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Abstract

Solid oxide fuel cells (SOFC) are energy conversion systems with clean emissions (de-
pending on the fuel used) and high electrical efficiencies, which could potentially replace
conventional conversion systems such as combustion engines. However, other issues, such
as high costs and limited lifetime, must be resolved before widespread commercialization
of SOFCs can be achieved.

One of the major cost factors and the component that reduces the lifetime of SOFCs
immensely, is the interconnect, which electrically connects multiple fuel cells to form
a stack. Interconnects are typically made of ferritic stainless steels, and, due to high
temperatures (600 °C - 900 °C) and the aggressive environments prevalent in fuel cells,
the interconnects corrode over time. The protective Cr2O3 that forms on ferritic stainless
steels at high temperatures mitigates the corrosion process to a certain extent. However,
this oxide layer leads to two other issues: (i) vaporization of hexavalent Cr species,
which leads to cathode poisoning and (ii) an increase in the electrical resistance of the
interconnect caused by a continuously growing oxide layer. Both these problems can be
reduced to a certain extent with coatings. Especially spinel coatings have been proven
highly effective at decreasing Cr-evaporation.

The first part of this work examines the influence of the Co3O4 spinel coating on area
specific resistance (ASR). It was found that the Co3O4 thickness of Crofer 22 APU, which
was exposed in air for 500 h at 600 °C, did not significantly impact the ASR, and, instead,
the main contributor to overall resistance was the thermally grown Cr2O3.

The second part of this work focuses on the long-term stability of Ce/Co-coated
(10 nm Ce/640 nm Co) AISI 441. Coated AISI 441 was exposed by AB Sandvik Materials
Technology for up to 37 000 hours at 800 °C in laboratory air. Subsequent analysis showed
very low Cr-evaporation rates compared to uncoated AISI 441, and ASR values below
40 mΩcm2, suggesting that, under these conditions, the coating is effective in reducing
Cr-evaporation rates and Cr2O3-growth rates even after long exposure times.

The last part of the work analyzes the influence of pre-oxidation on the dual atmosphere
effect at 600 °C with regard to two parameters: the pre-oxidation time and the pre-oxidation
location. It was demonstrated that longer pre-oxidation times for AISI 441 result in
extended resistance against dual atmosphere corrosion on the air-facing side. It was also
found that the pre-oxidation layer on the hydrogen-facing side is more important for
corrosion resistance in dual atmosphere than the pre-oxidation layer on the air-facing
side.

Keywords: SOFC, Corrosion, Interconnect, Dual Atmosphere, Area Specific Resistance
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Chapter 1

Introduction

1.1 Background

The human contribution to climate change has been well-established for many decades,
and attempts to reduce these anthropogenic contributions rely heavily on advanced
renewable energy generation systems [1]. Some of these new systems, such as wind and
solar power, have the drawback that they are intermittent, therefore, energy storage
technologies are becoming more and more important and, with that, also flexible and
green energy conversion systems are needed [2]. The applications for energy systems are
plentiful not only for grid scale storage but also for mobile applications in transport and
portable devices, or for stationary applications such as power supply for housing and
factories. Besides combined energy storage and conversion systems, such as secondary
batteries, energy can also be stored in fuels, such as hydrogen, and, when needed, the
chemical energy can be converted into electrical energy by conversion systems such as
fuel cells. The differences between each energy conversion technology result in different
advantages and disadvantages of each technology. For example, secondary batteries are
combined energy storage and conversion systems, however, they require regular recharging,
in contrast, fuel cells can provide constant electrical energy if a continuous fuel supply is
provided [3]. The different advantages of each system and the need for more than one
functioning technology lead to research being conducted simultaneously on batteries and
fuel cells and other alternative systems.

A fuel, primarily hydrogen, is used in the fuel cell system as an energy carrier, and,
during fuel cell operation, the oxidation of hydrogen and formation of H2O occurs. For
most fuel cell types, for example the proton exchange membrane (PEM), only hydrogen
with very high purity can be used as the fuel. This limitation greatly impacts the
applicability of the technology for some uses. Therefore, fuel cells with greater fuel
flexibility, such as the solid oxide fuel cell (SOFC), are an interesting alternative. To
achieve this flexibility, a solid oxide, which conducts oxygen ions, is used as the electrolyte
instead of, for example, a proton exchange membrane. On the other hand, one drawback
of the SOFC system is the rather high operating temperature, which ranges between
600 °C and 900 °C compared to the low operating temperatures of around 80 °C in PEM
fuel cells. However, this additional heat can be used in combined heat and power (CHP)
units or for further energy generation with steam turbines. The re-utilization of the waste
heat can increase the already high electrical efficiency of a fuel cell (above 60 %) and
overall system efficiencies of up to 90 % can be achieved [4–7].
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CHAPTER 1. INTRODUCTION

The bipolar plates or interconnects are an integral part of any fuel cell system. These
connect multiple fuel cells in series to form a fuel cell stack with reasonable voltage
outputs. The interconnects for SOFCs are nowadays typically made of ferritic stainless
steels (FSS), and the interconnects account for nearly 35 % of the overall cost for a 1 kW
stack with a production volume of 50 000 units [8]. As cost is one of the major issues to
overcome before widespread commercialization of SOFCs can be achieved, research that
focuses on interconnects and how to reduce the cost of these is important [7, 9, 10].

Another issue of the SOFC system besides the high cost is limited lifetime. A lifetime
of at least 40 000 h for stationary applications is necessary for successful commercialization.
The main reason for the limited lifetime of a fuel cell is material degradation mainly due
to the high operating temperatures above 600 °C. Metallic interconnects, in particular,
suffer under these conditions, and corrosion phenomena, such as increased electrical
resistance, Cr evaporation, and the dual atmosphere effect, impact the lifetime of the fuel
cell dramatically [10, 11].

Additional understanding of the corrosion processes occurring on the interconnect
level can result in mitigation strategies. For example, Cr evaporation can be decreased
significantly by coatings, such as (Mn,Co)3O4, and, thus, Cr depletion of the material
and Cr poisoning of the cathode can be avoided [12–14]. In addition, some coatings, such
as Ce coatings, decrease the growth rate of the oxide scale that forms on an interconnect
at high temperatures, which results in longer lifetimes because less Cr is consumed [15,
16]. Reduced oxide scale growth also leads to lower resistances, as the main contributors
to the overall resistance of an interconnect are the oxide scales. Therefore, today, the
general consensus is that coatings on an interconnect greatly increase fuel cell lifetime.

Corrosion phenomena must be mechanistically understood before highly efficient
mitigation strategies can be developed. These phenomena include the dual atmosphere
effect, i.e. increased corrosion on the air-facing side if the FSS is simultaneously exposed
to air on one side and hydrogen on the other side, compared to FSS that is only exposed
to air atmosphere [17].

Research is needed to understand the corrosion processes on the interconnect level in
a SOFC and solutions that are not only cost-efficient but also lifetime prolonging must be
found. Only then will widespread commercialization of SOFC be successful.

1.2 Aim of this Thesis

The present work deals with different corrosion mechanisms that occur on the interconnect
level in a solid oxide fuel cell.

The first part focuses on coatings used for the interconnect application. Coatings
are applied to interconnects to mitigate Cr-evaporation and to decrease the oxide scale
growth [10, 11]. Especially spinel coatings are commonly used, because of their good Cr
retention rates [12–14]. However, adding additional oxide coatings to an interconnect could
potentially increase the electrical resistance of an interconnect. Therefore, researchers are
trying to increase the conductivity of the coatings by adding dopants [11, 18]. Besides,
the coating, however, also the continuously growing Cr2O3 could increase the electrical
resistance even further. The present work discusses if the main contributor to the electrical

2



1.2. AIM OF THIS THESIS

resistance is the coating or the Cr2O3. In the latter case efforts to increase the coating
conductivity might not be effective in decreasing the overall resistance of the interconnect
and instead research should focus on decreasing the Cr2O3 scale growth. To analyze
this, Crofer 22 APU was coated with different Co coating thicknesses, and, after a 500 h
exposure at 600 °C, the area specific resistance (ASR) was measured. An influence of Co
coating thickness on the ASR should be seen if the coating greatly influences the overall
resistance.

To further understand the longevity of the state-of-the-art interconnect coating, Ce/Co-
coated (10 nm Ce and 640 nm Co) AISI 441 was also examined in the present thesis[19].
For this purpose, the material was exposed by AB Sandvik Materials Technology up
to 37 000 h at 800 °C in air. After exposure, Cr evaporation, electrical resistance, and
microstructural analysis were conducted on the material.

The second part of this work deals with the influence of the atmosphere present
inside the fuel cell on material degradation. As mentioned in Chapter 1.1, in a SOFC,
interconnects are exposed to a dual atmosphere, and, because of this, corrosion was
found to increase especially at temperatures around 600 °C [20, 21]. This so called dual
atmosphere effect is not yet mechanistically understood. This work discusses the dual
atmosphere effect, especially with regard to a pre-oxidation step in air implemented before
dual atmosphere exposure.
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Chapter 2

Theory

2.1 Fuel Cells

2.1.1 Introduction to Fuel Cells

Fuel cells efficiently generate electricity by converting chemical energy into electrical
energy. The working principle of the fuel cell was discovered independently by William
Grove and Christian Friedrich Schönbein in 1838 [22]. Both discussed a crude and simple
setup, which, nonetheless, was able to convert the chemical energy set free during the
formation of H2O from hydrogen and oxygen to electrical energy [23].

Fuel cells function similar to batteries; a chemical redox reaction is locally separated
into oxidation and reduction reactions, thus avoiding combustion, and converting the
chemical energy safely to electrical energy. The overall reaction equation for most fuel
cells is shown in Equation 2.1.

1

2
O2 +H2 −→ H2O (2.1)

To separate reaction into oxidation and reduction, an electrolyte is inserted between the
cathode, where the reduction takes place, and the anode, where the oxidation takes place.
The most important requirements for any electrolyte material are high ionic conductivity
but very low electronic conductivity. The latter property ensures that the electrons are
conducted through an external circuit [9].

Different classifications of fuel cell types typically involve the electrolyte material,
as this defines not only the operating temperature of the fuel cell but also which ions
are conducted and what fuels can be used for the fuel cell. For example, the Polymer
Exchange Membrane Fuel Cell (PEM-FC) conducts protons, and, because of that, only
high purity H2 with no CO contaminants can be used as a fuel. Operating temperatures
for this fuel cell type range between 70 and 110 °C [9, 23]. In contrast, fuel cells with
an oxide conductor as the electrolyte, such as Solid Oxide Fuel Cells (SOFC) have high
fuel flexibility, and, thus, besides hydrogen, simple hydrocarbon compounds, such as
ethanol or methanol and even complex hydrocarbons like diesel reformate, can be used as
fuels [7]. Therefore, one of the big advantages of SOFCs is that no new infrastructure is
required. The biggest drawbacks of the SOFC system, however, are the high cost and the
necessity for high operating temperatures above 600 °C. The high temperature leads to
slower start-up times than the PEM-FC and increased material degradation of certain
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CHAPTER 2. THEORY

components in the fuel cell [7]. In part due to the difference in start-up time, the possible
applications for both techniques, PEM-FC and SOFC, differ. While PEM-FCs are mostly
being considered for mobile applications and transportation purposes, SOFCs are mostly
being considered as auxiliary power units (APU) in trucks, range-extenders in cars, or for
stationary applications, such as combined heat and power (CHP) units in housing [9].

