on a FeCrAl 
alloy at 1200 °C [23].  
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Fig. 4. Arrhenius plot of log (σT) vs. 1/T for the Al2O3 samples with average grain sizes of 0,5 µm 
and 15 µm. As a comparison a number of results from previous research on polycrystalline alumina 
is shown. Ref [11] undoped, average grain size 3 µm, relative density 99.5%. Ref [13] undoped. Ref 
[15] 99,8% purity. Ref [16] MgO doped, average grain size 20 µm. Ref [28] undoped, average grain 
size 12 µm, relative density 97,3%. 
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 Table 1. Activation energy for conduction of the Al2O3 samples in the two temperature ranges 
 

Grain size  
[µm] 

 
0.5 

 
1 

 
3 

 
8 

 
15 

 
Single-crystal

Ea [eV]  
(650 - 1000°C) 

 
2.4 

 
2.0 

 
2.0 

 
1.8 

 
1.6 

 
1.5 

Ea [eV] 
(400 - 650°C) 

 
1.0 

 
0.9 

 
1.1 

 
1.0 

 
1.1 

 
1.0 

 
 
Comparison with literature data 
 
650 to 1000°C. The nature of charge transport in α-Al2O3 is quite complex. It is generally believed 
that at high temperatures the conductivity is dominated by intrinsic defects while at low 
temperatures the dominating charge carrier is dependent on impurity induced defects [7, 29]. 
Formation and dissociation of defect clusters may also lead to a change in the conduction 
mechanism, since at higher temperatures a majority of associated defects would be able to 
dissociate and become the major mobile charge carrier, as proposed in the case of Y-doped zirconia 
[30, 31].  
     In the literature, there is some controversy regarding conduction mechanism and actual 
dominating charge carrier in α-Al2O3. Al- and O- interstitials or vacancies, electron and electron 
holes as well as protons have been suggested to be the dominating charge carrier in α-Al2O3. These 
issues have been studied extensively for single crystal α-Al2O3 at temperatures above 1000°C, 
where the conducting mechanism appears to be dependent on the temperature, the oxygen partial 
pressure and also doping/impurity. In most of the references, the major charge carrier is suggested 
to be ionic at temperatures below 1400°C and at ambient or somewhat lower oxygen partial 
pressures [13, 15-17]. The data on polycrystalline α-Al2O3 is scarce, especially for the temperature 
range below 1000°C. Kitazawa et al suggested that, for polycrystalline Al2O3 below 1100°C, the 
degree of ionic conduction increases with decreasing temperature, from about 40% at 1000°C to 
virtually 100 % at 600°C [13]. Judged from their experimental details, protons were probably 
dominant in the ionic conductivity. Frederikse et al made dc and ac measurements on 
polycrystalline Al2O3, where the activation energy was obtained about 2.2 eV in the temperature 
range 1000 to 1200°C, and the major charge carrier was suggested to be Al ions [15].  
     In summary, most of the literature appears to suggest that the conductivity of single crystal 
Al2O3 is ionic below 1000°C in air, and that polycrystalline Al2O3 is a mixed ionic and electronic 
conductor, depending on the doping and environment. There is no literature data available of the 
activation energy for conductivity of polycrystalline Al2O3 in the range from 650 to 1000°C, that 
can be directly compared with the results from this study. Under the experimental conditions in this 
work, i.e., below 1000°C in air and using a small applied voltage, gas phase conduction is 
significantly lower than that of the samples (data not shown), therefore its influence on the 
conductivity data should be minor or negligible. The fact that the activation energy in the range 650 
to 1000°C varies with the grain size suggests that the measured activation energy in this 
temperature range is attributed to a bulk process rather than conduction on the sample surface. It 
should be mentioned that the activation energy obtained in this study is only that of defect mobility, 
not including that of defect formation [9, 15, 23]. The activation energy of about 2.0 – 2.4 eV 
obtained for the fine-grained Al2O3 samples in this work is comparable to the value obtained by 
Frederikse et al [15]. The activation energy 1.5 eV obtained for the single crystal sample in this 
study is also comparable to literature value obtained by Tallan et al [18]. 
     It is remarkable that the activation energy of conduction was observed to decrease with 
increasing grain size for α-Al2O3 in temperature range of 650 – 1000°C. The influence of grain 
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boundary on the conductivity of Al2O3 was noticed previously, mostly through comparison with 
single-crystal and polycrystalline samples [13, 14, 16, 28]. The observed relationship between grain 
size and activation energy in this study provides quantitative evidence for the influence of grain size 
on the charge transport property of Al2O3. Further investigations on well-defined polycrystalline 
Al2O3 have to be made in order to gain a better understanding of the conduction mechanism, and to 
explain the observation regarding the effect of grain size. 
 
