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Abstract

In this study, the dual atmospheric corrosion of solid oxide fuel cell interconnects
has been investigated. The promising interconnect material, ferritic stainless steel,
speci�cally AISI 441, has been exposed to two di�erent atmospheres simultaneously,
to simulate the operation of a real fuel cell. 0.2 mm thick as received, and ground
samples with or without pre oxidation were used. To verify the e�ect of grinding and
to have a clear understanding of temperature dependency of corrosion the samples
were pre oxidized at 800°C for 20 minutes. In this process a thin oxide barrier was
formed, which will decrease but not severely mitigate permeation of hydrogen. In
order to understand the e�ect of temperature on the corrosion process, exposures be-
tween 500 and 800°C were performed both in dual and single atmosphere conditions
for 336 hours discontinuously. After 168 hours, the samples were cooled to room
temperature and investigated by macro photography to track the corrosion process.
After 336 hours the samples were investigated using macro photography, electron
microscopy and energy dispersive X-ray spectroscopy. A comparison between the
samples exposed to dual, and single atmosphere were conducted. According to the
obtained results, samples were highly corroded at 600°C whereas at temperatures
below or above 600°C, less corrosion was observed which points out that 600°C is the
critical temperature for dual atmosphere corrosion. Furthermore, on the contrary to
the results obtained in literature, the dual atmosphere e�ect was observed at 700°C.
Lastly, the e�ect of grinding was veri�ed and less corrosion was observed on ground
samples without pre oxidation compared to the ground and pre oxidized samples.
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1
Introduction

We live in a time where the demand of clean and e�cient electricity production
is crucial. Due to their high electrical e�ciency and fuel �exibility, fuel cells o�er
an environmentally friendly way of electricity production compared to traditional
energy-conversion systems [1, 2]. The basic principle of the fuel cell is based on
electrochemistry, where hydrogen or other fuels are oxidized at the anode and oxy-
gen is reduced at the cathode to generate a potential di�erence between the two
electrodes. When hydrogen is employed as a fuel, electricity, water, and heat are
produced because of the chemical energy of the reaction that is released [2].

1.1 Background

Solid oxide fuel cells, SOFC, have been studied for several years now, resulting in
a reliable base to continue the research on. SOFC are promising devices for pro-
duction of electricity, there are however two major obstacles for the widespread
commercialization of the SOFC, they are expensive, and their lifetime is too short.
The progress of the development of the main parts (electrolyte, cathode, and anode)
of SOFC systems has resulted in a decrease of operation temperature to 600-800°C,
which makes it possible to operate without expensive catalysts. This decrease in
temperature also opens the opportunity to use metals, particularly ferritic stain-
less steels as interconnects. Using ferritic stainless steels instead of other materials
previously used is favourable because they are cheaper, easier to manufacture, de-
formable, and compatible with the main parts of the SOFC. However, the operating
temperatures are still very high compared to other fuel cell systems such as the
proton exchange membrane (PEM) which has an operating temperature of around
80°C. Although the operating temperatures are high, the extra heat can be used
in combined heat and power (CHP) units, or in combination with steam turbines
for further energy generation. When re-utilizing water and heat produced as by
product, the electrical e�ciency of the fuel cell and overall system e�ciencies can
be increased from around 60% to 90% [3, 4].

The interconnects also work as gas channels, and are therefore exposed to two dif-
ferent atmospheres simultaneously, namely air on one side and fuel (e.g. hydrogen)
on the other. This allows for a di�erent type of corrosion called dual atmosphere
oxidation, in which it has been shown that when hydrogen is used as fuel the corro-
sion on the air side is much more severe than the fuel side. It has also been shown
that at lower operation temperatures (600°C) the corrosion is more severe compared
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1. Introduction

to higher temperatures (>700°C). However, temperature is not the only parameter
that is a�ecting the dual atmosphere e�ect, composition, thickness, grain size of the
steel, surface �nish, pre oxidation and exposure atmosphere (e.g. humidity) also
play a big role in the corrosion process. Although there are many studies focused
on dual atmosphere oxidation which been published the past 20 years, the exact
mechanism leading to dual atmospheric corrosion is not known [5, 6]. Previously,
grinding of the samples has shown to have a bene�cial e�ect on the dual atmosphere
oxidation [7]. However, not enough experiments were performed, and the e�ect has
not been investigated deeply enough to con�rm the e�ect.