The high operating temperature of a SOFC is not only a disadvantage, but it can
also be an advantage. For example, the high operating temperature nullifies the need for
expensive Pt-catalysts that are needed at lower temperatures, and the heat can be used
in said CHP units for housing [24, 25]. Another advantage SOFCs have over PEM-FCs is
their high efficiencies. With electrical efficiencies of above 60 %, [5] (compared to up to
50 % for PEM-FC [26]) and possible overall efficiencies of above 90 % for systems that
use exhaust heat for heating in CHP units or for further electricity generation using heat
engines or steam turbines, the SOFC system is promising as a future technology [4, 5, 25,
27]. However, to achieve widespread commercialization of this technology, the high cost
of the SOFC must be positively influenced, and, hopefully, the further development of
the technology will eventually allow for cheaper materials to be used. The solid oxide fuel
cell will be discussed in more detail in the following.

2.1.2 Solid Oxide Fuel Cell

As mentioned in chapter 1.1 the electrolyte in a SOFC is a solid oxide, and an oxygen ion
conductor. This allows for the fuel flexibility of the system, but, in turn, high temperatures
are required to ensure oxygen conductivity. If H2 is used as the fuel, the following reaction
processes happen inside the fuel cell:

Oxidation : H2 +O2− −→ H2O + 2e− (2.2)

Reduction :
1

2
O2 + 2e− −→ O2− (2.3)

Overall Reaction :
1

2
O2 +H2 −→ H2O (2.4)

While the oxidation of hydrogen happens at the anode, the reduction of oxygen takes
place at the cathode of the fuel cell. These processes, including the oxygen ion diffusion
through the electrolyte and the electron transfer through an external circuit, are visualized
in Figure 2.1a.

Because of thermodynamic limitations, the energy output of one fuel cell is below
1.2 V [9, 28], therefore, multiple cells must be electrically connected in series with so
called interconnects to form a fuel cell stack (see Figure 2.1b). Information on the
different materials used for the electrodes, the electrolyte, and the interconnect and what
requirement each component must fulfil are provided in the following. Due to the high
operating temperatures, all materials used in the fuel cell stack should have similar thermal
expansion coefficients (TEC), otherwise thermal stresses could occur during start-up or
shut-down.

6



2.1. FUEL CELLS

Figure 2.1: Solid oxide fuel cell. a) Operating principle and b) Fuel cell stack.

Electrolyte The electrolyte must be stable at high temperatures. As it separates the
anode from the cathode it must also be stable in reducing and oxidizing atmospheres,
and it must be non-porous and dense to be able to separate the fuel and the air from
each other. While the electrolyte must be oxygen-ion conductive, it must be a poor
electron conductor because the electrons must be transferred through the external circuit
[29]. Popular choices for electrolyte materials are yttria-stabilized zirconia (YSZ) for
high operating temperatures above 700 °C and gadolina-doped ceria (CGO) for lower
temperatures [30–32].

Anode Anode materials must also be stable at high temperatures and in reducing
atmospheres. The material also needs to be catalytically active for the fuel oxidation.
The anode material must be porous to ensure a sufficiently large catalytically active
surface area and to allow for easy gas flow and removal of the half reaction products (see
Equation 2.2) from the electrode. Other requirements that must be met are high oxygen
ion and electron conductivity to ensure good transportation of ions and electrons to the
electrolyte or the external circuit, respectively [33]. The anode material is often a mixture
between the electrolyte material, which leads to a good TEC match between anode and
electrolyte, and another material with high electron conductivity, which also ensures pore
formation [33, 34]. A commonly used anode material, for example, is Ni-YSZ [35].

Cathode Cathode materials must also be stable at high temperatures, but, in contrast
to the anode material, the cathode material must be stable in oxidizing atmospheres
and be catalytically active for oxygen reduction. Similar to the anode, the cathode
also requires high electron conductivity and high porosity to ensure a large catalytically

7



CHAPTER 2. THEORY

active surface area, good gas flow, and extraction of the products of the half-reaction,
Equation 2.3 [36]. Today, solid oxides are typically used as cathode materials because
other options, such as precious metals, are very expensive. A commonly used cathode
material is Sr-doped LaMnO3 (LSM). One limitation for LSM is its very poor oxygen ion
conductivity, which leads to a small triple-phase-boundary (TPB) area. To increase this
area YSZ is sometimes added to LSM, which leads to a higher oxygen ion conductivity
[37, 38]. Especially for intermediate temperature SOFCs (IT SOFC), mixed ionic and
electronic conductors (MIEC) are preferred, and a commonly found cathode material in
IT SOFCs is (La,Sr)(Co,Fe)O3 (LSCF)[24, 39].

Interconnects Like the electrolyte, the interconnect must be stable at high tempera-
tures and in oxidizing and reducing atmospheres as the interconnect also separates fuel
and air from each other. Therefore, the interconnect must be non-permeable to both gases.
An additional function of the interconnect is the distribution of the gases throughout the
electrode surface. However, the primary function of the interconnect is to electrically
connect multiple fuel cells in series, and, therefore, it must be, contrary to the electrolyte,
an electron conductor. Hence, the interconnect acts as a current collector [40]. Other
requirements sought for materials used as interconnects are high thermal conductivity,
ease of formability, and cheap to produce.

Previously, mainly ceramics were used as interconnects, especially perovskites, such as
LaCrO3 doped with Ca or Sr. These oxides are semiconductors and, therefore, require
high temperatures around or above 1000 °C to be sufficiently electron conducting. They
are also not cost-effective or easily formable. However, with further developments of the
electrode and electrolyte materials, a decrease in operating temperatures to below 850 °C
was possible. This has warranted a search for new interconnect materials, and, nowadays,
metallic interconnects are the standard for SOFCs with operating temperatures below
850 °C [10, 41, 42].

While metallic interconnects show many promising properties, such as much lower
costs than ceramic interconnects, ease of formability, and high electrical and thermal
conductivities, the long-term stability of the material at high temperatures in aggressive
environments remains an issue. The most commonly used metals are ferritic stainless
steels (FSS) with more than 16 % Cr content. This steel typically forms a thin Cr2O3 on
top of the metal. This so-called protective oxide layer has the advantage of slowing down
any corrosion occurring on the metal, while at the same time it has the disadvantage of
increasing the electrical resistance of the interconnect, as Cr2O3 is a semi-conductor.

The scope of the present work is the examination of the degradation behavior of
metallic interconnects at temperatures between 600 °C and 800 °C and the analysis of
possible solutions to this problem. More insight into the oxidation of metals is given below,
to understand the corrosion phenomena occurring at the interconnect level of a fuel cell.
This theory will then be put into context with the corrosion behavior of interconnects in
the fuel cell environment.
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2.2. OXIDATION OF METALS

2.2 Oxidation of Metals

Most metals are not thermodynamically stable under ambient pressure, instead the
oxidation products, such as oxides, sulphides, or nitrides, are stable under these conditions.
The focus of this work is on oxide formation and the following reaction (Reaction 2.5)
that occurs during oxidation of the metal:

xM(s) +
y

2
O2(g) −→MxOy(s) (2.5)

However, even though the oxidized metal is the thermodynamically stable form, the
kinetics of Reaction 2.5 at ambient temperature is often not favorable. A different picture
emerges at higher temperatures [43]. To further explain the processes happening at high
temperatures, some information is given on the thermodynamics of Reaction 2.5 and the
kinetics of said reaction and how these factors influence the oxidation behavior of a metal.
This will be followed by an explanation of oxide scale growth, and evaporation phenomena
will be briefly discussed.

2.2.1 Thermodynamics

To determine if the metal or the oxide is stable under certain conditions, the Gibbs energy
of a systems can be calculated (see Equation 2.6).

G = H − TS, (2.6)

where G is the Gibbs energy, H is the enthalpy, T is the temperature, and S is
the entropy. This energy is derived from the second law of thermodynamics with the
assumption that the temperature and the pressure of the system are constant. For
systems with ∆G < 0, Reaction 2.5 will occur spontaneously, systems with ∆G = 0 are
in equilibrium state, and for systems with ∆G > 0, Reaction 2.5 is thermodynamically
impossible [15, 43]. The ∆G for Reaction 2.5 per mole oxygen can be expressed as
Equation 2.7.

∆G = ∆G0 +RT ln

(
a
2/y
MxOy

a
2x/y
M aO2

)
, (2.7)

where ∆G0 is the change in standard free energy for the formation of MxOy, R is the
gas constant, T is the absolute temperature, and az is the thermodynamic activity of
a species z. In general, the activity of solids can be assumed as 1, and the activity of
gases is approximated to the partial pressure of said gas, i.e. aO2

= pO2
. Therefore, the

following equation (Equation 2.8) is valid for the equilibrium state ∆G = 0 of Equation
2.7.

∆G0 = RT ln pO2
. (2.8)

According to Equation 2.8, two factors are important to determine whether a metal
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oxide or the metal is stable under certain conditions: the temperature T and the partial
oxygen pressure pO2 . Ellingham/Richardson diagrams are a useful tool to visualize this
for many different oxides (see Figure 2.2) [44]. These diagrams exist not only for oxides,
but also for other oxidized metals species, such as sulphides or nitrides. The equilibrium
state of different metal oxides is depicted in the Ellingham diagram. The metal oxides
with lower ∆G are more stable than the metal oxides with a higher ∆G, making Al2O3

the most stable oxide depicted in Figure 2.2 [43].

2.2.2 Kinetics

In addition to the briefly discussed thermodynamics the kinetics of Reaction 2.5 also play
a role in high temperature corrosion. Kinetics is important to understand the reaction
mechanism and to determine the rate-limiting step of a reaction. To analyze the rate of
Reaction 2.5, three different aspects can be examined: how much metal was consumed,
how much oxygen was consumed, or how much oxide was formed. Of these options, the
latter one is the method that is most used today as it is experimentally most accessible
(measure the weight gain of the sample), and the measurement can be done continuously
throughout the reaction [15].

Different rate laws can be formulated for a kinetic evaluation of a reaction. The
three most commonly found rate laws for metal oxidation are the linear, logarithmic,
and parabolic rate laws, which are visualized in Figure 2.3 as mass gain against time.
However, many reactions do not follow these ideal cases and deviations or even mixtures
of the different rate laws are common. Nevertheless, the rate laws can give some insight
into the classification of an oxide, and also help in deciding if an oxide is more or less
protective [43].

Linear Rate Equation The linear rate law is given by the following Equation 2.9:

x = klt+ C, (2.9)

where x is the oxide thickness and can be substituted with the mass gain ∆m, kl is
the linear rate constant, and C is the integration constant. No decrease in mass gain is
observed over time for oxide formations that follow this rate law. The rate-determining
step for this reaction behavior is usually either a phase-boundary or a surface process,
such as oxygen adsorption onto the metal surface. The behavior is mostly found for very
thin oxides or very porous oxides [43].

Logarithmic Rate Equations At intermediate temperatures around 300 to 400 °C
and for very thin metal oxide scales of up to 4 nm [15], the metal-oxide formation often
follows a logarithmic rate law. Two different commonly seen logarithmic laws are given
in Equations 2.10 and 2.11 [15].

Direct Logarithmic : x = klog log(t+ t0) +A, (2.10)
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Figure 2.2: Elingham Diagram for selected oxides based on [43, 45].

InverseLogarithmic :
1

x
= B − kil log t, (2.11)

where x is the oxide thickness or the mass gain ∆m, klog is the logarithmic, and kil the

11



CHAPTER 2. THEORY

Figure 2.3: Typical growth behavior of metal oxides [43].

inverse logarithmic rate constant, t is the exposure time, and A and B are the integration
constants. The rate-determining step for these rate laws is not yet fully understood and
suggestions, such as the transport of ions or electrons through the oxide scale with an
existing electric field through the scale or chemisorption, have been proposed [43].

Parabolic Rate Equation The oxidation of metals at high temperatures often follows
the parabolic rate law (see Equation 2.12).

x2 = kpt+ C, (2.12)

where x is the oxide thickness or the mass gain ∆m, kp is the parabolic rate constant,
t is the exposure time, and C is the integration constant.