400 to 650°C. From Table 1, it can be seen that the activation energy for conduction in the low 
temperature range (400 – 650°C) is about 1 eV for all the samples, indicating a different conduction 
mechanism, which is not dependent on the grain size. The activation energy for surface mobility of 
oxygen on metal oxides is about 1 eV [32], which is lower than that for a bulk process. The 
conduction in this temperature range might therefore be attributed to processes dominated by 
conduction on the sample surface. However, at lower temperatures other conduction mechanisms 
involving adsorbed or incorporated substances, e.g., H-species, may also be possible. Further study 
with controlled gas atmosphere is necessary to clarify the matter.    
 
 
Conclusions 
 
In this study, impedance spectroscopy was used to evaluate the conductivity of a series highly pure 
and dense Al2O3 samples with well-defined grain sizes ranging from 0.5 to 15 µm. The 
measurements were performed in air from 1000°C down to 400°C. It was shown that different 
conduction mechanisms are dominating in the medium high temperature and the low temperature 
regime. Between about 650 and 1000°C, the activation energy appears to increase with decreasing 
grains size, from 1.6 to 2.4 eV for the series of samples. This indicates that the dominating 
conduction mechanism involves a grain boundary related charge transport in this temperature range. 
Between 400 and about 650°C the activation energy was close to 1 eV, independent of the grain 
size. One plausible explanation may be that surface conduction on the sample is dominating in that 
case.  
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ABSTRACT 
     In this paper, results from impedance spectroscopy measurements at temperatures 
between 400 and 1000° C, for single crystal and highly pure and dense polycrystalline 
α-Al2O3 samples with well-defined grain size, are compared with that from molecular 
dynamics calculation. Between 650 and 1000° C, the measured activation energy for 
conductivity is 1.5 eV for the single crystal, and increases from 1.6 to 2.4 eV as the 
grain size decreases from 15 to 0.5 µm. The molecular dynamics calculation leads to the 
conclusion that the self-diffusion activation energy is about 1.5 eV for O and 1.0 eV for 
Al in single crystal α-Al2O3. The much higher mobility of O ions makes the O ions 
responsible for the conductivity of the single crystal oxide. It seems that the grain 
boundary leads to an increase in the activation energy. However, the quantitative 
influence of grain boundary still needs to be explained. Between 400 and 650° C, the 
measured activation energy is about 1.0 eV and independent of the grain size. 
 
 

§ 1. INTRODUCTION 
As a protective oxide film on the surface of alloys, α-Al2O3 is widely used in high 

