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Corrosion Behaviour of Fe- and Ni-Based Alloys in Simulated Fuel Reactor Envi-
ronments at 400◦C
Influence of KCl Deposits on Protective Oxide Formation and Mass Gain
Igor Mitrović, Nils Fredriksson
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
Chemical looping combustion (CLC) is a promising technology, enabling effective
carbon capture and storage while reducing the energy penalty associated with car-
bon capture and storage in conventional waste-to-energy systems. The fuel reactor
(FR) side of a waste-fired CLC system exhibits a harsh oxidizing environment; conse-
quently, the material selection is essential for achieving reliable long term operation.
This thesis has evaluated the corrosion resistance of six candidate superheater ma-
terials for use in the FR of a CLC system. The investigated alloys were Sanicro 28,
Sanicro 35, Sanicro 60, TP347, EF101, and a low-alloyed reference steel T22, also
used for method development. The samples were exposed for 168 hours at 400◦C
in an atmosphere containing 5% O2, 20% H2O and CO2 bal. Potassium chloride
was deposited on the sample surfaces to simulate the alkali chloride-containing en-
vironment associated with the combustion of waste-derived fuels. Using gravimetric
analysis combined with scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) the corrosion behavior was analyzed.
Results show that Sanicro 28, 35, and 60 exhibit the lowest mass gains and formed
thin protective scales with no visible sign of internal oxidation. TP347 also demon-
strated good corrosion resistance, although evidence of internal oxidation was ob-
served. EF101 experienced breakaway corrosion along with T22 although spalla-
tion was not observed to the same degree. Cross-sectional analysis showed that
the Ni-containing alloys were able to form a thin and protective oxide scale which
is likely composed of a chromium-rich oxide, while EF101 failed to establish and
maintain a continuous protective Al-rich oxide scale, resulting in the formation of
Fe- and Cr-rich corrosion products. Chlorine enrichment within the oxide scales also
suggest that chlorine induced degradation through the electrochemical mechanism
contributed to higher degradation of the metals.
The results indicate that all Sanicro samples along with TP347 are viable candi-
date materials for use in superheaters in CLC systems. Considering both corrosion
performance and alloy composition, TP347 emerges as the most economical alter-
native due to its lower Ni content, providing a significant improvement in corrosion
resistance compared to T22.
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1
Introduction

1.1 Background
Both biomass- and waste-fired boilers with the possibility of carbon capture and
storage have emerged as promising alternatives during the transition from fossil
to renewable fuel sources. With the increasing energy demand caused by rapid
industrialization, electrification of vehicles and other transport, the need for clean
energy is increasingly important [1]. Chemical looping combustion (CLC) displays
potential as a solution to long-standing issues of carbon capture in boiler systems:
the energy-intensive separation of large amounts of N2 present in air, from CO2, a
crucial step to isolate CO2 in the exhaust gas for carbon capture. CLC operates
through the use of two reactors: an air reactor (AR), where air is used to regenerate
oxygen carriers (OC), and a fuel reactor (FR), where OCs are used as the fluidization
bed for combustion in a steam atmosphere [2]. By separating the combustion process
from the air supply, the resulting flue gas becomes largely nitrogen-free, reducing
the separation required prior to permanent storage and enabling net-negative CO2
emissions when using biomass and municipal waste fuels [2]. Due to the novelty of
CLC and its unique flue gas composition, along with the flue gas complexity in waste-
fired boiler systems, not much is known about the corrosivity of different superheater
materials in CLC systems. As such, investigation of corrosion of different steels as
superheater material in a simulated waste-fired FR environment becomes relevant.

1.2 Aim
The aim is to develop a robust and repeatable exposure methodology for laboratory
testing in simulated fuel reactor environment, and to investigate the corrosivity of
six different alloys as superheater material in the fuel reactor side of chemical looping
combustion waste-fired boilers. To assess the corrosivity, evaluation and comparison
of the materials’ oxidation behavior and oxide scale morphology and microstructure
will be in focus.

1.3 Limitations
Exposures will be performed in laboratory scale furnace setups rather than in op-
erating boiler systems. This makes the results less representative of real service
conditions than tests performed in full-scale boiler environments. The true extent
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1. Introduction

of corrosion cannot be fully investigated, as superheater material in real world ap-
plications is exposed to different environments on the tube exterior and interior (the
so-called "fire side" and "steam side", respectively). The current experimental setup
does not allow for dual-atmosphere exposure, it is assumed that both flue gas and
KCl environments affect both sides of the material. This simplification may not
accurately represent the coupled effects of internal and external corrosion processes
observed in service conditions. Samples will only be weighed before and after ex-
posures, making determination of oxidation kinetics and rate laws impossible. In
addition, chromium evaporation was not quantified, which introduces uncertainty
into the mass change measurements and may result in an underestimation of the
true extent of corrosion.
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2
Theory

2.1 Boiler Systems

Corrosion is a major challenge in boiler system applications, causing personal injury,
reducing equipment lifespan, and costing 3-4% of global GDP annually [3]. Because
corrosion is environment-dependent and the environment itself depends on factors
such as fuel, input gas, and boiler design; it is important to understand the boiler
environment in order to understand the corrosion processes occurring within it.
Boilers were first developed at the end of the 1600s [4]. These early boilers were
essentially composed of a furnace in which fuel was combusted in order to boil water
contained in an enclosed pot above the fire [4]. The volume expansion of water to
steam was used to drive pistons in early industrial pumps and other machinery [4].
Since then, the concept of boilers has been developed into several modern iterations
in use today. Unlike in a non-fluidized boiler where a fixed bed, in which the fuel
is housed, sits at the bottom of the reactor, in a fluidized bed boiler (FBB) the
bed consists of particulate matter, often sand and ash [5]. The bed material is
fluidized by passing a gas, often air, through it at velocity sufficient to lift the
bed particles, causing the bed to behave like a turbulent fluid, instead of solid
particles [5]. The fuel is mixed with the bed material in a ratio of 1-5% fuel to
total solid bed mass and the fuel is combusted by contact with hot particles in the
bed [5]. The thermal capacity of the fluidized bed material gives fast drying and
consistent combustion temperature, and the bed has good mixing, giving efficient
heat transfer between solid and gas [5]. This allows for simultaneous combustion
of several different fuels and results in low sensitivity to fuel quality, allowing for
efficient combustion of low-grade fuels with high moisture content, such as municipal
waste and bio-fuels [5]. The combustion generates hot flue gas which transfers
heat to water flowing through furnace wall tubes, turning the water into steam
that then flows into the superheater. The superheater is a heat-exchange system
consisting of a series of pipes with steam flowing through them. Flue gas from
combustion is directed through the superheater, once again transferring heat to the
steam, superheating it [5]. Superheaters are designed for maximum surface area to
increase heat transfer from the flue gas to the steam. However, the high surface area
means that the superheater is more susceptible to corrosion and deposition buildup,
making it a relevant area for study to reduce corrosion.
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2. Theory