1.2 Aim

Fuel cell interconnects are exposed to two di�erent atmospheres simultaneously, fuel
on one side, and air on the other side. This means that hydrogen is permeating from
the fuel side to the air side of the steel and leading to severe corrosion through an
unknown mechanism. In this project the dual atmosphere e�ect of ferritic stainless
steel (FSS), more speci�cally AISI 441, used in solid oxide fuel cells (SOFC) as in-
terconnects will be investigated. There are various parameters that a�ect the dual
atmosphere oxidation of FSS (temperature, composition and thickness of the inter-
connect, surface �nish, grain size, etc.). The main focus of the project is to investi-
gate the e�ect of temperature and surface �nish on the dual atmosphere oxidation
behavior of FSS interconnects. To understand how the temperature and grinding
a�ect the corrosion of FSS, experiments at di�erent temperatures (500-800°C) were
performed on ground and as received samples with or without pre oxidation. Af-
ter exposures the samples were characterized in terms of elemental distrubution,
thickness, micro structure and surface topography using macro photography and
SEM-EDX.
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2
Theory

To understand how corrosion in fuel cell applications can be mitigated, an under-
standing of the behaviour of the corrosion is needed. The following chapter will
explain the basic concepts of the fuel cell, high temperature corrosion and the anal-
ysis techniques used.

2.1 Fuel Cells

A fuel cell performs like a battery in the sense that it converts chemically stored
energy to electricity via an electrochemical reaction without combustion. The �rst
case of a working fuel cell was demonstrated independently by William Grove and
Christian Friedrich Schönbein in 1839 [8]. Each cell consists of an anode and a
cathode which are separated by an electrolyte. The purpose of the electrolyte is
to separate the reaction into oxidation and reduction [9]. Since the electrolyte
material is permeable to ions but not electrons, the electrons are forced to migrate
through an external circuit. The process is driven by a concentration gradient over
the electrolyte, where ion di�usion takes place when the anode and cathode are
electrically connected via an external circuit [8]. In order for the reaction to take
place, the system needs fuel. This is one advantage over regular batteries, the fuel
cell can operate as long as fuel is provided.

2.1.1 Solid Oxide Fuel Cells

In a solid oxide fuel cell the electrolyte is a solid oxide, thus serves as an oxygen
ion conductor. Generally, a solid oxide conducts only oxygen ions which allows the
usage of di�erent fuels, such as hydrocarbons like methane and diesel, where the
fuel is oxidized into both H2O and CO2. When H2 is used as fuel, H2 is oxidized to
H2O according to the following reactions:

Oxidation : H2 + O2� ! H2O + 2e� (2.1)

Reduction :
1
2

O2 + 2e� ! O2� (2.2)

OverallReaction :
1
2

O2 + H2 ! H2O (2.3)

The hydrogen is oxidized at the anode, and the oxygen is reduced at the cathode.
The oxygen ions are di�used through the electrolyte and the electrons are transferred
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2. Theory

via an external circuit. These steps, together with an illustration of a fuel cell stack
are presented in Figure 2.1. As can be seen in Reaction 2.3 when H2 is used as a
fuel, the only product is water, which makes the fuel cell a �ne candidate for future
electricity production, both for stationary units as well as for mobile applications
and auxiliary power units [9]. Depending on the electrolyte material, di�erent fuels
can be used since the electrolyte determines which ions can di�use through the
electrolyte.

Figure 2.1: Solid oxide fuel cell. Operating principle (left) and Fuel cell stack
(right). Drawn by the authors based on [10].

The reason for stacking the fuel cells is that one cell can only produce approxi-
mately 1 V [9], however, when they are connected internally they can reach the kW
range. This is done by electrically connecting cells in a series via a component called
interconnect to form a stack. The interconnect is more described in the next section.

2.1.2 Interconnects

The main purpose of the interconnect is to make an electrical connection between
the anode of one cell and the cathode of the next cell. Another function is to separate
the fuel and the air between cells in a stack [11]. To ensure reliable performance the
interconnect should ful�ll a few major requirements:

ˆ Excellent resistance towards gases used on the anode and the cathode.
ˆ High electrical conductivity.
ˆ Low ionic conductivity.
ˆ Good thermal conductivity.
ˆ Compatible coe�cient of thermal expansion, CTE, with adjacent components.
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2. Theory

Previously, interconnects were made from ceramics. Their high cost, and process
di�culties made ceramics as interconnect material undesirable for the commercial-
ization of fuel cells [12]. The drawbacks of the ceramic materials have drawn the
attention away from these materials and towards stainless steels which have more
desirable properties. Metallic interconnects are easier to manufacture, have a lower
cost, higher mechanical strength, and better electrical and thermal conductivity [2].
One requirement for the metallic interconnects is that they can be used at interme-
diate to low temperatures (<800°C), because of the low oxidation rate.