Further description of oxides that follow the parabolic rate law was given by Carl
Wagner in 1933 [46], who developed a theory for parabolically growing oxides, which is
based on following assumptions [15]:

• The formed oxide scale is dense and well-adherent.

• The rate-determining step is solid-state diffusion of ions and electrons through the
scale.

• Both interfaces, the metal-oxide and the oxide-gas, are in a thermodynamic equilib-
rium state.

• The stoichiometry of the oxide is near constant throughout the scale.
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• The scale is in thermodynamic equilibrium throughout the scale.

• The thickness of the scale is much greater than the maximum length where charge
effects occur.

• Oxygen solubility is negligible in the metal.

In general, metal oxides that follow the parabolic rate law grow slower with time due
to a thicker oxide scale, and therefore longer diffusion paths. The resulting oxide scales
are often described as protective oxide scales.

Breakaway Oxidation As mentioned in Chapter 2.2.2, in reality, the oxide scale
growth often follows a mixture of different rate laws, or the reaction behavior changes for
different reasons, such as the achievement of a critical oxide scale thickness, the formation
of cracks due to stresses, or the depletion of an alloying element. One frequently seen
mixture of rate laws is breakaway oxidation (see Figure 2.3). Breakaway oxidation is
usually found for oxide scales that follow the parabolic rate law until they reach a critical
point, after which the mass gain suddenly increases linearly. Only after the switch from
parabolic to linear mass gain is the term breakaway oxidation used [43, 47].

Different reasons for breakaway oxidation exist. The most common ones are either
due to mechanically induced chemical failure (MICF) or intrinsic chemical failure (InCF)
[47]. In the case of MICF the oxide scale reaches a critical thickness and cracks, ruptures,
or even experiences spallation. This leads to direct contact between the gas and the alloy
and three different cases can then be observed:

• Continuous protective behavior occurs if the protective oxide forming element, e.g.
Al or Cr, is not depleted in the underlying alloy and further crack and rupture
formation is below a critical value [43, 47].

• Non-protective behavior occurs if the underlying alloy is locally depleted of the
protective oxide-forming element, e.g. Al or Cr, and instead non-protective, fast-
growing Fe-rich oxide forms [48].

• Non-protective behavior can occur even though the underlying alloy is not depleted
of the protective forming oxide if the formed cracks and ruptures nucleate and
propagate continuously [43].

In the case of InCF the element forming the protective oxide scale is depleted (e.g.
Cr) at the oxide metal interface. The formation of the protective oxide then becomes
thermodynamically less favorable, and, instead, the formation of a non- or less protective
fast-growing metal-oxide (e.g. Fe-rich oxide) scale may occur [43, 47].

The formation of breakaway oxidation can be influenced by outside factors. For
example, it is generally acknowledged that for Cr2O3-forming alloys, the presence of water
vapor in high pO2 atmospheres greatly increases the risk of the formation of breakaway
oxidation [49–51]. One of the reasons for this is Cr evaporation, which will be discussed in
more detail in Chapter 2.2.4. In low pO2 environments, the presence of water vapor can
also lead to a change in oxidation behavior. However, in these environments breakaway
oxidation is only found in rare cases [52, 53].

13



CHAPTER 2. THEORY

2.2.3 Oxide Scale Growth

Oxide scale growth is a three-step process that is visualized in Figure 2.4. First, oxygen
is adsorbed onto the metal surface. Then a metal oxide is formed as a nuclei on the
metal-air interface, and, in the last step, the scale grows continuously. The first two steps
of the oxide scale growth are mainly dependent on surface conditions, such as surface
preparation or surface defects, and gas or metal impurities. However, the third step
is solid-state diffusion-dependent, because either the metal cations must diffuse to the
oxide-air interface or the oxygen anions must diffuse to the metal-oxide interface [43].
Protective oxide scales, such as Cr2O3, are distinguished by their low density, porosity,
and ion diffusivity, the latter leading to a slow-growing oxide scale. At high temperatures,
the third step is typically the rate-determining step [15].

Figure 2.4: Schematic drawing of the process of oxide growth on a metal substrate according
to [43]. The three main steps are: 1) Oxygen adsorption, 2) Oxide nucleation, and 3)
continuous oxide scale growth.

Pilling-Bedworth Ratio A way to classify oxides as either protective or non-protective
was suggested by N. B. Pilling and R. E. Bedworth in 1923 [54]. They stated that the
volume ratio of the metal oxide versus the metal itself relates to the protective property
of the oxide (see Equation 2.13), as this ratio defines what stresses are prevalent in the
oxide [15, 43].

PBR =
Voxide
Vmetal

. (2.13)

Tensile stresses should be present for PBR values below 1, whereas compressive stresses
are present for PBR values greater than 1. Additionally, PBR ratios below 1 could result
in a porous oxide that does not cover the entire metal surface, which is an important
factor for the protectiveness of an oxide scale. This led Pilling and Bedworth to believe
that PBR values greater than one will result in the formation of a protective oxide.
Their assumption was based on an inward-growing oxide, meaning that the oxide grows
on the metal-oxide interface, and oxygen inward diffusion is the predominant diffusion.
However, today, we know that there are many exceptions to this rule, and, therefore, the
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classification of an oxide into protectiveness and non-protectiveness is not straight-forward
[15, 43]. Nevertheless, the Pilling and Bedworth ratio (PBR) can still be used, and it
is used in the present work to define the volume increase that occurs when a metal is
oxidized to the metal oxide. Some important PBR values are given in Table 2.1.

Table 2.1: PBR values for some metal-oxygen systems. Unless otherwise stated, the values
were taken from [15].

Oxide PBR

Al2O3 1.28
Cu2O 1.64
FeO (on α-Fe) 1.68
CoO 1.86
Co3O4 1.98 [55]
Cr2O3 2.07
Fe3O4 (on α-Fe) 2.10
Fe2O3 (on α-Fe) 2.14

2.2.4 Oxide Evaporation

A corrosion-related phenomenon that different alloying elements, such as Cr, Mn and W,
are subject to, is the evaporation of certain volatile metal oxide species. This evaporation
process has typically a rather high activation energy, therefore, the process becomes
especially relevant at high temperatures [43]. The focus in the following will be on Cr
evaporation, as this mechanism is relevant to the present work.

Cr-containing alloys form a protective, slow growing, and dense Cr2O3 layer. How-
ever, under certain conditions, other gaseous Cr species may form, such as CrO3. The
formation of CrO3 (Equation 2.14) requires high temperatures and high oxygen pressures
(approximately T = 1 000 °C and pO2

= 1 atm [43]) to be of significance for the lifetime of
an alloy. However, another volatile Cr-species, CrO2(OH)2, will form (see Equation 2.15)
at much lower temperatures in the presence of water vapor. This is in agreement with the
difference in activation energies of the two hexavalent Cr species. While the formation of
CrO3 has a high activation energy and is, therefore, highly dependent on temperature,
the formation of CrO2(OH)2 has a much lower activation energy and is, thus, much less
temperature dependent [56].

Cr2O3(s) +
3

2
O2(g) −→ 2CrO3(g) (2.14)

Cr2O3(s) + 2H2O(g) +
3

2
O2(g) −→ 2CrO2(OH)2(g) (2.15)

Different research groups have found that the main volatile species present is CrO2(OH)2
even with only small amounts of water vapor presen [56–58].
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The Cr consumption of a system in which the volatilization of hexavalent Cr species
occurs, increases because two parallel processes consummate the Cr: the Cr-evaporation
process, and the continuous growth of the Cr2O3 scale. Most systems will eventually reach
a steady-state scale thickness, which is expressed as a weight loss in thermogravimetric
analysis [43].

2.3 Corrosion of Interconnects

As mentioned in Chapter 2.1.2, interconnects are a vital part of any fuel cell, where they
electrically connect separate cells. Nowadays, the state-of-the-art interconnect material
for solid oxide fuel cells is ferritic stainless steel. However, due to the harsh conditions
during the operation of a SOFC, the interconnects degrade over time. Therefore, in the
following, corrosion issues regarding interconnects as well as means to avoid these issues,
such as adding alloying elements or applying coatings, are discussed.

2.3.1 Ferritic Stainless Steels as Interconnects

High temperature materials commonly rely on the formation of either a protective Al2O3

or a protective Cr2O3 scale. While alloys that form Al2O3 are extremely resistant against
high temperature corrosion, alloys that form Cr2O3 suffer some disadvantages, such
as continuous Cr evaporation [15]. However, the main function of an interconnect is
to electrically connect separate cells, therefore, the interconnect must be an electron
conductor, and, because Al2O3 is an insulator, Al2O3 forming alloys cannot be used as
interconnect materials. Hence, the materials of choice for an interconnect are Cr2O3-
forming steels, namely stainless steels.

There are many different types of stainless steels, and they are classified according to
their crystalline structure. Two commonly used types are austenitic stainless steels, with
a face-centered cubic (FCC) structure and ferritic stainless steels, with a body-centered
cubic (BCC) structure [59]. The main materials used for interconnects today are the latter,
because the thermal expansion coefficients (TEC) of ferritic stainless steels are much
closer to other fuel cell components, especially the anode, than the TEC of austenitic
stainless steels [40, 60]. Ferritic stainless steels typically have a Cr-content above 10 %
and below 26 % [41], and a Cr-content above 16 % is desirable for use as an interconnect.

Specific alloys have been developed to be used as ferritic stainless steel interconnects,
for example, Crofer 22 APU, Crofer 22 H, and Sanergy HT. These alloys typically have a
Cr content of at least 21 % and other alloying elements, such as Mn and reactive elements,
which are added to avoid specific interconnect-related issues and will be discussed below
[61]. However, the major drawback of materials specifically designed for interconnects is
their high cost. Therefore, other cheaper and commercially available steels are becoming
more important in interconnect research. For example, AISI 441 or AISI 430 with Cr
contents between 16 % and 20 % are gaining more attention [20, 21, 59, 62–70]. The
general consensus is that these commercial steels are probably more suited for lower SOFC
operating temperatures [59] around 600 °C to 700 °C because, at higher temperatures, the
Cr content might not be sufficient for a long life-time.
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Some of the most common alloying elements in interconnect materials and their positive
effects are discussed in the following. These alloying elements are nearly always found
in materials specifically designed for interconnects, and, most of the time, they are also
present in commercially available steel grades, e.g. AISI 441, or AISI 430, which are being
proposed as interconnect materials by different research groups.

Mn against Cr evaporation As mentioned in Chapter 2.2.4, stainless steels that
form a protective Cr2O3 scale suffer from Cr-evaporation in air, especially under humid
conditions. This process also occurs on the air-facing side of an interconnect in SOFCs,
as humidity levels around 3 % are common. The evaporation of hexavalent Cr species
leads to two issues for the fuel cell lifetime: Cr-deficiency in the interconnect followed by
subsequent interconnect failure and Cr-poisoning of the cathode [36]. One simple way
to decrease the Cr-evaporation in an interconnect is achieved by adding Mn to the alloy.
This addition results in the formation of a (Cr,Mn)3O4 top layer with a continuously
growing Cr2O3 layer beneath it [61, 71, 72]. Even small amounts of up to 0.5 weight%
Mn in the alloy lead to a decrease in Cr-evaporation by a factor of 2 to 3 [61, 71].

Si and Nb, Mo or W Small amounts of Si are present in many ferritic stainless
steels. While these amounts are not an issue for many applications, in interconnects the
formation of a continuous SiO2 layer could lead to a drastic increase in electrical resistance
of the oxide scale. Therefore, materials that are specifically designed for interconnect use,
employ methods to avoid SiO2 formation. Either Si in the alloy is avoided to a great
extent by a vacuum induction melting process, or other alloying elements are added to
bind the Si. While Crofer 22 APU employs the former method, Crofer 22 H and Sanergy
HT use the latter one. To bind the Si, alloying elements, such as Nb, Mo, or W, are
added, which results in the formation of Laves phase precipitates. These Laves phases
have the positive side effect that they increase the hardness and the creep strength of the
steel [73, 74].

