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Abstract
Electricity production, transportation, and manufacturing industry are some of the largest sources of greenhouse
gas emissions. In many cases, these processes are carried out at high temperature and energy efficiency is limited
by material degradation, so-called ‘high-temperature corrosion’. Understanding material degradation at high
temperature is of the utmost importance in making these processes more energy efficient, thereby reducing
greenhouse gas emissions. One of the corrosive species at high temperature is water vapour, which is present in
many industrial processes. Exposure of chromia-forming alloys in air that contains water vapour can result in the
formation of volatile chromium-containing compounds from the chromia scale that protects the metal surfaces.
This reduces the life times of the components and leads to the uncontrolled release of poisonous hexavalent
chromium species. Strategies to mitigate the formation of volatile chromium-oxy-hydroxide species include:
coating the metal surfaces; and adding alloying elements that promote the formation of an oxide scale that is
less susceptible to the formation of volatile species. This thesis explores how Ni-base alloys and FeCrAl alloys,
form oxide scales that exhibit low degrees of evaporation. The studies were carried out with a denuder technique
to measure evaporation rates in the temperature range of 500-800 °C in an environment that consisted of air
with 20-40 vol.% water. In-depth analyses of the formed oxide scales were performed using electron microscopy
and X-ray techniques.
The studied Ni-base alloy contained approximately 30 wt.% chromium, 60 wt.% nickel, and 10 wt.% iron, and
formed a chromium-rich oxide scale in the studied environments. Under the most severe condition, i.e., 800 °C
and a high gas velocity, the initially very high evaporation rate decreased rapidly with exposure time. Examination
of the oxide scale after 200 hours showed that an essentially chromium free and nickel-rich oxide had formed as
a result of extensive chromium depletion in the oxide and near-surface region of the alloy. It is concluded that
the formation of a Ni-rich cap layer drastically reduces the evaporation rate, which leads to the recovery of
chromium levels in the near-surface region of the substrate, thereby allowing a new chromia layer to form at the
metal/oxide interface. The final oxide scale was shown to be highly resistant to both evaporation and further
oxidation.
One of the two studied FeCrAl alloys contained rather low concentrations of chromium (~12 wt.%) and aluminium
(~4 wt.%), such that it had good structure stability, weldability, and formability. This alloy also contained about
1.3 wt.% silicon, to increase oxidation resistance. Under all the studied conditions (600-800 °C, dry and wet air),
protective alumina scales were formed, showing very low levels of evaporation of chromium-oxy-hydroxides.
From the exposure in wet air at 800 °C, a significantly high level of silicon was found in the oxide scale. GIXRDmeasurements indicated the presence of mullite and tridymite in the scale.
The results described in thesis increase our knowledge of oxide formation on Ni-base alloys and FeCrAl alloys in
wet air and can be used for guidance when selecting alloys in environments that cause the evaporation of
chromium-oxy-hydroxides in the temperature range of 500-800 °C.
Keywords: High-temperature corrosion, Oxidation, Cr-evaporation, Ni-base alloy, FeCrAl alloy, Chromia scale,
Alumina scale
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1 INTRODUCTION
Stainless steels and high-performance alloys are important materials in today’s society. The yearly production
volume of stainless steel is 50 million metric tonnes [1], and they are widely used in industrial applications and
other areas, such as construction materials in bridges, household appliances etc. In fact, without stainless steels,
our style of living would look very different. For example, stainless steel is required for the production of highly
corrosive artificial fertilizers which increase the yield from crops by 3-4 times; and without these fertilizers a
global population of 7 billion people would not be sustainable [2]. Moreover, electricity generation is heavily
dependent upon stainless steels in, for example, nuclear power plants, power boilers, and concentrated solar
power plants. The energy efficiencies of many of these processes are limited by the materials used in certain
critical components. The development of new materials could help to increase the efficiencies of these processes,
and consequently, reduce the carbon foot-print. Future applications also rely on the availability of highperformance materials. One example is the concept of a ‘hydrogen society’ in which hydrogen is used as the fuel
for transportation and electricity/heat production. In a hydrogen society, fuel cells are used to convert the
chemical energy into electrical energy and heat. Both the production of the fuel and the fuel cell itself require
stainless steels, and material degradation is a major concern. These examples highlight the importance of
developing new materials so that the processes can be made more energy efficient and the emissions of
greenhouse gases can be reduced. This is especially relevant given that the largest sources of greenhouses gases
are currently the above mentioned areas of application, i.e., electricity production, agriculture, transportation,
residential heating, and manufacturing industries [3].
Many of the previously described processes operate at high temperatures and the utilised steels become
degraded due to high-temperature corrosion. For the steel to be able to resist high-temperature corrosion, it is
crucial that a protective, slow-growing and adherent oxide scale is formed on the metal surface. The type of
oxide scale and how it forms depend on the composition of the alloy and the operating conditions, including the
temperature and gas mixture used. Furthermore, the oxide scale is dynamic and can be broken down by changes
in process conditions or depletion of the alloying elements in the metal. Stainless steels and Ni-base alloys are
alloyed with chromium to be able to form a protective chromium rich oxide scale. In oxidising environments that
contain water vapour, chromium-rich oxide scales are subject to degradation through the formation of volatile
chromium-oxy-hydroxides [4]. Evaporation of these volatile species have detrimental effects on the metal (owing
to the depletion of chromium) or on the process (through poisoning of critical components, such as catalysts).
To prevent the formation of chromium-oxy-hydroxide, protection of the metal is essential. This can be
accomplished by applying protective coatings or by selecting alloys that form protective scales that are less
susceptible to evaporation. In both these instances, the purpose is to minimise the content of chromium in the
outer part of the scale that is in direct contact with the environment, thereby reducing the evaporation of
chromium-oxy-hydroxide.
This thesis explores how different alloy systems behave in air, that contains high concentrations of water within
the temperature range of 500-800 °C. The alloy systems investigated range from an austenitic stainless steel
(310S), and a Ni-base alloy (Alloy 690) to ferritic alumina-forming alloys (Alkrothal® 14 and Alloy 197). Both 310S
and Alloy 690 form chromia scales during exposure at high temperature. The main difference between the two
alloys is that 310S is iron-based while Alloy 690 is nickel-based. Since the evaporation of chromium-oxy-hydroxide
releases chromium from the scale, the scale microstructure changes which can lead to the formation of wanted
or un-wanted oxide phases. By varying the temperature and gas velocity, it is possible to influence the rate of
evaporation of volatile species, such that the evolution of the scale microstructure can be studied. The ferritic
alumina-forming alloys are FeCrAl alloys that contain a sufficient amount of aluminium to allow the formation of
alumina scales. The chromium in these alloys is added for the so-called ‘third-element effect’ [5], whereby
chromium facilitates the formation of an initial transient oxide scale that precedes the formation of a continuous
alumina scale. For these alloys, the evaporation rates of chromium-oxy-hydroxide are expected to be low due to
the low content of chromium in the outer part of the scale. However, during the initial transient stage, some
1

evaporation of chromium-oxy-hydroxide can occur. In the present study, time-resolved, quantitative studies of
the evaporation rate are performed to gain insights into this mechanism, so that the implications for the final
applications can be assessed. Another important aspect is that the slow formation of the alumina scale renders
it difficult for the alloys to form protective alumina scales at the lowest temperature studied, i.e., 600 °C. The
ability to form a protective scale can be improved by increasing the concentrations of aluminium and/or
chromium in the alloy. However, this in turn leads to impaired weldability, formability and structure stability.
Recently, it has been reported that the addition of relatively small amounts of silicon (1-2 wt.%) improves the
ability to from protective scales with fewer detrimental effects on the other properties of the material [6]. In this
study, an alloy with rather low levels of chromium (~12 wt.%) and aluminium (~4 wt.%) but with the addition of
about 1.3 wt.% silicon has been examined, to determine its suitability within the investigated environment and
temperature range.
The purpose of this thesis is to increase our current understanding of oxide formation and evolution in air that
contains high concentrations of water vapour. Special emphasis is placed on studying the levels of chromiumcompounds evaporated from the different scales. This knowledge can be used as guidance for material selection
in applications that operate under conditions with wet air. Furthermore, the results can be used for designing
new materials that exhibit minimal evaporation of the protective scale.

2

2 THEORY
2.1 PROCESSES WITH WET AIR
Many industrial applications involve processes that are conducted in air that contains water vapour, and at high
temperature. In many cases, stainless steels and/or high-performance alloys are used as construction materials,
e.g., in heat exchangers or in systems for the transportation of gases or other media. Figure 1 illustrates three of
the most common processes in which the presence of water vapour and oxygen can result in the formation of
volatile chromium-oxy-hydroxide, viz. in combustion, reforming, and fuel cells.

Figure 1 The principles underlying: (a) combustion, (b) reforming, and (c) fuel cells. All of these processes involve oxygen and water.

2.1.1 COMBUSTION
The combustion of any matter that comprises of hydrocarbons, such as coal, natural gas or biomass, generates
H2O according to Reaction 1, resulting in an oxygen- and water vapour-containing environment. It is important
to ensure that the combustion process takes place in an environment that has an excess of oxygen, which means
that oxygen is always present in the flue gas. In coal combustion, the water content is typically around 10 vol.%,
and the temperature of the supercritical steam in the most advanced coal-fired power plants is about 700 °C [7].
The energy efficiency of the power plant can be improved by increasing the temperature of the steam. In this
way, the carbon footprint can be reduced. Another way to reduce greenhouse gas emissions is to capture the
formed carbon dioxide (CO2) using Carbon Capture and Storage (CCS). Since combustion in air contributes to high
levels of nitrogen, the CO2 molecules become diluted in the flue gas. Therefore, combustion with CCS is preferably
performed in pure oxygen, in a process termed ‘oxy-fuel firing’. However, corrosiveness increases in oxy-fuel
firing because the water content increases to >30 vol.% [7].
𝑦𝑦

𝐶𝐶𝑥𝑥 𝐻𝐻𝑦𝑦 + 𝑧𝑧𝑂𝑂2 → 𝑥𝑥𝑥𝑥𝑂𝑂2 + 𝐻𝐻2 𝑂𝑂
2

Reaction 1

During the combustion of biomass, the moisture content of the biomass contributes to an increase in the amount
of water in the flue gas. Typically, the water content is about 20 vol.% and the temperature of the steam is kept
at maximum 570 °C [8].
In the combustion of coal, water is not considered to be the most corrosive species in the process environment,
since coal combustion results in corrosive gases such as SO2/SO3, leading to sulphidation [9]. The same applies
to the combustion of biomass, which results in the deposition of alkali salts on steel surfaces, thereby
accelerating corrosion through chromate formation [10]. Nonetheless, elucidating the role of water vapour and
the formation of volatile chromium-oxy-hydroxides is important for the understanding of the overall corrosion
process taking place in these process environments.

