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Abstract
Substituting fossil-fuels with waste- and biomass during combustion for heat-and
power production has proven to be a viable, more environmentally friendly energy
source. It does however come with new problems, one being the release of a diverse
flue gas containing different chlorine species such as KCl, HCl and PbCl2 which are
known to greatly accelerate the corrosion of low-alloyed steels commonly used in the
waterwall region of waste-fired boilers. To solve this problem a better understanding
of the corrosive mechanisms at play during chlorine-assisted corrosion of low alloyed
steels at high temperatures is required. This thesis aims to investigate the corro-
sive effect of KCl on the low-alloyed steel T22 at 400°C through the use of several
analytical techniques such as SEM, EDX and XRD. The results reveal that KCl
greatly increases the magnitude of corrosion under these conditions as can be seen
by both mass-gain data, SEM images and by the extensive crack formation found
on salt affected samples after 168h of exposure. XRD-data confirmed the forma-
tion of Hematite(Fe2O3) and Magnetite(Fe3O4) on nearly all samples. EDX results
indicate that Cl can diffuse through the oxide scale and reach the metal interface
where it is proposed to form volatile metal-chlorides according to the chlorine cycle
mechanism.

Keywords: High-temperature corrosion, Low-alloyed steel, Chlorine-induced corro-
sion, KCl, HTC
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1 | Introduction

As the global dependency on fossil fuels persists there is a large push to adopt
more climate-friendly and renewable energy sources. While energy sources such as
wind, water and solar energy are great alternatives they are highly dependent on
geographic factors and thus not always a reliable option. An area that holds a large
potential is the substitution of fossil fuels with waste and biomass during combustion
for heat and power generation. This includes the use of everything from industrial
waste to wooden by-products and can therefore be utilized wherever such a supply
exists. In a country like Sweden with a readily available supply of biomass from its
forest industry this type of combustion is a highly viable alternative and has become
the preferred fuel in combined heat- and power production plants. [1].

Combustion of biomass can, however, lead to new complications during the com-
bustion process. Biomass by nature is very heterogenous and, during combustion,
will release a wide variety of byproducts. The flue-gas that is formed during com-
bustion can contain, among other things, various chlorine species such as KCl, HCl
and PbCl2 which are known to seriously increase the corrosion rate of metal com-
ponents in a waste-fired boiler [2–4]. One of the areas susceptible to corrosion in
this environment is the waterwall-region in the boiler furnace [5, 6]. The water-
walls are comprised of steel tubes designed to separate the water inside from the
flue-gas outside. Low-alloyed steels are commonly used for this purpose due to a
good balance between mechanical properties and low material cost. However, the
harsh environment on the furnace-side in addition to the high working temperatures
will expose the tube wall to high-temperature corrosion which will lead to material
loss and, in time, corrosive breakdown of the material. This environment places a
high demand on the anti-corrosive properties of the material. Common countermea-
sures against high-temperature corrosion include using stainless steels, Aluminum-
or Nickel- based alloys, coating the metal with thermal coatings or pre-treating the
biomass before combustion to reduce the concentration of contaminants. [3]. While
these methods provide good anti-corrosive results, they come with a significant in-
crease in cost. Another option to mitigate the corrosive effect of the materials is
to reduce the operating temperature during combustion. However, this will have a
negative effect on the electrical efficiency of the fuel to energy conversion process as
the steam parameters will be reduced.

Neither of these options are desirable from an economic standpoint and as such
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1. Introduction

there is a large incentive to investigate and fully understand the high-temperature
corrosion mechanisms at play in the presence of alkali chlorides on commonly used
steels in order to find a viable, cost-effective way to mitigate the corrosion of the
waterwall material and to prevent premature failure in water wall applications.

1.1 Purpose
This report aims to investigate the corrosive effect of KCl on the low alloyed steel T22
in a controlled lab-environment designed to simulate that of the waterwall-region in
an industrial waste-fired boiler.

1.2 Limitations
Studying the kinetics of oxide scale formation during high-temperature corrosion is
often of great interest and importance in real-world applications. However, due to
time and equipment considerations an in-depth study of the kinetics of oxidation
will not be undertaken and the report will instead focus on investigating corrosion
and oxide morphology through visual analysis using techniques such as SEM, EDX
and XRD.
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2 | Theory

Corrosion, the dissolution of a metal into a more chemically stable oxide, occurs nat-
urally as a metal is exposed to oxygen containing environment [7].The degradation
of the metal by its environment is usually electrochemical in nature and involves
an oxidizing agent, usually dissolved oxygen or hydrogen cations, and an electrolyte
where charged species can travel. Since it is an electrochemical reaction it can be
described in terms of two half cell reactions: a cathodic reaction and an anodic
reaction [7].

Anodic reaction : M(s) −→ M(aq)2+ + 2 e− (2.1)
Cathodic reaction : O2(g) + 2H2O(l) + 4e− −→ 4 OH− + H2 (2.2)

Equation 2.1 is an example of the anodic oxidation of a generic metal while eq 2.2
shows a cathodic reduction where oxygen acts as the oxidizing agent. An impor-
tant criteria for a corrosion reaction that is fulfilled by the anodic reaction is the
simultaneous transfer of both mass and charge across the metal/electrolyte interface
which is what ultimately makes the metal corrode and leads to a mass loss of the
material [7]. While this type of corrosion is the most widespread and commonly
occurring it is also possible for a metal to corrode in the absence of an electrolyte,
especially given high enough temperatures [7–9].

2.1 High-Temperature Corrosion, HTC
High-temperature oxidation and subsequent corrosion can occur when a metal is
exposed to a gaseous oxidizing agent, usually oxygen, at high temperatures [7–9].
This phenomenon is not as widespread as aqueous corrosion and mainly occurs
in industrial high-temperature environments such as power-plants, gas turbines,
engines or industrial boilers [8].