Reactive Elements Reactive elements (RE), such as Ce, La, Hf, and Y, are often
added to high temperature materials. These elements are known to greatly improve
oxide-scale adhesion and decrease oxide-scale growth [15, 16]. The mechanism for how
these reactive elements work is not yet fully understood. But the general consensus is
that the addition of REs leads to a decrease in cation diffusion through the oxide scale,
and, therefore the oxide scale becomes more inward growing. Further information on the
reactive element effect can be found in [75–78].

2.3.2 Coatings as a Means to Mitigate Corrosion

Two main degradation mechanisms, which stem from the corrosion of the interconnect,
are responsible for fuel cell failure after a long lifetime. First, the Cr-evaporation of the
interconnect leads to Cr-poisoning of the cathode (see Chapter 2.2.4), and, second, the
continuous growth of the Cr2O3 scale leads to an increase in the electrical resistance of
the interconnect [42]. Adding alloying elements, such as Mn, to decrease Cr-evaporation
is only effective to a certain extent, and additional protection is needed. The addition
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of other alloying elements requires specifically designed steels, which, as mentioned in
Chapter 2.3.1, increases the cost of the interconnect. Therefore, nowadays, coatings are
the norm for any interconnect material.

Different coating materials exist, and perovskite or spinel oxides are often suggested.
Even though perovskites possess high electrical conductivities and good compatibility
with other SOFC components, thick perovskite coatings are required to decrease the
oxidation rate, and the coating is often poorly adhesive. Additionally, the positive effect
of perovskite coatings on Cr-evaporation is limited [11, 72, 79, 80]. Therefore, the more
commonly used coatings are spinel oxides, which have been shown to be highly efficient in
mitigating Cr-evaporation. The most prominent spinel coating that has been suggested
is (Mn,Co)3O4 (MCO), which shows promising Cr-retention [12–14], and, at the same
time, it has rather high electrical conductivities (see Table 2.2) [81]. This coating cannot
only be applied using powder-based methods, such as screen printing [82], spray coating
[83], or electrophoretic deposition [84], but also via a conversion coating route [72, 85].
Conversion coatings are metal coatings that oxidize during high temperature exposure
and, thus, form a ceramic coating. To achieve an MCO coating via conversion coating, the
steel is first coated with Co, which then oxidizes to form Co3O4. Through the subsequent
outward diffusion of Mn from the steel substrate, enrichment of the oxide layer with Mn
takes place, and MCO is formed [66, 72, 85, 86]. This process has been well documented
above 800 °C, however, limitations are possible at lower temperatures, as Mn diffusivity
decreases. Falk-Windisch et al. [87] have shown that, at 650 °C, only 2-3 % Mn were
present in the outer Co3O4 layer, and, instead, a Mn- and Cr-rich oxide had formed at
the metal-oxide interface. Nevertheless, they could also prove that this had no negative
effect on either the Cr-evaporation rate or the area specific resistance, and, in reality,
both are lower at 650 °C than at 750 °C and 850 °C [87]. The advantages of Co conversion
coatings are that very thin and dense coatings can be achieved, and, additionally, the
process is highly cost effective as large-scale roll-to-roll coating applications are possible
before the interconnect is deformed into its shape [88].

As mentioned in Chapter 2.3.1, a reactive element effect can be found for elements such
as Ce, La, and Y. It has been shown that REs are not only effective as alloying elements
but also as a coating material [16, 89]. Ce/Co coatings combine the positive effects of
both, the MCO coating and a reactive element coating, and coatings with a 10 nm-thick
Ce layer beneath a 640 nm-thick Co layer are very popular and can be considered as
state-of-the-art coating [19].

2.3.3 Electrical Conductivity of Oxide Scales

The main function of an interconnect is to electrically connect fuel cells to each other.
Therefore, its main property is to conduct electrons. However, even though metallic
interconnects are highly conductive, the formation of a poorly conductive oxide scale
during high temperature exposure immensely increases the overall resistance.

To describe the electrical conductivity of any oxide scale, the sum of the electronic
and ionic charge carriers is calculated according to Equation 2.16,

σtotal = σionic + σelectronic = σtotal (tionic + telectronic) , (2.16)
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where σtotal is the total electrical conductivity, and σionic and σelectronic are the
respective conductivities, which are defined by Equations 2.17 and 2.18 with the transport
numbers tionic or telectronic [43].

σionic = σtotal · tionic, (2.17)

σelectronic = σtotal · telectronic, (2.18)

The electronic conductivity σelectronic is defined according to Equation 2.19 as the
sum of the conductivity of the electrons σe and holes σh.

σelectronic = σe + σh = e(nve + pvh), (2.19)

where n and p are the concentrations of electrons and holes, respectively, and ve
and vh are the corresponding electron and hole mobilities [43]. Similarly, the total ionic
conductivity σionic is defined as the sum of the anion and cation conductivities [43].

Both the mobility and the concentration terms define the temperature dependency
of the overall conductivity. At high temperatures, the electronic conductivity is mainly
dependent on the concentration term, and, for oxides, this term increases with temperature.
Therefore, in contrast to metallic conductors, the conductivity for metal oxides increases
with higher temperatures. Oxides for which this is true, for example Cr2O3 and Co3O4,
are classified as semiconductors [43]. The Arrhenius equation (Equation 2.20) can be used
to describe the temperature dependency of an oxide scale.

σ = σ0 · exp

(
−Ea
R · T

)
, (2.20)

where σ0 is a pre-exponential factor, R is the ideal gas constant, T is the absolute
temperature, and Ea is the activation energy.

Typically, oxide scales on interconnects are discussed in terms of resistance instead of
conductivity. The resistance R is defined by the following equation (Equation 2.21).

R =
1

σ
· L
A
, (2.21)

where σ is the conductivity, L is the oxide thickness, and A is the measured area.
The area specific resistance (ASR) especially is a common value used to describe the
conductivity of an interconnect, as it is independent of the area (see Equation 2.22).

ASR = A ·Rtot. (2.22)

Conductivity of Cr2O3 Cr2O3 is an intrinsic semiconductor at high temperatures
above approximately 1 000 °C, below that, however, it exhibits extrinsic semi-conducting
behavior, and, therefore, is reliant on dopants [90, 91]. Reported conductivity values for
Cr2O3 reflect this change in behavior. While conductivities reported above approximately
1 000 °C show very similar values, the conductivities reported below that temperature
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differ quite dramatically from publication to publication, and conductivities between 0.001
and 0.05 S cm-1 have been reported at 800 °C [91–99]. This large spread is reflected in
the published activation energies for Cr2O3 with values ranging from 0.25 to 0.82 eV for
measurements below 850 °C [91, 94–99].

It is not yet clear which doping mechanism prevails in Cr2O3, but it has been well
documented that it is a dual semi-conductor with n-type or p-type semiconducting
behavior [100], depending on if the structure is oxygen- or metal-deficient. The change in
oxygen activity in thermally grown Cr2O3 throughout the scale has been found to result
in dual oxide morphology [90, 91]. This duality is also often expressed in semi-conducting
behavior. For example, Latu-Romain et al. [100–103] have found that, above 800 °C,
the internal subscale is always an n-type semiconductor, while the outer subscale can be
either an n-type or a p-type semiconductor, depending on the oxygen partial pressure.
Another factor that strongly influences the conductivity of thermally grown Cr2O3 is
doping from other alloying materials such as Fe, Mn, or Ti. This doping usually increases
the conductivity of Cr2O3 [104, 105].

Conductivity of Spinels Another large class of oxides that is relevant for interconnects
are spinels, which are used as interconnect coatings. Therefore, it is important to under-
stand how electron conduction in spinels works and which spinels are highly conductive
and, therefore, suited as interconnect coatings. It is generally assumed that spinels conduct
electrons via a hopping mechanism between octahedral sites [106]. Therefore, good spinel
conductors typically have elements that can accomodate different valence states on the
octahedral sites. This also explains why Cr-containing spinels often exhibit low electrical
conductivities because, in the spinel structure, the only possible oxidation state for Cr
is Cr3+, which has a very strong preference for occupying octahedral sites [107]. An
extensive overview of the conductivities of different spinels was published by Petric et al.
[81] (see Table 2.2). They showed that especially Mn- and Co- or Mn- and Cu-containing
spinels show rather high conductivity and are, therefore, best suited for interconnect
applications. On the other hand, Mn1.2Cr1.8O4 has a very low electrical conductivity,
which is in agreement with the aforementioned limitation of Cr-containing spinels. Simi-
larly, low conductivity values have been reported for MnCr2O4 (σ800 °C = 0.004S cm−1

[108] or σ800 °C = 0.03S cm−1 [109]) and Mn1.7Cr1.3O4 (σ800 °C = 0.14S cm−1 [108]).
These low conductivities can be an issue for interconnects that rely on the formation of a
(Cr,Mn)3O4 as a protective barrier against Cr-evaporation. Therefore, coatings that avoid
the formation of these poorly conductive spinels are preferred as interconnect coatings.

2.3.4 Dual Atmosphere Effect

Component testing, for example the testing of interconnect materials, is commonly done
in a single atmosphere, i.e. either fuel-side atmosphere or air-side atmosphere. However,
the interconnect in a fuel cell is exposed to a dual atmosphere as shown in Figure 2.5.

There have been many different publications [17, 110–113] in the early 2000s that
have analyzed how dual atmosphere affects corrosion behavior. Most researchers have
reported increased corrosion on the air-facing side of ferritic stainless steels at 800 °C,
when hydrogen is present on the other side of the steel. This is compared to when the
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Table 2.2: Conductivity values for different transition metal spinels measured at 800 °C
unless stated otherwise. Data taken from [81]. The conductivities are given in S cm−1.
The most relevant spinel conductivities for this work are marked in bold.

Mg Mn Co Ni Cu Zn

Al
MgAl2O4 MnAl2O4 CoAl2O4 NiAl2O4 CuAl2O4 ZnAl2O4

σ = 10−6 σ = 10−3 σ = 10−5 σ = 10−4 σ = 0.05 σ = 10−6

Cr
MgCr2O4 Mn1.2Cr1.8O4 CoCr2O4 NiCr2O4 CuCr2O4 ZnCr2O4

σ = 0.02 σ = 0.02 σ = 7.4 σ = 0.73 σ = 0.40 σ = 0.01

Mn
MgMn2O4 Mn3O4 CoMn2O4 NiMn2O4 Cu1.3Mn1.7O4 ZnMn2O4

σ = 0.97 σ = 0.10 σ = 6.4 σ = 1.4 σ = 225 (750 °C)

Fe
MgFe2O4 MnFe2O4 CoFe2O4 NiFe2O4 CuFe2O4 ZnFe2O4

σ = 0.08 σ = 8.0 σ = 0.93 σ = 0.26 σ = 9.1 σ = 0.07

Co
MnCo2O4 Co3O4

σ = 60 σ = 6.7

Figure 2.5: Dual atmosphere to which the interconnects in a solid oxide fuel cell are
subjected.

steel is only exposed to air atmosphere. For example, Yang et al. [17] have reported that,
under isothermal conditions, the Cr rich Crofer 22 APU (23 % Cr) formed an iron-rich
spinel top layer, while AISI 430, which has only 17 % Cr, even showed the formation
of Fe2O3 nodules on the air-facing side. Even though other studies have also reported
iron enrichment in the oxide scale in dual atmosphere [110] or the formation of thicker
oxide scales [111, 113], the formation of hematite nodules has only been reported in some
cases [17, 112]. Some studies have not found any significant effect of dual atmosphere
on corrosion behavior [21, 114]. Except for the study by Alnegren et al. [21], all these
studies have focused on high temperatures around or above 800 °C, although the trend
nowadays is towards lower operating temperatures for SOFCs.