2.1.1 Waste Fired Boilers
The concept of municipal solid waste incineration is not new; the first use of an
incinerator was in the United Kingdom in 1874 with a primary focus on waste
management rather than energy recovery [6–9]. It was not until shortly before the
twentieth century in Europe and midway through the twentieth century in the US
that heat recovery from incinerators began as a result of rising oil prices putting
waste to energy (WtE) at the forefront of primary waste treatment design [6]. The
use of WtE plants offers a solution not only for renewable energy production but
also for the management and reduction of the size of landfills. In both Sweden
and Denmark, it has been proven that well established energy generation can be
achieved with WtE plants where WtE plants account for approximately 2 TWh of
electricity generation and 30% of domestic heat consumption in Sweden with around
two million tons of waste imported annually, which avoids land-filling and reduces
emissions [7, 10]. Despite this, skepticism around the technology still remains, which
is why it has not yet seen as much adoption around the world as in Sweden and
Denmark; this is caused by local experiences with emissions from older incineration
plants, which have sparked the not-in-my-backyard (NIMBY) movement [9].

In WtE systems, different technologies work together to convert solid waste into
electricity and heat. A WtE plant is made up of seven main parts, beginning with
waste reception and handling, also called the refuse pit [11, 12]. As the waste
moves from the refuse pit, it is transferred to the combustion chamber[8, 11]. As
energy is released from the combustion chamber in the form of flue gases, it enters
the boiler where energy is recovered [8, 11]. Here, the thermal energy contained
in the combustion flue gases is recovered to generate steam for heat and power
production. The flue gases utilized in the boiler for power generation are then sent
to a treatment system to minimize particulate matter, acid gases and nitrogen oxides
in the emissions as they are released into the atmosphere [11].

The primary drawback of WtE plants compared to other boiler systems using fos-
sil fuels is the high temperature corrosion and fouling of the different components
caused by alkali metals and other corrosive constituents present in municipal waste
[13–15]. As components of WtE plants begin to corrode, the strength and efficiency
of components change. Furthermore, if fouling occurs on heat-exchanger surfaces,
the ash build-up begins acting as an insulator which lowers the heat transfer effi-
ciency [13, 15–17].
In order to increase the overall efficiency of a WtE plant, chemical looping combus-
tion (CLC) technology offers a reduced cost and energy penalty for carbon capture
and storage (CCS) and reduces environmental pollutants compared to conventional
incineration of municipal waste [18–21].

2.1.2 Chemical Looping Combustion
The combustion process in CLC takes place in dual-reactor setup, with the use
of a FR and an AR [18, 20–24]. For combustion to occur in the FR, oxygen is
transported from the AR using metal oxides as oxygen carriers, the interconnection
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2. Theory

between the two reactors allows the transfer of the reduced OC from the FR to
the AR where it is oxidized from MexOy−1 to form MexOy. By preventing direct
contact between fuel and air a FR environment almost void of nitrogen gas can be
achieved, which produces a CO2-rich flue gas stream as fuel and oxygen supplied
from the OC combusts, which allows for easy separation and purification of CO2 for
permanent storage or production of carbon-based value-added materials[18, 20–24].
CLC offers a thermodynamic advantage over post-combustion carbon capture and
storage, by separating CO2 from NOx compounds through the supply of oxygen
with OC, the high energy penalty associated with solvent regeneration is therefore
avoided [25–30]. Additionally, the higher temperature environment of AR, caused
by the oxidation of OC materials has the potential to produce electricity at a higher
efficiency, even comparable to state-of-the-art coal-fired boilers [31]. Furthermore,
the use of carriers in chemical looping is not limited to oxygen, but can also be
used for CO2, nitrogen, and even sulfur carriers, allowing for broad application
within calcium looping, chemical looping ammonia synthesis, and chemical looping
desulfurization [2, 18, 20–24, 32, 33].
When designing an FR the primary goal is to achieve full conversion of the MSW
by increasing contact between the OC particles and the fuel, along with adjusting
critical reaction parameters such as pressure, temperature, and product gas com-
position [33–36]. Depending on the involvement of OC in the oxidation-reduction
reactions, the configuration of the CLC reactor can be categorized into two types,
one with a dual reactor set-up where the oxidation and reduction of circulating OC
take place in separate reactors and one where the reaction takes place within the
same reactor with a stationary OC and alternating atmosphere [24, 37]. CLC plants
that use a dual reactor design with circulating OC usually use a dual fluidized bed
reactor (DFBR) or a dual circulating fluidized bed reactor (DCFBR) set-up [2, 22,
24, 33, 37–39]. For plants using a single reactor set-up, a parallel packed bed reactor
(PPBR) or rotary reactors are used [2, 24, 38]. The choice of reactor depends on
the fuel source and combustion mode, making it applicable in different scenarios [24,
38]. Most CLC reactors reported in the literature, as well as most pilot-scale plants,
employ a DFBR configuration, this is due to their high efficiency of fuel conversion
along with long cycle operation, ease of industrial scale-up, and the ability to use a
wide range of fuels; this allows for gas fuel CLC, syngas-CLC and solid fuel in-situ
gasification CLC [2, 24, 38].