2.1.1 Distinction Between HTC and Aqueous Corrosion
While aqueous corrosion and high-temperature corrosion transpire in different con-
ditions the governing principle behind both phenomenona stay the same: Coupled
oxidation and reduction reactions. [7]
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2. Theory

Oxidation : M(s) −→ M(s)2+ + 2 e− (2.3)

Reduction : 1
2 O2(g) + 2 e− −→ O2−(g) (2.4)

Overall reaction : M(s) + 1
2 O2(g) −→ MO(s) (2.5)

Equations 2.3-5 are examples of generic oxide formation reactions where the electrons
produced by the oxidation of the metal are consumed in the coupled reduction of
oxygen. This reaction takes place on the metal surface [7].

Aqueous corrosion is quantified by a loss of material as the metal is oxidized and
dissolved in solution [7]. HTC is instead characterised by the formation of an oxide
scale on the metal surface and is in many cases quantified by an associated increase
in mass as the corrosion product grows in thickness. The type of oxide formed
depends on the metal and its alloying elements. It has the potential to protect
the metal from further corrosion by acting as a barrier between the metal and the
oxidizing agent, hindering diffusion between the two. Some important properties of
the oxide scale are thickness, growth direction and mechanical properties [7, 8].

Studying the behavior and properties of the oxide scale is therefore integral to un-
derstanding and preventing high-temperature corrosion.

2.1.2 Thermodynamics of High-Temperature Corrosion
As previously stated, corrosion is a naturally occurring phenomenon and even tough
sufficiently high-temperature environments may not be found naturally the govern-
ing principle remains the same. In the presence of an oxidizing agent a metal will
undergo oxidation to form a more thermodynamically stable oxide [8, 9]. As with
all reactions, oxide formation comes with an associated change in free energy and
many such reactions have a very negative ∆G meaning they are spontaneous. This
is especially true at high temperatures. The change in free energy associated with
the formation of different oxides can be represented as a function of temperature
and partial pressure of oxygen in an Ellingham diagram [7–9].
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2. Theory

Figure 2.1: In the Ellingham diagram the equilibrium between metal and oxide is
illustrated. Lines represent equilibrium between metal and oxide. Slope of lines

related to changes in entropy. As the system becomes more ordered (less gaseous
products) the entropy decreases resulting in a positive slope. [10]

The lines in the Ellingham diagram represent equilibrium between oxide and metal
where the positive slope represents the standard entropy change for the oxidation
reaction. While above a certain equilibrium line the oxide is the more stable product
while underneath it the metal is stable. The difference in driving force to form
different oxides is significant and greatly affects oxidation of alloys with multiple
oxide-forming elements. Stainless steels for example can form Chromia (Cr2O3) as
well as iron oxides such as Hematite (Fe2O3) and Magnetite (Fe3O4) but since the
driving force to form Chromia is much greater this becomes the primary oxide and
the first to form [7–9].
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2. Theory

2.1.3 Oxide growth: Mechanism and Growth Direction
Initiation of oxide formation occurs on the metal surface when O2 adsorbs on the
metal surface and eventually dissolves into the metal at which point the corrosion
product can nucleate and begin growing laterally across the surface [7, 8]. As the
surface becomes covered in a homogenous layer growth continues outward through
ion and electron diffusion in the scale. This is also illustrated in equations 2.3 and
2.4. Metal cations and electrons are needed at the oxide/gas interface to continue
the corrosion process. As seen in figure 2.2 both ionic and electronic conductivity is
required to facilitate continued oxide growth [7].

Figure 2.2: Illustration of ion diffusion during oxidation. When an oxide layer
has formed diffusion of ions through it is necessary for further growth [7].

2.1.3.1 Diffusion through Defects in Oxide Microstructure

To predict the growth of the oxide scale an understanding of the diffusion mechanism
in the oxide is necessary. Even though the oxide does not share the crystalline
microstructure of its parent alloy it still contains defects which enable diffusion of
ionic species through the material. Two types of defects are critical for ion mobility
in the oxide scale: Point defects due to ion vacancies(ion deficit) or interstitial
ions(ion excess) [7, 8]. Both of these defect types are depicted in figure 2.3. While
these point-defects are the most important in determining the properties of the oxide
scale.
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2. Theory

Figure 2.3: Important defects for ion diffusion in oxides. Point A is an example
of a vacant anion while point B shows an interstitial cation. [7, 8]

Diffusion through vacancies occur when a nearby ion moves into a vacant spot and
leaves a new vacancy in its wake for another ion to move into. This process continues
throughout the material. The mechanism is similar for interstitial movement. Figure
2.4 shows a visual representation of ion movement [7].

Figure 2.4: Mechanisms of ion diffusion through the oxide due to anion vacancy
or interstitial cations. [7].

As a consequence of having an excess or deficit in ions the oxide will attain either
a net positive or a net negative charge which will require electrons from the metal
substrate to achieve a neutral charge. This enables electronic diffusion through the
oxide which gives it semiconductor properties [8].The predominant defect type in
the oxide scale will have a large impact on the growth behaviour of the oxide and
it is common to categorize oxides by their defects. The two types are n-type and
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p-type semiconductors. These oxides and their defects are summarized in table 2.1.
This classification is made for oxides that are non-stoichiometric. These are oxides
with a high concentration of defects, often due to different possible oxidation states
of the parent metal, meaning they deviate from their stoichiometric formula due to
an excess or deficit of ions. Iron with it´s different oxidation states will create a
non-stoichiometric iron oxide. Stoichiometric oxides, like Al2O3, on the other hand
have a low concentration of defects [8].

Table 2.1: Classes of non-stoichiometric oxides and their predominant defect
types. Anions are not commonly found in interstitial positions due to their size.

Oxide Classification Predominant Defect
N-type Semiconductor Anion Vacancies, Interstitial Cations
P-type Semiconductor Cation Vacancies, Interstitial Anions(uncommon)

Since cations are sourced from the metal substrate cation diffusion due to cation
vacancies or interstitial cations will only ever occur outward leading to oxide scale
growth at the scale/gas interface [8]. Anion diffusion in the same manner will cause
scale growth at the metal/scale interface which can facilitate internal oxidation
where the oxide grows into the material. The consequences for this can be devastat-
ing as the mechanical properties of the metal can deteriorate. Factors that greatly
affect the diffusion process are temperature and the presence of grain boundaries
which act as short-cuts for diffusion [8]. The diffusion process is highly temperature
dependant and can be described using the Arrhenius equation [8]:

D(T ) = D0exp(−∆H

RT
) (2.6)

In equation 2.6 D is the diffusion coefficient, D0 is the frequency factor, R is the as
constant, T is the temperature and ∆H is the activation enthalpy of diffusion [8].