The trend towards lower temperatures is mainly explained by the expectation that
these lower temperatures will reduce material degradation, and, thus, allow for the use
of cheaper materials. However, some studies conducted at lower temperatures in either
anode or cathode simulating atmospheres have not confirmed this. For example, Young
et al. [115] have found more corrosion of ferritic stainless steel at 500 to 600 °C than at
650 to 800 °C in simulated anode atmosphere. Niewolak et al. [59] have also reported the
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formation of breakaway oxidation on ferritic and austenitic stainless steels at 600 °C in
anode-simulated atmosphere. In steam atmosphere (Ar + 50 %H2O), Zurek et al. [116]
have found that different FSSs with Cr contents between 9 -12 %Cr showed different
oxidation behaviors between 550 and 650 °C. While some steels oxidized faster at 650 °C
than at 550 °C, other steels showed exactly the opposite behavior and even formed less-
protective, iron-rich oxides at 550 °C. Those authors assert that, at lower temperatures,
either the ”enhanced in-scale diffusion and surface reaction kinetics” result ”in an increase
of the oxidation rate”, or the ”enhanced incorporating of Cr in the scale” result ”in a
decrease of the oxidation rate” [116]. Sanchez et al. [117] have reported that AISI 430
forms a Cr2O3 scale at 800 °C, but a (Fe,Cr)2O3 scale at 650 °C. Their reasoning is the
reduction in Cr diffusion at lower temperatures, which is in agreement with the conclusion
of Zurek et al. [116].

These results at lower temperatures have warranted Alnegren et al. to re-examine the
dual atmosphere effect. For the commercially available steel AISI 441, they found a severe
dual atmosphere effect at 600 °C [20] with the formation of breakaway oxidation on most
parts of the exposed samples, while samples exposed to single atmosphere showed no signs
of breakaway oxidation. Additionally, they also showed that this effect is temperature
inverse, i.e. a more pronounced effect was observed at lower temperatures (600 °C) than
at higher temperatures [21]. Alnegren et al. have suggested that the inverse temperature
dependency is due to a reduction in Cr diffusivity in the bulk at lower temperatures,
which could result in Cr deficiencies beneath the oxide scale and, thus, the formation of
breakaway oxidation.

Even though the mechanism for the dual atmosphere effect is still not understood in
detail, what is certain is that hydrogen is the cause of this effect. This is corroborated by
the high diffusivity of hydrogen through ferritic stainless steels, which is extremely fast,
and, at 800 °C, rates in the mm h-1 range can be expected [114, 118, 119]. Furthermore,
Bredvei Skilbred et al. [110] have reported that, for Sanergy HT at 800 °C, an increase
in hydrogen levels was found in the oxide layer on the air-facing side for samples that
were exposed to dual atmosphere, compared to samples that were exposed to ”air-only”
atmosphere. This further suggests that the hydrogen does diffuse through the alloy.

Different theories have been proposed as to where the hydrogen attacks. Yang et al.
[17, 120], for example, have suggested that, due to the formation of hydroxides in the
oxide scale, accelerated Fe diffusivity occurs, which leads to the formation of iron-rich
oxide scales or even Fe2O3. They have reported that - with the assumption of Cr2O3

being a p-type semiconductor under oxidizing conditions [91] - metal vacancies could form
to compensate for the positive charge created by the substitution of an oxygen anion with
a hydroxide. Due to the metal vacancies, the cation diffusivity could be greatly enhanced
in the scale. Yang et al. [17, 120] have also reported that this is in agreement with earlier
studies by Tveeten et al. [121], who have shown that the presence of hydrogen in Cr2O3

greatly enhances the Cr cation diffusivity in the oxide.

Rufner et al. [111] have proposed that, in addition to enhanced cation diffusivity
in the oxide scale as suggested by Yang et al. [17], the oxygen activity could also be
altered by the presence of hydrogen. Bredvei Skilbred et al. [110] have mentioned that Fe
diffusivity could be increased by the presence of hydrogen, but they have additionally
suggested that hydrogen could form steam inside the oxide scales, which at high pressures
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could lead to pore formation and, thus, faster scale growth and an increase in oxygen
inward diffusion. The latter theory has also been proposed by Holcomb et al. [122].
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Chapter 3

Materials and Methods

3.1 Materials

The composition of all materials used in this work, including their respective thicknesses,
can be found in Table 3.1 and Table 3.2.

Table 3.1: Material composition of ferritic stainless steel Crofer 22 APU (EN 1.4760) in
weight%.

Fe Cr Mn Si Ti C S Al Cu P La

Crofer 22 APU

Bal. 22.92 0.38 0.01 0.06 0.004 <0.002 0.01 0.01 0.005 0.09
Batch: 173288

Paper I
Thickness: 0.3 mm

Table 3.2: Material composition of all studied AISI 441 (EN 1.4509) batches in weight%.

Fe Cr Mn Si Ti Nb Ni C S N

AISI 441

Bal. 17.74 0.30 0.55 0.15 0.37 0.19 0.015 0.002 -
Batch 64313 (hereafter A)

Paper II/III
Thickness: 0.2 mm

AISI 441

Bal. 17.83 0.26 0.55 0.14 0.48 0.13 0.012 0.002 0.016
Batch 63960 (hereafter B)

Paper II
Thickness: 0.2 mm

AISI 441

Bal. 17.56 0.35 0.59 0.17 0.39 0.26 0.014 0.001 0.017
Batch 64534 (hereafter C)

Paper III
Thickness: 0.3 mm

Specific sample geometries were required and different coatings were examined, de-
pending on the experiment conducted. This data is shown in Table 3.3. All coatings were
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applied with physical vapor deposition (PVD) by AB Sandvik Materials Technology. In
Paper I, a short pre-oxidation (3 min in air at 900 °C) was conducted prior to coating.
This was done to suppress the outward diffusion of iron into the Co-oxide layer as reported
previoulsy by Falk-Windisch et al. [87, 123]. For Paper III, some of the samples were
first pre-oxidized and, subsequently, the pre-oxidation layer was removed by grinding (grit
P1200) the hydrogen-facing side, the air-facing side, both sides, or no side. Except for the
case in which no pre-oxidation layer was removed, the resulting thickness of each sample
was approximately 0.2 mm. Before exposure, all materials were cleaned ultrasonically in
acetone and ethanol.

Table 3.3: Sample geometries and applied coatings for all conducted experiments.
*1 Samples were exposed by AB Sandvik Materials Technology; *2 Ground on air-facing
side, hydrogen-facing side, no side, or both sides.

Material Coating
Geometry

Surface Exposure
Paper Inner Outer modification conditions

Pre-oxidation After Pre-ox

15 x 15 mm as-received

500 h
Crofer 22 APU 3 min 600 nm Co 600 °C

Paper I 800 °C 1 500 nm Co stagnant
air 3 000 nm Co laboratory air

AISI 441
10 nm Ce 640 nm Co 30 x 40 mm as-received

up to 37 000 h*1

Batch A & B 800 °C
Paper II box*1 or tube furnace

AISI 441
uncoated 30 x 20 mm as-received

up to 3 000 h
Batch B 800 °C
Paper II tube furnace

AISI 441 uncoated
Pre-oxidation in air at 800 °C
for 0, 11, 45, 180, or 280 min

Circular
� = 21 mm as-received

500 - 1 000 h
Batch A 600 °C
Paper III dual atmosphere

AISI 441 uncoated
Pre-oxidation in air at 800 °C

for 180 min

Circular
� = 21 mm

ground*2

grit P1200

500 h
Batch C 600 °C
Paper III dual atmosphere

3.2 Exposures

The exposure conditions, including temperatures and atmospheres, for all exposures
conducted in this work can be found in Table 3.3. Unless otherwise stated, all exposures
were carried out in tube furnaces (see Figure 3.1a). The experimental setup of a tube
furnace is shown in Figure 3.2.

For Paper I all samples were exposed in a tube furnace, and stagnant laboratory
air was used (see Table 3.3). The exposed samples were characterized after exposure
using x-ray diffraction (XRD), scanning electron microscopy/energy dispersive x-ray
spectroscopy (SEM/EDX), broad-ion beam milling (BIB), and area specific resistance
(ASR) measurements.
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More complex setups were used for all other exposures, which are explained in more
detail in the following.

Figure 3.1: Different furnaces used for exposures. a) Tube furnace used for short-term
exposures and Cr-evaporation measurements, b) Box furnace used for long-term exposures
performed by AB Sandvik Materials Technology.

Figure 3.2: Experimental setup for tube furnace exposures and Cr-evaporation measure-
ments based on Froitzheim et al. [124].

3.2.1 Long-Term Exposures

All long-term exposures (texposure> 3 000 h) were performed by AB Sandvik Materials
Technology (SMT). The samples were exposed at 800 °C in a box furnace. The two
different furnaces available for exposures can be seen in Figure 3.1: tube furnace (Figure
3.1a) and box furnace (Figure 3.1b). Both furnaces have different advantages and are,
thus, used for different experiments. The main advantage of a box furnace is that it
allows for a high throughput of samples, thus decreasing the experiment cost. Therefore,
this furnace is favored for long-term exposures. The drawbacks of this furnace type are
that the atmosphere and the direct temperature the samples are exposed to is not fully
controllable. On the other hand, tube furnaces have limited capacities with a maximum
of three samples for Cr-evaporation measurements and six samples for other exposures.
However, tube furnaces allow for well-defined exposure conditions with exact temperatures
and a controlled atmosphere with a predefined flow and humidity.
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Because of these advantages and disadvantages long-term exposures (texposure> 3 000 h)
of Ce/Co-coated AISI 441 were carried out in box furnaces. The mass gain was recorded
regularly by AB Sandvik Materials Technology. This resulted in discontinuously exposed
samples. For further analysis, such as microstructural analysis, Cr-evaporation measure-
ments, and ASR measurements, samples were taken out after 7 000 h, 23 000 h, 35 000 h,
and 37 000 h. Two different AISI 441 batches were used for these long-term exposures
(see Table 3.2). Batch A was exposed for 37 000 h and was, subsequently, used for Cr-
evaporation measurements, whereas batch B was exposed for 7 000 h, 23 000 h, and 35 000 h,
and, subsequently, area specific resistance values were recorded. To have Cr-evaporation
data and ASR values for samples exposed for shorter times, Ce/Co-coated AISI 441 (batch
B) and uncoated AISI 441 (batch A) were additionally exposed isothermally in a tube
furnace for 1 000 h. Ce/Co-coated AISI 441 (batch B) was also exposed isothermally for
3 000 h in a tube furnace, and ASR values were subsequently obtained. All tube furnace
exposures were conducted in air/3 % H2O and a flow rate of 6 000 sml ·min−1.

3.2.2 Cr-Evaporation Measurements

As mentioned in Chapter 2.2.4, Cr-evaporation is a major issue for the longevity of a
solid oxide fuel cell. Therefore, it is necessary to quantify the Cr-evaporation that occurs
during the exposure of interconnects. Froitzheim et al. [124] have developed a method
that allows for in-situ determination of Cr-evaporation. The basis for this method is
Reaction 3.1 and the experimental setup in Figure 3.2.

CrO2(OH)2(g) +Na2CO3(s) −→ Na2CrO4(s) +H2O(g) + CO2(g) (3.1)

The coated denuders (see Figure 3.2) were exchanged regularly during exposure.
They were then rinsed with deionized water and the Cr concentration in the solution
was quantified with UV-VIS spectrophotometry (see Chapter 3.3.1). A high air flow of
6 000 sml ·min−1 ensured kinetically controlled and, thus, flow-independent Cr-evaporation
[124]. As can be seen in Equations 2.14 and 2.15, the formation of volatile Cr-species,
such as CrO2(OH)2, is dependent on the presence of H2O, therefore, 3 % water vapor
was employed for all Cr-evaporation measurements. Three 1.5 x 1.5 cm samples were
measured at the same time. However, long-term exposed samples that were provided by
Sandvik Materials Technology were 3 x 4 cm and, therefore, too large. These samples were
cut-down to 3 x 2 cm with a low-speed saw to achieve a similar surface area and so that
the samples would fit in the furnace.