3

2.1.2 REFORMING
Reforming is a chemical process through which hydrocarbons such as methane or diesel are converted to syngas
comprising mainly CO and H2. This gas has a high value because it can be combusted to generate heat and
electricity or converted to almost pure H2 by applying the Water-Gas Shift (WGS) reaction, see Reaction 2 [11].
Steam reforming, in which the methane is mixed with water, is currently the most frequently used method for
the production of hydrogen gas, which is used in the production of ammonia and for petroleum refining. Steam
reforming is an endothermic reaction, requiring heat input from burners inside a firebox. If reforming is
performed with a mixture of oxygen and water vapour the reaction will instead be exothermal and the reformer
can be built in a more compact design; this technology is termed Auto Thermal Reforming (ATR), see Reaction 3
for the reformation of methane [11]. The major draw-back associated with this process is that the H2:CO ratio is
lower than for steam reforming, which entails a H2:CO ratio closer to 3 [11]. Following reformation, the reformate
gas, which is at a temperature >800 °C, needs to be cooled to <300 °C for the WGS reaction to take place. Heat
exchange to recover the heat from the reformate gas is usually carried out to make the process more energyefficient. This heat can be used to warm up the steam or steam/air mixture before it is mixed with the
hydrocarbon and fed into the reformer. A gas mixture that consists of H2O and O2 in the heat exchanger would
then generate an environment that can cause the formation of chromium-oxy-hydroxides. If these chromiumoxy-hydroxide enter the reformer they can inhibit the catalysts used in the reformation process.
Reaction 2

𝐶𝐶𝐶𝐶 + 𝐻𝐻2 𝑂𝑂 → 𝐻𝐻2 + 𝐶𝐶𝑂𝑂2

2.1.3 FUEL CELLS

4𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2 𝑂𝑂 + 𝑂𝑂2 → 10𝐻𝐻2 + 4𝐶𝐶𝐶𝐶

Reaction 3

Fuel cells are electro-chemical devices that convert chemical energy to electricity and heat. The underlying
principle of fuel cells is that a fuel, e.g., H2 is fed into one side of an electrolyte and air is fed into other side. Ion
movement through the electrolyte then leads to the transport of electrons through an external circuit, creating
an electrical current. The overall reaction results in the formation of water, see Reaction 4. There are different
types of fuel cells, including Proton Exchange Membrane (PEM) fuel cells and Solid Oxide Fuel Cells (SOFCs). In
PEM fuel cells, hydrogen is required as the fuel and the operating temperature is usually <100 °C [12]. In SOFCs,
different fuels, e.g., hydrogen or methane, can be used owing to the higher operating temperatures, which are
typically in the range of 600-1000 °C [13]. The air side of a SOFC contains air at ambient humidity (up to 3 vol.%
H2O), an environment that promotes the formation of chromium-oxy-hydroxides from metallic components,
such as the interconnects [14]. The formation of these chromium-containing species can result in so-called
‘cathode poisoning’ [15], as well as excessive degradation of metallic components.
Fuel cells require surrounding components, for handling heat exchanging etc. These Balance-of-Plant (BoP)
components may also be exposed to environments that contain high concentrations of H2O and O2, resulting in
severe volatilisation of chromium-oxy-hydroxides [16].
1
2

Reaction 4

𝑂𝑂2 + 𝐻𝐻2 → 𝐻𝐻2 𝑂𝑂

2.2 FUNDAMENTAL OXIDATION
2.2.1 METAL OXIDATION

Metals that are subjected to a non-inert environment will in some way interact with that environment resulting
in chemical reactions that make the metal more or less fit-for-purpose with respect to the intended application.
In air, most metals (with the exceptions of gold, silver and platinum) react with oxygen, forming metal oxides
according to Reaction 5 [17]. The structure and properties of the oxide depend on different factors, such as the
type of metal, environment, temperature, pressure, and time. Once the oxide is formed, a barrier exists between
the metal and the environment and further reactions require transport of reactants through this barrier. At
elevated temperatures, this oxide is commonly referred to as an oxide scale. The formation of the initial oxide
4

scale can in a simplistic way be described in terms of three steps [17], as illustrated in Figure 2. The first step
involves the adsorption of oxygen to the metal, the second step entails nucleation and growth of the oxide, and
the third and final step is scale growth.
𝑏𝑏

Reaction 5

𝑎𝑎𝑎𝑎 + 𝑂𝑂2 ⇄ 𝑀𝑀𝑎𝑎 𝑂𝑂𝑏𝑏
2

Figure 2 Schematic showing the formation of an oxide scale. Step 1, adsorption of oxygen; Step 2 oxide nucleation and growth; and Step 3,
scale growth. Adapted from [17].

2.2.2 THERMODYNAMICS
Whether or not a metal oxide can form depends on the temperature and oxygen partial pressure in the
environment. From the reaction for the formation of the metal oxide (Reaction 5), it is clear that the metal oxide
can form and that the metal oxide can dissociate to a metal depending on the oxygen partial pressure. The Gibbs
free energy of a system at constant temperature and pressure is defined according to Equation 1:
Equation 1

𝐺𝐺 = 𝐻𝐻 − 𝑇𝑇 · 𝑆𝑆

where 𝐺𝐺 is Gibbs free energy, 𝐻𝐻 is enthalpy, 𝑇𝑇 is temperature and 𝑆𝑆 is entropy [18].

The Gibbs free energy can be used to determine whether or not a reaction is spontaneous. In order for the
reaction to be spontaneous, the change in Gibbs free energy has to be <0. The Gibbs free energy for Reaction 5
is expressed by Equation 2:
∆𝐺𝐺 = ∆𝐺𝐺 0 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐾𝐾𝑒𝑒𝑒𝑒 = ∆𝐺𝐺 0 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑎𝑎�𝑀𝑀 𝑂𝑂 � (𝑠𝑠)
𝑎𝑎 𝑏𝑏
𝑏𝑏

𝑎𝑎
2
𝑎𝑎𝑀𝑀(𝑠𝑠)
𝑎𝑎𝑂𝑂
2 (𝑔𝑔)

Equation 2

where ∆𝐺𝐺 0 is the standard Gibbs free energy, 𝑅𝑅 is the universal gas constant and 𝐾𝐾𝑒𝑒𝑒𝑒 is the equilibrium constant
for the reaction, and 𝑎𝑎 is the activity of corresponding reactants.

Since the activity (𝑎𝑎) of solid substances is 1, the only two variables are the temperature and the activity of
oxygen, which can be conveniently presented in a so-called Ellingham/Richardson-diagram, see Figure 3. From
this diagram, it is possible to determine the oxygen partial pressure above which a metal oxide is
thermodynamically stable, the so-called ‘dissociation pressure’. Below the dissociation pressure, the metal oxide
is not stable and any metal oxide will decompose to the pure metal and oxygen with time.

5

Figure 3 Ellingham/Richardson diagram for some of the most common metals/metal oxides [19].

2.2.3 KINETICS
The rate with which an oxide scale grows depends on various factors, such as solid-state diffusion through the
scale, redox-reactions of the reactants, and scale properties. When diffusion through the scale is rapid, the
growth rate is determined by the slowest redox-reaction in the system, which usually is the reactions at the
gas/oxide interface [20]. In this case, the scale grows at a linear rate and can be described by Equation 3:
Equation 3

𝑥𝑥 = 𝑘𝑘𝑙𝑙 𝑡𝑡

where 𝑥𝑥 is the scale thickness, 𝑡𝑡 is time and 𝑘𝑘𝑙𝑙 the linear rate constant. This phenomenon is typically observed
in cases with extremely thin scales, as well as in cases with porous and defect-rich scales.
If scale growth is governed by solid-state diffusion through the scale, the flux of ions/molecules/electrons needs
to be considered. A model to describe this was first presented by Wagner [21], who used Fick’s first law together
with electron diffusion mechanisms to explain how an oxide scale grows at a parabolic rate. In principle, the
model describes how gradients of oxygen partial pressure across the scale, together with the change in free
energy for the metal oxide formation generate a driving energy for the ions to ‘jump’ between defects in the
lattice, such that the metal oxide can form. The thicker the scale grows, the lower the driving energy becomes
and the growth rate decreases. This is an ideal model and requires that certain criteria are met, such as
thermodynamic equilibrium at the interfaces and inside the scale, steady-state conditions at the interfaces, as
well as homogeneity of the phases. Nevertheless, the model is even today widely used to explain the growth of
an oxide scale in a diffusion-controlled manner. The parabolic growth rate is described by Equation 4:
𝑥𝑥 2 = 𝐾𝐾𝑝𝑝 𝑡𝑡 + 𝐶𝐶

Equation 4

where 𝐾𝐾𝑝𝑝 is the parabolic rate constant and 𝐶𝐶 is the integration constant.
6

The growth rate of an oxide can also follow a sub-parabolic pattern. This is usually observed for very thin oxides
and has been explained in terms of electron channelling or the presence of cavities in the thin film [17].
In reality, an oxide scale is complex and non-static. This means that the diffusion mechanisms change over time,
and this is especially true for complex alloy systems that contain multiple alloying elements that oxidises. The
partial pressure changes locally within the scale and the activity of the alloying element in the alloy decreases or
increases over time.

2.2.3.1 ‘B REAK - AWAY ’ OXIDATION
‘Break-away’ oxidation is a mechanism whereby the oxidation is initially parabolic but following break-down of
the oxide scale, a fast linear oxidation behaviour emerges. Most commonly, this is attributed to severe chromium
depletion of the oxide and metal, leading to break-down of the protective chromium rich oxide [22, 23]. When
the protective oxide scale is lost, rapid oxidation of iron-oxides occurs, leading to a drastic increase in the
oxidation rate. Depletion of chromium can also occur in Ni-base alloys, with the consequence that nickel starts
to oxidise. However, this will not trigger a linear rate of oxidation and is not termed ‘break-away’ oxidation.
Huczkowski et al. [24] have instead labelled this as ‘critical Cr-depletion’.