2.1.3.2 Criteria for a Protective Oxide

Many factors affect how well an oxide can protect the underlying metal from corro-
sion. An oxide can be considered protective if it fulfills the following criteria [9]:

• Continuous across the metal surface: A homogenous layer across the surface
of the metal ensures good protection.

• Well adherent to the metal surface: The oxide must not spall of or crack due
to differences in thermal expansion.

• Thin and slow-growing : A fast growing oxide is indicative of a high rate of
diffusion between the metal and the gas.
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2. Theory

• Higher melting point than underlying metal.

• Not volatile in high-temperature environment.

The protective properties of oxide scales are largely determined by the scale mi-
crostructure. As mentioned above the driving force for continued oxide growth is
diffusion of ions and electrons through the scale to fuel the oxide forming reac-
tions(eq. 2.3-5). It follows then that a large diffusion potential through the scale
results in a non-protective oxide and since diffusion is governed by defects in the
microstructure a higher concentration of defects leads to a higher rate of diffusion
and, consequently, diminished protection against HTC.

2.1.3.3 Common Oxides and their Parent Alloys

There exists an established hierarchy of protective oxides where iron oxides formed
by low-alloyed steels typically display poor protective properties at higher tempera-
tures and stainless steels or Al-based alloys perform better [9]. Some common alloys
and their respective oxides are listed in table 2.2.

Table 2.2: Common alloys and their corresponding oxides [9].

Parent Alloy Predominant Oxide Temperature limit
Low-alloyed steels, <10% Cr content FeO,Fe2O3,Fe3O4 Up to 500°C
Stainless steels, >10% Cr content Cr2O3 Up to 650°C
Stainless steels with addition of Nickel Cr2O3 Up to 850°C
Fe-Cr-Al Alloys Al2O3 Up to 1100°C

As detailed in table 2.2 low-alloyed steels are commonly defined as steels with a Cr-
content lower than 10%. This amount prevents the metal from forming a protective
Chromia(Cr2O3) scale and forces it to rely on lesser iron oxides for protection. The
same principle holds true for other alloying elements where certain amount is needed
to facilitate the formation of a particular oxide. What makes oxides like Al2O3 and
Cr2O3 protective are their lower defect concentration. Stainless steels and Fe-Cr-Al
alloys will, during initial corrosion stages, form a thin oxide layer impervious to
further diffusion. This layer provides great protection for the metal until damaged
by external factors(scratches, extreme environments) [9].

2.1.4 A Note on Corrosion Kinetics
As previously stated the kinetics of corrosion will not be studied due to time and
equipment constraints. It is, however, of interest to briefly introduce the role of
kinetics during high-temperature corrosion.

As with diffusion the overall kinetics of corrosion can be described using Arrhenius
equation when considering a general oxide formation reaction like eq.2.5. [7, 8]:
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2. Theory

k = A′exp(−∆Ea

RT
) (2.7)

In equation 2.7 k is the reaction rate constant, A’ an exponential factor,∆Ea the
activation energy for the reaction and R and T the gas constant and temperature
respectively [7]. The kinetics of high-temperature oxidation can be described by
three different rate laws, each of which describe different rate-limiting steps during
oxide formation [7].

• Linear Rate Law: Reaction rate is constant at the metal/oxide interface. Ox-
idizing agent has easy access to the metal substrate through cracks or pores.
Indicates the lack of a protective oxide.

• Parabolic Rate Law: Diffusion of ions or electrons through oxide is rate-
limiting. High initial corrosion rate that tapers off when a protective oxide
has formed.

• Logarithmic Rate Law: Can describe kinetics of very thin films or oxidation
at lower temperatures. Also valid during initial corrosion stages.

In figure 2.5 the different rate laws are represented by plotting mass gain as a
function of time.

Figure 2.5: Theoretical rate laws governing the corrosion rate during HTC.

In practice corrosion rates will only follow these curves loosely and differ depending
on oxide protection. If an oxide breaks down due to external factors such as scratches
a sharp increase in mass gain will be recorded. This is called breakaway-oxidation.
If the oxide can re-form a lower rate of mass gain will once again be seen [7].

10



2. Theory

2.1.5 Predicting the Behaviour of T22 in the Presence of
Salt

Since T22 is a low alloyed steel with an insufficient amount of Cr to form a protective
Cr2O3 layer it will instead form different iron oxides. FeO,Fe2O3 and Fe3O4 may
form during different stages during corrosion and neither will provide good protection
against further oxidation. The iron oxides will, however, provide some resistance
against diffusion and as such the corrosion rate of the metal will see an initial linear
increase and then loosely follow the parabolic behaviour described in section 2.1.4.

The effect of alkali-chlorides on high-temperature corrosion is well a documented in
HTC reasearch [11–21]. The aggressive atmosphere can break down the protection of
otherwise protective oxides. There are two proposed mechanism behind the chlorine-
assisted corrosion of low-alloyed steels: The chlorine-cycle, or active oxidation, and
a electrochemical coeeosion mechanism [11,19].

2.1.5.1 The Chlorine-cycle

The chlorine-cycle is initiated by formation of gaseous molecular chlorine, Cl2,
through oxidation of KCl or a reaction between KCl and the oxide scale accord-
ing to equation 2.8 [11,19]:

2 KCl(s) + Fe2O3(s) + 1
2 O2(g) −→ K2Fe2O4(s) + Cl2(g) (2.8)

Cl2 proceeds to diffuse through the grain boundaries of the oxide scale. Upon
reaching the metal/oxide interface metal and chlorine reacts to form volatile metal
chlorides according to reaction 2.9 [11, 19]:

M(s) + Cl2(g) −→ MCl2(g) (2.9)

Due to a lower partial pressure of oxygen on the inner part of the oxide scale the
volatile compound will diffuse outward and become oxidized as the partial pressure
increases as shown in reaction 2.10 [11,19].