The choice of OC material for CLC is critical as it acts as the bridge for oxygen
transport to the FR. The physical and chemical properties of the OC material affect
the performance, efficiency, and cost of the entire CLC process. The performance of
an oxygen carrier is determined by their reactivity with the fuel, oxygen transport
capacity, chemical lifetime, mechanical resistance, tendency to carbon deposition on
their surface, toxicity and environmental impact, price and availability, resistance to
fragmentation and attrition, along with low tendency for agglomeration [2, 32, 34–
36, 40]. When talking about OC, they can be categorized into natural OC (ilmenite)
and synthetic OC (Cu0.95Fe1.05AlO4), they can also be classified based on properties
such as the number of active compounds, structure, and the ability to uncouple
oxygen in the FR [2, 34]. Promising strides in organic OC have been made recently,
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2. Theory

with OC based on geopolymer composites being proposed, with the main advantage
of low cost, green synthesis and non-toxic, along with good mechanical strength with
applications in fluidized bed reactors [2].
Although CLC offers a promising high efficiency pathway for CO2 capture, it faces
challenges related to OC degradation through attrition, sintering and agglomeration
along with challenges involving reaction scale-up and high-temperature corrosion of
the superheater material used for district heating and power generation [2, 21, 31,
33, 36, 41, 42]. Superheater tubes are usually made from low-alloy carbon steels
due to their low cost and good mechanical properties [31]. Although cost-effective,
carbon-steel tube material in FR offers low corrosion resistance in harsh environ-
ments that contain alkali metal compounds and chlorinated compounds such as KCl
and HCl caused by variation in feedstock quality [21, 22, 31, 33, 36, 42]. Minimizing
the extent of high temperature corrosion of superheaters improves electrical effi-
ciency, extends the life of the components, and reduces maintenance costs [31, 43].
To mitigate the corrosion of superheater material, alloys with higher corrosion resis-
tance than that of carbon steel could be used, another method is to apply corrosion
resistant coatings or weld overlays [31, 43].

2.2 Corrosion & Scale Growth
Corrosion can refer to any process that structurally degrades a material, but cor-
rosion of metals specifically refers to the conversion of pure metals or alloys into
ions and the subsequent formation of oxides, driven by a reduction in Gibbs free
energy [44]. Corrosion and its prevention are important topics as corrosion and its
products lead to reduction in heat transfer efficiency, structural degradation and
failure. In boiler systems, temperatures often exceed 100◦C and corrosion occurring
under such conditions, known as high-temperature corrosion (HTC), is therefore of
particular interest. Corrosion of metals is driven by a reduction in energy, but this
is not enough to understand how corrosion happens. At its core, corrosion is a redox
reaction. In HTC, the first part of the redox reaction is the oxidation of the metal
into metal ions. There are several potential oxidants, but the most common one is
O2(g) which is reduced to O2− as it chemisorbs to a metal surface, constituting the
second part of the reaction [45].

M −−→ M2+ + 2 e− (oxidation)
1
2 O2 + 2 e− −−→ O2− (reduction)

M + 1
2 O2 −−→ MO (overall reaction)

As seen above, the overall reaction produces a metal oxide (MO). It is important to
note that the oxidation and reduction occur simultaneously in the form of the overall
reaction. Assuming the oxidation is relatively homogeneous over the surface, a layer
of oxide, also called a scale, will form. After a scale has formed, further oxidation of
the metal is governed by the diffusion of oxygen and metal ions, as well as electrons
through the scale [45]. For most metal oxides, the slower of these processes is ion
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2. Theory

diffusion, causing it to be the rate-controlling step and the main way in which an
oxide scale may protect the underlying metal [45]. However, for the scale to be
considered protective, it must be thin, slow growing and sufficiently decrease the
rate of diffusion such that diffusion through the scale, rather than surface reaction
rate, becomes the rate controlling step. If the scale does not sufficiently reduce the
diffusion rate, it will not slow down further corrosion of the metal and cannot be
considered protective. There are several reasons why a scale may not sufficiently
reduce diffusion rates, one of which is the presence of defects within the oxide. Like
pure metals, metal oxides contain both Schottky and Frenkel defects, and a defect-
free material is practically unattainable [45]. A Schottky defect is a combination of
vacancies of opposite but equal charges, while a Frenkel defect is the combination
of a vacancy and an interstitial ion of the same species [45]. In HTC, vacancies
are particularly important because they create points within the oxide lattice that
allow for cation migration, thereby facilitating diffusion [45]. Interstitial ion point
defects can also promote diffusion, but through a different mechanism, whereby the
interstitial ion moves into an occupied lattice position, forcing that position’s ion to
move to an interstitial position [45]. Defects relate to the rate of diffusion through a
material because the rate of diffusion, or diffusion flux (J), is equal to −1 times the
concentration gradient (dC

dx
) multiplied by the diffusion coefficient (D) according to

Fick’s first law of diffusion (Eq. 2.1) [45]. The diffusion coefficient is dependent on
the diffusing species, material, and temperature, and therefore varies significantly
between different systems.

J = −D
dC

dx
(2.1)

Defects give rise to semiconductor properties of oxides. There are two different types
of semiconductor oxides: n-type and p-type. An n-type oxide is one where electrons
are charge carriers because of an excess of positive charges due to interstitial cations,
or a deficiency in negative charges due to anion vacancies [45]. Conversely, in a p-
type oxide, holes are charge carriers because of an excess of negative charges due
to interstitial anions, or a deficiency in positive charges due to cation vacancies
[45]. This concept does not only apply to semiconductor properties but also to scale
growth, where they give rise to differences in rates of diffusion for metals (cations)
and oxygen (anions) through the scale. We see outward growth of the scale for metal
excess in n-type oxide and cation vacancies in p-type oxide, and inward growth for
anion vacancies in n-type oxide and oxygen excess in p-type oxide.

2.2.1 HTC on a Laboratory Scale
Several factors influence scale formation, growth, morphology, and microstructure.
These factors include temperature, O2 partial pressure, H2O content and the pres-
ence of corrosion promoting species, such as alkali chlorides [46]. Alkali chlorides
and other species are present in high concentration in waste and bio-fuels, creat-
ing a harsh flue gas environment, making the effect of these species on corrosion
of interest when investigating such environments [46]. While these factors are true
for corrosion on an industrial & laboratory scale, the experimental setup used in

7



2. Theory

the laboratory may bring additional factors e.g., furnace tube material and pressure
which can influence scale morphology and microstructure [47]. Different tube mate-
rials and pressures have been shown to influence scale morphology and composition,
with higher pressure also increasing chromium evaporation rates [47]. Effects on
chromium and chromium evaporation are important to consider since chromium is
the main constituent element of protective oxide scales for alloys considered. Re-
moval of chromium thus results in scale breakdown and loss of protection.