2.2.4 OXIDE STRUCTURE
The oxides formed on metals generally have a polycrystalline structure, even though amorphous and vitreous
oxides also exist [17]. The structure of the oxide can be either stoichiometric or non-stoichiometric depending
on the elements present in the oxide and the conditions under which it is formed. Highly stoichiometric oxides,
such as α-Al2O3, still contain defects in the lattice, albeit to a lesser extent compared to non-stoichiometric
oxides. In stoichiometric oxides, there are two common types of defects; Schottky and Frenkel defects. A
Schottky defect entails incorporation of vacancies into the lattice, where both a cation and an anion are missing.
A Frenkel defect involves the incorporation of a cation interstitial ion, which is balanced by a cation vacancy. The
presence of these defects enables vacancy and interstitial movements in the lattice, at the same time as the
stoichiometry and electron neutrality are maintained. Non-stoichiometric structures, e.g., Cr2O3, FeO, and Fe2O3,
have chemical compositions that deviate from stoichiometry through either oxygen excess/deficiency or metal
excess/deficiency [25]. On the one hand, if the oxide has an oxygen excess or metal deficit, the major defects
present in the lattice will be oxygen interstitials or metal vacancies, respectively. This type of oxide is classified
as a p-type semiconductor. On the other hand, if the oxide has either an oxygen deficiency or metal excess the
predominant defects will be oxygen vacancies or metal interstitial, respectively. These types of oxides behave as
n-type semiconductors. In non-stoichiometric oxides, the electro-neutrality is maintained by either extra
electrons or electron holes. The nature and extent of the defects in the oxide influence how ions are transported
through the scale, which in turn determines how the oxide scale grows. This is illustrated in Figure 4, where it
can be seen that an n-type oxide with metal excess and a p-type oxide with metal deficiency grow at the
gas/oxide interface, whereas an n-type oxide with oxygen excess and a p-type oxide with oxygen deficiency grow
at the metal/oxide interface. It should be noted that the above description represents a model system. In reality,
the complexity of the oxides is greater and mixtures of different structures create scales that grow at both the
gas/oxide interface and the metal/oxide interface.
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Figure 4 Illustration of the ionic diffusion patterns in n-type and p-type oxides and the growth directions of the oxide scale. Adapted from
[26].

So far, the structures of the oxides have been discussed only on an elementary level. There are also microscopic
and macroscopic features that influence the properties of an oxide scale. Since the oxide is polycrystalline, there
are grain boundaries present in the scale that lead to short-circuit diffusion pathways through the scale [27]. The
oxide grains are not static during high-temperature exposure and can grow and recrystallise with time. For an
oxide scale to be protective, it needs to be dense, adherent and continuous. If the oxide is porous, cracked or
has other macroscopic defects, ions and molecules can easily penetrate the scale [20]. Factors that cause these
defects are stresses in the oxide, contaminants in the metal, and a too-fast growing scale, to mention a few
examples.
Alloys can form different types of oxide structures depending on the alloy composition, temperature etc. The
main oxide structures observed in this thesis are summarised below, and the structures are depicted in Figure 5.

Figure 5 Crystalline structures of the most common oxide phases observed in this thesis: (a) rock-salt structure; (b) spinel structure; and (c)
corundum structure [26].
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2.2.4.1 C R 2 O 3
The vast majority of high-temperature alloys used at temperatures above approximately 600 °C rely on the
formation of a chromia scale. The chromia scale has a corundum structure (see Figure 5c) in which the oxygen
ions are packed in a hexagonally closed-packed structure, with the chromium ions occupying the octahedral holes
in the lattice [28]. The chromia scale has a high degree of stoichiometry and superior protective properties
compared to any iron-oxide. If the scale is formed on a Fe-base alloy it is possible that the formed scale is not
pure Cr2O3 but rather consists of a mixture of Cr2O3 and Fe2O3, as the similarities shared by the different oxides
make them completely soluble with each other [29].
It has been observed that the oxygen partial pressure influences which defects that are present in a Cr2O3-oxide.
At low oxygen partial pressures, the oxide behaves as an n-type semiconductor, whereas at high oxygen partial
pressures it behaves as a p-type semiconductor [30-32].

2.2.4.2 M 3 O 4
Spinel oxides consist of metallic ions, such as Fe2+,3+, Mn2+,3+, Ni2+ and Cr3+, which occupy the tetrahedral and
octahedral sites in a cubic closed-packed crystal structure, see Figure 5b. A spinel oxide is either classified as:
‘normal’ when the M3+ occupies half of the octahedral sites and M2+ occupies every eighth tetrahedral site, or
‘inverse’ when every eighth tetrahedral site is occupied with an M3+ and the octahedral sites are split between
M2+ and M3+, e.g., Fe3O4 [17]. In general, spinel oxides are poorly protective, although the diffusion rate in the
spinel depends on the elemental composition of the spinel.

2.2.4.3 N I O
NiO has the halite or rock-salt structure (NaCl) in which oxygen ions lie in a cubic close-packed structure, with
the Ni-ions in octahedral interstitials, see Figure 5a [17]. NiO has a low level of stoichiometry and, consequently,
is poorly protective owing to rapid diffusion through the oxide. It should be noted that the reaction between NiO
and Cr2O3 to form NiCr2O4 occurs spontaneously [33].

2.2.4.4 A L 2 O 3
α-Al2O3 has a corundum structure similar to that of Cr2O3, with hexagonally closed-packed oxygen ions and
aluminium ions occupying the octahedral holes in the lattice [17]. However, α-Al2O3 is more stoichiometric
resulting in a very low level of ion diffusivity, making it highly protective. The inward diffusion of oxygen through
short-circuit grain boundaries is the main contribution of ion diffusion across an α-alumina [34] [35]. The growth
kinetics is usually sub-parabolic, and at the high temperatures where grain coarsening occurs a decrease in the
oxidation rate is observed due to grain growth [36]. Since the nucleation of α-alumina is rather slow, different,
transient Al2O3 phases are normally formed at temperatures <1000 °C [37]. These transient alumina phases are
metastable and transform to α-Al2O3 given sufficient time and appropriate temperature. The transient alumina
phases, i.e., γ-alumina, θ-alumina, δ-alumina, and κ-alumina, are not as stoichiometric as α-alumina, and
consequently exhibit faster growth rates. It has been observed in previous studies that these transient alumina
phases grows outwards by metallic cation diffusion [38].

2.2.4.5 M ULLITE
Mullite is a crystalline structure with the composition Al2(Al2+2xSi2-2x)O10-x, where x=0.25 results in stoichiometric
mullite with formula 3Al2O3·2SiO2 and x=0.40 gives 2Al2O3·SiO2 [39]. Pure mullite is used in various hightemperature applications such, as refractory.

2.3 CORROSION BY WATER VAPOUR
Water vapour is a corrosive species at high temperatures. The effects of water vapour have been studied
extensively over the years, and mechanisms that involve chromium evaporation and increased oxidation rates in
environments at low oxygen partial pressures have been studied [4] [40-45]. Since water vapour is present in
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many industrial processes, such as those previously presented in Section 2.1, an improved understanding of how
water vapour influences corrosion is of the utmost importance.

2.3.1 CHROMIUM EVAPORATION
When a chromium-rich oxide is in contact with an environment that contains O2 or O2/H2O at high temperatures,
chemical reactions occur, resulting in the formation of gaseous species, see Figure 6. This is commonly referred
to as ‘chromium evaporation’ and it depends on various factors, such as the temperature, the partial pressures
of O2 and H2O, the gas velocities, and the scale structure. Examples of reactions that can occur are Reaction 6
and Reaction 7. Theoretical and experimental evaluations have been performed to determine the partial
pressures of CrO3 and CrO2(OH)2 over Cr2O3 at different temperatures [46, 47]. From these results, it can be
concluded that at temperatures <900 °C, the main volatile compound is CrO2(OH)2. At temperatures <800 °C, the
amount of CrO3 is negligible.
Reaction 6

𝐶𝐶𝑟𝑟2 𝑂𝑂3 (𝑠𝑠) + 1.5 𝑂𝑂2 = 2𝐶𝐶𝐶𝐶𝑂𝑂3 (𝑔𝑔)

𝐶𝐶𝑟𝑟2 𝑂𝑂3 (𝑠𝑠) + 2𝐻𝐻2 𝑂𝑂 + 1.5 𝑂𝑂2 = 2𝐶𝐶𝐶𝐶𝑂𝑂2 (𝑂𝑂𝑂𝑂)2 (𝑔𝑔)

Reaction 7

Figure 6 Schematic showing the principle of chromium evaporation. Water vapour and oxygen react with the chromia scale to form
chromium-oxy-hydroxide.

The formation of CrO2(OH)2 from a chromia scale involves the oxidation of chromium (III) to the hexavalent state
by O2 followed by the hydrolysis of the Cr(III)-O-Cr(VI) bonds by H2O [48]. Since an activation enthalpy is necessary
for the evaporation reaction to occur, it is obvious that increasing the temperature will increase evaporation.
Falk-Windisch et al. [14] have shown that when a temperature increase of 100 °C was implemented in the interval
of 650-850 °C the evaporation rate increases by a factor of 2-3.
Increasing the partial pressures of H2O and O2 increases the evaporation rate, since Reaction 7 is pushed towards
the formation of CrO2(OH)2. The maximum rate of evaporation in an environment that contains H2O and O2
occurs when the fraction of water is 0.57 and the fraction of oxygen is 0.43.
Since the saturation partial pressure of CrO2(OH)2 is low, equilibrium is quickly reached in a stagnant gas.
However, in flowing gas streams, CrO2(OH)2 molecules are transported away from the reaction surfaces, thereby
increasing the evaporation rate proportional to the gas velocity. The increase in evaporation rate due to
increasing flow rates is valid up to a certain level, after which the evaporation rate instead depends only on the
forward reaction expressed in Reaction 7. It has been shown by Froitzheim et al. [49] that in air with 3 vol.% H2O,
flow independency is reached at about 0.25 m/s. However, in another study, an increased rate of evaporation
when the flow velocity was increased from 0.7 m/s to 6 m/s in air with 6 vol.% H2O [24].
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2.3.1.1 T EDMON KINETICS
Evaporation and oxidation are reactions that occur simultaneously during exposure at high temperatures in
O2/H2O-environments. The evaporation reduces the scale thickness, while oxidation increases it. Tedmon [50]
has proposed a model in which, at some elapsed exposure time, the rate of oxide growth becomes equal to the
rate of evaporation. When this happens a constant oxide thickness is achieved. This can be described by Equation
5, where Kd is the oxide growth rate constant and ks is the reduction of thickness constant. By setting the scale
growth to zero, the critical scale thickness can be calculated using Equation 6. This model can also be applied for
gravimetric data, resulting in a net mass change that is described as paralinear due to the parabolic oxide growth
and the linear evaporation rate, as illustrated in Figure 7 [51].
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=

𝑥𝑥 =

𝐾𝐾𝑑𝑑
𝑥𝑥

𝐾𝐾𝑑𝑑

Equation 5

− 𝑘𝑘𝑠𝑠

Equation 6

𝐾𝐾𝑠𝑠

Figure 7 Schematic illustration showing a paralinear behaviour due to parabolic oxide growth and linear evaporation.

2.3.1.2 M ITIGATING CHROMIUM EVAPORATION
The amount of volatile chromium-oxy-hydroxide formed can be reduced by applying various measures. One way
to mitigate evaporation is to alloy with elements that form oxide scales with less amounts of chromium in the
outer part. An alloying element that has been used widely for this purpose is manganese [14] [52]. The
manganese promotes an outer layer of (Cr,Mn)3O4, which decreases the amount of chromium that is in contact
with the environment, such that the evaporation rates are reduced 2-3 times [53]. The use of alloys that contain
sufficient amounts of aluminium to allow an alumina scale to be formed is another way to add an alloying
element to reduce chromium evaporation, (described in detail in Section 2.3.3.) A common approach to
mitigating Cr-evaporation is to apply coatings to the steel surfaces separating the chromium-rich oxide scale from
the environment. Examination of substrates coated with cobalt to form (Co,Mn,Fe)3O4 have revealed significantly
reduced Cr-evaporation [54] [55]. Furthermore, nickel has been tested as a coating material at 800 °C, reducing
the evaporation by 99% [56].