The most suitable material for SOFC interconnects is ferritic stainless steels, be-
cause of its good electrical and thermal conductivity, cheap cost, easy formability
and compatibility with the main components in terms of thermal expansion. These
steels contain chromium that will form a protective layer on top of the intercon-
nect. However at elevated temperatures chromium tends to form volatile species,
especially in humidi�ed environments that eventually will poison the cathode at the
three phase boundaries. To improve the SOFCs lifetime, metallic interconnects will
require some modi�cation, some metals need coatings to avoid chromium evapora-
tion, other need to be doped with other elements [13]. Small additions of oxygen-
active elements, such as hafnium, cerium, lanthanum, yttrium, and zirconium, have
been proven to provide positive e�ects on the oxidation behaviour. These elements
are often called reactive elements, and small additions of these elements to a chro-
mia forming alloy will result in a higher adherence of chromia scale to the metal.
Also, the growth rate of the chromia scale is decreased and the selective oxidation
is enhanced, which restricts the formation of iron oxide [13, 14].

2.2 Corrosion

The majority of all metals are generated by reducing ores. That means that under
natural conditions, oxides are stable. Therefore, a charge of energy, such as an
elevated temperature is necessary to generate a metal. When metals react with
oxygen they will return to a more stable state, as an ore. At lower temperatures
(<500°C) and in the absence of water, the corrosion rate does normally not cause
any problems. However, when the temperature increases the corrosion rate will be
a larger threat [15]. For our application where ferritic stainless steel is used and
at elevated temperatures, a fast growing, non protective iron oxide scale is formed.
This may cause the material to break. To understand how the corrosion behaves,
knowledge regarding thermodynamics and kinetics are necessary. The fundamentals
of high temperature corrosion are described in the following section.

2.2.1 Thermodynamics

To determine the stability of a metal under certain conditions, the Gibbs free energy
can be used:

� G = � H � T� S (2.4)

5



2. Theory

where G is Gibbs free energy, H is enthalpy, T is temperature and S is entropy.
Depending on the value of� G the reaction is either in equilibrium, � G=0, non-
spontaneous,� G>0, or spontaneous,� G<0. One can also express Gibbs free energy
by using the reaction quotient, Qp:

� G = � G° + RT lnQp (2.5)

� G° represents the free energy under standard conditions and R is the ideal gas
constant. The oxidation of metals can be described as:

xM +
y
2

O2 $ M xOy (2.6)

where M is any given metal. Using Reaction 2.6, the reaction quotient can be written
as:

Q =
a(M xOy)

a(M )xa(O2)
y
2

(2.7)

here a represents the thermodynamic activity of a speci�c species. For pure solids,
such as the metal and its oxide, the activity can be approximated as unity (a=1).
If Equation 2.5 is combined with Equation 2.6 the expression for the oxidation of
metals is obtained:

� G = � G° + RT ln

 
a(M xOy)

a(M )xa(O2)
y
2

!

(2.8)

For equilibrium conditions, � G is equal to zero which results in Equation 2.9.

� G° = � RT ln

 
1

a(O2)
y
2

!

(2.9)

The oxygen activity can be approximated as the oxygen partial pressure which
results in Equation 2.10:

p02 = exp

 
� G°
RT

2
y

!

(2.10)

Since the partial pressure, pO2 , together with temperature, T, are important factors
in this relation, Equation 2.10 can be used to calculate whether a metal or oxide is
thermodynamically stable or not under certain conditions. To visualize the thermo-
dynamic stability of metal oxides and metals, the Ellingham/Richardson diagram
can be used. In this diagram the dissociation pressure of metals is shown, this is
the oxygen pressure where the metal and metal oxide are in equilibrium. When the
oxygen partial pressure falls below the dissociation pressure, the oxide gets reduced
to metal, and a partial pressure larger than the dissociation pressure results in ox-
idation of the metal. As can be seen in Figure 2.2, lines in the lower part of the
diagram represent metal oxides with low� G. Further up in the diagram, oxides
with high � G are depicted [16].
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2. Theory

Figure 2.2: Ellingham/Richardson diagram showing di�erent metals and their
oxides for di�erent parameters [17].

This diagram illustrates the standard free energy of formation versus temperature.
In the left most part of the diagram guiding points can be seen. These points
together with the partial pressure of oxygen allows for quick calculations of the
dissociation pressure. This is done by drawing a line between the guiding points
and the intersection between the temperature and a speci�c metal.

2.2.2 Oxide Scale Growth

The initial oxidation process happens in three steps:
ˆ Adsorption of oxygen gas to the surface.
ˆ Formation of a continuous oxide �lm due to lateral growth of oxide nuclei.
ˆ Growth of the oxide �lm perpendicular to the metal surface.

The surface conditions play a great part in the oxide scale formation, at least for
the �rst two steps. The growth is dependent on the surface preparation or surface
defects, and impurities in the gas or metal. The third step is dependent on the
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2. Theory

solid-state di�usion, since the oxide growth relies on the di�usion of metal ions to
the oxide-air interface or the di�usion of oxygen anions to the metal-oxide interface
[16]. Figure 2.3 illustrates the mechanism for oxide scale growth.