2 MCl2(g) + 3
2 O2(g) −→ M2O3(s) + 2 Cl2(g) (2.10)

The Cl2 is then proposed to recirculate back down to the metal to continue the cycle
or be released into the atmosphere. The chlorine-cycle theory is not fully accepted
due to the unknown diffusion mechanism of Cl2 through the oxide. If Cl2 can diffuse
through cracks or pores in the scale O2 should also be able to diffuse due to it´s
smaller size. This would lead to a higher oxygen partial pressure on the inside of the
scale and drastically change both oxide formation and the theoretical metal chloride
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formation. However the presence of metal chlorides under the oxide would support
the theory. The chlorine-cycle is illustrated in figure 2.6 [11,19].

Figure 2.6: Chlorine cycle in a generic metal/oxide: M/MO. [11]
.

2.1.5.2 Electrochemical Corrosion Mechanism

The theory of the electrochemical corrosion mechanism is similar but provides an
alternate explanation for the problematic Cl2 diffusion. The mechanism proposes
ionic and electronic diffusion as the driving force in place of Cl2 diffusion. Here Cl2
is reduced with the electrons provided by the metal oxidation reaction [11,19].

M(s) −→ M2+ + 2 e− (2.11)
Cl2(g) + 2 e− −→ 2 Cl−(g) (2.12)

Cl– is then proposed to migrate through grain boundaries, forming metal chlorides
in its path [11, 19]. In the presence of KCl the formation of Cl– may also occur
according to equation 2.13.

2 KCl(s) + H2O(g) + 1
2 O2(g) + 2 e− −→ 2 KOH(g) + 2 Cl−(ads) (2.13)

2.2 Scanning Electron Microscopy, SEM
Scanning electron microscopy is an analytical tool widely used in the field of material
science due to its ability to image surfaces at a scale of down to 0.2µm with a high
resolution [22]. This is accomplished by accelerating an electron beam towards the
sample and capturing and analyzing the different signals emitted as the electrons of
the beam and the sample interact. The electron beam is generated in an electron gun
and accelerated towards the sample. The system is operated under vacuum to allow
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electrons an path to the sample free of interference. Electrons have a interaction
volume of a few micrometers and upon interaction with the sample atoms they will
scatter in different ways and in so doing generate various signals, each providing
different information. The most important of these signals secondary electrons, SE,
backscattered electrons, BSE, and characteristic x-rays. Analyzing these signals
allows for topographic and compositional information to be obtained. Figure 2.7
illustrates the origin of the different signals. BSE originate from the incident electron
beam while SE and characteristic X-rays originate from the sample atom [22].

Figure 2.7: Illustration showing the origin of different signals obtained when
scanning an electron beam over the sample surface [22].

2.2.1 Information From Back-scattered Electrons, BSE
Back-scattered electrons are the result of elastic scattering of incident electrons [22].
Elastic scattering occurs due to attractive forces between beam electrons and the
positive nucleus of a sample atom. Electrons are scattered at different angles and
backscattering of electrons can occur. A larger atom with a stronger postive charge
will have a stronger interaction with beam electrons and provide a higher degree of
elastic scattering. This gives BSE detectors the ability to provide some degree of
compositional information by giving a contrast based on atomic weight, a lighter
visual signal for heavy elements and a darker signal for lighter elements. This
information alone is not enough quantify the composition of a sample but it is an
useful tool to identify different phases and regions for further analysis. BSE retain
a high kinetic energy and therefore have a high interaction volume [22].

2.2.2 Information From Secondary Electrons, SE
Secondary electrons are the result of inelastic scattering. Inelastic scattering occurs
when a beam electron with sufficient energy collides with the electron of a sample
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atom and knocks it out of orbit. Due to a lower kinetic energy of secondary electrons
these are only ejected from the top nanometer layer of the sample resulting in a low
interaction volume, enabling high resolution imaging when using a SE detector.
During SE detection the contrast is a result of a variance in secondary electrons
generated which is greatly impacted by surface geometry and orientation. A rough
surface will have a high variance in SE signals which provides a highly contrasted
image.

2.2.3 Difference in BSE and SE Imaging
Figure 2.8 shows the same area of a sample viewed in both SE and BSE mode:

Figure 2.8: Surface overview of a sample exposed to KCl for 168h. Image 2.8a is
taken in BSE mode and 2.8b in SE mode.

When observing the salt particles on the sample the difference in signal between
the SE detector and the BSE detector are clear. Since KCl is lighter than Fe or
its oxides it is displayed in a dark color in the BSE image. In the SE image the
flat surface show little contrast while the rougher parts of the sample are heavily
contrasted. The SE mode shows no discernible difference between the salt particle
and the surrounding oxide. Cracks are easily discernible in BSE mode.

2.2.4 Energy Dispersive X-ray, EDX
When a secondary electron is knocked out of its shell a outer-shell electron with a
higher energy level will relax down in an effort to minimize energy [22, 23]. This
results in an energy difference that is released in the form of a characteristic x-ray.
The characteristic x-rays released during the relaxation of outer shell electrons are
unique for different atoms and can provide quantitative compositional information
as a good complement to BSE imaging. An ED spectrometer for x-ray detection
is often incorporated into the SEM instrument and provides a spectra of atomic
signals and compositional information sorted by weight or molar ratio which is a
useful tool to confirm the presence of elements or investigate elemental composition
of unknown phases [23].
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2.2.5 X-ray Diffraction, XRD
While EDX can be used to identify the elemental composition of a sample it can-
not determine how these elements are arranged. To determine what compounds or
phases are present on a sample XRD can be used. XRD works by probing a crys-
talline sample with an x-ray of known wavelength and measuring the waves that are
diffracted from the crystal lattice of the surface [24]. The driving principle during
XRD is the constructive interference between the diffracted waves and the crystal
structure of the sample. X-rays are diffracted in different directions and constructive
interference will occur at specific angles. This relation can be described using the
Bragg equation [24].

nλ = 2dsinΘ (2.14)

Here λ is the reflection wavelength, n an integer, Θ the angle between crystal planes
of the sample and the incident beam, also called the bragg angle, and d is the
distance between planes in the crystal where the reflection occurs. By measuring
the bragg angles and the intensities of the diffractions and comparing these to a
reference database the presence of specific compounds can be determined. Due to
the possibility of overlapping signals between different compounds it is important
to know what elements are present on the surface before analysis. This makes EDX
and XRD good complementary techniques. [24].