2.3.2 WATER VAPOUR AT LOW OXYGEN PARTIAL PRESSURES
In environments that contain H2O but no O2, there is no evaporation of chromium-oxy-hydroxide. However, in
these environments, water is the oxidant and the nature of the oxidation is different from that when oxygen is
the main oxidant [45]. Some proposed mechanisms for oxidation by water are increased diffusivity/solubility of
oxygen in the metal [57], and the presence of so-called ‘H2/H2O-bridges’ in the voids in the oxide scale [58]. Henry
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et al. [59] have suggested that the smaller ionic radius of OH- compared to that of O2- explains the faster oxide
growth in these environments.

2.3.3 WATER VAPOUR EFFECTS ON ALUMINA
Water vapour also influences the formation and growth of alumina scales. Evaporation of Al2O3 by water vapour
occurs according to Reaction 8. However, as the activity of this reaction is considered to be negligible at
temperatures <1300 °C, it is not considered the be important at normal operating temperatures [60].
1
2

3

𝐴𝐴𝑙𝑙2 𝑂𝑂3 (𝑠𝑠) + 𝐻𝐻2 𝑂𝑂(𝑔𝑔) = 𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)2 (𝑔𝑔)
2

Reaction 8

FeCrAl alloys form transient oxides that contain chromium during the early stage of oxidation. The chromium in
this oxide could be subject to the formation of chromium-oxy-hydroxides. Previous studies have shown that the
evaporation from FeCrAl alloys is about 1-3 orders of magnitude lower than that from chromia scales at
temperatures in the range of 800-1000 °C [61] [62]. After prolonged exposure time at high temperature, the
amount of chromium in the outer part of the oxide scale should be very low, and the evaporation of chromiumoxy-hydroxide should be minimal.
Water vapour influences the structure of the alumina scale. It has been observed that the oxidation rate is higher
in wet air compared to dry air [63]. This has been attributed to that water vapour stabilises γ-alumina which
grows faster compared to α-alumina [38].

2.4 HIGH-TEMPERATURE RESISTANT ALLOYS
Steels are alloys that consist of iron and carbon. For the steel to be denoted as a stainless steel, a chromium
content >10.5 wt.% is needed [64]. Other types of alloys are also used in high-temperature applications, for
example Ni-base alloys, where the base of the composition is nickel rather than iron. Stainless steels and Ni-base
alloys are construction materials that are often used at elevated temperatures for various purposes, such as heat
exchanging, transportation of media, and the separation of media. The desired properties of these metallic alloys
include: formability, weldability, good heat transfer, high strength, ductility, corrosion resistance, and relatively
low prices. High-temperature alloys can be classified according to alloy composition, properties, and structure
into the following families: carbon steels; low-alloyed steels; (austenitic, ferritic, martensitic) stainless steels; Nibase alloys; Co-base alloys; alumina-forming ferritic alloys; and alumina-forming austenitic alloys. The families
used in this thesis are described in more details below.

2.4.1 AUSTENITIC STAINLESS STEELS
Austenitic stainless steels are iron-based alloys that are stabilised with nickel to make them austenitic. In some
instances, other austenite-stabilising elements such as manganese and nitrogen, are added to reduce cost. The
high-temperature corrosion resistance of the steel is improved by increasing the chromium content and/or by
adding silicon or Reactive Elements (REs), as in the case of 253MA™. Some of the most commonly used austenitic
stainless steels for high-temperature service are presented in Figure 8. It should be noted that most of these
alloys exist in different versions, with variations mostly related to the carbon content and grain size. For example,
304L (a low carbon-containing version of 304), more resistant against certain corrosion mechanisms, such as
intergranular corrosion due to sensitisation. The high-temperature version of 304 is called 304H and it has large
grains that increase creep strength. The two grades, 347 and 321, are stabilised with niobium or titanium,
respectively, to avoid Cr-carbide precipitation, making them more resistant to sensitisation. Characteristic
properties of austenitic stainless steels include good ductility and good weldability. In this thesis, 310 has been
used in the corrosion exposures. This is one of the most common austenitic stainless steels for high-temperature
service owing to the fact that it has a high chromium content (25 wt.%).
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Figure 8 Map showing some of the most common austenitic stainless steels used for high-temperature applications, including their nominal
chemical compositions. All the steels have iron as the base. 253MA™ is a trademark of Outokumpu OY.

2.4.2 NI-BASE ALLOYS
Ni-base alloys are balanced by nickel, as compared to austenitic stainless steels, which have iron as the base. The
nickel content is usually >50 wt.%, even though some alloys have a lower content of nickel but are still considered
to belong to the Ni-base family, e.g., Alloy 800HT [65]. The base structure is fully austenitic, and thanks to the
high nickel content, good structure stability is maintained even with high concentrations of elements (e.g.
molybdenum) that would otherwise impair the structure stability. Ni-base alloys are alloyed with chromium, and
in some cases with aluminium to improve their high-temperature corrosion resistance. At high-temperatures,
most Ni-base alloys form chromia-scales, although a few, for example Alloy 214, contain sufficient aluminium to
form an alumina-scale. Most Ni-base alloys exhibit high mechanical strength. This is accomplished by
precipitation hardening through the addition of titanium and aluminium, to form secondary phases such as γ’
[Ni3(Ti,Al)], and also by solution hardening through the addition of molybdenum, cobalt and tungsten [66] [67].
Ni-base alloys are used in various high-temperature applications, including nuclear power plant components,
turbine components, and superheaters in power boilers. The high content of nickel and the often advanced
manufacturing route make these alloys relatively expensive compared to austenitic stainless steels. Figure 9
shows a map of the most commonly used Ni-base alloys and their nominal compositions, with Alloy 600
considered as the starting alloy. In this thesis, Alloy 690 has been used in corrosion exposures. Alloy 690 has a
relatively simple composition with high chromium and nickel contents and low levels of iron and other elements,
making it a good candidate for studying corrosion mechanisms.
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Figure 9 Map of some of the most commonly used Ni-base alloys for high-temperature service. Adopted from [65].

2.4.3 ALUMINA-FORMING FERRITIC ALLOYS
Alumina-forming ferritic alloys are Fe-based alloys that contain aluminium and chromium. These alloys typically
have very good oxidation resistance, low thermal expansion, high thermal conductivity, relatively poor
weldability, low ductility at room temperature, and poor structure stability. The aluminium is added so that the
alloys can form an alumina scale. In the binary Al-Fe system, the aluminium content needs to be approximately
7 wt.% for the alloy to form an external alumina scale [68]. As this would make the alloy very brittle, a third
element in the form of chromium is added so that the aluminium content can be reduced to about 3-4 wt.% Al
for a Fe-14% Cr [69]. This is called the ‘third-element effect’. When the aluminium and/or chromium are on
marginal levels to form a continuous alumina scale, it has been observed that Fe-oxide nodules can form [70]
[71] [72]. These Fe-oxide nodules do not grow with time due to the establishment of an alumina-scale at the
nodule/metal interface [5]. Since a rather high content of chromium is needed for the third-element effect,
alumina-forming ferritic alloys are sometimes susceptible to precipitation of secondary phases such as the α’phase, Cr-carbonitrides, and σ-phase, at intermediate temperatures of 500-800 °C [73] [74]. The formation of α’,
the so-called 475 °C-embrittlement, involves the separation of the ferritic phase into one chromium-rich phase
and one iron-rich phase due to a miscibility gap in the Fe-Cr system. To avoid this, the chromium content should
be <11 wt.% in a FeCrAl alloy that contains 4 wt.% Al [75]. However, a composition of 11 wt.% chromium and 4
wt.% aluminium is considered to be marginal for alumina formation [76]. One way to retain the ability to form a
protective alumina scale with lower chromium content is to alloy with small additions of silicon [6]. This idea is
not new, and using silicon as a third-element in an Fe-Al has been reported before [77]. The silicon is reported
to influence the diffusion properties of aluminium and iron and, consequently, increases the ability to form a
protective alumina scale.
Another group of elements that is typically used in alumina-forming alloys are REs. In similarity to chromiaforming alloys, increased oxide adherence and a reduced oxidation rate are observed with even small additions
of REs (see Section 2.4.4 for a more detailed description of the RE-effect).
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In this work, two different alumina-forming alloys were used: Alkrothal® 14, which is typically used in heating
applications at temperatures >800 °C and contains 14.4 wt.% chromium and 4.8 wt.% aluminium; and Alloy 197,
which contains lower levels of aluminium and chromium but in addition has approximately 1.3 wt.% silicon.

2.4.4 REACTIVE ELEMENT EFFECT
REs such as cerium, yttrium, zirconium, tantalum, hafnium, and lanthanum are known to increase the oxidation
resistance at high temperature for both chromia- and alumina-forming alloys. Even small additions in the ppm
range have been shown to improve the adherence and reduce the growth rates of the formed scales. While the
underlying mechanisms are still not fully understood, multiple hypotheses have been put forward, some of which
are listed as follows:
-

-

A change in ion diffusivity through the scale, whereby the outward diffusion of cations is reduced and
the inward diffusion of oxygen is un-affected, leading to an inward growing oxide that exhibits increased
adherence to the substrate and a reduced growth rate [78].
The RE-particles create a pegging-effect of the oxide to the substrate and increase the adherence of the
scale [79].
The REs act as getters of elements such as sulphur, sodium, and potassium, thereby reducing the levels
of these elements in the metal, which otherwise would interact and reduce the adherence of the scale
[80].

In a recent study that was performed with a FeCrAl alloy at low pO2 with traces of H2O as the single oxidant, it
was shown that OH- was transported through the scale in Y-oxide decorated grain boundaries. The Y-oxide
decoration helped to keep the inward transportation path open, and a rather thick alumina was found in the
vicinity of the RE-particles [81].
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3 MATERIALS AND EXPERIMENTAL
3.1 MATERIALS
Alloys from three groups of materials were used in this work: one austenitic stainless steel, one Ni-base alloy,
and two ferritic alumina-forming alloys, see Table 1 for the respective chemical compositions. The austenitic
stainless steel 310S is a commonly used high-temperature grade steel, the denotation ‘S’ indicates that there is
no grain size requirement. The Ni-based Alloy 690, hereinafter referred to as A690, has a high chromium content
and low iron content. The two ferritic alumina-forming alloys are: Alkrothal® 14 (hereinafter referred to as A14)
a commercially available alloy; and Alloy 197 (hereinafter referred to as A197) a newly developed alloy. The main
differences between the FeCrAl alloys are the lower chromium and aluminium contents and higher silicon
content of A197. Both alloys have low levels of REs added to improve oxidation resistance.
A690 was produced by melting in an Electric Arc Furnace (EAF) followed by continuous casting into a bloom,
which was then hot-forged down to a bar with final diameter of 121 mm. The bar was then subjected to a final
heat treatment, generating an average grain size of 55 µm. A14 and A197 were produced by EAF-melting,
followed by ingot-casting with subsequent hot-rolling into plates. The plates were then cold-rolled into strips
with a final thickness of 2 mm. In the final step, bright annealing was applied to ensure a homogeneous
microstructure. The manufacturing route for the 310S material is unknown and it was provided as a 1-mm thick
strip.
Coupons with nominal size of 12×12×1 mm were cut from all four materials.
Table 1 Chemical compositions of the materials used in this work (in wt.%). Iron is the balance in all cases.