Figure 2.3: Schematic of the oxide scale growth. Drawn by the authors based on
[10].

Defects in the oxide scale will determine whether the di�usion through the scale
is dominated by oxygen ion di�usion or metal ion di�usion. This in turn will also
determine in which direction and rate the oxide scale will grow. Since oxides often
are classi�ed as by their semiconductor properties, they can be said to be n- or
p-type depending on the predominant defect type. N-type oxide semiconductors
are either oxygen de�cient or have excess metal ions. Since the metal excess oxides
have interstitial cations in the lattice, the cations must be compensated by an equal
charge, this is done by the electrons in the conduction band. This allows the cations
to be conducted through the lattice via changes in the interstitial sites. If the n-type
oxide instead have oxygen vacancies, the net charge is positive, this positive charge
is also compensated for by electrons in the conduction band. Following the same
reasoning, p-type oxides have a net negative charge due to the lack of metal ions

8



2. Theory

or excess of oxygen. This is compensated for by electron holes in the valence band.
By changing interstitial sites, excess ions can di�use through the oxide, and also,
ion vacancies can di�use in the lattice which results in vacant ion species becoming
conductive. For the n-type oxides, they are said to be outwards growing if they
have a metal excess, and inward growing if they have anion vacancies. For p- type
oxides, an oxygen excess indicates an inwards growing oxide and cation vacancies
means that the oxide is outwards growing [14, 18].

2.2.3 Kinetics

As the Ellingham/Richardson diagram shows, when the temperature increases the
thermodynamic stability of metals also increases. For a kinetic evaluation of a reac-
tion, di�erent rate laws can be applied. Which rate law that is chosen is dependent
on the mass gain against time, which is presented in Figure 2.4.

Figure 2.4: Dependence of mass gain for di�erent rate laws [10].

Parabolic Rate Equation: At elevated temperature, above 400°C, the oxidation
of metals usually follows a parabolic rate law, Equation 2.11.

� m2 = kpt + A (2.11)

In this equation � m is the mass gain, kp is the parabolic rate constant, t represents
the time of exposure and A is a constant. At high temperatures the oxide scale
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2. Theory

growth is controlled by solid-state di�usion through the scale. Equation 2.11 de-
scribes the parabolic behaviour, the di�usion through the scale becomes slower as
the thickness of the oxide grows thicker, hence the parabolic behaviour [16, 19].

Linear Rate Equation: When the oxidation rate of a metal is constant, it follows
the linear rate law,

� m = kl t (2.12)

where � m represents the thickness of the oxide scale, kl is the linear rate constant
and t is the time of exposure. Equation 2.12 is valid when the rate-determining step
is a phase-boundary process, or a surface process, e.g. adsorption of oxygen to the
metal surface [10, 19].

Logarithmic Rate Equation: When the temperatures are low, lower than 400°C,
the initial metal oxide formation can be said to follow the logarithmic rate law.
Equations 2.13 and 2.14 describe an initial rapid reaction which soon will decrease
to a lower reaction rate.

Direct Logarithmic : � m = klog log(t + t0) + A (2.13)

Inverse Logarithmic:
1

� m
= B � kil log(t) (2.14)

A, B, t 0, klog, and kil are constants at a constant temperature [18].

Breakaway Oxidation: When the parabolic behaviour suddenly is interrupted
by a rapid increase in mass, something called breakaway corrosion might occur.
This means that the oxide scale follows the parabolic rate law to a certain point in
time and changes into a fast growing regime. When the alloy contains chromium
or aluminium, breakaway corrosion can be caused by Cr or Al depletion, which will
result in the incorporation of iron into the steel and an iron rich spinel will emerge.
Through this spinel iron can easily di�use towards the surface which means that the
oxide is not protective anymore and the thickness of the protective part is reduced
due to cracking and rupturing of the oxide [16].

2.2.4 Corrosion of Interconnects in Fuel Cells

When it comes to using metal interconnects in fuel cells, di�erent issues may arise.
Since the interconnect plays such an important role in the fuel cell, the understanding
of the corrosion mechanism is vital. Due to the harsh environment in the SOFC, the
interconnects degrade over time. The following section will discuss problems related
to corrosion of interconnects and how these problems can be avoided [10]. First of
all, most materials that are used in high temperatures protect themselves by forming
a protective layer of either Al2O3 or Cr2O3. These protective scales o�er di�erent
properties, while Al2O3 forming alloys are very resistant against high temperature
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2. Theory

corrosion, Cr2O3 forming alloys are less resistant since they su�er from continuous
Cr evaporation and the growth rate is higher than for Al2O3 forming alloys. Al2O3 is
naturally an insulator, which is an unwanted feature in SOFC applications since the
main purpose of the interconnect is to electrically connect separate cells. Therefore,
Cr2O3 forming alloys are more suitable as material for interconnects. Three types of
Cr2O3 forming alloys exist, namely chromium alloys, nickel based Cr2O3 forming al-
loys and Cr2O3 forming stainless steels which are divided into ferritic and austenitic
stainless steels. These materials are classi�ed according to their crystalline structure.