2.2.2 Effects of Alkali Chlorides on HTC
As mentioned in section 2.2.1, alkali chlorides are highly corrosive and present in
flue gases from biomass and waste-derived fuels. This makes alkali chlorides an
important topic to understand corrosion in waste-fired boiler systems. It has been
shown that oxidation of high and low-alloy steels in 5% O2 and 20 - 40% H2O forms
a slow-growing, uniform scale with hematite whiskers on the surface after exposure
at 400◦C for 24 h [46, 48]. This scale is 0.5 - 1.4 µm thick and is composed of a
bi-layered outward growing scale, itself composed of a thin hematite layer on top of
a thicker magnetite layer [46, 48]. An inward growing, chromium-containing spinel
was also found in both cases [46, 48]. Similar scale morphology and microstructure
was found after 168 h [46]. Furthermore, KCl deposition on samples before expo-
sure has been shown to yield a 5.5 - 7.5 µm thick scale composed of a corundum,
a spinel and maghemite (γ-Fe2O3) which has the same crystal structure as mag-
netite but the chemical formula of hematite [48]. After exposure for 24 h, unreacted
KCl crystals, some overgrown by the scale, covered nearly 20% of the surface in
the form of single crystals and agglomerates [48]. KCl also caused cracks to form
on the sample surface and oxidation in these cracks [48]. As described, KCl will
contribute to accelerated corrosion, changed oxide microstructure, reduced oxide
cohesion and increased relative amount of inward growing oxide. This is attributed
to small amounts of potassium and chlorine inside the scale increasing the rate of
oxygen diffusion and chlorine accumulation at the metal/oxide interface due to mi-
gration of chlorine from the surface during salt particle breakdown [46]. Breakdown
leading to chlorine release may also lead to HCl formation, further harshening the
flue gas environment [46]. While it is clear that chlorides are highly corrosive in a
high-temperature environment, the exact mechanism of alkali chloride corrosivity
is still debated and several mechanisms have been proposed [48–50]. It has been
argued that Cl2 is the only corrosive species in alkali chlorides that catalyzes the
formation of metal oxides [16, 49, 51]. In this mechanism, it is generated in a re-
action between alkali chlorides and O2 or oxides, allowing the Cl2 to penetrate the
scale and react at the scale/metal interface to generate volatile metal chlorides [16,
49, 51]. As the metal chlorides reach the air/scale interface Cl2 is regenerated and
again able to catalyze the formation of more corrosion products [16]. There is also
an electrochemical argument, where Cl− ions instead penetrate the scale and react
at the scale/metal interface and in this mechanism, the alkali ion plays an important
role by reacting with the oxide scale and forming K2CrO4, causing breakdown of the
oxide due to reduced chromium concentration, and loss of primary protection [49].
This specific mechanism for the corrosivity of potassium may not be relevant for
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all commercial alloys but since most corrosion resistant alloys contain chromium to
form a corrosion resistant chromium rich oxide, the role of potassium is of interest.
Another mechanism relevant to alkali chlorides is the lowering of first melting tem-
perature (FTM) of deposits on superheaters, caused by the presence of chloride [50].
Lower FTM leads to higher risk for melting of deposit species and higher partial
pressure of corrosive species in the flue gas [50]. This effectively increases corrosiv-
ity of the environment due to molten and gas phase species generally having higher
reactivity than solid state ones [50].

2.3 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is the primary characterization technique used
in this study. Electron microscopy is a non-destructive characterization method
that is able to generate high resolution electrograph images, allowing for visualiza-
tion of surface features at the nanometer scale [52]. To accomplish this, a SEM
uses a field emission gun to shoot an electron beam at the sample [52]. These elec-
trons first pass through a series of apertures and electromagnetic lenses, focusing the
beam [52]. When the focused beam strikes the sample, the beam electrons interacts
with electrons in the sample, scattering electrons away from the sample surface [52].
The scattering can be elastic, generating backscattered electrons (BSE), or inelastic,
generating X-rays and secondary electrons (SE). BSEs and SEs are picked up by dif-
ferent detectors in order to generate images with BSEs giving topographic and phase
information, and SEs typically giving higher resolution topographic images due to
their smaller interaction volume. X-rays are used for chemical characterization of
the sample by energy-dispersive X-ray spectroscopy (EDS), giving information on
the chemical makeup of the material [52]. The beam electrons are accelerated by
high voltage and the interaction volume mentioned before can be made smaller or
larger by decreasing or increasing the acceleration voltage of the electron beam [52].
Acceleration voltages of 10 - 20 keV are used in this study. SEM provides many ad-
vantages but it still does have some limitations. The primary limitation arises from
the need to place the system under vacuum [52]. This is done partly in order to
remove interactions between beam electrons and air, but the primary purpose is to
remove contaminants that can cause the field emission gun filament to degrade dur-
ing use [52]. Some sample limitations should also be considered. First, samples need
to be relatively small in order to fit into the instrument. Second, the sample must
have some level of conductivity, meaning that non-conductive samples, e.g. organic
polymer films, must be prepared by gold sputtering before electron microscopy.

2.3.1 Cross-Sectional Sample Preparation
An important sample preparation technique used in this study is broad ion beam
(BIB) milling which is commonly used to mill near perfect, artifact free cross-sections
of samples for SEM characterization [53–56]. Ion beam milling is done by mounting
a sample inside a vacuum chamber and bombarding it with a beam of ions, usually
argon, but other ions like iodine and xenon are also used [53, 54]. By applying a
mask to the sample beforehand, one can ensure that only a small part of the sample
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2. Theory

is milled, creating a cross-sectional view of the sample surface for SEM analysis [53,
55].
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3
Materials & Methods

3.1 Materials
The alloys investigated in this study are shown in Table 3.1.

Table 3.1: The chemical composition of investigated alloys [57–62].

Alloy

Element
(wt.%) Fe Cr Ni Mo Si Mn Cu Nb Al Minor elements

T22 bal. 1.96 × 0.91 0.46 0.35 × 0.7 × C, P, S, V, Ti
Alleima® TP347 bal. 17.5 10 × 0.6 1.7 × 0.7 × C, P, S

Sanicro® 28 bal. 27 31 3.5 0.7 2 1 × × C, N, P, S
Sanicro® 35 bal. 27 35 6.5 0.5 0.8 0.2 × × C, N, P, S
Sanicro® 60 4 21.5 bal. 8.7 0.2 0.2 × 3.5 × C, P, S

Kanthal® EF101 bal. 11-14 <0.5 × 1-2 <0.7 × × 3.2-4.2 C

The investigated materials were selected to study a range of candidate alloys for
use as superheater materials. T22 was chosen as the benchmark material due to its
wide application in boilers, low cost, and well-studied corrosion resistance properties.
TP347 was selected as a commercially established austenitic stainless steel commonly
used in high-temperature applications. Sanicro 28 and Sanicro 35 were selected as
high-alloy stainless steels developed for corrosive boiler environments. Sanicro 28
has been extensively tested and is known for its high corrosion resistance properties,
while Sanicro 35 is a newer alloy intended to provide similar resistance properties at
lower cost. Sanicro 60 was selected as a highly corrosion-resistant Ni-based alloy and
serves as a benchmark for the upper range of corrosion performance achievable with
commercially available materials. EF101, a FeCrAl alloy, was included because it is
designed to form a protective Al-rich oxide scale. Such alloys have demonstrated high
corrosion resistance at elevated temperatures, and EF101 was therefore investigated
to evaluate whether similar benefits could be seen under the lower-temperature
conditions relevant to the thesis.