2.2.6 Broad Ion-Beam, BIB
Before analyzing sample cross-sections with SEM it is desirable to achieve a highly
polished surface beyond that which can be achieved through mechanical polishing.
Broad ion beam, BIB, can be used to polish surfaces by bombarding them with
an ion beam to remove surface atoms as the incident-beam and sample atoms col-
lide [25].The beam originates from ion-guns, often argon-based, and is accelerated
towards a small exposed part of the sample. Upon collision with surface atoms of a
sample an energy transfer occurs and atoms are released from the surface [25].
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This section details the methodology and the instruments used during experiments.
The project can be divided into two main parts: Exposure and analysis. Before each
step necessary sample preparations must be made. Alongside these steps, a literary
study will be conducted to provide a necessary frame of reference for analyzing and
drawing conclusions around the results. The material used throughout the project
is the low-alloyed steel T22. Its composition is detailed in the table 3.1.

Table 3.1: Composition of T22 in wt%

Cr Mo Mn Si C P S
1.9-2.6 0.87-1.13 0.3-0.6 <0.50 0.05-0.15 <0.025 <0.025

3.1 Preparation Before Exposure
Before exposure T22 steel coupons of dimensions 15x15x2 mm were prepared by
grinding and polishing with silicon carbide paper with a grit size of 1000 for the
edges and a grit size of 320 for the surface until they were homogenous and free
of scratches. Furthermore the surface was polished using polishing discs with grain
sizes from 9µm to 1µm together with a diamond suspension until a mirror-like surface
was achieved. Coupons were degreased in acetone under ultrasonic agitation and
stored in a desiccator. KCl was deposited on samples by spraying them with a
solution of KCl in 80:20 ratio of ethanol and water. The high ethanol ratio ensures
rapid evaporation and a homogenously distributed layer of salt. The coupons were
measured and weighed before, and during spraying to achieve a deposition of 0.1
mg/cm2 of surface area. The coupons were finally inserted into an furnace with a
temperature of 400°C +- 1°C and a gas composition of 5% O2, 20%H2O and 75%N2.
The total gas flow in the furnace was 3 cm/s. Upon extraction from the furnace
samples were left to cool and then weighed to determine mass change after exposure.
A rough schematic of the furnace is depicted in figure 3.1.
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Figure 3.1: Schematic of furnace used during exposures. Samples are loaded on a
ceramic tray and inserted into the furnace.

Exposures where performed for three different time intervals. 1h, 24h and 168h.
For each interval three samples with salt deposited in addition to three reference
samples were inserted into separate furnaces to avoid contamination of the reference
samples.

3.2 Microstructure Analysis using SEM, EDX and
XRD

Microstructure analyses were conducted using SEM, EDX and XRD instrument.
The SEM and EDX analysis were performed on a FEI QUANTA 200 FEG ESEM
instrument with an Oxford Inca energy dispersive X-ray (EDX) detector coupled to
the SEM instrument. Both backscattered electrons (BSE) and secondary electrons
(SE) detector were used and an accelerated electron voltage of 15-20 KeV were
conducted.

Prior to cross sectional analysis the exposed samples were sputter coated with gold in
order to increase the conductivity of the material and to increase the contrast on the
sample. Subsequently a silicon wafer was glued on top of the sample using Loctite
415 and dried overnight. The samples were then cut using a Struers TXP instrument
using 2100rpm. The cut cross section was then polished and subsequently refined
using BIB with argon ions as sputtering element. The cross section was exposed
in the BIB instrument for 6h using an accelerating voltage of 8kV and a current of
3mA.

XRD analysis was conducted to analyze the different oxide phases observed after
the exposure. The XRD analysis was conducted on a D8 Discover instrument and
the results were later matched with a database were different possible oxides that
fit the peak pattern of the results were chosen.
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In this section the experimental results are presented and analysis of selected samples
are presented.

4.1 Effect of KCl on corrosion rate
As mentioned in section 2.1.1 the corrosion rate in high-temperature environments
can in many cases be quantified by an increase in mass as the oxide scale is formed.
Figure 4.1 illustrates the average mass gain from different exposures with and with-
out salt.

Figure 4.1: Average mass gain of samples with and without salt.

As expected the presence of KCl severely impacts the corrosion rate of the metal
with 1h samples seeing an increase in mass gain by a factor of 10 and 24h samples
by a factor of 8.4 when coated with salt. The mass gain of 0.11 mg/cm2 for reference
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samples and 0.90 mg/cm2 for samples exposed to salt for 24h is in good agreement
with previous research [16–19]. This rapid growth confirms the destructive proper-
ties of KCl assisted HTC but gives little insight as to the mechanisms behind the
accelerated corrosion. With few data-points little can be said regarding the kinetics
of the corrosion.