If the material has a face-centered cubic structure it is called austenitic steel, and if
it has a body-centered cubic structure it is called ferritic stainless steel. For inter-
connects, ferritic stainless steels are more frequently used because its CTE is more
compatible with the CTE of the other fuel cell components [20, 21]. To ensure long-
term operation of ferritic stainless steel interconnects, some degradation issues must
be taken care of. Since the performance of the fuel cell is dependent on the electrical
resistance of the interconnect, the Cr2O3 formed on the interconnect must grow as
slow as possible as a protective oxide since the electrical resistance increase with
increasing thickness of the scale. Another issue regarding the thickness of the scale
is that the risk of spallation also increases when the scale grows which results in the
loss of electrical contact between the interconnect and the electrodes and consume
the chromium reservoir of the steel faster [14].

To mitigate corrosion and other issues the steel can be coated using di�erent coating
materials. The coating materials have di�erent properties depending on the crystal
structure of the oxide. Common coatings are based on perovskites or spinel oxides.
One promising spinel coating is (Mn,Co)3O4, which shows high electrical conductiv-
ity as well as promising Cr-retention. Other ways to mitigate corrosion is addition
of alloying elements to the steel. These alloying elements will add di�erent proper-
ties to the steel, such as increased resistance against corrosion or better mechanical
properties. However, some elements are unwanted in the steel and are remains from
the manufacturing process. They are still present because they are too expensive to
remove [10, 14].

2.3 Dual Atmosphere E�ect

The dual atmosphere e�ect has been studied for several years, in the �rst studies
the samples were exposed to single atmosphere, either fuel side atmosphere or air
side atmosphere. This does not simulate the real conditions of a fuel cell where the
interconnect is exposed to two di�erent atmospheres simultaneously and research
has now shifted towards dual atmosphere exposures. This has revealed a new prob-
lem called the dual atmosphere e�ect where the air side of the interconnect is more
severely corroded compared to single atmosphere exposures. However, the mecha-
nism behind is not yet fully understood [5, 6]. These studies have con�rmed that
when a ferritic stainless steel is exposed to both air and fuel simultaneously, the
corrosion on the air side is more severe than on the fuel side. Suggestions have been
made that the e�ect is due to hydrogen di�usion, since hydrogen has a di�usivity
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2. Theory

rate in the mm h� 1 range through ferritic stainless steels [10, 14].

A study made by Bredvei Skilbred et al. [22] shows that for the tested material
Sanergy HT at 800°C, elevated hydrogen concentrations were reported on the air
side of the dual atmosphere exposed samples compared to samples exposed to air-
only atmosphere. These results propose that the hydrogen actually di�uses through
the steel. Other theories regarding the hydrogen di�usion have been proposed by
Yang et.al [6]. They suggest that the accelerated corrosion might be a result of
an increase in cation transport because of the hydrogen doping of the Cr2O3 scale.
Furthermore, the authors believe that hydrogen forms hydroxide on an oxygen site
resulting in an e�ective positive charge.

This e�ective charge might be compensated for by chromium vacancies, this would
result in more available sites for cation transport and in turn the iron content at the
air side would increase. This is true with the assumption that the Cr2O3 scale is a
p-type semiconductor under oxidizing conditions [10, 14]. Other work that support
this theory have been made by Hultquist et.al [23, 24]. They have shown that, when
hydrogen is present in Cr2O3 the Cr cation di�usivity in the oxide greatly increases.
Further, studies by Alnegren [25, 26] show that at 600°C the dual atmosphere e�ect
is present, however in the temperature dependence study the authors suggest that
the e�ect is more severe at 600°C than at 800°C. They suggest that the negative
e�ect of hydrogen is compensated by the higher Cr di�usivity at higher tempera-
tures. Some results from that study is shown in Figure 2.5 showing the di�erence
between samples exposed to single and dual atmosphere.

Figure 2.5: Results from dual atmosphere exposure at 600°C [26].

2.4 Analytical Techniques

During this project, di�erent methods have been used to characterize the samples.
The theory and working principle of each method are presented in this section.
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2. Theory

2.4.1 Broad Ion Beam

In order to achieve a good and qualitative cross section the technique broad ion beam
milling can be used. This technique is based on bombarding the cut sample with
ions to make the cut smooth by removing layers of the cut surface. The result will
be a smooth surface that can be analyzed further and will show less damage when
compared to other methods such as mechanical polishing [10]. This was performed
to obtain a smooth surface for further analysis using scanning electron microscopy.