temperature applications. Self-diffusion in α-Al2O3 has been studied extensively during 
the past several decades, by isotope experiments (Reddy and Cooper 1982, Le Gall et 
al. 1994, Prot et al. 1996, Prot and Monty 1996), or electrical conductivity 
measurements (Tallan and Graham 1965, Brook et al. 1971, Yee and Kröger 1973, 
Frederikse and Hosler 1974, Kitazawa and Coble 1974b, Kitazawa and Coble 1974a, 
Kizilyalli and Mason 1976, Hou et al. 1979, El-Aiat and Kröger 1981, Kröger 1984, 
Will et al. 1992, Will and Janora 1992). Isotope studies provide diffusion parameters of 
Al or O in the oxide; however, the temperature investigated is usually above 1500° C in 
order to obtain detectable isotope profiles within a reasonable time period. By electrical 
measurements the ionic conductivity of the oxide can be obtained, from which the 
diffusion coefficient can be calculated through the well-known Nernst-Einstein relation. 
Most of electrical conductivity measurements were carried out at temperatures above 
1000° C, and only in a few cases down to 700° C using simple ac methods (Tallan and 
Graham 1965, Kizilyalli and Mason 1976), because of difficulties in measuring the low 
conductivity of α-Al2O3. By traditional dc methods a large voltage (up to 100 V) has to 
be applied (Frederikse and Hosler 1974, Will et al. 1992, Will and Janora 1992). Under 
such conditions, the surface and gas conduction have to be taken into account, usually 
by the use of a special measuring set-up (Will and Janora 1992).  
     The electrical measurements usually give the overall conductivity, and the 
dominating charge carrier needs to be clarified. The dominating charge carrier depends 
on defects in the oxide and the temperature, and is also influenced by oxygen partial 
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pressure, doping and impurities. For single-crystal Al2O3 a diagram was established 
regarding different type of conduction regions (Kitazawa and Coble 1974b, Kizilyalli 
and Mason 1976), which shows that ionic conduction is dominating at temperatures 
below 1200° C over a wide range of oxygen partial pressures. There is a large scattering 
in literature data of diffusion and conductivity of Al2O3 (Kitazawa and Coble 1974b, El-
Aiat et al. 1981, Kröger 1984), probably due to differences in the impurities and poorly 
defined microstructure of the samples. Obviously, well-defined samples with high 
purity and low porosity are needed in order to obtain reliable results. Since many 
applications of Al2O3-forming alloys are found at temperatures around or below 1000° 
C, it is desirable to study diffusion properties of the oxide at temperatures below 1000° 
C.  
     In this work impedance spectroscopy (IS) was used to measure the conductivity of 
single crystal α-Al2O3 and highly pure and dense polycrystalline α-Al2O3 samples in the 
temperature range between 400 and 1000° C. The state of the art instrument employed 
enables accurate measurements of very low conductivity using a small applied voltage 
(0.6 V). The IS spectra also provide information about dielectric properties of the oxide 
(Macdonald 1987). In the temperature range investigated, formation of new vacancies in 
α-Al2O3 is not expected, since the formation of such vacancies requires very high 
activation energies (Kröger 1984, Lagerlof and Grimes 1998). Moreover, due to the 
slow kinetics, the time to reach a new equilibrium is very long, when the temperature is 
changed (Norby and Kofstad 1988). Therefore the measured activation energy 
essentially corresponds to that of mobility of existing defects. In an effort to elucidate 
the diffusion mechanism, molecular dynamics calculation was performed for single 
crystal α-Al2O3 with existing vacancies, to obtain the self-diffusion activation energy 
for O and Al relevant for the experimental conditions, so that the theoretical values can 
be compared with the experimental data obtained from the well-defined oxide samples.  
 
 

§ 2. EXPERIMENTAL MEASUREMENTS  
Two single crystal α-Al2O3 samples (Czochralski grown) with orientation (0001) and 

)0110(  respectively, were purchased from SCI Engineered Materials, Inc. Five 
polycrystalline α-Al2O3 samples with different grain sizes were produced by the spark 
plasma sintering (SPS) technique at the Department of Inorganic Chemistry, Arrhenius 
Laboratory, Stockholm University (Shen et al. 2002). The samples had a purity of at 
least 99.99 % and a density exceeding 99.8 % of the theoretical value, and well-
controlled grain size of 0.5, 1, 3, 8 and 15 µm (average), respectively. After sintering, 
cutting and mechanical polishing, the samples were 12.2 mm in diameter and between 
0.64 – 1.03 mm in thickness.   