The mass gain can be used to calculate a theoretical thickness of the oxide scale by
using the density of the oxide and the weigh fraction of oxygen together with the
mass gain. The calculations are based on magnetite as the only oxide formed. If
MF e2O4 = 232 g/mol then the weight fraction of oxygen is:

MO2

MF e3O4

= 64
232 = 0.276 (4.1)

The definition of density can be used to connect the mass gain per unit surface area
to the thickness according to:

ρ = m

V
(4.2)

where m is the mass gain in mg/cm2 and ρFe3O4 = 5.17 g/cm3. The oxide thickness,
d, is defined here as thickness on a surface area of 1 cm2 which allows the volume
to bee substituted out according to:

V = cm3 = d(cm) ∗ 1cm2 = d (4.3)

d = m

ρ
(4.4)

ρ in equation 4.4 is the weight fraction of oxygen multiplied by the density of the
oxide which gives the final equation for the oxide thickness:

d = m

ρFe3O4 ∗ MO2
MF e3O4

(4.5)

In table 4.1 the theoretical thickness of oxides formed during different exposures
have been calculated. This information will provide a reference for cross-sectional
analysis where the actual oxide scale can be measured.
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Table 4.1: Theoretical oxide thickness derived from mass gain. Values are
rounded for clarity.

Sample Surface area (cm2) Mass gain(mg/cm2) Scale thickness (µm)
1h Reference 5.4 0.02 0.1
24h Reference 5.2 0.1 0.8
168h Reference 5.3 0.3 2.1
1h KCl 5.4 0.2 1.3
24h KCl 5.4 0.9 6.3
168h KCl 5.3 1.9 13.1

4.2 Surface Analysis with SEM
An initial surface analysis was performed before exposure to determine the depo-
sition pattern of KCl on the sample surface. A clean reference sample was also
analyzed. BSE images from this analysis are presented in figure 4.2.

Figure 4.2: BSE images of samples before exposure. a) shows a reference sample
without salt and b) shows a sample with KCl deposited.

In figure 4.2.a black spots are visible on the sample surface. These spots are also
visible on the surface of exposed reference samples and in the cross-sections of all
samples. EDX shows a composition containing trace amounts of aluminum and cal-
cium, neither of which should be present in the base alloy. These spots are therefore
assumed to be impurities from manufacturing. In figure 4.2.b the salt is shown to be
evenly dispersed across the sample surface with a tendency to form clusters with a
higher concentration of salt crystals interspersed with regions containing only trace
amounts of salt.
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4.2.1 Surface Analysis of Reference Samples
On all reference samples a homogenous oxide layer structured as a needle-like net-
work had formed on the surface. No crack formation or spallation was observed on
the samples. In figure 4.3 BSE images showcase the surface of reference samples
after exposure.

Figure 4.3: Surface images taken in BSE mode. a) shows the surface of a
reference sample after 1h of exposure and b) shows the surface of a reference

sample exposed for 24h

Figure 4.3.b showcases the surface of a 24h reference sample and this uniformity
is representative of all reference samples. A close-up of the surface illustrates the
needle-like structure of the oxide surface. In figure 4.3.a scratches from sample pol-
ishing during pre-treatment can still be seen due to a very thin oxide layer after 1h
of exposure. After 24h of exposure the oxide layer was thick enough to cover these
scratches completely. XRD-data confirmed the presence of both Hematite, Fe2O3,
and Magnetite, Fe3O4, on samples exposed for 24- and 168h. A weak hematite/-
magnetite signal was found on the 1h reference sample but most peaks were from
the iron of the bulk material. Combined hematite/magnetite peaks were also visi-
ble. These peaks were difficult to evaluate due to overlap between the hematite and
magnetite signals. Figure 4.4 shows XRD diffractograms for reference samples after
1,24 and 168h of exposure.
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Figure 4.4: XRD data for reference samples after exposure.

The XRD data shows a weak signal from hematite after as early as 1h. Signals from
both hematite and magnetite show up after 24h which makes it hard to determine
the scale growth from XRD alone.

4.2.2 Surface Analysis of Samples with Deposited KCl
Samples exposed to KCl were observed to achieve a much greater variance in oxide-
scale formation. A large amount of intact and semi-intact KCl particles were found
on all samples with areas surrounding crystals seeing a thicker and more heteroge-
nous oxide development. Oxide topography resembling ridges of thick, heterogenous
oxide and clustered KCl particles interspersed with flatter, homogenous regions.
These homogenous regions were largely free of any remaining KCl particles. Some
KCl particles were discovered being actively overgrown by oxide. Signs of both
cracking and spallation were visible after only 1h and after 24h and 168h excessive
crack formation covered large parts of the sample surface indicating a rapid rate of
corrosion. Figures 4.5 and 4.6 show overview images of samples exposed for 1h and
24h.
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Figure 4.5: SEM images from a sample with deposited KCl after 24 hours of
exposure. Highlighted are the differences in oxide topography and the different

states of KCl particles found on the surface. A close up of the surface taken in SE
mode shows the different microstructures of dark and light regions.

Figure 4.5 shows the surface of a sample exposed for 24h and showcases the different
regions found on the surface. The visibility of intact salt crystals on the surface
has drastically decreased compared to the sample exposed for 1h in figure 4.6.a as
most crystals have become overgrown by the oxide-scale. Some parts of the surface
consisting of more homogenous regions appear in a darker tone when viewed in BSE
mode which is believed to be due to a local dense microstructure. The difference
between these areas is easily discernible when observed in SE mode in the close-up
of figure 4.5.
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Figure 4.6: Figure a) shows a BSE image of a sample after being exposed for 1h.
b) is a SE image of a salt-crystal found on a sample after 24h and showcases the

blade-like microstructure of the oxide overgrowing it. b) depicts the point-analysis
done with EDX on a sample after 168h of exposure. Ratios are in atmoic %.

In figure 4.6.a The limited exposure time has left most salt particles intact on the
surface but signs of aggressive oxide formation around them are appearing. Figure
4.5.b shows the microstructure found around the KCl particles. Depicted is one
being overgrown by oxide which has formed in needle-like structures. A close up
of the crystal in figure 4.5.b, taken in SE mode, shows the microstructure clearly.
This microstructure is known to be typical for hematite [20]. Even after 168h in-
tact salt crystals could be identified on the surface and point analysis using EDX
confirmed a 1:1 atomic ratio between chlorine and potassium. Interference from the
surrounding iron-oxide was also detected. Figure 4.6.c includes a table detailing
the compositional information obtained from point analysis at different parts of the
sruface. Point 2 clearly indicates the presence of intact KCl particles after 168h.