3.2.3 Dual Atmosphere Exposures

Dual atmosphere exposures were conducted to investigate the dual atmosphere effect
with a particular focus on pre-oxidation. The sample holder visualized in Figure 3.3 was
used to expose samples to a dual atmosphere. This sample holder was based on a design
from Montana State University. Further detailed information about the dimensions of
the sample holder can be found in [111, 112, 122]. The sample holder had a total of six
sample slots, three on one side (visible in Figure 3.3) and three on the other side (not
visible in Figure 3.3). Gold gaskets were used to ensure gas tightness, and tightness was
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controlled before and during exposure. The six samples could be exposed simultaneously
either to dual atmosphere or three samples to dual atmosphere and three samples to
single atmosphere. Gas compositions and flow rates are given in Figure 3.3. The humidity
of each gas was achieved by bubbling the gas through water heated to 24.4 °C, which
leads to a humidity of 3 % water vapor. All dual atmosphere exposures were conducted
at 600 °C.

Two different experiments were conducted to determine the role of pre-oxidation in
dual atmosphere exposures. All pre-oxidations were achieved at 800 °C in a low and humid
air flow (3 % H2O). Further details for both experiments are given in the following.

Figure 3.3: Dual atmosphere sample holder.

Pre-oxidation Time Five different pre-oxidation times were used to determine the
influence of pre-oxidation time on corrosion behavior: 0 min, 11 min, 45 min, 180 min, and
280 min. The exposure was run discontinuously for 1 000 h. The exposure was interrupted
after 24 h, 168 h, 500 h, and 730 h to document the progress of corrosion, and photos
were taken of all samples. After exposure, more extensive analysis with SEM/EDX was
conducted of the top view and cross sections prepared with BIB.

Pre-oxidation Location To understand if the pre-oxidation layer on the hydrogen-
facing side or the pre-oxidation layer on the air-facing side is more beneficial for the
mitigation of the dual atmosphere effect, samples were first pre-oxidized for 180 min.
Subsequently, the pre-oxidation layer was removed from both sides, the air-facing side or
the hydrogen-facing side, by grinding with grit P1200. The pre-oxidation layers on both
sides of one sample were left intact. Double samples were prepared for the most relevant
cases, i.e. the pre-oxidation layer present on the air-facing side or the hydrogen-facing
side. The summarized scheme for this experiment is shown in Figure 3.4. The dual
atmosphere exposure was run isothermally for 500 h. After exposure, extensive analysis
with SEM/EDX was conducted on the sample surface and on cross sections prepared with
BIB.
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Figure 3.4: Scheme for pre-oxidation location experiment [125]. AISI 441 samples were
first pre-oxidized for 3 h at 800 °C in air, and then the oxide layer was removed by grinding
(grit P1200).

3.3 Analytical Methods

After exposure, different analytical methods were employed to examine and characterize
the progress of corrosion. Different techniques are described further in the following, and
specifics about the instruments used are given.

3.3.1 Spectrophotometry

Quantification of light-absorbing ions or molecules in a solution can be achieved with
spectrophotometry. This technique is based on the fact that the intensity of light passing
through a solution containing light-absorbing molecules or ions will be reduced. To measure
this absorbance, a photometer is used. The Beer-Lambert law (see Equation 3.2) describes
the relation between the absorbance A and the concentration of the light-absorbing species
c.

A = log10

I0
I

= ελ · c · l, (3.2)

where I0 is the initial light intensity, I is the light intensity after passing through the
cuvette, ελ is the wavelength-dependent molar absorption coefficient, and l is the path
length through the sample (cuvette thickness).

Hexavalent Cr solutions obtained with the Cr-evaporation measurements were analyzed
using this technique, and the concentration of Cr could be determined. These Cr(VI)-
solutions exhibited a high absorption at λ = 370nm, therefore, all measurements were
carried out at that wave-length. Further details on this analysis technique can be found
in [126].
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3.3.2 Area Specific Resistance

Area specific resistance (ASR) measurements were conducted in Papers I and II to
examine the dependence of resistance on the thickness of the oxide layers present in
exposed samples. Only ex-situ measurements were conducted. This was done due to
previously published results by Grolig et al. [67, 92], who had observed an effect of Pt on
the overall resistance of a sample during in-situ measurements.

To measure the ASR value of an exposed sample, an area of 1 x 1 cm2 was sputter coated
with a roughly 100 nm thin Pt layer using the Quorom 150 sputter coater and, subsequently,
the sputtered area was painted with platinum paste (Metalor 6926). Afterwards, the
samples were dried at 150 °C for 10 min and then sintered at the exposure temperature
for 1 h to remove all remaining binders from the Pt paste. This process is illustrated in
Figure 3.5. To measure the ASR values, a NorECs Probostat (Norway) in combination
with a Keithley 2400 source meter was used for four-point probe measurements in DC
mode (see Figure 3.6). A current of 100 mA was chosen for all measurements, and the
ASR was measured at the exposure temperature and during the cooling period to verify
semi-conducting behavior. More details on the measurement setup can be found in [67,
92].

Figure 3.5: Schematic drawing of the electrode preparation process [92].

3.3.3 X-Ray Diffraction

X-ray diffraction is commonly used for structure analysis, phase identification, and
analysis of phase composition of crystallized materials. With this technique, incoming
monochromatic x-ray beams (for example CuKα) are diffracted from the different lattice
planes of a crystallized substance. A diffraction pattern is created by the scattered x-ray
beams that were in phase, i.e. constructive interference, as only these show reasonable
intensities. Constructive interference only occurs when the Bragg equation (see Equation
3.3) is fulfilled. This equation defines the relationship between the lattice plane spacing,
dhkl, and the angle in which the incoming x-ray beam meets the lattice plane, θhkl (see
Figure 3.7a) [127].

nλ = 2dhkl sin θhkl, (3.3)

where n is an integer and λ is the x-ray beam wavelength.

All XRD patterns were recorded with Bragg-Brentano geometry (see Figure 3.7b) on
a D5000 diffractometer with CuKα radiation (λ = 1.54178Å) and over the angular range
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Figure 3.6: ASR setup with a mounted sample pictured on the upper left side, the Probostat
top is on the lower left side, and the entire setup, including furnaces is on the right side
[92].

20° ≤ 2θ ≤ 70°. XRD was used for phase composition analysis of the oxide layers formed
on exposed steel samples.

Figure 3.7: Schematic drawing of a) Bragg’s law and b) Bragg-Brentano geometry.

32



3.3. ANALYTICAL METHODS

3.3.4 Broad Ion Beam Milling

To prepare cross sections up to a millimeter scale without negatively impacting the thin
oxide layers, a broad ion beam mill was used. Broad ion beam milling is achieved by
bombarding ions, in this case Ar ions, onto a sample and, thus, slowly removing layer by
layer of the sample surface. The resulting cross section is smooth and typically shows
less mechanical damage than if other ways of preparing cross sections were used, such as
mechanical polishing.

To properly protect the thin oxides and to achieve better contrast in subsequent SEM
analysis, BIB samples were coated with a thin Au or Pt layer, and a Silicon wafer was
glued on top. Prior to milling, the samples were cut in half perpendicular to the rolling
direction of the material to ensure that the cross section is representative of the sample
center. A Leica EM TIC 3 X and voltages around 6.5 keV were used. The resulting cross
sections were then analyzed using SEM.

3.3.5 Scanning Electron Microscopy/Electron Dispersive X-Ray
Spectroscopy

Scanning electron microscopy is a useful tool to analyze the microstructure of steel samples
that have been exposed to high temperatures. In comparison to optical microscopy, the
resolution of scanning electron microscopy is in the nanometer range, making it a useful
tool to visualize the thin oxide layers that form on steel samples. In a scanning electron
microscope, accelerated electrons interact with the surface layers of a sample. This
interaction results in the excitation of different emissions, such as secondary electrons,
backscattered electrons, or x-ray radiation, which can be separately detected by different
detectors. To understand what information these different emissions give, it is important
to know how they are generated (see Figure 3.8a-c) and what their interaction volume
is, as each emission has a different interaction volume (see Figure 3.8d) [128–130]. Two
different SEMs were used: a Zeiss Ultra 55 FEG-SEM and a FEI Quanta FEG 200
ESEM, both of which were equipped with an energy dispersive x-ray detector. Secondary
and backscattered electrons were used for imaging purposes, and energy dispersive x-ray
spectroscopy was used for compositional analysis. These signals are explained more closely
in the following.

Figure 3.8: Schematic drawing of how different SEM signals are produced (a-c) and
their respective interaction volume (d). The three depicted SEM signals are a) secondary
electrons, b) backscattered electrons and c) x-ray radiation [128, 129].
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Secondary Electrons Primarily secondary electrons are used to gain information
about the surface topography, as these electrons only interact with the outermost surface
of the sample (see Figure 3.8d) and are, subsequently, highly surface sensitive. They are
generated by inelastic scattering of an incoming electron beam on an electron in an atom,
thus ejecting the electron from the atom (see Figure 3.8a). The ejected electron is called
the secondary electron and its energy is usually below 50 eV [130].

Backscattered Electrons Compositional information about the sample surface is
given by backscattered electrons, as heavier elements lead to an increase in backscattered
electrons and, subsequently, an increase in signal and in the brightness of the image.
These electrons are generated by elastic scattering of the incoming electron beam on the
atom nuclei (see Figure 3.8b). The energy of backscattered electrons is much higher than
that of secondary electrons, leading to a higher interaction volume (see Figure 3.8d) and
a lower image resolution [130].

Energy Dispersive X-Ray Spectroscopy EDX is used for more exact compositional
information. To collect EDX spectrums, a primary electron beam ejects an electron from
the inner shell of an atom. This void is then filled by an electron from an outer shell, and
the energy difference between both shells is released as an x-ray photon with a specific
energy (see Figure 3.8c). The energy of the x-ray photon is characteristic for each element
as it is defined by the energy difference of the two shells, which depends on the atomic
number and the energy levels that took part in the excited and relaxed states. Because
x-ray radiation can penetrate the sample to a much further extent than secondary or
backscattered electrons, the interaction volume of this radiation is much greater, and the
resolution is much lower (see Figure 3.8d) [130].
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Chapter 4

Results and Discussion

4.1 Influence of Cobalt Coating Thickness on the Area
Specific Resistance

Different coatings are usually applied onto the substrate to increase corrosion resistance of
ferritic stainless steels (see Chapter 2.3.2). However, how much different coatings influence
the electrical conductivity of the interconnect is currently under discussion. As mentioned
in Chapter 2.3.3, different oxides exhibit different conductivities, and sometimes adding
a dopant increases the conductivity of an oxide scale immensely. Therefore, countless
publications concentrate on increasing the conductivity of a coating [11, 18, 131–139].
However, in addition to the coating, the continuously growing Cr2O3 underneath the
coating also contributes to the overall resistance of an interconnect. As mentioned in
Chapter 2.3.3, the conductivity of Cr2O3 is extremely low compared to that of standard
spinel coatings. For example, the moderately conductive Co3O4 has a conductivity of
σCo3O4

= 6.7S cm−1 at 800 °C, which is still more than a factor of 100 greater than one
of the highest recorded conductivities for Cr2O3 (σCr2O3

= 0.05S cm−1 [90]). Therefore,
the question arises does the conductivity of the coating even matter, or is its impact
on the overall conductivity of the interconnect negligible compared to the impact of the
thermally grown Cr2O3.