Alloy
310S
A690
A14
A197

Cr
23.8
29.6
14.8
12.4

Al
n/a
n/a
4.4
3.7

Ni
19.7
60.1
n/a
n/a

C
0.044
0.018
0.03
0.02

Si
0.61
0.19
0.33
1.25

Mn
1.69
0.29
0.22
0.10

Other
Ti=0.28
RE
RE

3.1.1 SAMPLE PREPARATION
Prior to exposure, the corrosion coupons were prepared to achieve a homogeneous and smooth surface.
Coupons were prepared by grinding the edges with SiC-paper with 1,000 grit. The faces of the coupons were first
ground down to 4,000 grit coarseness, and this was followed by polishing with a diamond paste to mirror-bright
appearance with a surface roughness of 1 µm. After polishing, cleaning of the coupons was performed in two
steps in an ultrasonic bath. In the first step, the coupons were submerged in acetone for 10 minutes, and in the
second step they were submerged in ethanol for 10 minutes. The final coupons were then measured for size
using a 3-decimal digital caliper and for weight using a 6-decimal scale (Mettler Toledo).

3.2 FURNACE EXPOSURES
High-temperature exposures were performed in electrically heated horizontal tube furnaces that were equipped
with reaction tubes of fused SiO2 with an inner diameter of 44 mm. The set-up of the furnaces is described in
Figure 10. The inlet air consisted of ambient air that was filtered by passing the gas through potassium
permanganate filters. The flow rate was set between 1,000 ml/min and 8,000 ml/min depending on the
exposure, and the gas flow was calibrated using the MesaLabs Defender™ 530+ flow meter. Exposures were
performed in both dry air and air that contained 20-40 vol.% H2O. The air was moistened by bubbling the inlet
air in a heated water bath so that it become saturated with water. The saturated air was then passed through a
reflux condenser to obtain the desired dew-point of either 60.4 °C for 20 vol.% water content or 76.3 °C for 40
vol.% water content. Calibration of the dew-point was performed with the Michell Instruments Optidew Vision™
chilled mirror humidity sensor. In the horizontal tube furnace, the gas was heated to exposure temperatures in
the range of 500-800 °C, depending on the desired exposure. Triplicate samples were placed in Al2O3 sample
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holders, and parallel to the gas flow direction. For all the exposures, triplicate samples were used. In the reaction
tube, the gas first passes a flow restrictor to create a more homogeneous gas flow. Downstream of the samples,
the gas is led into a so-called ‘Denuder’ tube. The denuder tube is coated with NaCO3, which reacts with the
evaporated chromium-oxy-hydroxide that is present in the gas stream, according to Reaction 9.
𝐶𝐶𝐶𝐶𝑂𝑂2 (𝑂𝑂𝑂𝑂)2 (𝑔𝑔) + 𝑁𝑁𝑎𝑎2 𝐶𝐶𝑂𝑂3 (𝑠𝑠) = 𝑁𝑁𝑎𝑎2 𝐶𝐶𝐶𝐶𝑂𝑂4 (𝑠𝑠) + 𝐻𝐻2 𝑂𝑂(𝑔𝑔) + 𝐶𝐶𝑂𝑂2 (𝑔𝑔)

Reaction 9

The denuder tube was replaced during the exposure so that a time-resolved profile of the evaporation rate was
obtained. After the denuder tube had been replaced, it was leached with MilliQ-water and the concentration
was assessed by spectrophotometry. The end of the denuder tube was connected to a wash bottle to collect any
Na2CrO4 that might follow the gas stream and leave the denuder tube. The solution in the wash bottle was
subsequently condensed down to about 20-50 ml, and analysed for concentration in the same way as the leached
solution from the denuder tube. The gas was heated using heating cords between the condenser and the inlet
of the furnace, as well as after the furnace and the end of the denuder tube, to avoid condensation that would
otherwise occur below the dew-point of the gas.

Figure 10 Schematic illustration of the set-up used for the high-temperature exposures.

3.3 DEMONSTRATOR EXPOSURE
One 400 hours long exposure with A197 was performed in a demonstrator for a small-scale ATR at the company
PowerCell Sweden AB. A 0.5 mm thick sample was exposed to the reformate gas (H2, CO2, CO, H2O, CH4, N2) on
one side, and air with about 40 vol.% H2O was present on the other side, see the set-up in Figure 11. The
temperature was measured at four different positions, at the: wet gas inlet, wet gas outlet, reformate inlet, and
reformate outlet, see Figure 12 for the temperature logs for the 400 hour long exposure. During the exposure,
three shut-downs occurred. The flow velocity was >5 m/s
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Figure 11 The left panel shows the demonstrator, while the right panel shows how the sample was installed in the demonstrator.

Figure 12 Temperature logs from four different positions during the 400 hour long demonstrator exposure. The positions indicated are: RI,
Reformate inlet; RO, Reformate outlet; WO, Wet air outlet; WI, Wet air inlet.

3.4 SAMPLE PREPARATION POST-EXPOSURE
After exposure, the coupons were weighed using a 6-decimal scale. To avoid contamination from the ambient
air, the coupons were stored in a desiccator in the period between the exposure and weight measurement.
The coupons were subjected to different preparation techniques, depending on which type of analysis method
that was going to be employed in the subsequent studies. Coupons analysed by X-ray techniques and by planview examination using electron microscopy were not prepared, and consequently, they were analysed in the
as-exposed condition.

3.4.1 BROAD ION BEAM MILLING
A Broad Ion Beam (BIB) was used to mill cross-sections of the areas of interest. This technique has the advantage
that it removes material without mechanically affecting the sample, thereby avoiding the introduction of
artefacts associated with cutting, grinding and polishing. A BIB consists of multiple ion guns that bombard ions
onto the metal, thereby removing the material gently. The BIB used in this work was the Leica TIC3X™, which
consists of three argon guns. The guns are fixed in a vacuum chamber and directed towards the sample stage
where the samples are mounted. A mask is used to select an area of interest, and the ion guns mill away material
from the non-masked area. A BIB allows a milling depth of about 1 mm to be achieved in a few hours, making it
19

a relatively fast and easy tool for the generation of cross-sections. Prior to BIB-milling, the samples were
sputtered with a thin gold layer to improve conductivity, and a silicon wafer was glued onto the samples so as to
avoid curtain effects [82]. A low-speed cutting saw was used to cut the sample in half before it was placed in the
BIB. In the milling process, an applied voltage of 6.5 kV and a current of 2.4 mA were applied.

3.4.2 FOCUSED ION BEAM MILLING
Focused Ion Beam (FIB) milling was used to prepare samples for analysis by Scanning Transmission Electron
Microscopy (STEM). The principle of this technique is the use of an electron microscope equipped with an iongun to perform site-specific, in-situ sample preparation. By applying this technique, thin foils from the area of
interest can be prepared for further examination, using what is called the ‘lift-out’ technique. The process steps
in the lift-out technique consist of the: deposition of platinum over the area of interest; milling of trenches;
performance of a U-cut; and transfer to a copper grid. Further examination of the sample is then performed by
Transmission Electron Microscopy (TEM).
In this work, the FEI Versa 3D™ FIB-SEM was used to mill out areas of interest. The FIB-milling was performed by
Vijayshankar Asokan.

3.5 ANALYTIC TECHNIQUES
3.5.1 SPECTROPHOTOMETRY
Spectrophotometry was used to measure the concentrations of solutions that contained CrO42- and that were
collected using the denuder technique (see Section 3.2). Solutions that contain CrO42- have a yellowish colour
and absorb light at a wavelength of 370 nm. Spectrophotometry is a technique whereby an incident
monochromatic light is passed through a cuvette that contains the solution. The intensity of the transmitted light
is then measured by a photometer on the other side of the cuvette. Since the solution absorbs some of the light,
it is possible to determine the concentration by measuring the transmitted light. The Beer-Lamberts law,
Equation 7, is used to show the relationship between the absorbance and concentration of the solution:
Equation 7

𝐴𝐴 = 𝜖𝜖 ∗ 𝑙𝑙 ∗ 𝑐𝑐

where 𝐴𝐴 is the absorbance, ε is the wave-length dependent molar absorptivity, and 𝑙𝑙 is the path length.

To facilitate fast and accurate measurements of a known solution of unknown concentration, a calibration curve
can be used. A calibration curve can be prepared using known concentrations of a standard solution and
measuring the absorbance. The standard curve used in this work (Figure 13) was created using a Merck chromate
standard solution that was diluted with 0.1 M NaOH to obtain various concentrations. The spectrophotometer
used was the Fischer Scientific evolution 60s UV/Vis™. The solutions measured were in all cases checked to have
a pH >9 to ensure that the ions in the solutions were in the form of CrO42-(aq) rather than HCrO4-(aq) [83].
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Figure 13 Calibration curve showing the absorbance values for chromate solutions of known concentrations.

3.5.2 X-RAY DIFFRACTION
X-ray diffraction was used to identify the crystal phases of the oxide scales formed after the exposures. Since the
oxides formed are crystalline in nature, it is possible to determine the lattice parameter and, thereby, define the
crystal phases present in the sample. In X-ray diffraction, a monochromatic X-ray source is used to inflict X-rays
of a certain wavelength onto a target sample. In this work, an X-ray source that emitted CuKα-radition with a
wavelength (λ) of 1.5418 Å was used. The X-rays are diffracted in the crystal lattice and reflected X-rays fulfilling
Bragg’s law, see Equation 8, can be detected. See Figure 14 for the principles behind this technique. In Bragg’s
law, 𝑑𝑑 is the lattice parameter, 𝜆𝜆 is the wavelength, 𝜃𝜃 is the incidence/diffracted angle, and 𝑛𝑛 is an integer.
Equation 8

𝑛𝑛𝑛𝑛 = 2𝑑𝑑ℎ𝑘𝑘𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

Figure 14 Illustration of the principles of Bragg´s, whereby diffraction in an atom lattice can be used to determine the lattice parameter d.