The excessive crack-formation along with signs of spallation can be seen on samples
exposed for 168h in figure 4.7. The cracks were found to cover a majority of the
sample surface as seen in figure 4.7.a. At certain points flakes (figure 4.7.b) and
holes were observed in connection to crack formation. In figure 4.7.c a crack has
formed through an oxide nodule on the surface. It is unknown if crack formation
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ocurred during exposure or as a result of the sample cooling and the oxide-volume
decreasing which can lead stress.

Figure 4.7: Cracking and spalling of KCl exposed samples after 168h.

XRD confirmed the presence of both hematite,Fe2O3, and magnetite,Fe3O4, which
were observed in the same needle-like configuration previously seen on reference
samples. XRD results from salt-exposed samples in figure 4.8 indicated a much
earlier formation of both hematite, Fe2O3, and magnetite, Fe3O4 where signals from
both oxides were present even after one hour of exposure. In addition to the iron
oxides the mineral form of KCl, sylvite, was detected on all salt-exposed samples.
This is expected since SEM images show residual salt crystals even after 168h of
exposure as was also confirmed by EDX in figure 4.6.c.

Figure 4.8: XRD data after exposure of samples deposited with KCl.
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4.3 Cross-sectional Analysis with SEM
In this section cross-sectional images of selected regions are presented. For a rep-
resentative view of the different cross-sections refer to figures A.1-6 in appendix
A.

BSE imaging of reference sample cross-sections (figures 4.9.a-c) revealed thin, well
adherent scales growing homogenously across the surface. The scale found on the
1h sample (figure 4.9.a) was very thin, approximately 0.2 µm thick which is close
to the theoretical value derived from the mass gain. No large difference could be
observed on reference samples after 24h (figure 4.9.b) apart from a slightly thicker
scale, measuring in at approximately 1µm. Early signs of spallation were observed in
some areas of the cross-section. After 168h (figure 4.9.c) the scale was easily observed
on the surface with a thickness of 2.5µm. Furthermore an inward-growing oxide was
observed beneath the primary oxide-scale as shown in the close-up of figure 4.9.c.
EDX analysis (figure 4.10.a) indicated that the outward growing layer consisted of
magnetite, Fe3O4, with a Fe:O atomic ratio of approximately 44:55. This, however,
is unlikely due to the presence of characteristic hematite needles on the surface of
the oxide. The inward-growing oxide had a lower oxygen content and a Fe:O ratio of
around 53:41 which does not coincide with either magnetite or hematite formation.
This might indicate a mixed oxide composition or interference from surrounding
material. EDX analysis proved insufficient in determining the exact composition of
the inward-growing oxide as interference from the bulk material and the outward
growing oxide were likely at play. Small voids also began appearing under the oxide
layer of the reference sample (figure 4.9.c) after 168h which might represent early
stages of spallation. Significant spallation was not observed on reference samples
even after 168h of exposure.
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Figure 4.9: Cross-section images of reference, and salt-exposed samples. Images
taken in BSE mode. a): reference after 1h, b): reference after 24h, c): reference

after 168h, d): KCl sample after 1h, e): KCl sample after 24h, f): KCl sample after
168h. Selected images are representative of the majority of the cross-section.

Cross-sectional analysis of salt-exposed samples (figures 4.9.d-f) revealed a much
larger variance in topography. Even after 1h (figure 4.9.d) heterogenous oxide growth
can be seen as rough regions have already started to emerge. An intact KCl particle
is also visible in the cross-section. After only 24h (figure 4.9.e) the oxide-scale
has almost completely detached from the surface. Figure 4.9.e shows a region of
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particularly aggressive spallation. Crack formation could be seen in the topmost
oxide layer and an inward growing oxide was spotted adhering to the spalled-off
outer layer. After 168h (figure 4.9.f) the oxide-scale had completely detached from
the underlying metal leaving a void in between. The oxide-scale is made up of
two clear phases. One outward-growing phase and one inward-growing. As seen
in figure 4.10.d EDX revealed the presence of chlorine believed to be in the form
of iron-chloride along the base alloy interface across the entirety of the surface.
KCl particles, largely intact, were also observed buried beneath the oxide scale in
another region of the scale shown in figure 4.9.f and were quantified using EDX
(figure 4.10.d).

Figure 4.10: EDX point analysis performed on cross-sections of: a) 168h
reference sample, b) 1h KCl sample, c) 24h KCl sample and d) 168h KCl sample.
Cross sections of reference samples after 1h and 24h are not represented here due

to them adding little information of value. With the exception of chromium
alloying elements are of little interest and have been left out. All results displayed

in atomic %.

Figure 4.10 contains compositional information obtained using EDX point-analysis
of different samples. Reference samples exposede for 1h and 24h are not represented
here due to their uniform thin growth leading to little of interest separating them
from the reference sample after 168h.
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4.3.1 Compositional Maps of Cross-Sections using EDX
In this section cross-sectional analysis of KCl-exposed samples using EDX will be
presented to investigate whether or not the proposed chlorine-cycle mechanism is
valid for low-alloyed steels. As mentioned in section 2.1.5 an indication that would
strengthen this theory is the existence of chlorine beneath the oxide-scale as this
would indicate metal-chloride formation has occured.

Upon investigating the cross-section of a sample exposed for 1h (figure 4.11.a ) the
only chlorine detected seemed to be that of a intact KCl particle on the sample
surface. However, a closer view (figure 4.11.b) revealed the presence of a chlorine-
containing particle under the oxide-scale in the absence of potassium. Point analysis
confirmed the presence of both iron and chlorine in varying concentrations but this
result was not considered very accurate due to substantial interference from the
surrounding material. No inward oxidation was observed after 1h.

Figure 4.11: BSE cross-section of a KCl sample after 1h of exposure with added
EDX maps. a) shows a zoomed out cross-section and b) a zoomed-in view of a

chlorine-rich zone found under the oxide scale.