2.4.2 Scanning Electron Microscopy and Energy Dispersive
X-Ray

Scanning electron microscopy, SEM, is an analytic technique for analyzing surface
morphology and topography with high resolution down to the nanometer range. The
technique is based on shooting electrons at the sample in a vacuum, the electrons
then interact with the sample and generate di�erent types of signals which then
can be detected. In Figure 2.6 descriptive images show how primary electrons are
turned into secondary electrons, back scattered electrons and characteristic X-rays
which then can be detected and used for analysis.

Figure 2.6: Explaining how di�erent SEM signals are generated. Adapted from
[27].

The di�erent types of signals depend on how the electron interacts with the sam-
ple and how deep into the sample they penetrate. As can be seen in Figure 2.7,
di�erent signals have di�erent interaction volumes, which means that they are sur-
face sensitive to di�erent degrees. As secondary electrons have smaller interaction
volume makes them more surface sensitive and high resolution compared to charac-
teristic X-rays which have a higher interaction volume and therefore lower surface
sensitivity.
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2. Theory

Figure 2.7: Interaction volume of di�erent SEM signals [5].

The di�erent signals generated in SEM give di�erent amount of information. Sec-
ondary electrons give information about surface topography while backscattered
electrons give information about the chemical composition as they interact di�er-
ently with di�erent elements. Heavier elements gives a larger amount of backscat-
tered electrons which appear brighter in the image and can therefore be distinguished
from lighter elements. If more exact chemical composition is needed then Energy
Dispersive X-Ray Spectroscopy, EDX, can be used. EDX uses characteristic X-rays
to determine the element as each element sends out a di�erent characteristic X-ray.
So when the primary electrons hit di�erent elements the di�erent elements will send
out characteristic X-rays with di�erent energies dependent on which element it is.
These speci�c characteristic x-rays can then be detected and the di�erent amount of
each element can be determined. The characteristic X-rays have a large interaction
volume which makes them less surface sensitive [5].
In this project both secondary electrons, backscattered electrons and EDX was used
to analyze the results. This is because information of both the topography and
the chemical composition of the sample is important in order to understand the
corrosion of the samples.
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3
Methods

To evaluate the temperature dependence of the dual atmosphere e�ect eight di�erent
exposures at six di�erent temperatures from 500°C to 800°C were conducted. In this
chapter the method and sample preparations will be described.

3.1 Sample Preparation

AISI 441 stainless steel with two di�erent thicknesses, 0.3 and 0.2 mm, was cut
and pressed into circles, 21 mm in diameter, using a hydraulic press. The chemical
composition of the 0.3 mm, hereinafter called KA, and the 0.2 mm, hereinafter called
LA, is displayed in Table 3.1. Both KA and LA come from the same batch and have
the same composition.

Table 3.1: Composition of AISI 441 in weight%.

Alloy Fe Cr Mn Si Ti Nb Ni C S N P
AISI 441

Batch 64534
Bal. 17.56 0.35 0.001 0.173 0.39 0.26 0.014 0.001 0.017 0.03

3.1.1 Grinding

The KA samples were ground from their original thickness of 0.3 mm to 0.2 mm
to be of the same thickness as the LA samples before the exposures started. The
grinding was performed on two di�erent grinding machines, Struers RotoPol-31 and
Struers TegraPol-31. The grinding was performed with Struers SiC-Paper with
four di�erent grit sizes, 500, 800, 1000 and 1200. When grinding the samples it is
important that the surface is uniform in order to get comparable results. All KA
samples were ground.

3.1.2 Cleaning

When the KA samples had been ground, both the KA and LA samples were washed
using an Elmasonic P ultrasonic bath, �rst in ethanol for 20 minutes and then in
acetone for another 20 minutes. After cleaning, the samples were weighed using
a Mettler Toledo XP6 scale with 6-digit precision. Since the thickness of the as
received LA samples is known (0.2 mm), the thickness of the ground KA samples
can be estimated using the weight of the sample as the density of the steel is known.
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3. Methods

All samples were estimated to have the same surface area as they were pressed using
the same press.

3.1.3 Pre Oxidation

Some of the KA and LA samples were pre oxidized prior to starting the exposure.
When pre oxidizing the samples they where put inside a 800°C and 3% humidity
furnace on an alumina sample holder for 20 minutes. After removing the samples
from the furnace and letting them cool they were weighed again using a Mettler
Toledo XP6 scale and after that the mass gain could be calculated. The mass gain
is shown in Figure 3.1 and here it can be seen that all the pre oxidations of the
di�erent samples where on the same level. The pre oxidation was conducted to see
the e�ect on pre oxidation on the dual atmosphere e�ect as pre oxidzing the samples
creates a protective oxide which the hydrogen has to di�use through.

Figure 3.1: Mass gains obtained in pre oxidation step at 800°C for 20 min.