In Grazing-Incidence X-Ray Diffraction (GIXRD), the source has a fixed incidence angle (0.2°, and 1° in this work)
and a moving detector is used to detect the reflected X-rays at different angles. By comparing the measured
intensity peaks of the reflected X-rays with powder diffraction files (PDFs), it is possible to determine the
crystalline phases present in the examined sample. Since GIXRD can be used with a low incidence angle, the
penetration can be limited to shallow depths, making it suitable for analysing oxide scales that are formed on
metal surfaces. In this work, the Siemens D5000 GIXRD equipped with a Göbel mirror was used.

3.5.3 SCANNING ELECTRON MICROSCOPY
Scanning electron microscopy (SEM) was used to analyse the oxides formed during the exposures. SEM
resembles an optical microscope but instead of light, electrons are used to analyse the sample surface. This
makes it a useful technique for examining both the surface topography and chemical composition.
In SEM, electrons are emitted from an electron gun, and then accelerated and focused in a column before
interaction with the sample surface. The electrons can be focused so that the SEM has a lateral resolution of
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about 1 nm [84]. However, due to the high energy of the electrons, an interaction volume into the sample of
about 1 µm is usually obtained. The focused electrons can be scanned in the x-y direction, generating a 2dimensional image of the surface.
The interaction of electrons with the sample results in various signals, such as secondary electrons (SE), backscattered electrons (BSE), and characteristic X-rays [84]. SE are electrons that are emitted from the outer scales
of atoms when they are subjected to in-elastic scattering of the impacted electrons, see Figure 15a. If these
secondary electrons acquire sufficient kinetic energy, they can leave the surface and be detected. Typically, this
can only happen for the outer layer of atoms, with the result that a good topographic image can be derived from
these electrons.
BSE are electrons that have originated from the electron gun, entered the material, and due to elastic scattering
have changed path in the material as a result of interactions with the atoms in the material, see Figure 15b. As
these electrons have higher energy levels than SE, they can be distinguished. Denser atoms with higher atomic
numbers (Z) generate a higher number of BSE, creating contrast differences in the final image, which provide
information about atom density. The interaction volume from BSE is significantly larger than that from secondary
electrons, which means that the information obtained comes from a volume deeper within the material.
Characteristic X-rays are generated when an electron excites electrons out of an orbit in one of the material
atoms. This induces electrons from outer orbitals to fill the place of the excited electron and emit X-ray photons.
As the energy of the emitted X-ray photons is characteristic for a specific orbital movement in a specific element,
it is possible to identify the element by analysing the photon energy detected. This mechanism can occur
relatively deep within the material, and might not be related to the images generated by secondary and backscattered electrons. The technique to determine elemental composition using characteristic X-rays is called
Energy-dispersive X-ray Spectroscopy (EDS).

Figure 15 Illustration showing how (a) secondary electrons, (b) back-scattered electrons, and (c) characteristic X-rays are generated in SEM.

In this work, a Quanta 200™ SEM equipped with a Field Emission Gun (FEG) was used. An acceleration voltage of
10-20 kV was used for imaging and one of 20 KV was used for EDS-analysis. For high-magnification imaging, the
Zeiss Ultra 55™ FEG-SEM with acceleration voltage of 2 kV was used.

3.5.4 TRANSMISSION ELECTRON MICROSCOPY
TEM was used for detailed investigations of the oxide scale formed. In TEM, electrons are accelerated onto a
specimen in a similar way as for SEM, although in TEM the electrons are transmitted through the specimens and
apertures are used to interpret the signals on the other side of the specimen. This ensures less interference of
the beam compared to when electrons are back-scattered from the specimen, and consequently, the resolution
is higher. STEM is a mode in which the electron probe is scanned over the area of interest. In STEM mode, an
Annual Dark-Field (ADF) detector is used to create an image of the selected area using serial imaging [85].
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The specimens need to be thin for the electron beam to be transmitted through the specimen, typically <100
nm, although in some cases <50 nm [85].
The STEM analysis in this work was performed by Vijayshankar Asokan.

3.5.5 X-RAY PHOTOELECTRON SPECTROSCOPY
X-Ray Photoelectron Spectroscopy (XPS) was used in this work to analyse the chemical gradients in the formed
oxide scales. In XPS, X-ray photons are inflicted onto an area of interest. In this work, a beam size of 100 µm was
used, representing the lateral resolution. The electrons emitted from the surface are collected using an
electrostatic lens. The binding energy can be calculated from the kinetic energy of the electrons, which is
converted to chemical information by an energy analyser. The acquired information includes not only the
chemical composition, but also the oxidation states of the different atoms. The depth resolution is a few
nanometres, making it a suitable analytical tool for surface characterisation [86]. Depth profiling was
accomplished by etching the area of interest using Ar-sputtering. The nominal etching rate is 58.5 Å/min in a
reference sample of Ta2O5.
The XPS analysis in this work was performed by Yu Cao using a PHI5500™ equipped with an AlKα-source.
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4 RESULTS AND DISCUSSION
The Results and Discussion section of this work is divided into two parts. In the first part, chromium evaporation
and oxide scale evolution of chromia-forming alloys are presented and the results considered. The second part
presents and discusses the results obtained from the exposures of the alumina-forming ferritic alloys.

4.1 CHROMIA-FORMING ALLOYS
Evaporation of chromium-oxy-hydroxide from chromia-forming alloys has been studied extensively in the past.
It is known that relatively high levels of volatile species are released even at intermediate temperatures, e.g.,
600 °C [4].

4.1.1 THE EFFECT OF TEMPERATURE ON CR-EVAPORATION OF A690
To elucidate the ways in which Cr-evaporation is influenced by temperature, A690 was exposed in air with 20
vol.% H2O with a gas flow rate of 1,000 ml/min in the temperature range of 500-800 °C for 90 hours. By capturing
the evaporated species, it was found that even at 500 °C the accumulated level of evaporated species was
significant compared to the net mass change. Increasing the temperature resulted in an exponential increase in
the levels of evaporated species, see Figure 16. At 700 °C and 800 °C, this also resulted in negative net mass
changes after the 90-hour exposures. It should also be noted that the levels of chromium-oxy-hydroxide
evaporation in these cases were limited by the relatively low gas flow rates applied during the exposures.

Figure 16 Net mass changes and accumulated losses due to evaporation of chromium-oxy-hydroxide after a 90-hour exposures in air/20
vol.% H2O at different temperatures. Error bars for triplicate samples are indicated for net mass changes.

An examination of the rates of evaporation of chromium-oxy-hydroxide during the 90-hour exposures (Figure
17) reveal that in all cases the rate of evaporation is high initially and thereafter decreases with time. This is
suggested to be due to that the chromium rich oxide formed at the beginning of the exposure is a purer form of
chromia and that more Ni, Mn and Fe are ending up in the outer part of the scale, see the XPS-measurements in
Paper I. It is also likely that an oxide scale with a larger surface area and with more whiskers and blades is formed
at the beginning of the exposure, with the surface area being reduced with time, thereby reducing the
evaporation rate.
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Figure 17 Rates of evaporation of chromium-oxy-hydroxide during the 90-hours of exposures in air/20 vol.% H2O and with a gas flow rate of
1,000 ml/min at 1 atm and 25 °C. Each denuder replacement is represented by a value, while the lines are for graphical illustration only.

4.1.2 THE EFFECT OF GAS FLOW VELOCITY ON CR-EVAPORATION OF A690
Since the saturation pressure of CrO2(OH)2 is low, increasing the gas flow rate pushes the reaction for formation
of CrO2(OH)2 from equilibrium, thereby increasing the levels of evaporated species. To evaluate the influence of
the gas flow rate, exposures were performed at 800 °C with different gas flow velocities. The rates of evaporation
observed at the different gas flow velocities are presented in Figure 18. With increasing gas flow velocity, the
evaporation rate increased as expected. Interestingly, the evaporation rate decreased faster at the highest gas
flow velocity. After about 180 hours, the evaporation rate for the exposure at 31.6 cm/s was even lower than
that for the exposure at 23.7 cm/s.

Figure 18 Rates of evaporation of chromium-oxy-hydroxide during 200 hours of exposures in air/20% H2O at 800 °C with different gas flow
velocities. Each denuder replacement is represented by a value, while the lines are for graphical illustration only.
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After the exposures for 200 hours with the different gas flow velocities presented in Figure 18 were terminated,
the surface oxide scales of the corrosion coupons were examined, see Figure 19. The exposed coupons showed
different oxide morphologies. The coupon exposed at the lowest flow velocity, i.e., 4.0 cm/s, exhibited a
homogeneous dark oxide scale. At higher gas flow velocities, a brighter oxide scale was observed with more
extensive area coverage as the gas flow velocity increased. These different areas are hereinafter referred to as
the ‘dark area’ and ‘bright area’, respectively. The interface between the bright area and the dark area is
represented by the red box in Figure 19, together with the corresponding top-view SEM-SE image. It can be
observed that the bright area has oxide islands covering the alloy grains, while the dark area completely lacks
this feature. In the area that is more centred in the bright area, i.e., the blue box in Figure 19, the alloy grain
boundaries are also covered by the brighter oxide morphology.

Figure 19 Top, photographic images of samples after exposure for 200 hours in air/20 vol.% H2O at 800 °C and with different gas flow
velocities. The gas flow direction during the exposures is indicated. Bottom, SEM-SE top-view images of the red- and blue-boxed areas
from samples exposed to a gas flow velocity of 31.6 cm/s.

A cross-sectional SEM-BSE image of a coupon exposed to a flow velocity of 4.0 cm/s is presented in Figure 20. An
approximately 0.8 µm thick, continuous, dense, and adherent oxide scale is observed. The oxide contains mainly
Cr with low levels of other metallic elements, such as Fe and Ni. This oxide is expected to experience a high
degree of Cr-evaporation due to the high concentration of Cr that is in contact with the environment. Some Crdepletion can also be observed beneath the oxide scale.
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Figure 20 Cross-sectional SEM-BSE image and EDS-mappings showing the oxide scale formed after 200 hours of exposure in air/20 vol.%
H2O and a gas flow velocity of 4.0 cm/s

The dark area that results from exposure at the highest flow velocity, i.e., 31.6 cm/s, also shows a relatively pure
chromia scale with low levels of Fe and Ni, see Figure 21. The oxide has a thickness of approximately 0.5 µm,
while it is slightly thicker at the alloy grain boundaries. Furthermore, extensive Cr-depletion is evident beneath
the scale and in the alloy grain boundaries. This scale is thinner than the scale formed at the lower flow velocity
(see Figure 20), and the extent of Cr-depletion is also greater, implying that this area has been subject to more
extensive evaporation of chromium-oxy-hydroxide. Furthermore, the low levels of other metallic elements in the
scale indicate that Cr-evaporation from this area remains high, depending on the exposure conditions. The Cr
content of the alloy was found to be about 12-20 wt.% in the near-oxide region (for more details, see Paper I).