To investigate the influence of coating resistance on the overall resistance of an
interconnect, three different Co coating thicknesses (600 nm, 1 500 nm, and 3 000 nm) on
Crofer 22 APU were exposed in air at 600 °C for 500 h. These exposure settings were
chosen as a worst-case scenario for interconnects in SOFCs, as the Cr2O3 layer is expected
to be thin (below 100 nm) after this timeframe and at these low temperatures. The
ASR was measured of all samples after exposure. If it is found that the oxidized Co
coating contributes to the overall resistance of an interconnect, high ASR values should
be measured for the thick Co coatings, and low ASR values should be measured for the
thin Co coatings.

4.1.1 Microstructural and Compositional Analysis

The SEM micrographs (Figure 4.1a-d) for Co-coated Crofer 22 APU samples exposed
for 500 h at 600 °C showed similar oxidizing behavior for all pre-oxidized samples. A
thick Co3O4 toplayer was present, and, underneath this layer, a thin, roughly 35-45 nm
thermally grown Cr2O3 had formed. While the Cr2O3 layer was roughly the same for all
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pre-oxidized cases, the thickness of the outer Co3O4 layer was dependent on the Co-coating
thickness. The three Co-coating thicknesses, 600 nm, 1 500 nm, and 3 000 nm resulted in
1.2µm, 2.8µm, and 5.7µm thick Co3O4. The increase in volume of the coating is in line
with the PBR value for Co (1.98, see Table 2.13). EDX analysis confirmed that the Co3O4

layer in all pre-oxidized cases was nearly pure, and only very low Cr (< 0.9 atomic%),
Fe (< 0.9 atomic%), and Mn (< 0.2 atomic%) levels were detected. Spallation occurred
on some of the samples with a 3 000 nm thick Co coating, therefore, a SEM micrograph
of a non-spalled sample and one of a spalled sample are depicted in Figure 4.1c and d,
respectively. Diffusion of Fe into the Co-coating of the non-pre-oxidized sample led to
the formation of an additional (Co,Cr,Fe)3O4 layer between the Co3O4-layer and the
thermally grown Cr2O3. This phenomenon has been discussed in great detail in [87] and
[123].

Figure 4.1: SEM micrograph of cross sections of Co-coated Crofer 22 APU exposed for
500 h at 600 °C. All samples were Co-coated according to the following specifications: a)
pre-oxidized sample with 600 nm Co coating, b) pre-oxidized sample with 1 500 nm Co
coating, c) pre-oxidized sample with 3 000 nm Co coating, d) pre-oxidized sample with
3 000 nm Co coating, which showed signs of spallation after exposure, and e) non-pre-
oxidized sample with 1 500 nm Co coating. The phases are identified as follows: i) substrate
alloy, ii) Cr2O3, iii) Co3O4, iv) Pt electrode, v) spallation crack, and vi) (Co,Cr,Fe)3O4.
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RESISTANCE

Two phases were identified using XRD diffractometry for the pre-oxidized and non-
pre-oxidized samples (Figure 4.2): the substrate, Crofer 22 APU (A), and the Co3O4

spinel phase (S). The reason why no other phases could be identified using XRD was
probably due to the thickness of the Co3O4 layer. The thermally grown Cr2O3 was very
thin in comparison to the Co3O4 layer (Figure 4.1). A more in-depth XRD analysis of
non-pre-oxidized 1 500 nm Co-coated Sanergy HT, which was exposed at 650 °C, can be
found in [123]. In this work the authors, Falk-Windisch et al. [123], carefully removed
the upper Co3O4 layer by grinding, and all phases could be identified.

Figure 4.2: X-ray diffractogram of Co-coated Crofer 22 APU exposed for 500 h at 600 °C.
The phases were identified as follows: substrate alloy (A) and Co3O4 (S).

4.1.2 Area Specific Resistance

The ASR values for all pre-oxidized, non-spalled samples were between 8 and 12 mΩcm2,
independent of the Co-coating thickness, and a rather small spread was observed (Figure
4.3). This strongly suggests that the Co coating did not significantly influence the overall
conductivity of the interconnect.

The higher ASR values and their wide spread for pre-oxidized spalled samples (ASR
between 16 to 37 mΩcm2) and non-pre-oxidized samples (ASR between 23 to 50 mΩcm2)
can be explained by examining the SEM micrographs (Figure 4.1d and e). In the former
samples, the spallation not only led to a loss of contact and subsequent higher ASR
values, but, depending on the degree of spallation that occurred on each sample a wide
spread was not surprising. On the other hand, in the latter samples the presence of a
(Co,Cr,Fe)3O4 layer was probably the reason for both: high ASR values, due to the lower
conductivity of the mixed spinel compared to the conductivity of the rather pure Co3O4,
and the wide spread, due to the inhomogeneity of this mixed spinel layer and the big
difference in thickness of this layer.
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Figure 4.3: Area specific resistance of Co-coated Crofer 22 APU exposed for 500 h at
600 °C. Circles correspond to samples that were pre-oxidized prior to Co coating and
samples depicted as triangles were not pre-oxidized prior to Co coating. Empty symbols
indicate samples that showed signs of spallation. Error bars indicate standard deviations.

The experimental results - that in most cases the conductivity of the coating does
not matter for the overall conductivity of the interconnect - was corroborated with
calculations based on Equations 2.20, and 2.21, in Chapter 2.3.3 and literature values for
the conductivities of Co3O4 and Cr2O3 (Table 4.1). The expected ASR values, according
to the conductivity values in Table 4.1 can be calculated with Equation 4.1.

ASRcal = 2 ·RT (Co3O4) + 2 ·RT (Cr2O3), (4.1)

where the factor 2 is due to the fact that the oxide is formed on both sides, ASRcal

is the calculated ASR value, and RT(Co3O4) and RT(Cr2O3) are the resistance of the
respective oxides at temperature T.

There are many reasons for the deviation of the experimental ASR (ASRexp(600 °C) ≈
8 mΩcm2) and the calculated ASR (ASRcal(600 °C) = 3.38 mΩcm2; according to Equation
4.1) for a 600 nm thick Co coating. These include impurities in the thermally grown Cr2O3,
variations in the thickness of the Cr2O3 and/or Co3O4 layer and the presence of partial
pressure gradients through the oxide layers. However, the greatest limitation for these
theoretical calculations is probably the large spread of values reported for the conductivity
and activation energy of Cr2O3, which was discussed in Chapter 2.3.3. The reported
conductivity and activation energy of Park et al. [97] were used for our calculations, as
their values are very similar to the average values found in many publications [91–99].
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Table 4.1: Literature values and calculated values for the conductivity and corresponding
resistance of Co3O4 and Cr2O3. Ea and σ800 °C correspond to literature values, σ600 °C
was calculated using Equation 2.20, L represents the thickness of the observed oxide layer
obtained from the cross sections (Figure 4.1), and R600 °C was calculated according to
Equation 2.21 with the area A = 1 cm2.

Ea (eV) σ800 °C (S·cm-1) σ600 °C (S·cm-1) L (nm) R600 °C (mΩ)

Co3O4 0.79 [140] 6.7 [81] 0.94
1 200 0.13
5 700 0.60

Cr2O3 0.46 [97] 0.008 [97] 0.0026 40 1.56

4.2 Long-Term Exposed Ce/Co-Coated AISI 441

Two main factors are of importance for widespread commercialization of solid oxide fuel
cell technology to be successfull: the long-term stability of the systems and the material
cost. As mentioned in Chapter 2.3 both factors can be strongly influenced by the choice
of the interconnect material in combination with the use of coatings. One strategy to
reduce costs is the use of cheap commercially available steels, such as AISI 441, instead of
expensive steels, such as Crofer 22 APU. However, coatings are essential to guarantee
a long lifetime. Currently, one of the state-of-the art coatings is the Ce/Co coating,
as mentioned in 2.3.2 and [19]. To examine the long-term stability of Ce/Co-coated
(10 nm Ce + 640 nm Co) AISI 441, AB Sandvik Materials Technology exposed the steel
discontinuously for up to 37 000 h at 800 °C. Subsequent analysis was carried out at
Chalmers.

4.2.1 Mass Gains

Long-term (up to 37 000 h) exposed Ce/Co-coated AISI 441 exhibited near parabolic
behavior (Figure 4.4). A slight deviation in mass gain between the two different batches
was found. This could be due to a slight variation in the composition of the materials.
The mass gain of Ce/Co-coated AISI 441 that was exposed in a tube furnace for 1 000 h
was comparable to the mass gain of Ce/Co-coated AISI 441 exposed in a box furnace.
However, after 3 000 h, a lower mass gain was observed for the samples exposed in a
tube furnace. This can be due to the fact that the tube furnace exposure was conducted
isothermally, whereas the samples exposed in the box furnace were regularly cooled down
to continuously record mass gain.

4.2.2 Microstructural Investigation

The microstructural investigation of samples exposed for 7 000 h, 23 000 h, and 35 000 h
showed similar results for all three time lengths (Figure 4.4). A thick thermally grown
Cr2O3 layer was found below the oxidized Co coating. The (Co,Mn)3O4 layer of all
samples was roughly between 1 - 1.5µm, while the Cr2O3 layer was 5µm thick after
7 000 h, 12 -15 µm thick after 23 000 h, and 17 - 20µm thick after 35 000 h of exposure.
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Figure 4.4: Mass gain for AISI 441 exposed up to 37 000 h at 800 °C. Samples were exposed
either in box furnaces (BF) by Sandvik Materials Technology or in tube furnaces (TF) at
Chalmers. Two different batches (filled vs. open circles) were exposed for the long-term
samples, and their mass gains are average values over a range of samples. The overall
exposure time was 35 000 h for the batch that was used for subsequent ASR measurements
(open circles), and 37 000 h for the batch that was used for subsequent Cr-evaporation
measurements (filled circles).

Figure 4.5: SEM-Backscattered electron (BSE) images of BIB-milled cross sections of
Ce/Co-coated 441 samples exposed at 800 °C in laboratory air. Exposure times were a)
7 000 h, b) 23 000 h and c) 35 000 h. The present layers were identified with EDX as i)
Glue, ii) (Co,Mn)3O4, iii) Cr2O3, and iv) steel substrate.

4.2.3 Cr-Evaporation

Cr-evaporation measurements showed relatively low Cr-evaporation rates for Ce/Co-coated
AISI 441 even after 37 000 h of exposure (Figure 4.6) compared to the Cr-evaporation
rate for uncoated AISI 441. Uncoated AISI 441 had an average Cr-evaporation rate of
1.8 · 10-4 mg cm-2h-1, whereas the average Cr-evaporation rate was 9.9 · 10-6 mg cm-2h-1 for
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Ce/Co-coated AISI 441 exposed in a tube furnace for 1 000 h, and 2.5 · 10-5 mg cm-2h-1 for
Ce/Co-coated AISI 441 exposed in a box furnace for 37 000 h. The elevated Cr-evaporation
rate after the long-term exposure compared to the short-term exposure probably had
two reasons. First, the long-term exposure was carried out in stagnant laboratory air,
and an accumulation of Cr in the coating can occur in this atmosphere. However, a
constant humid air flow was blown over the sample during Cr-evaporation measurements,
thus, leading to the evaporation of the accumulated Cr in the material. This especially
can explain the decline in Cr-evaporation rate during the first two measurements (inset
in Figure 4.6). Second, as mentioned in 3.2.2, the samples had to be cut down after
the long-term exposure and before the Cr-evaporation measurements, which gave an
unexposed and uncoated edge. This could explain the slight increase in Cr-evaporation
rate.

Figure 4.6: Rate of Cr-evaporation as a function of time for AISI 441 exposed up to 38 100 h
at 800 °C. Samples were exposed either in box furnaces (BF) by AB Sandvik Materials
Technology or in tube furnaces (TF) at Chalmers. The Cr-evaporation measurements were
all conducted in tube furnaces.