3.2 Experimental
Before exposure, the sample edges were polished under water using 1200-grit sil-
icon carbide paper. The samples were then automatically ground using a Struers
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Tegramin-30 automatic polishing machine on silicon carbide paper ranging from 500
up to 4000 grit size, followed by polishing with 3 and 1 µm diamond suspensions
to obtain a mirror finish. Subsequently, the samples were cleaned by immersion in
acetone and ultrasonication for 25 min. KCl was applied to the samples by spraying
a supersaturated solution of KCl in a 20:80 deionized water/ethanol mixture onto
the samples under continuous drying to achieve a homogeneous coverage and a to-
tal KCl deposition of 2 mg/cm2. Samples were then mounted on a sample holder
together with gold coupons used to assess KCl loss during exposure. The samples
were arranged such that each sample occupied a center position once in order to
assess wall effects, as shown in Figure 3.1.
The gas composition during the exposure was selected to simulate conditions relevant
to the fuel reactor of a chemical looping combustion system. CO2 was used as the
balance gas since complete fuel conversion in the fuel reactor ideally produces CO2
as the primary gaseous combustion product. A steam concentration of 20 vol.% was
included to represent the high H2O partial pressures expected during the combustion
of moist fuels and waste-derived fuels. An oxygen concentration of 5 vol.% was
included to simulate oxidizing conditions that may arise in the fuel reactor due to
oxygen slip from the air reactor through the oxygen carrier particles or through gas
mixing between reactor sections. Together, the gas mixture represents a high-steam,
CO2-rich, nitrogen-free environment relevant to fuel reactor superheater applications
in CLC systems. The samples were subsequently placed along with a KCl boat in a
tube furnace calibrated to 400◦C and exposed for 168 h in a 1000 cm3/min gas flow
of 5% O2 + 20% H2O + CO2 bal. After exposure, samples were allowed to cool to
room temperature in a desiccator containing SICAPENT© (P2O5) and subsequently
weighed. The mass gain was then calculated according to the method described in
3.4.

Figure 3.1: Schematic illustration of sample placement on the sample holder

3.2.1 Method Development
Before the exposures described above were carried out, a method development expo-
sure to determine downstream effects on sample corrosion was performed. A total of
18 T22 samples were prepared by polishing and KCl deposition procedure described
above. The samples were placed on a sample holder with gold coupons located at
the red positions as shown in Figure 3.2 and placed along with a KCl boat in a
furnace calibrated to 400◦C. The samples were then exposed for 168 h in a 5% O2
+ 20% H2O + CO2 bal. gas. After exposure, the samples were allowed to cool to
room temperature before being weighed, after which mass gain calculated (see 3.4).
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Figure 3.2: Schematic of 21 samples placed on sample holder for method develop-
ment

3.3 Characterization
The exposed samples were examined for morphological and microstructural char-
acterization using an FEI Quanta 200 ESEM and an LEO Ultra 55 SEM, with an
accelerating voltage of 10-20 keV. A Hitachi TM4000 Plus SEM with EDS was used
at 15 keV to determine the atomic composition of cross-sections. Similarly, a Phe-
nom ProX Desktop SEM with EDS was used for plan view imaging and atomic
composition. For plan view, samples were mounted on a pin stub mount using car-
bon tape. For cross-sectional analysis, a silica wafer was glued to the scale and left
to dry. Subsequently, the samples were cut and polished with 2µm polishing paper
using a Leica EM TXP cross-sectioning device at low speed without lubricant. The
cut and polished samples were then mounted onto a stub using silver paint before
being subjected to broad ion beam (BIB) milling with triple Ar-guns for 8 h using
a Leica EM TIC 3X prior to cross-sectional SEM examination.

3.4 Calculations
Sample mass gain (∆W, mg/cm2) was calculated by dividing the difference in post-
exposure mass (m1, g) and pre-exposure mass with KCl (m0, g) by the surface area
(A, cm2), according to equation 3.1.

∆m = 1000 m1 − m0

A
(3.1)

Equilibrium calculations for reactions in the furnace-sample system were done using
FactSage 8.4.
The theoretical oxide thicknesses seen in Table 4.1 were estimated from the corrected
mass gain and assuming uniform oxide growth across the exposed sample surface.
The calculated oxide thicknesses were based on approximating the oxide scale as
Fe3O4 using a density of 5.17 g/cm3 and the oxygen mass fraction of the oxide.
The oxide thickness was calculated according to

t = ∆m

ρfO

× 104 (3.2)

where t is the oxide thickness (µm), ∆m is the corrected mass gain per unit area
(g/cm2), ρ is the density of Fe3O4 (5.17 g/cm3), and fO is the oxygen mass fraction
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in Fe3O4. The factor 104 converts the calculated thickness from centimetres to
micrometres.
The oxygen mass fraction was determined from the stoichiometry of Fe3O4 as

fO = 3 × 16
3 × 16 + 4 × 55.85 = 0.177 (3.3)

Substituting the density and oxygen mass fraction into the equation gives

t = ∆m

5.17 × 0.177 × 104 (3.4)

The calculated thicknesses should be regarded as theoretical estimates based on
simplified assumptions regarding oxide composition and uniform scale growth and
were used for comparison with oxide thicknesses measured directly from SEM cross-
sections.
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4
Results & Discussion

4.1 Method Development

Figure 4.1: Weight change measurement of T22 and Gold samples for method
development.