Figure 21 Cross-sectional SEM-BSE image and EDS-mappings showing the oxide scale formed in the dark area after 200 hours of exposure
in air/20 vol.% H2O and a gas flow velocity of 31.6 cm/s.

The scale microstructure in the bright area that results from the exposure at 31.6 cm/s is presented in Figure 22.
In this area, the scale consists of three layers, with the top layer showing a close to 50:50 atomic composition
ratio of Ni to oxygen, indicating almost pure NiO. The middle layer consists of a mixture of Cr, Ni, and Fe-oxides,
which are proposed to be different M3O4 phases. The third layer, the one closest to the metal interface, is a high
Cr-containing oxide that is suggested to comprise rather pure Cr2O3. At the alloy grain boundaries, a slightly
different oxide scale is formed, with mainly the outer layer of NiO and inner layer of chromia being observed.
Since the amount of Cr is very low in the outer layer of the scale, this oxide is assumed to experience a low level
of evaporation of chromium-oxy-hydroxide. The formation of this scale microstructure is probably the reason for
the dramatic drop in evaporation rates in the exposures with higher gas flow velocities. The approximately 1 µm
thick chromia scale closest to the oxide/metal interface should also be noted. This chromia scale is dense and is
suggested to act as a robust diffusion barrier.
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Figure 22 Cross-sectional SEM-BSE image and EDS-mappings showing the oxide scale formed in the bright area after 200 hours of exposure
in air/20 vol.% H2O and a gas flow velocity of 31.6 cm/s.

A dramatic difference is evident in the oxide microstructure between the dark and the bright areas. The higher
degree of surface coverage seen at higher flow velocities where the Cr-evaporation is more extensive indicates
that this is triggered by Cr-depletion of the metal. When the Cr content of the alloy reaches a critical value,
around 12-20 wt.%, break down of the Cr-rich oxide scale occurs and oxidation of Ni and Fe occurs. The breaking
down of the Cr-rich oxide scale leads to faster oxidation and enrichment of Ni in the outer part of the scale, which
eventually leads to the formation of a rather pure NiO. This ‘cap’-layer dramatically reduces the evaporation of
chromium-oxy-hydroxide. When the evaporation of Cr species ceases, and Cr is no longer being consumed, the
Cr content of the metal near the oxide/metal can recuperate through diffusion and thereby form a secondary
chromia-layer. This secondary chromia acts as a strong diffusion barrier and reduces the oxidation rate, see
Figure 23 for an illustration of the proposed mechanism. In less-aggressive environments, as in the case with the
lowest flow velocity, Cr is continuously supplied to the scale through diffusion, and since the evaporation rates
are lower, a critical level of Cr-depletion is not reached. For the 200 hour long exposure, the Cr-rich oxide scale
can be sustained, leading to rather constant evaporation rates. It is unclear as to whether and when the Cr levels
reach the thresholds to trigger the oxidation of Fe and Ni under the low flow velocity conditions, since Cr is
continuously supplied to the oxide/metal interface through diffusion.

Figure 23 Illustration showing the proposed oxidation and evaporation mechanisms. a) The initial chromia is evaporated, with Cr-depletion
of the alloy substrate as a consequence. b) The chromia layer breaks down, leading to the oxidation of Ni and Fe, thereby reducing Crevaporation. c) The Ni-rich cap-layer is established, minimising Cr evaporation so that a secondary chromia scale can form.

The microstructure of the final scale formed in the bright area is considered to be protective against both the
evaporation of chromium-oxy-hydroxide and excessive oxidation. This is attributed to the high Cr content of 30
wt.% in A690. If a Ni-base alloy with a lower concentration of Cr would have been used instead, a different scale
microstructure is anticipated. For example, the Cr-leaner Alloy 600, which has only about 16 wt.% Cr, is not
expected be able to establish the secondary chromia scale. This means that under similar exposure conditions it
29

would remain in Stage b shown in Figure 23, experiencing rapid oxidation. This has been observed in other,
similar studies [87].

4.1.3 EXPOSURE OF AS-EXPOSED A690 SAMPLES
The idea of a scale microstructure that comprises an outer layer of NiO and an inner secondary chromia as
corrosion protection against oxidation and Cr-evaporation was tested in a proof-of-concept study. For this,
coupons were used that were previously exposed to an environment that caused extensive Cr-evaporation and
in which the Ni-rich cap layer was formed. These coupons had been exposed for 200 hours in 42 vol.% H2O with
a gas flow velocity of 11.8 cm/s at 800 °C, and it was estimated that about 60-70% of the area was covered by
the bright surface oxide. The as-exposed coupons were then exposed at 700 °C in air/20 vol.% H2O with a gas
velocity of 3.6 cm/s for 90 hours. The levels of Cr-evaporation and oxidation were significantly reduced, see
Figure 24, together with the results from as-polished coupons exposed for 90 hours under the same conditions
at 700 °C and 600 °C.

Figure 24 Net mass changes and Cr2O3 losses after 90 hours of exposure of ‘as-exposed’ samples in air/20 vol.% H2O at 700 °C and a gas
flow velocity of 3.6 cm/s, as compared to the results obtained from ‘as-polished’ coupons. The scatter for the triplicate samples are
indicated.

4.1.4 EXPOSURE OF 310S IN HUMIDIFIED AIR
The stainless steel type 310S was exposed to an environment that contained air with 40 vol.% H2O and a gas
velocity of 11.8 cm/s for 200 hours, and compared to A690 exposed to the same conditions. The results show
that the initial evaporation rate for 310S was about 50% of the rate for A690, see Figure 25. However, after 200
hours of exposure, the evaporation rates were similar. The net mass change after 200 hours of exposure was
+0.089 ± 0.023 mg/cm2, indicating a rather high oxidation rate.
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Figure 25 Rates of evaporation of chromium-oxy-hydroxide in 200 hours of exposures in air/40 vol.% H2O at 800 °C and a gas flow velocity
of 11.8 cm/s for the different alloys 310S and A690. Each denuder replacement is represented by a value, while the lines are for graphical
illustration only.

An explanation to the much lower evaporation rate in the beginning of the exposure can be observed in Figure
26, where the cross-section of 310S is shown after 20 hours of exposure. The high Mn content in the outer part
of the oxide scale indicates a reduced Cr activity closest to the oxide/gas interface. Even though the initial low
evaporation rate of 310S indicates better protection against Cr-evaporation, as compared to A690, it is evident
that 310S is subject to high oxidation rates in this environment and is less protective than A690. After 200 hours
of exposure, islands of Fe-oxide (as observed previously [88]) became apparent on 310S, indicating the start of
break-away oxidation (Figure 27). Compared to A690, where a NiO is formed and a new secondary chromia scale
is established at the interface between the scale/metal, the break-away oxidation for 310 leads to rapid oxidation
of Fe without the ability to form a secondary chromia layer.

Figure 26 Cross-sectional SEM-BSE image and EDS-mappings showing the oxide scale formed on 310S after exposure for 20 hours in
air/40% H2O and a gas flow velocity of 11.8 cm/s. The scale has an outer layer rich that is rich in Mn and Cr, probably spinel oxide, and an
inner layer that contains a low amount of Mn, probably Cr-rich corundum-type oxide.
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Figure 27 Plan-view SEM-SE image showing 310S exposed in air/40 vol.% H2O at 800 °C for 200 hours. Areas of Fe-oxide have started to
form, indicating the start of break-away oxidation.

4.2 ALUMINA-FORMING ALLOYS
Alumina scales have superior protective properties compared to chromia scales. Formation of the highly
protective α-alumina scale typically requires temperatures >800 °C, such that the transient alumina transforms
into α-alumina. At temperatures ≤600 °C, it is unlikely that the transient alumina will transform into α-alumina.
In the present study, the protective properties of two FeCrAl alloys have been studied in the temperature range
600-800 °C in oxidising environment with and without H2O. One of the alloys, A14, contains higher levels of Cr
and Al and, due to embrittlement issues, it is not commonly used at these temperatures. The other alloy, A197,
is alloyed with lower levels of Cr and Al but contains approximately 1.3 wt.-% Si, which makes it less susceptible
to embrittlement.

4.2.1 EXPOSURES AT 800 °C
Initially, the studies were performed at 800 °C, at which temperature it is known that α-alumina can form. The
net mass changes after exposure in both dry air and wet air (40 vol.% H2O) are presented in Figure 28. Both alloys
show low, sub-parabolic mass gains, indicating the formation of thin, protective oxide scales. A197 also shows a
slightly higher mass gain than A14. At the same time, higher mass gains are observed in wet air than in dry air.
This has previously been observed [89] and has been attributed to the stabilization of γ-alumina by water, which
has a higher oxidation rate than α-alumina.
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Figure 28 Net mass changes observed for A197 and A14 exposed to dry and wet air for 20 hours and 200 hours at 800 °C. The dashed line is
a parabolic help line for the purpose of comparison.

Measurements of Cr-evaporation using the denuder technique showed that both FeCrAl alloys exhibited very
low degrees of Cr-evaporation, i.e., 2-3 orders of magnitude lower than that for the chromia-forming alloy 310S
(Figure 29). In fact, measured levels of CrO42- were close to the detection limit for the experimental set-up used.
The very low evaporation rates for the alumina-forming alloys are in agreement with those reported in previous
studies [62], and show that even though FeCrAl alloys contain 10-15 wt.% Cr, a negligible amount of Cr is
evaporated.

Figure 29 Cr-evaporation rates for A14 and A197 in 200 hours of exposure in air/40 vol.% H2O and a gas flow velocity of 11.8 cm/s at 800
°C. Inset: Cr-evaporation rates for the chromia-forming alloy 310S under the same exposure conditions (shown for comparison purposes).
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As indicated by the gravimetric results, both alloys form thin oxide scales, see Figure 30 for A197 and Figure 31
for A14. In all cases, scales are observed that consists of two layers: a dense inner layer, and a somewhat porous
outer layer. The interface between the inner layer and the outer layer is represented in the images by dashed
lines. The inner layer is expected to be inward-growing α-alumina, while the outer layer is suggested to be
outward-growing transient alumina, in accordance with the findings of previous studies [38]. The inner scale is
thicker for A14 than for A197, indicating faster transformation of transient alumina into α-alumina. The outer
outward-growing scale is significantly thicker for A197 than for A14.

Figure 30 Cross-sectional SEM-SE images of A197 exposed to: (a) wet air for 20 hours; (b) wet air for 200 hours; and (c) dry air for 200 hours.
The dashed lines indicate in each case the interface between the inner dense layer and the outer porous layer of the oxide scale.

Figure 31 Cross-sectional SEM-SE images of A14 exposed to: (a) wet air for 200 hours; and (b) dry air for 200 hours. In (b), the general oxide
is seen to the left side in the image while the right side represent an oxide nodule/ridge at an alloy grain boundary. The dashed lines
indicate the interface between the inner dense layer and the outer porous layer of the oxide scale.