3.2 Exposure

Before the actual exposure was started, a temperature pro�le had to be made in order
to know the exact temperature over the sample holder in the furnace. The furnace
is a 3 zone tube furnace made by Entech and had a ramping speed of 1°C/min. The
ramping speed was set to this to prevent spallation caused by thermal stresses.
The sample holder was assembled without samples and the temperature over the
sample holder was measured using a thermocouple. After the correct temperature
had been achieved� 4°C, the sample holder was removed and the samples were
attached to the holder. The design of the sample holder was based on a design
made by the Montana State University and given in Figure 3.2 [28].
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3. Methods

Figure 3.2: Dual Atmosphere Sample holder [10].

The sample holder can �t six samples, three on each side and the tubing can control
the �ow of gas to three of the samples respectively. For the dual atmosphere expo-
sures, three samples were exposed to hydrogen on one side and air on the other. The
other three samples were exposed to air on both sides. Before placing the samples
in the holder a gold ring was placed to ensure gas tightness. The sample was then
placed on the gold ring and tightened using a clamping ring as can be seen in Figure
3.2.

Table 3.2: Gas �ow over sampler holder.

Outer gas
Inner gas 1

(dual atmosphere)
Inner gas 2

(single atmosphere)
8800 sml min� 1

air-3%H2O
100 sml min� 1

Ar-5%H2-3%H2O
400 sml min� 1

air-3%H2O

The gas �ows used in the di�erent exposures can be seen in Table 3.2 and the right
water content was achieved by bubbling the gas through water with a temperature
of 24.4°C which gave 3% humidity in the gas. All exposures lasted 336 hours with
a break after 168 hours for taking photographs of the samples. This exposure setup
is illustrated in Figure 3.3. The order of exposures was 600°C, 550°C, 650°C, 500°,
700°C, 800°C and lastly repeat runs of 650°C and 550°C.
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3. Methods

Figure 3.3: Experimental run procedure.

Table 3.3: Sample matrix for the two �rst exposures.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Surface �nish As received Ground Ground As received Ground Ground
Preoxidation 20 min 20 min No preox. 20 min 20 min No preox.
Atmosphere Dual Dual Dual Single Single Single

For the �rst two exposures, 600°C and 550°C, samples as shown in Table 3.3 were
used and for the remaining exposures samples as shown in Table 3.4 were used.
The ground sample, which is sample 3 in Table 3.3 was swapped for an as received
sample, which is sample 3 in Table 3.4 to have a sample that would corrode more
to make it easier to compare the dual atmosphere e�ect for di�erent temperatures.

Table 3.4: Sample matrix for the remaining exposures.

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Surface �nish As received Ground As received As received Ground As received
Preoxidation 20 min 20 min No preox. 20 min 20 min No preox.
Atmosphere Dual Dual Dual Single Single Single

3.2.1 Characterization

The samples were photographed before, after 168 hours and after completed expo-
sure with a Canon EOS 1D mk III camera, equipped with a Canon 100 mm f/2.8
macro lens. Further characterization was made by SEM and EDX using a FEI
Quanta FEG 200 ESEM equipped with an energy dispersive X-ray detector. The
samples where cross sections where preformed a Leica EM TIC 3 X was used.
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4
Results & Discussion

In this chapter the results of the di�erent exposures will be shown and discussed.
Some results similar to previously presented results will be presented in Appendix
1.

4.1 500°C Exposure

Figure 4.1 shows that there is no obvious dual atmosphere e�ect a�ecting the samples
at this temperature. This is also con�rmed when looking at the samples with SEM,
a topview SEM of the pre oxidized sample in dual atmosphere is shown in Figure
4.2 and we can see that the surface is completely free from any breakaway corrosion.
This is also the same for the other samples exposed to dual atmosphere which can
be seen in Figure A.1 and A.2 in Appendix 1. We can therefore conclude that at
500°C the temperature is too low for the dual atmosphere e�ect to be observed for
this sample.
One reason for this lack of dual atmosphere e�ect at this temperature might be that
the di�usion of hydrogen might be to slow due to the di�usion being a thermally
activated process which is obeying the Arrhenius law. This will result in that only
protective oxide is formed on the surface. Further, this gives us the information that
at 500°C no obvious dual atmosphere e�ect is present for AISI 441 stainless steel
with the thickness of 0.2 mm.
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4. Results & Discussion

Figure 4.1: Results from the 500°C exposure. a) Pre oxidized sample in dual
atmosphere, b) Pre oxidized sample in single atmosphere, c) Pre oxidized ground
sample in dual atmosphere, d) Pre oxidized ground sample in single atmosphere, e)
As received sample in dual atmosphere, f) As received sample in single atmosphere.
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4. Results & Discussion

Figure 4.2: Top view SEM image of the pre oxidized sample a) after 336 hours.
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4. Results & Discussion

4.2 550°C Exposure

Figure 4.3: Results from the 550°C exposure. a) Pre oxidized sample in dual
atmosphere, b) Pre oxidized sample in single atmosphere, c) Pre oxidized ground
sample in dual atmosphere, d) Pre oxidized ground sample in single atmosphere, e)
Ground sample in dual atmosphere, f) Ground sample in single atmosphere.