For the IS measurements, the sample was mounted in a specially designed sample 
holder. Electrical contact was established by pressing two circular spring-loaded Pt foil 
electrodes against the sample. Then the sample holder was inserted into a tube furnace. 
Temperature was controlled with a precision of ± 1° C by a thermocouple placed in 
close vicinity of the sample. The IS instruments used were a Solartron 1260 
Impedance/Gain Phase analyser coupled with a Solartron 1296 Dielectric Interface, 
controlled by a computer. The instruments have a wide frequency bandwidth and are 
able to measure high impedance of up to 1012 ohms, which is necessary for samples like 
α-Al2O3. The IS measurements of the α-Al2O3 samples were performed in air in the 
temperature range 400 to 1000° C with 50° C interval. The ac perturbation was 0.6 V 
r.m.s and the frequency range was from 106 down to 0.1 Hz. 
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§ 3. MOLECULAR DYNAMICS CALCULATION 
At ambient conditions, the stable alumina polymorph is α-Al2O3, known as 

corundum. The α-Al2O3 crystal structure is composed of six oxygen planes in the hcp 
(ABAB...) stacking sequence (Kronberg 1957), where the Al cations occupy two-thirds 
of the octahedral interstitial sites. To calculate activation energies of self-diffusion in α-
Al2O3 we applied the molecular dynamics (MD) method. 

The interaction between atoms was described by the well tested model (Ahuja et al. 
1998, Belonoshko 1998, Belonoshko et al. 2000, Gutiérrez et al. 2000) developed by M. 
Matsui (Matsui 1994, Matsui 1996). This model is simple and has demonstrated its 
capacity to reproduce a number of experimental properties such as structure of various 
polymorphs, density, bulk modulus, thermal expansion (Matsui 1996), melting 
temperature, pressure dependence of the melting temperature, and liquid structure. The 
potential employs pair-wise additive interatomic terms of the forms: 
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where the individual terms represent Coulomb, van der Waals, and repulsion energy, 
respectively. Here rij is the distance between atoms i and j, and F is a standard force 
constant equal to 4.184 kJ/Åmol. The parameters Ai, Bi and Ci are provided elsewhere 
(Matsui 1994). The effective charges qAl and qO are equal to 1.4175 e and -0.945 e 
respectively. Al and O vacancies (Schottky defects) were introduced by taking out 2 Al 
and 3 O atoms at random. 

As initial configuration we chose the experimental hexagonal structure (d'Amour et 
al. 1978) with a = b = 4.656 Å and c = 13.140 Å. The computational super cell 
consisted of 10x10x4 unit cells. Since the unit cell contains 30 atoms, the resulting 
super cell contained 12000 atoms. The MD simulations have been performed at constant 
volume and temperature of 300 K (27° C). The temperature was maintained using Nose 
thermostat (Nose 1984). The self-diffusion activation energy is practically independent 
of temperature in the interval 300-1300 K, as follows from our MD calculation.  
 
 

§ 4. RESULTS FROM MEASUREMENTS AND CALCULATION 
In general, all the IS spectra exhibit well-defined feature (one time constant) typical 

for a parallel connection of a resistor and a capacitor, representing the resistive and 
capacitive properties of the α-Al2O3 oxides. As an example, Figure 1 show the spectra 
in Nyquist plots for a single crystal sample and a polycrystalline sample (grain size ca. 1 
µm) obtained at 900-1000° C, and the equivalent circuit used for spectra fitting. Note 
that the spectra shown are raw data, not normalized with the sample dimensions. At 
400° C the impedance modulus at the low frequency limit (dc resistance) is very high 
(beyond limit for normal instruments), indicating a very low conductivity of the α-
Al2O3.  
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Figure 1. Examples of IS spectra in Nyquist plots, (a) single crystal α-Al2O3 of 
orientation (0001), and (b) 1 µm grain size α-Al2O3 samples, at ( ) 900°, ( ) 950°, and 
( ) 1000° C. The insert in (a) shows the equivalent circuit used for spectra fitting, R is 
the resistance and C is the capacitance.  
 

For polycrystalline oxide samples, one might expect an additional time constant in 
the spectra according to the bricklayer model (Macdonald 1987). However, this can’t be 
discerned since the measured spectra do not exhibit such additional feature, and the 
spectra can be satisfactorily fitted to the simple equivalent circuit (one time constant). In 
the polycrystalline α-Al2O3 case, either the grain boundary contribution can’t be 
separated from the bulk contribution by the IS measurements, or the additional time 
constant appears outside the measured frequency range.     