The main differences between A197 and A14 lie in the outer layer of the scale. Further examination of the oxide
scale formed on A197 in wet conditions after 20 hours was performed by STEM (Figure 32). A remarkably high
level of Si is noted in the oxide scale. In the outer part of the scale, the cationic concentration of Si is >60 at.%,
while the Al concentration is about 20-30 at.%. Towards the interior of the scale, the Si concentration decreases,
while the concentration of Al increases. At a depth of about 160 nm, the remnants of the initially formed transient
oxide are observed, with an increased concentration of Cr. Furthermore, the increase in Fe concentration and
decrease in Si concentration at about 50 nm are associated with a needle-shaped feature in the oxide scale.
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Figure 32 STEM image and line scan of A197 exposed to wet air for 20 hours at 800 °C. The line scan shows the cation concentrations across
the oxide, indicating a high level of Al, together with Si.

To verify that the high level of Si observed in the scale by STEM is representative of the entire scale,
approximately 0.15 mm2 areas were subjected to plan-view SEM-EDS analysis. By lowering the acceleration
voltage, and thereby decreasing the interaction depth, it was possible to identify a strong signal for Si at the
lowest acceleration voltage of 5 kV, see Figure 33. This indicates the presence of a high level of Si in the scale.
Interestingly, this was only observed from the exposure in wet air for 200 hours, and not from the exposure in
dry air for 200 hours. Furthermore, no peak in Si was observed from the lower Si-containing A14 exposed in wet
air.

Figure 33 SEM-EDS examination from top view of: (a) A197 exposed in wet air for 200 hours; (b) A197 exposed in dry air for 200 hours; and
(c) A14 exposed in wet air for 200 hours. The two peaks show the intensities for Al and Si normalised to Al for three different acceleration
voltages: 5, 10 and 20 kV.

GIXRD measurements were performed on the two alloys (A197 and A14) derived from both the wet air and dry
air exposures, to determine the crystalline structures of the oxides formed, see Figure 34. The diffractograms for
A14 exposed in both wet and dry air, as well as for A197 exposed in dry air are all similar, indicating that the scale
consists of α-alumina and γ-alumina. The diffractogram for A197 in wet air is significantly different and shows
that in addition to peaks for α-alumina and γ-alumina, there are additional peaks in the 2θ interval of 15-42°.
These peaks show good correspondence to the phase mullite Al2(Al2+2xSi2-2x)O10-x and α-tridymite (a high
temperature SiO2 polymorph).
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Figure 34 GIXRD-diffractograms for A14 and A197 exposed in dry and wet air for 200 hours at 800 °C. The indicated peaks are: M, mullite;
T, tridymite; Al, aluminium; S, substrate; γ, γ-alumina; U, unidentified peak; and α, α-alumina.

4.2.2 EXPOSURES AT 600 °C
At 600 °C, both alloys form protective oxide scales, see Figure 35 for the mass gains from exposures in dry air
and wet air (40 vol.% H2O). These mass gains are significantly lower than those seen at 800 °C. As for the
exposures conducted at 800°C, the mass gains are higher for A197 than for A14, also at 600 °C. A14 shows a
strongly sub-parabolic behaviour, while A197 shows an initial high mass gain. Closer examination of the mass
gains for A197 reveals that the mass gain after 200 hours is almost the same as that after 20 hours. This indicates
that oxidation is more rapid at the beginning of the exposure but quickly slows down thereafter. Slightly higher
mass gains are observed for A197 in wet exposures, as compared to dry exposures.
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Figure 35 Net mass changes for A197 and A14 exposed in dry air and wet air for 20 hours and 200 hours at 600 °C. The dashed line is a
parabolic help line for the purpose of comparison.

The reason for the high mass gain for A197 after 20 hours of exposure is evident by observing top view SEM-BSE
images, see Figure 36. For A197, Fe-oxide nodules have formed around the RE-particles. These nodules are
proposed to have formed within the first 20 hours of the exposure, contributing significantly to the mass gain.
Furthermore, it is suggested that these nodules cease to grow when a protective alumina scale forms at the
metal/nodule interface, as indicated in cross-sectional view of the scale, see Figure 37. In this figure, it is also
seen that the base oxide has a thickness of about 30 nm, which is considerably less than the 77 nm thick oxide
obtained by calculating the expected oxide thickness based on mass gain. This is another indication that the initial
relatively high oxidation rate is due to the formation of Fe-oxide nodules. For A14, these nodules are not
observed around the RE-particle (see Paper II) which is suggested to be due to the higher Al and Cr content for
A14 that provides a faster formation of the initial transient oxide in these regions.
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Figure 36 Top view SEM-BSE images of A197 exposed to: (a) dry air for 20 hours; (b) dry air for 200 hours; (c) wet air for 20 hours; and (d)
wet air for 200 hours.

Figure 37 Cross-sectional images showing A197 after exposure in wet air for 200 hours at 600 °C. Top image shows the area at a Fe-oxide
nodule. The lower image shows the base oxide.

4.2.3 DEMONSTRATOR EXPOSURE
In the demonstrator exposure, A197 was exposed for 400 hours, whereby one side was subjected to wet air and
the other side was exposed to the reformate gas. Since the thickness of the sample is only 0.5 mm, it can be
expected that hydrogen on the reformate side can diffuse to the air side, thereby influencing oxidation, by the
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so-called ‘dual-atmosphere’ effect [90]. The temperature was in the range of 630-660 °C at the wet gas outlet.
Figure 38 shows SEM images of the oxide scale formed on the sample at the wet gas outlet after exposure in the
demonstrator. There is a striking similarity between the oxide scale formed in the demonstrator and the oxide
scales formed after laboratory exposure, see 4.2.2. In both cases, Fe-oxide nodules are formed and the base
oxide thicknesses are similar. This indicates that the material behaves similarly in laboratory studies and field
studies, even though the exposure times, flow velocities, and temperatures are somewhat different. It can be
observed that the volume expansion of the oxide nodule (see Figure 38b) has caused the metal in the vicinity of
the nodule to deform. The stress levels in this region are probably increased during heating/cooling. However,
even though the sample has been subjected to three shut-downs, no cracks are observed around the oxide
nodules. Furthermore, the similarities between the laboratory exposures and the demonstrator exposures
indicate that there is no dual-atmosphere effect in this case.

Figure 38 SEM images showing the oxide scale formed on the wet air side after 400 hours of exposure in the demonstrator. (a) SEM-BSE
plan-view image. (b) SEM-SE cross-sectional image showing an area containing an oxide nodule.
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5 SUMMARY
The main findings from the present work are summarised below, and the most important conclusions are listed.

5.1 CHROMIA-FORMING ALLOYS
Exposing chromia-forming alloys in air with 20-40 vol.% H2O results in extensive evaporation of chromium-oxyhydroxide in the temperature range of 500-800 °C. Oxide microstructure evolution varies significantly depending
on alloy composition.
Ni-base A690
•

•

When the evaporation rate is moderate, due to a low temperature and/or low gas flow velocity, the
oxide scale consists of a corundum-type Cr-rich oxide that experiences high levels of evaporation. A
slight decrease in the evaporation rate is observed, which is attributed to the accumulation of other
cationic elements in the outer part of the scale, as well as to smoothening of the topography, which
reduces the surface area.
When the evaporation rate is sufficiently high, Cr-depletion leads to break-down of the chromia scale,
such that oxidation of Ni and Fe occurs, which reduces the evaporation rate significantly. Recovery of
Cr in the alloy leads to the formation of a secondary chromia scale at the scale/metal interface. The
microstructure of the final scale is protective against evaporation due to the very low concentration of
Cr content in the outer oxide layer, and against further oxidation owing to the formation of the
secondary chromia-scale.

Austenitic stainless steel 310S
•
•

The initial evaporation rate of 310S is lower than that of A690 due to the high concentration of Mn in
the alloy, which reduces the activity of Cr in the outer part of the scale.
After break-down of the scale due to evaporation, significant oxidation of Fe occurs, indicating the start
of break-away oxidation.

5.2 ALUMINA-FORMING ALLOYS
Two different alumina-forming alloys were exposed in dry air and air/40 vol.% H2O at 600 °C and 800 °C. One of
the alloys had lower contents of Cr and Al but contained about 1.3 wt.% Si.
Exposure at 800 °C
•

Both alloys are able to form protective scales with very limited evaporation rates of chromium-oxyhydroxide. Furthermore, the alloy that contains 1.3 wt.% Si formed an oxide scale that has a high level
of Si, >60 cationic-%, locally in the scale. This is only observed when exposures are performed in wet air
(and not when exposed in dry air). The GIXRD measurements indicate that the scale contains mullite
Al2(Al2+2xSi2-2x)O10-x and α-tridymite (SiO2).

Exposure at 600 °C
•
•

At 600 °C, both alloys are able to form protective oxide scales, with minimal evaporation of chromiumoxy-hydroxide.
The formation of Fe-oxide nodules is observed in the vicinity of RE-particles in both the laboratory and
demonstrator exposures. These oxide nodules are suggested to form in the early stage of oxidation,
with no apparent growth after 20 hours. The reason for the Fe-oxide nodules to stop growing is
proposed to be that a protective alumina has been able to form at the metal/nodule interface after
some time.
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6 FUTURE WORK
6.1 CHROMIA-FORMING ALLOYS
The observation made for A690 of the formation of a scale protective against both Cr-evaporation and oxidation
should be explored further. Topics that could be investigated include:
•

•
•
•
•

How different levels of alloying elements, mainly Cr, influence how this behaviour is triggered. By
lowering the Cr content, a critical level of Cr-depletion would be reached more easily, although also the
ability to form a secondary chromia scale would be impaired.
Whether increased temperatures result in faster formation of a Ni-rich cap-layer due to higher Crevaporation rate. However, a higher temperature also results in more rapid diffusion of Cr in the metal.
A more extensive characterisation of the oxide scale, in order to identify the exact phases formed and
the elemental distribution, especially in cases where the Ni-rich cap-layer has formed.
The use of longer exposure time, to see if a critical level of Cr-depletion is reached even under milder
exposure conditions.
A higher time resolution study of how the Ni-rich cap-layer is formed and evolves during long
exposures.

6.2 ALUMINA-FORMING ALLOYS
This study shows that the addition of 1.3 wt.% Si results in a significant amount of Si appearing in the scale at
800 °C. However, the oxidation mechanism underling this phenomenon is not known. Further investigations that
might shed light on this issue include:
•

•
•

The use of more advanced microscopy, e.g., TEM examination of the scale formed on A197 when
exposed to wet air, to identify the phases present, and an atom probe examination of the scale to
determine how Si and Al are located in the scale.
Computational simulations to determine the thermodynamic stabilities and kinetics of mullite and
tridymite in alumina.
In-situ SEM at 600 °C to investigate how the Fe-oxide nodules are formed and how they grow over time.
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