The method development exposure showed inconclusive mass gain results due to se-
vere scale spallation. As can be seen in Figure 4.1, the most severe spallation appears
to be localized to the downstream region. However, this is likely due to differences
in sample thickness, causing some samples to adhere more strongly to the sample
holder and consequently experience more severe spallation during removal. This pre-
vented the use of weight gain measurements to conclusively determine downstream
effects. Furthermore, visual inspection revealed similar scale surface morphologies
in the upstream, midstream, and downstream regions. Cross-sectional SEM showed
a bi-layered scale consisting of an outer hematite on top of an inner magnetite layer
(Fig. 4.2), consistent with previous findings. Scale detachment is observed (Fig.
4.2c), beneath which, a new bi-layered hematite/magnetite scale has formed (Fig.
4.2b). The detached scale echibits hematite whiskers characteristic of T22 steel in
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similar environments. Unreacted KCl salt crystals are present on the scale surface.
Within the detached scale, a void is observed, and a portion of the metal appears to
have detached along with the scale and is located at the top of the void (Fig. 4.2d).
The original specimen surface cannot be identified in these cross-sectional images.

(a) Plan view (b) Attached scale (c) Detached scale

(d) Attached and detached scale

Figure 4.2: Cross-section of T22 after 168 h exposure
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4.2 Gravimetric Analysis

(a) Mean weight gain for samples exposed in Exposure 1, showing upstream, mid-
stream, downstream, and overall average values

(b) Mean weight gain for samples exposed in Exposure 2, showing upstream, mid-
stream, downstream, and overall average values
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(c) Mean weight gain for samples exposed in Exposure 1 and Exposure 2, with stan-
dard deviation, showing upstream, midstream, downstream, and overall average values

Figure 4.3: Weight change measurements for San 28, San 35, San 60, TP347,
EF101 and gold samples, exposed to 20% H2O, a CO2 flow rate of 950 ml/min, O2
flow rate of 50 ml/min at 400◦C for 168h

Figures 4.3a and 4.3b show the mass change measurements obtained after the sam-
ples had been exposed to 5% O2 + 20% H2O + CO2 bal at 400◦C for 168 h. No
clear systematic differences in mass change were observed between the upstream
and downstream positions, nor were any wall effects identified. Sanicro 28, Sani-
cro 35 and Sanicro 60 all exhibited similarly mass gain, TP347 shows a somewhat
higher mass gain, while EF101 shows the highest mass gain compared to the other
materials. In 3.1 it can be seen that all materials that show a lower mass gain
contain Ni, while EF101, which shows a higher mass gain, is a FeCrAl alloy. This
decreased mass gain for NiCr-based alloys may be attributed to the formation of a
stable, dense, and adherent passive film likely composed of Cr2O3, which suppresses
further oxidation by limiting ionic transport. According to the Wagner-type oxida-
tion theory, protective oxidation requires sufficient chromium transport to maintain
the formation of an external chromia scale rather than forming a non-protective
Fe-rich oxide scale [63]. Although chromium diffusion is slow at 400◦C, oxidation
kinetics are also reduced compared to higher temperature environments. The low
mass gains for the Ni-containing alloys together with their retained metallic appear-
ance suggest that they are able to form a thin protective chromia scale. Since Cr
evaporation is expected to be negligible at 400◦C, the formation and maintenance
are likely primarily controlled by solid-state diffusion rather than chromium evap-
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oration. Among NiCr-based alloys, San 28, 35, and 60 show a lower mass change
compared to TP347. The difference between these alloys lies mainly in Ni content,
with TP347 having the lowest at 10% while San 28, 35, and 60 all have more than
30%. However, based on the gravimetric data, it suggests that increasing the Ni
content further above 30% gives a negligible difference in corrosion resistance.
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(a) Exposure 1

(b) Exposure 2
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(c) Mean corrected weight gain for samples exposed in Exposure 1 and Exposure
2, with standard deviation, showing upstream, midstream, downstream, and overall
average values

Figure 4.4: Weight change measurements corrected for KCl loss for San 28, San
35, San 60, TP347, EF101 and gold samples, exposed to 20% H2O, a CO2 flow rate
of 950 ml/min, O2 flow rate of 50 ml/min at 400◦C for 168h

Although the true extent of corrosion cannot be determined from 4.3c due to Cr
evaporation and loss of KCl, the measured mass gain can be adjusted by account-
ing for the mass loss of KCl. This adjusted value is referred to as the corrected
mass gain. However, it should be noted that this does not represent the true extent
of corrosion, as Cr evaporation has not been measured. Nevertheless, it may be
considered a close approximation, as Cr evaporation from chromium-containing re-
action products is expected to be negligible under the present conditions. K2CrO4 at
400◦C does not show a measurable vapor pressure, another possible reaction prod-
uct, CrO2(OH)2, has a vapor pressure in the range of 4,47−9 bar at this temperature,
which is significantly lower than that of KCl. Furthermore, equilibrium calculations
using FactSage 8.4 showed that loss of KCl, as observed on the gold samples in Fig-
ures 4.3a and 4.3b, may be possible by mechanisms other than spallation. KCl may
enter the gas phase in very small amounts with only 10−6 moles of salt is calculated
as being lost to the gas phase, forming a mole fraction of 5.393×10−10. This may
constitute a pathway for KCl loss by it leaving the system in the gas phase. Another
pathway is the following reaction:

2 KCl(s) + H2O(g) + CO2 −−→ 2 HCl(g) + K2CO3(s)

This reaction forms gaseous HCl from solid KCl, removing heavy Cl atoms and
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constituting a mass loss despite the formation of solid K2CO3. This reaction is
shown to be possible by FactSage calculations, albeit in small amounts, showing a
6.948×10−9 mole fraction for HCl in the gas phase and a 7.311×10−4 mole fraction
for K2CO3 in the solid phase. This gives a reduction from KCl constituting the
entire solid phase to it making up 99.9 mol% of it. Therefore, loss of KCl from
chemical reaction and evaporation is likely negligible and KCl spallation is assumed
to be the dominant contributor to the observed mass loss, and the corrected mass
gain can be regarded as an approximate indicator for the true extent of corrosion.
To obtain the corrected mass gain for each alloy, the weight changes measured up,
mid- and downstream for gold are added to the corresponding alloy measurements.
The mean corrected weight change for all samples across both exposures is shown
in 4.4c.

4.3 Surface and Cross-Sectional Analysis

Table 4.1: Oxide scale thickness measurements.