The macroscopic photographs that are presented in Figure 4.3 of the 550°C exposure
show no obvious signs of the dual atmosphere e�ect. To con�rm this, SEM images of
the samples were taken and they are displayed in Figure 4.4, Figure 4.6 and Figure
4.8.
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4. Results & Discussion

Figure 4.4: Top view SEM image of the pre oxidized sample a) after 336 hours.

In Figure 4.4 we can see that there are some nodules on the surface which indicates
that the dual atmosphere e�ect is present at 550°C even though only to a small
extent. It was con�rmed by EDX in Figure 4.5 that the nodules are iron oxide and
they are believed to be hematite based on previous studies [10]. The results of the
EDX analysis are shown in Table 4.1. The same type of results can be seen in Figure
4.6, where we also see a few hematite nodules on the sample surface. These were
con�rmed to be iron rich oxides using EDX which are shown in Figure 4.7 and Table
4.2.
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4. Results & Discussion

Figure 4.5: EDX image of the pre oxidized sample a) after 336 hours.

Table 4.1: EDX analysis of the pre oxidized sample a) after 336 hours, elements
in weight%.

C O Si Cr Mn Fe
Spectrum 1 4 29 11 56
Spectrum 2 5 28 10 57
Spectrum 3 4 29 11 56
Spectrum 4 3 10 1 18 1 67
Spectrum 5 2 3 1 19 1 74
Spectrum 6 2 4 1 19 1 73
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4. Results & Discussion

Figure 4.6: Top view SEM image of the ground and pre oxidized sample c) after
336 hours.

After further analysis of the EDX results in Figure 4.7 and Table 4.2 we can see some
niobium rich nodules present, which most probably are Laves phase precipitates, this
assumption is based on previous studies [14]. Furthermore, according to spectrum 1
and 2, there is a larger hematite nodule present. Spectrum 3 shows similar behaviour,
which might indicate that a hematite nodule is nucleated and growing.
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4. Results & Discussion

Figure 4.7: EDX image of the ground and pre oxidized sample c) after 336 hours.

Table 4.2: EDX analysis of the ground and pre oxidized sample c) after 336 hours,
elements in weight%.

C O Si Ti Cr Fe Nb
Spectrum 1 2 22 15 61
Spectrum 2 7 20 15 58
Spectrum 3 2 19 15 64
Spectrum 4 2 22 7 20 22 27
Spectrum 5 1 4 1 1 23 70
Spectrum 6 1 4 1 1 24 69

The surface of the ground sample presented in Figure 4.8 was found to be covered
in a large amount of hematite nodules. We can also observe longer nodules which
seem to be growing in the direction of the grinding. The nodules are con�rmed to
be iron rich oxides and the results from this EDX analysis are shown in Figure A.3
and Table A.1 in Appendix 1.
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4. Results & Discussion

Figure 4.8: Top view SEM image of the ground sample e) after 336 hours.

A comparison between the results from the 550°C exposure and the 500°C exposure
was made, and it was found that there is an onset of the dual atmosphere e�ect
somewhere between these temperatures. It can be said that 550°C is the lowest
temperature where the dual atmosphere e�ect can be observed for these samples.
The increase from 500°C to 550°C must have increased the thermal energy just
enough for the hydrogen di�usion through the steel to impact the oxidation of the
air side leading to more severe corrosion on that side.

In order to see the dual atmosphere e�ect and con�rm the results a repeat run
of the 550°C exposure was conducted. In Figure 4.9 the results from the as received
samples are shown. The other results from the repeat run will not be demonstrated
as they were only conducted to con�rm the previous results which they did. In
Figure 4.9 the dual atmosphere e�ect is clearly seen when comparing the samples
exposed to dual and single atmosphere after 336 hours. The surface of the dual
exposed samples has a di�erent color and when looking closer using SEM in Figure
4.10 it is clear that the entire surface of the sample is covered in iron oxide.
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4. Results & Discussion

Figure 4.9: Results from the 550°C repeat exposure.

Figure 4.10: Top view SEM image of the as received repeat sample after 336 hours.

If we look closer at the surface in Figure 4.10 we can see that it looks like the surface
is covered in one big nodule, we can still see these �akes that we see on the individual
nodules and this tells us that the iron oxide layer is probably quite thin as it has
just grown to cover the surface and has not yet started to grow more outwards as a
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