By fitting measured spectra to the equivalent circuit, the resistance R and capacitance 
C were obtained for the α-Al2O3 samples at different temperatures. The capacitance of 
oxides depends on the surface area A and thickness d of the oxide, according to the 
parallel-plate model:  

 

 
d
AC 0εε=      (2) 

 
where ε is the dielectric constant of the oxide and ε0 the permittivity of vacuum. The 
capacitance obtained increases only slightly with temperature, and the values are in a 
good agreement with that calculated from the parallel-plate model using literature 
values of ε for Al2O3 at elevated temperatures (Ho 1988) . This verifies that the 
measured capacitance is indeed from the oxide.    

The dc conductivity (σ) of the oxide samples at different temperatures was calculated 
from the resistance values and dimensions of the samples according to: 

   

  
AR

d
=σ      (3) 

 
The temperature dependence of the conductivity follows the Arrhenius relation 

(Tilley 1987). Accordingly, by plotting the conductivity data in Arrhenius plots, the 
activation energy (Ea) for conductivity can be obtained by fitting the data to the 
formula:  
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The Arrhenius plots of the conductivity are similar for all samples. As an example, 

figure 2 displays the data for the two single crystal samples with different orientations 
and one polycrystalline sample (grain size ca. 0.5 µm), showing two regions with 
different temperature dependence, and with a transition around 650° C. The alteration in 
temperature dependence of conductivity in different temperature ranges is known to 
appear for a number of oxides, due to a change in the dominating charge transport 
mechanism.  
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Figure 2. Arrhenius plots of log (σT) vs. 1/T for the two single crystal α-Al2O3 

samples, ( ) orientation of (0001), ( ) orientation )0110( , and ( ) a polycrystalline 
sample with average grain size of 0.5 µm. Below about 650° C the activation energy is 
around 1.0 eV for all samples. 

 
     Comparison of conductivity data for different samples would provide important 
information. However, a slight difference in the electrode contact may influence the 
measured conductivity value, which makes such a comparison uncertain. Therefore in 
this work the discussion is mainly focused on the activation energy, which is believed 
not to be affected by electrode contact.  

In the medium to high temperature range (650 - 1000° C), the measured activation 
energy for conductivity is about 1.5 eV for the single crystal samples irrespective of the 
orientation, see figure 2, and for the polycrystalline oxides, it decreases from 2.4 to 1.6 
eV as the grain size increases from 0.5 to 15 µm. At lower temperatures (400 – 650° C), 
however, the activation energy is about 1.0 eV and independent of the grain size.  
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In molecular dynamics calculation, when the applied voltage (V) across the 
computational cell was set to zero, we did not observe any sizeable diffusion neither for 
the ideal structure nor for the structure with randomly introduced vacancies. Apparently, 
the cell is too small to observe such extremely rare events. On increasing the voltage of 
the electric field, we observed a sharp increase in the mobility of atoms (figure 3). Since 
the effect of the applied electric field basically is providing atoms with activation 
energies, the activation energies are equal to roughly 1.0 eV for Al and 1.5 eV for O 
atoms. These values are obtained by multiplying the applied voltage (figure 3) and 
effective charges of Al and O atoms. Interestingly, the activation energy of O atoms 
practically does not depend on the electric field orientation, while it does for Al as can 
be seen from the data for Al atoms in figure 3. This is perhaps due to the higher 
symmetry of the O sub-lattice (hexagonal close packed) compared to that of the Al sub-
lattice (2/3 of interstitials in the O sub-lattice). Since the diffusion coefficient is related 
to the conductivity through the Nernst-Einstein relation, the activation energy obtained 
from the molecular dynamics calculation can be compared to that obtained from the 
conductivity measurements.   

 

 
 

Figure 3. 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. 
 