Alloy Thickness (µm) Calculated thickness (µm)
Sanicro 28 0.234 2.748
Sanicro 35 0.051 2.342
Sanicro 60 0.089 2.358

T22 27.981 26.573
TP347 inward 1.808 -

TP347 outward 0.207 -
TP347 total 2.015 4.619

EF101 spalled 28.205 -
EF101 attached 1.058 -

EF101 total 29.263 20.418

Plan view surface SEM characterization of all samples, as seen in Figure 4.5, revealed
unreacted KCl remaining on the surface. Notably, Sanicro 28 (Fig. 4.5a) showed a
complete KCl coverage, in contrast to a 10% coverage shown in N2-containing gas
[64]. On Sanicro 35, Sanicro 60, and TP347 (Fig. 4.5b, 4.5c, 4.5d), the raw metal
surface was visible while otherwise being covered by KCl, similar to the pre-exposure
appearance seen in Figure 4.5f. EF101 (Fig. 4.5e) has an appearance comparable
to that of T22 (Fig. 4.2a), indicating that both EF101 and T22 experienced more
severe corrosion than other samples. Cross-sectional analysis revealed thin oxide
scales below the KCl on Sanicro 28, Sanicro 35, Sanicro 60, and TP347 (Fig. 4.6a,
4.6c, 4.6d, 4.6b). EF101 had a thick layer of breakaway corrosion, containing the
original metal surface (Fig. 4.6e), as well as an attached layer (Fig. 4.6f). Sanicro 60
scale was detectable by SEM (Fig. 4.6d) but not EDS, but its existence is supported
by the weight gain showed in the gravimetric data (Fig. 4.4). All samples, except
T22 and EF101, have scale thicknesses significantly lower than the calculated values
(Table 4.1), indicating that those samples experienced less corrosion than expected,
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while the scale thicknesses for T22 and EF101 are in relatively good agreement with
the expected values.
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(a) Sanicro 28 (b) Sanicro 35

(c) Sanicro 60 (d) TP347

(e) EF101

(f) Sample before exposure

Figure 4.5: SEM plan views after 168h exposed to 20% H2O, a CO2 flow rate of
950 ml/min, O2 flow rate of 50 ml/min at 400◦C and before exposure
24
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(a) Sanicro 28 (b) TP347

(c) Sanicro 35 (d) Sanicro 60

(e) EF101 attached scale (f) EF101 breakaway scale

Figure 4.6: SEM cross sections after 168h exposed to 20% H2O, a CO2 flow rate
of 950 ml/min, O2 flow rate of 50 ml/min at 400◦C

4.3.1 Sanicro 28
EDS analysis of Sanicro 28 cross-section showed the formation of a thin oxide scale,
as evidenced by the presence of oxygen (Fig. 4.7b), iron (Fig. 4.7c) and chromium
(Fig. 4.7d). This indicates the formation of an oxide which can be chromia and/or
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a (Fe,Cr)3O4 spinel, but it has not been possible to identify due to the resolution
of the EDS [64]. Chlorine (Fig. 4.7f) and potassium (Fig. 4.7g) are also seen to be
present at the scale, indicating that the scale may have grown around KCl particles.
It is, however, not possible to rely on EDS for accurate characterization of specific
points in the image due to the thin scale and high magnification needed, making
the interaction volume too large to accurately determine the atomic makeup at a
given point. Instead, EDS can show larger trends in depletion or accumulation of
elements on different parts of the image. Accordingly, a greater accumulation of Cl
than K is observed along the scale, consistent with the electrochemical mechanism.
According to this mechanism, KCl reacts at the surface, e.g., with water and oxygen
to form KOH and Cl− ions, initiating a reaction that runs parallel to the oxide
growth [65]. Cl− then diffuses into the scale along its grain boundaries and, since
the diffusion of Cl− is fast, it will react with Fe at the metal surface, forming FeCl2
[65]. The formation of FeCl2 along the grain boundaries facilitates ion diffusion along
the grain boundaries, thus increasing the oxidation rate [65]. This explanation is
further supported by the presence of small nodules below the scale of Sanicro 28,
seen in Figure 4.6a. Sanicro 35 and Sanicro 60 show similar behavior as indicated
by the weight gain (Fig. 4.4), appearance (Fig. 4.5, 4.6), and scale thickness (Table.
4.1).

4.3.2 EF101
Cross-sectional analysis of EF101 shows the formation of a thinner surface oxide scale
and a spalled thicker oxide scale (Fig. 4.6f). The EDS analysis of EF101 in Figure
4.8 shows the multilayered oxide scale, as seen in Figure 4.8c an outer Al-rich oxide
scale is formed along with the formation of a FeCr-spinel underneath (Fig. 4.8d and
Fig. 4.8e) and a thin band of silica at the metal oxide interface (Fig. 4.8f). The pres-
ence of Cl within the lower oxide scale (Fig. 4.8g) indicates that chlorine-containing
species became mobile during exposure. The corrosivity of alkali chlorides has tra-
ditionally been attributed to the active oxidation mechanism, in which molecular
Cl2 gas is assumed to diffuse through the oxide scale and react with the alloying
elements, forming volatile metal chlorides which are re-oxidized near the oxide sur-
face at higher oxygen partial pressure, regenerating chlorine-containing species and
sustaining the corrosion process [65, 66]. The main criticism of this mechanism is
that it requires transport of molecular chlorine species through an oxide scale that
simultaneously maintains a significant oxygen potential gradient [65]. Consequently,
alternative mechanisms have been proposed to explain the acceleration of corrosion
by alkali chlorides. Chlorine-induced corrosion in the presence of KCl has been
extensively reported for Fe-based alloys, where chloride species have been shown
to accelerate corrosion by changing transport processes within the oxide scale and
reducing scale adhesion [65]. Previous work has suggested that chloride ions can mi-
grate through oxide defects and participate in electrochemical transport processes
and promote degradation of the protective oxide scale [67]. Chlorine ions may have
penetrated the scale through grain boundaries or other oxide defects, facilitating the
formation of chloride-containing phases within the scale. Such chloride-containing
phases within the oxide scale can change ionic transport processes and reduce scale
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protectiveness, consequently contributing to accelerated corrosion and breakaway
oxidation. The enrichment of Cl within the Al-rich scale suggests interactions be-
tween chloride species and Al-containing phases. Such interactions may reduce the
availability of Al for the formation and maintenance of a continuous protective α-
alumina scale. Potassium is detected primarily within the spalled oxide scale (Fig.
4.9h), whereas chlorine-enrichment is observed deeper within the lower oxide (Fig.
4.8g). This separation of K and Cl suggests that chloride-containing species were
more mobile than potassium-containing species during exposure. This observation
is consistent with the proposed electrochemical transport mechanism in which chlo-
ride ions diffuse through oxide defects while potassium remains enriched in the outer
corrosion product. The spalled oxide scale consists mainly of Fe- and Cr-rich (Fig.
4.9d, 4.9e) oxides, while Si and Al enrichment (Fig. 4.9f, 4.9c) is retained close
to the original alloy surface. The transition from an Al-rich scale to Fe- and Cr-
rich corrosion products suggests the loss of the primary protection and the onset of
breakaway corrosion.