During EDX analysis of 24h samples (figure 4.12) heavy spallation was observed
over most of the surface. Contrasts between the outward growing scale and a in-
ward growing one were clearly visible as seen in section 4.3 even after spallation of
both phases. EDX mapping suggested a Cr-enriched inward growing scale which was
confirmed with point-analysis (figure 4.10.c). Point-analysis of the inward-growing
scale of other samples (figure 4.10.a and 4.10.d) did not show a significantly higher
Cr-content than the bulk material but this could be due to a lower degree of mag-
nification. Again, point-analysis was not considered very accurate and interference
likely gave a misrepresentative view of the scale composition. Crack formation was
also observed through the oxide-scale at several locations (figure 4.12.b). Once again
chlorine was found underneath the scale but traces of potassium were also present in-
dicating the possibility of KCl particles making their way through the oxide through
the cracks in the outer scale.
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Figure 4.12: BSE cross-section of a KCl sample after 24h of exposure with added
EDX maps. a) and b) illustrate different regions of the same sample. Significant
spallation is seen in both regions along with a Cr-enriched inward-growing oxide.

As was observed from SEM images after 168h (figure 4.13) the scale had completely
detached from the sample surface. In consistence with samples after 24h the oxide
layer appeared to be composed of two different phases. One outward-growing and
one inward-growing with the inward-growing one showing an increased content of
chromium. Chlorine was more prevalent beneath the scale than it had been in
previous samples with evenly spaced out particles found along the alloy interface
(figure 4.13.a-b). The clear decoupling of chlorine from potassium strongly indicates
it is able to diffuse down, through the scale, to the metal/oxide interface. Intact
KCl particles were also detected underneath the topmost layer of the scale (figure
4.13.b).
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Figure 4.13: BSE cross-section of a KCl sample after 168h of exposure with
added EDX maps. a) and b) illustrate different regions of the same sample.

Chlorine-rich regions under the oxide-scale are prevalent after 168h
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The aim of this report was to investigate the nature of a KCl-induced high-temperature
corrosion attack on low-alloyed steels and to determine whether previously proposed
mechanisms of corrosion were reasonable in the working conditions used. This in-
vestigation was undertaken using SEM analysis to investigate both topography and
cross-sections of samples with- and without deposited KCl. XRD was used to deter-
mine which phases of oxide where present on the sample surface and EDX was used
in an attempt to quantify the oxide composition. As discussed in sections 2.1.5.1-2.
the proposed chlorine-cycle, or electrochemical corrosion mechanisms are both char-
acterised by the formation of metal-chlorides on the metal-oxide interface. As such,
finding evidence of the formation of these chlorides was of great interest.

Mass gain data was too limited to provide information regarding kinetics but pro-
vided a good indicator for the severity of corrosion with KCl present. Furthermore,
mass-gain data for samples exposed for 24h were compared to that of earlier research
and was found to be in good agreement with reported findings [16–19]. A theoretical
thickness was calculated using mass gain data and compared to the thickness mea-
sured from cross-sectional imaging. Measured values were largely consistent with
theoretical ones.

XRD analysis confirmed the presence of both magnetite and hematite on every
sample apart from reference samples after 1h where mostly iron and a small peak of
hematite was detected. On salt-exposed samples KCl was also detected using EDX
even after 168h. This was confirmed using EDX.

On reference samples after 168h and on salt-exposed samples after 24h the oxide-
scale was observed to consist of two major phases. One inward-growing and one
outward-growing. On reference samples after 168h hematite-needles were observed
on the outward-growing scale. EDX mapping indicated an enrichment of chromium
in the inward-growing scale altough point-analysis using EDX did not show any
meaningful concentration compared to the bulk material for most samples. Quan-
tification of the oxide-scale composition proved difficult as no clear match could be
made to either hematite or magnetite when point-analyzing different parts of the
scale. This is believed to be due to interference from the bulk material and the
surrounding oxide.
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EDX mapping of KCl-exposed samples revealed the presence of chlorine beneath
the scale surface. Chlorine was found clearly detached from potassium strongly
indicating chlorine is able to migrate through the oxide-scale and reach the alloy
interface. Point-analysis of these spots revealed a composition high in both iron
and chlorine indicating the possibility of iron-chloride formation. As previously
stated EDX quantification of the particles was taken with a grain of salt due to
interference from the bulk material and as such the formation of a specific iron-
chloride, FeCl2, could not be confirmed. The proposed chlorine-cycle mechanism
involves the dissolution of the metal-chlorides due to a high volatility. It is possible
that this volatility creates a high pressure underneath the oxide-scale which could
explain the severe spallation seen on most samples.

Accurately investigating the microstructure of the oxide-scale and determine the
presence of different phases i.e hematite and magnetite proved difficult with the
instrumentation used in the project. Using a instrument such as TEM could provide
more precise information regarding the microstructure and morphology of the scale.
This has been attempted by Persdotter et al. [19] and allowed for a more accurate
quantification of the scale morphology.

The underlying purpose of the report was to investigate corrosion of low-alloyed
steels as a result of exposure to a complex flue-gas released during the combustion
of biomass in combined heat-and-power plants. Exposures to KCl alone is far from
a realistic representation of the actual working conditions the steels are exposed to.
For future research it could therefore be interesting to investigate exposures using a
mixed composition of alkali-chlorides like KCl, HCl and PbCl2 as detailed by Erik
Larsson [17]. Combinations of different alkali-chlorides are shown to drastically alter
the corrosion of exposed steels and gives a better picture of real-world conditions.
HCl in particular is of great interest to study since the relative amount found in flue
gas is much greater [17].
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A.1 Cross-section overviews

A.1.1 Reference sample overviews

Figure A.1: Representative view of a reference sample cross-section after 1h.

Figure A.2: Representative view of a reference sample cross-section after 24h.

Figure A.3: Representative view of a reference sample cross-section after 168h.
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A.1.2 KCl sample overviews

Figure A.4: Representative view of a salt-exposed sample cross-section after 1h.

Figure A.5: Representative view of a salt-exposed sample cross-section after 24h.

Figure A.6: Representative view of a salt-exposed sample cross-section after
168h.
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