 
§ 5. COMPARISON OF DATA 

There is controversy in the literature regarding the conduction mechanism and 
dominating charge carriers in α-Al2O3. For single crystal α-Al2O3 at high temperatures, 
the conducting mechanism appears to be dependent on the temperature, the oxygen 
partial pressure and also the doping/impurity level. In most of the references, the major 
charge carrier is suggested to be ionic at temperatures below 1400° C and at ambient or 
somewhat lower oxygen partial pressures (Brook et al. 1971, Yee and Kröger 1973, 
Frederikse and Hosler 1974, Kitazawa and Coble 1974b, Kitazawa and Coble 1974a). 
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The literature data on polycrystalline α-Al2O3 is scarce; especially for the temperature 
range below 1000° C. Kitazawa et al. (1974b) suggested that polycrystalline Al2O3 
behaves essentially like single crystals. Their results showed that below 1100° C the 
degree of ionic conduction increases with decreasing temperature, from about 40 % at 
1000° C to virtually 100 % at 600° C. (Frederikse and Hosler 1974) based on dc and ac 
measurements on polycrystalline Al2O3, obtained an activation energy of about 2.2 eV 
in the temperature range from 1000 to 1200° C, which was interpreted as dominant Al 
ionic transport. On the other hand, activation energies of 2.4 and 1.6 eV were reported 
for ionic motion of O and Al, respectively, in single-crystal α-Al2O3 in the temperature 
range 700 to 1200° C (Tallan and Graham 1965). 

To our knowledge, there is 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. As explained above, the 
activation energy obtained is only that of defect mobility, not including that of defect 
formation. 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 calculation, which gives self-diffusion activation energy of about 1.5 eV for O 
and 1.0 eV for Al in the single crystal α-Al2O3. The agreement between the calculated 
activation energy for O 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 the two single crystal samples of 
different orientations, which coincide with the activation energy of O atoms that 
practically does not depend on the electric field orientation, according to the MD 
calculation. 

The influence of grain boundaries on conductivity of α-Al2O3 was reported 
previously (Özkan and Moulson 1970, Yee and Kröger 1973, Kitazawa and Coble 
1974b, Kitazawa and Coble 1974a). It was suggested that grain boundaries hinder rather 
than promote ionic conductivity (Hou et al. 1979, El-Aiat and Kröger 1981, Kröger 
1984). However, it was also claimed that defect diffusion is enhanced along grain 
boundaries, and that activation energies are lower than those for defects in the lattice 
(Kitazawa and Coble 1974a). The relationship between grain size and activation energy 
observed in this study provides evidence for the influence of grain boundary on the 
conductivity of α-Al2O3, indicating that grain boundary leads to higher activation 
energy. If diffusion of ions is due to diffusion of vacancies it seems natural that grain 
boundaries can serve as sinks for vacancies and thus hinder ionic diffusion. However, a 
consistent and convincing explanation for the grain boundary effect is needed to account 
for the relationship, perhaps through future MD calculations and experimental 
determination of grain boundary structures. 

In the low-temperature range between 400 and 650° C, the activation energy 
obtained is about 1 eV for all samples, indicating a different conduction mechanism, 
which is not dependent on the grain size. The MD calculation indicates that Al defect 
mobility has an activation energy of about 1 eV. However, the activation energy for 
surface mobility of O on metal oxides is also reported to be about 1 eV (Martin and 
Duprez 1996). At lower temperatures other conduction mechanisms involving adsorbed 
substances may also be possible, and the measured conductivity may be even dominated 
by surface conduction (Öijerholm et al. 2004). Further studies are necessary to clarify 
the conduction mechanism in the low-temperature range.  
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§ 6. CONCLUSIONS 
In this study, the self-diffusion activation energy in α-Al2O3 below 1000° C was 

determined by impedance spectroscopy measurements of single crystal and highly pure 
and dense polycrystalline α-Al2O3 samples with well-defined grain sizes, and by 
molecular dynamics calculations. Between about 650 and 1000° C, the measured 
activation energy of the single crystal oxide is about 1.5 eV irrespective of the 
orientation, which is in good agreement with the activation energy of O vacancies 
obtained from the molecular dynamics calculations. This suggests that O vacancies are 
dominant charge carriers responsible for the conductivity and ionic transport in this 
temperature range. The measured activation energy increases from 1.6 to 2.4 eV as the 
grains size decreases from 15 to 0.5 µm, which indicates that the grain boundary leads 
to higher activation energy. However, a consistent and convincing explanation for the 
grain boundary effect is needed to account for the quantitative relationship between 
grain size and activation energy. Between 400 and about 650° C the activation energy 
was close to 1 eV, independent of the grain size.  
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