4.2.4 Area Specific Resistance

Low ASR values were measured for long-term exposed Ce/Co-coated AISI 441 (Figure
4.7). Similar to the mass gains observed for this material, the increase in ASR values
followed a parabolic trend. This is not surprising as according to Chapter 4.1 and Paper
I the ASR is mainly dependent on the thermally grown Cr2O3 layer. However, a new
question arose in view of this: according to the theoretical calculations undertaken in
Table 4.1 and Equation 4.1, the ASR for a 20µm thick Cr2O3 layer (on both sides of the
sample) should be around 500 mΩcm2 after 37 000 h of exposure. This discrepancy can be
explained with three different approaches. First, it is possible that the Cr2O3 layer was
doped, for example, with Fe or Mn. This would greatly impact conductivity and could
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lead to much lower ASR values than expected. Second, as can be seen especially in Figure
4.5 the thickness of the Cr2O3 layer varies dramatically. This could lead to much lower
ASR values if the electrons diffuse through the thinner part of the Cr2O3 layer. And
finally, the oxygen partial pressure gradient that exists throughout the scale could have a
beneficial effect on resistance. In the future, further analysis, such as TEM/EDX analysis
or glow-discharge optical emission spectroscopy (GDOES), will hopefully answer the
question if impurities are present in the Cr2O3 layer, while the preparation and analysis
of additional cross sections will result in a better statistical overview of the thickness of
the Cr2O3 layer and how much this deviates.

Figure 4.7: ASR for AISI 441 exposed up to 37 000 h at 800 °C. Samples were exposed
either in box furnaces (BF) by AB Sandvik Materials Technology or in tube furnaces (TF)
at Chalmers. Error bars indicate standard deviations.

In general, the low Cr-evaporation rates and the low ASR values after long-term
exposure suggest that Ce/Co-coated AISI 441 shows promising long-term stability in air
atmosphere at 800 °C.

4.3 Pre-oxidation and its Influence on the Dual At-
mosphere Effect

As mentioned in Chapter 2.3.4, the dual atmosphere effect leads to increased corrosion
on the air-facing side of uncoated AISI 441 at 600 °C in dual atmosphere compared to
single atmosphere. In previous studies by Alnegren et al. [141], a beneficial effect of
pre-oxidation was observed in dual atmosphere. This effect was examined more closely
in Paper III with regard to two different parameters: the pre-oxidation time and the
pre-oxidation location, i.e. pre-oxidation layer present on the fuel-facing side or on the
air-facing side.
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4.3.1 Influence of Pre-oxidation Time on Corrosion Behavior in
Dual Atmosphere

A clear dependence of the pre-oxidation time on the corrosion resistance of uncoated
AISI 441 in dual atmosphere was found (Figure 4.8). This dependence shows that longer
pre-oxidation times lead to an increase in corrosion resistance. The reverse conclusion
that shorter pre-oxidation times lead to an earlier onset of breakaway corrosion could,
within limitations (e.g. coatings might need long pre-oxidation times), also allow for
accelerated testing.

Figure 4.8: Photographs of the air-facing side of AISI 441 taken during discontinuous dual
atmosphere exposure at 600 °C. The numbers at the bottom of each picture rate the progress
of corrosion. Each number is defined as follows: 1 = only protective behavior present,
2 = mostly protective behavior present, 3 = mostly corroded surface, and 4 = completely
corroded surface.

Scanning electron microscopy confirmed that longer pre-oxidation times led to an
increase in corrosion resistance (Figure 4.9). Thick iron-rich oxide layers were found
on the air-side of non-pre-oxidized and 11 min pre-oxidized AISI 441, whereas 45 min
pre-oxidized and 180 min pre-oxidized samples showed iron-rich nodules on a protective

43



CHAPTER 4. RESULTS AND DISCUSSION

oxide, and 280 min pre-oxidized AISI 441 showed hardly any iron-rich oxides on the entire
surface.

Figure 4.9: SEM micrographs of the air-facing surface of AISI 441 exposed to dual
atmosphere for 1 000 h at 600 °C. 5 different pre-oxidation times were employed: 0 min,
11 min, 45 min, 180 min, and 280 min.

The cross section of the air-facing side of 11 min pre-oxidized AISI 441 that was
exposed in dual atmosphere for 1 000 h formed a roughly 37µm thick breakaway oxidation
layer (Figure 4.10). This layer consisted of two different oxides. The top layer had a Fe:O
ratio of 2:3 and, for this reason, was expected to be hematite, and the lower oxide was
assumed to be a mixed (Fe,Cr)3O4 spinel. This microstructure of breakaway corrosion was
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found for all pre-oxidation times regardless if the entire surface was covered by breakaway
corrosion or if only small iron-rich nodules were found on the surface. More detailed
microstructural investigations on the iron-rich nodules formed on the air-facing side in
dual atmosphere can be found in Paper III and in [20, 21, 141]. 11 min pre-oxidized AISI
441 also formed an iron-rich oxide layer on the hydrogen-facing side (Figure 4.10). A
similarly slightly thicker iron-rich oxide layer was also found on the hydrogen-facing side
of the non-pre-oxidized sample. Further analysis with XRD and TEM to understand the
microstructure of this iron-rich oxide layer is still needed. However, no iron rich oxide
was found on the fuel-facing side of samples pre-oxidized longer than 11 min. Instead, a
protective Cr-rich oxide scale was present even after 1 000 h of dual atmosphere exposure.

Figure 4.10: SEM micrograph of the cross section of AISI 441 that was pre-oxidized for
11 min and, subsequently, discontinuously exposed to dual atmosphere for 1 000 h at 600 °C.

4.3.2 Influence of Pre-oxidation Location on Corrosion Behavior
in Dual Atmosphere

Two different hypotheses for the beneficial effect of pre-oxidation in dual atmosphere
have been suggested. First, the formation of a protective oxide layer on the air-facing
side slows down the oxidation of the alloy and, subsequently, reduces the consumption of
Cr, or second, the presence of the pre-oxidation layer on the fuel-facing side slows down
the ingress of hydrogen into the alloy. The results in Paper III show that the beneficial
effect of pre-oxidation is mainly, if not exclusively, due to the pre-oxidation layer on the
fuel-facing side (Figure 4.11 and Figure 4.12). This strongly suggests that the latter
theory for the beneficial effect of pre-oxidation is true: namely, that the reduced hydrogen
ingress into the alloy due to the presence of a protective oxide layer on the fuel-facing
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side is the reason for the beneficial effect of pre-oxidation. This is also in agreement with
studies by Kurokawa et al. [114, 119], who have found that hydrogen permeation through
Cr2O3 is substantially lower than through ferritic stainless steels. Those authors reported
a 94 % decrease in hydrogen permeation for a 760 nm thick oxide scale (on one side of
the alloy) compared to the bare alloy. Figure 4.11 also shows that samples on which the
air-facing side was ground, i.e. samples e and f, had improved corrosion resistance in
dual atmosphere compared to the sample that was not ground, i.e. sample b. An effect
of surface modification on corrosion behavior has previously been discussed in different
studies [59, 142, 143], and a beneficial effect of grinding was specifically observed by
Niewolak et al. [59].

Figure 4.11: Photographs of the air-facing side of AISI 441 exposed to dual atmosphere
for 500 h at 600 °C. All samples were pre-oxidized for 180 min in air prior to exposure
and, subsequently, one or two or no oxide layers were removed by grinding the sample.
The letters a-f identify the different samples as follows: a) pre-oxidation removed from
both sides, b) pre-oxidation layer present on both sides, c) and d) pre-oxidation layer
removed from the hydrogen-facing side, and e) and f) pre-oxidation layer present on
the hydrogen-facing side. The numbers at the bottom of each picture rate the progress
of corrosion. Each number is defined as follows: 1 = only protective behavior present,
2 = mostly protective behavior present, 3 = mostly corroded surface, and 4 = completely
corroded surface. Detailed SEM analysis was performed on the samples marked with i and
ii.
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Figure 4.12: SEM micrographs of the air-facing side of AISI 441 exposed to dual atmosphere
for 500 h at 600 °C. The samples were pre-oxidized prior to exposure for 180 min in air
and, subsequently, the oxide layer on either the air-facing side or the hydrogen-facing side
was removed by grinding the sample. A) corresponds to the sample where the oxide layer
on the hydrogen-facing side was removed, and b) corresponds to the sample where the
oxide layer on the hydrogen-facing side was present.
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Chapter 5

Summary and Outlook

The degradation mechanisms of ferritic stainless steels used as interconnects in SOFCs
were examined in the present work. Three different aspects were analyzed in detail:

• The influence of Co coating and thermally grown Cr2O3 on the overall resistance of
an interconnect exposed to air atmosphere at 600 °C.

• The longevity of a Ce/Co-coated AISI 441 at 800 °C.

• The dual atmosphere effect at 600 °C with regard to the impact of a pre-oxidation
step implemented prior to dual atmosphere exposure at 600 °C.

It was found that Co-coated Crofer 22 APU, which was exposed for 500 h at 600 °C,
had similar ASR values between 8 and 12 mΩcm2 regardless of the Co3O4 thickness. This
strongly suggests that the thermally grown Cr2O3 layer present beneath the Co3O4 layer
is the main factor contributing to the overall ASR values. This finding was corroborated
with theoretical calculations that showed that the rather poorly conductive Cr2O3 was in
most cases, the dominant contributor to the overall ASR. Therefore, attempts to make the
spinel coating more conductive should not be the main focus of further research. Instead,
the focus should be on decreasing the growth rate of Cr2O3. This can be achieved by
adding reactive elements, such as Ce, either to the substrate material or as a coating.

Additionally, the longevity of Ce/Co-coated AISI 441 was demonstrated. This material
was exposed by AB Sandvik Material Technology for up to 37 000 h at 800 °C. Cr-
evaporation measurements after exposure showed that the Cr-evaporation rate of the
long-term exposed samples did not differ much from the rate observed for Ce/Co-coated
AISI 441, which was only exposed for 1 000 h. Furthermore, ASR measurements for
samples exposed for 7 000 h, 23 000 h, and 35 000 h showed parabolic behavior and very low
ASR values even after 35 000 h (ASR ≤ 40mΩcm2). This suggests that Ce/Co coatings
are highly effective against Cr-evaporation and in reducing the growth rate of Cr2O3 even
after an exposure for 37 000 h.

Two factors were investigated to further examine the influence of pre-oxidation on the
corrosion behavior of uncoated AISI 441 in dual atmosphere at 600 °C: the length of the
pre-oxidation and the location of the pre-oxidation (hydrogen side or air side). It was
discovered that an increase in resistance against the dual atmosphere effect was present for
longer pre-oxidation times. For example, 280 min pre-oxidized AISI 441 showed hardly any
signs of corrosion after 1 000 h of dual atmosphere exposure, while quite severe corrosion
was found after the same timeframe with shorter pre-oxidation times. Furthermore, it was
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also demonstrated that the pre-oxidation layer on the fuel-facing side is more important
for corrosion resistance in dual atmosphere than the pre-oxidation layer on the air-facing
side. Both discoveries give more insight into the dual atmosphere effect: the main reason
for the beneficial effect is the decrease in the dissolution of hydrogen in the steel in the
presence of a pre-oxidation layer. The results suggest that thicker pre-oxidation layers
on the fuel-facing side lead to a decrease in hydrogen dissolution in the steel. This is in
agreement with Kurokawa et al. [114, 119], who have found that hydrogen permeation
through Cr2O3 is much slower than through a ferritic stainless steel. Therefore, the results
suggest that fuel-side coatings, which limit the ingress of hydrogen into the steel, might
be a solution to avoid the dual atmosphere effect. The results also show that accelerated
testing should be possible.
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