4.3.3 TP347
Cross-sectional EDS investigation of the scale on TP347 shows the presence of oxy-
gen at the surface (Fig. 4.10b), consistent with an oxide scale. Due to the high
atom% of Fe (Fig. 4.10i), this is likely Fe2O3 and Fe3O4. Cross-sectional EDS
investigation of TP347 revealed the presence of an oxygen-rich surface layer (Fig.
4.10b), confirming the formation of an oxide scale during exposure. The electron
image shows a multilayered oxide scale consisting of a thin inner oxide at the met-
al/oxide interface enriched in chromium and iron (Fig. 4.10d and Fig. 4.10c), and
a thicker outer oxide scale enriched in Fe. Topographical changes close to the metal
oxide interface can also be observed indicating possible internal oxidation, forming
an outward-growing Fe-rich oxide scale and an inward-growing Fe,Cr-rich spinel be-
neath the external oxide. In addition to the external scale, an internal oxidation zone
is observed more clearly in 4.6b where oxidation extends beneath the oxide/alloy
interface. The internal oxidation shows a heterogeneous penetration depth, extend-
ing deeper closer to grain boundaries than within grain interiors. This suggests that
grain boundaries act as preferential diffusion pathways during oxidation. This may
result in local chromium depletion beneath the scale, which limits the alloy’s ability
to form a protective Cr-rich Fe,Cr spinel thereby facilitating deeper oxidation along
the grain boundaries. Additionally, no Cl-enrichment could be identified in the oxide
scale, contrary to the San 28 and EF101 samples. The absence of chlorine within
the scale might be caused by limitations with the EDS or it can suggest that the
corrosion mechanism of TP347 may be governed by a different degradation process
compared to the earlier alloys.
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(a) Electron image (b) Oxygen

(c) Iron (d) Chromium

(e) Nickel (f) Chlorine

(g) Potassium

(h) Scale Composition

Figure 4.7: BSE-SEM cross section and EDS mapping of Sanicro 28 after 168h
exposed to 20% H2O, a CO2 flow rate of 950 ml/min, O2 flow rate of 50 ml/min at
400◦C
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(a) Electron image (b) Oxygen (c) Aluminum

(d) Iron (e) Chromium (f) Silicon

(g) Chlorine (h) Potassium (i) Carbon

(j) Scale Composition

Figure 4.8: BSE-SEM cross section and EDS mapping of EF101 attached scale
after 168h exposed to 20% H2O, a CO2 flow rate of 950 ml/min, O2 flow rate of 50
ml/min at 400◦C
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(a) Electron image (b) Oxygen (c) Aluminum

(d) Iron (e) Chromium (f) Silicon

(g) Chlorine (h) Potassium (i) Carbon

(j) Scale Composition

Figure 4.9: BSE-SEM cross section and EDS mapping of EF101 spalled scale after
168h exposed to 20% H2O, a CO2 flow rate of 950 ml/min, O2 flow rate of 50 ml/min
at 400◦C
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(a) Electron image (b) Oxygen

(c) Iron (d) Chromium

(e) Nickel (f) Chlorine

(g) Potassium (h) Carbon

(i) Scale Composition

Figure 4.10: BSE-SEM cross section and EDS mapping of TP347 after 168h ex-
posed to 20% H2O, a CO2 flow rate of 950 ml/min, O2 flow rate of 50 ml/min at
400◦C
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5
Conclusion

This thesis has developed and tested an exposure methodology for laboratory testing
of corrosion in simulated fuel reactor environments. However, the robustness of this
method is unclear due to inconclusive gravimetric data. Also, candidate materials
for use as superheater materials in the fuel side reactor of chemical looping com-
bustion plants have been investigated. Six materials were exposed in 5% O2 + 20%
H2O + CO2 bal gas at 400◦C for 168 h to investigate their corrosion properties in a
high-water, nitrogen-free atmosphere, simulating the FR side of a CLC system. KCl
was deposited on each sample to investigate the effects of alkali chlorides, typical
of waste-fired boilers. The present study found that Sanicro 28 experienced little
corrosion, with low weight gain and thin oxide formation. Furthermore, Sanicro 35
and Sanicro 60 exhibited similarly high corrosion resistance under the present con-
ditions. EF101 experienced corrosion to an extent similar of the low-alloy steel T22
but with less severe spallation. The poorer performance of EF101 is attributed to the
inability to establish and maintain a continuous protective Al-rich oxide scale and
the subsequent formation of less protective Fe-rich and Cr-rich corrosion products,
resulting in breakaway oxidation. It has thus been shown that Sanicro 28, Sanicro
35, Sanicro 60, and TP347 show great promise as superheater materials, with less
frequent maintenance being needed compared to T22. EF101 has displayed little
benefit over the more inexpensive T22. From an economic investment perspective,
TP347 is the preferred alternative to low-alloy steels, such as T22, due to its im-
proved corrosion properties and with it having the lowest nickel-content out of the
other alternatives investigated, its cost is also lower.
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6
Future Work

While this thesis provides valuable information on the corrosion behavior of the
investigated alloys, the results show that additional research is required. Future
studies should therefore focus on extending the exposure duration which would pro-
vide information on the long term stability of the formed oxide scales, along with
the progression of breakaway corrosion. By extending exposures, determination of
whether the observed oxidation and breakaway mechanism continue or if protective
scales are re-established or healing layers eventually formed. Future studies should
also include investigation of alloy performance under dual-atmosphere conditions to
better simulate real world application environments. The exposure to both combus-
tion gas and steam may influence the oxide growth, transport processes, material
strength, and corrosion resistance differently than single atmosphere exposures.
Surface coating could also be of interest, as a means of reducing chloride diffusion
which could improve scale stability. This could help determine whether surface
coatings are capable of suppressing chlorine degradation mechanisms like the elec-
trochemical transport mechanism observed in this thesis. Since deposits affect the
high-temperature corrosion of superheater materials, the use of anti-fouling coatings
could be used in environments representative of CLC systems.
Although laboratory exposures do provide controlled conditions and reproducibility,
field testing is required to assess the true performance of an alloy under the complex
and varying conditions encountered in operating CLC plants. This would provide
validation for observations made in this thesis.
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