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Abstract

Combustion of biomass and waste fuels has strong potential as an alternative renewable energy
source for meeting the increasing global energy demand, while reducing the net release of CO>
into the atmosphere. The combustion of biomass and waste releases flue gases that contain high
amount of alkali salts and water vapour, which drive the corrosion of metallic boiler
components. Corrosion issues can lead to reduced material life-time, costly boiler system
failures, and eventually reduced electricity efficiency. The focus of corrosion research in these
environments has primarily been on the initiation of corrosion and short-term exposures.
However, to combat corrosion, it is important to gain an in-depth understanding of the
corrosion behaviour of the material during long-term exposure.

For this work, a novel experimental set-up that mimics the corrosive nature of the boiler
environment was developed, to investigate the long-term corrosion behaviours of materials and
coatings. Several relevant chromia- and alumina-forming alloys were exposed as bulk materials
and as overlay weld coatings in a KCI(s)/KCI(g)-rich environment at 600°C. The corrosion
behaviours were investigated using advanced ion and electron microscopy, together with
thermodynamic equilibrium calculations and kinetic simulations.

The results show that all alloys experience breakaway oxidation and transition into a secondary
corrosion regime, i.e., forming double-layered oxide scales (outward- and inward-growing
scales). Within the secondary corrosion regime, alloys may form either fast-growing and less-
protective scales (poor secondary protection) or slow-growing and more-protective scales
(good secondary protection), depending on the oxide microstructure formed after the
breakaway process. The oxide microstructure is influenced by the content of alloying elements,
as well as by the microstructure of the alloy. Bulk materials exhibit better corrosion resistance
than the overlay weld coatings of similar composition, due to faster formation of the protective
secondary scale. The results also indicate that the high-alloy steels experience phase
transformation in the inward-growing scales from a less-protective spinel oxide to a more-
protective corundum-type oxide, which leads to better corrosion resistance during long
exposures.

Keywords: High-Temperature Corrosion, Boiler, Biomass, Waste, Breakaway Oxidation,
Secondary Protection, Phase transformation
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1. Introduction

The increasing global demand for energy is a driving force for innovation and improvements
in relation to the infrastructure of the energy sector. As the world population increases and new
cities emerge, the demand for energy is increasing. According to statistics released by the
International Energy Agency (IEA) [1], the total global level of energy consumed in Year 2019
was 418 EJ (see Figure 1.1), and the projection is that double the current energy level will be
needed by Year 2040. Currently, fossil fuels such as oil and coal are the main sources for
electricity generation. However, the use of fossil fuels has led to increased emissions of
greenhouse gases, such as COz and N0, which are linked to global warming [2-4]. To combat
climate change, there is an urgent need to find alternative energy sources that offer energy
security and have a reduced impact on climate change.
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Figure 1.1: World total energy supply by source in EJ (1EJ = 277.8 TWh) [1]

One solution is to use renewable energy sources, such as wind energy, solar energy, bioenergy,
geothermal energy, and hydropower. Currently, renewable energy sources constitute only
about 12% of the total global energy supply, with biofuels making the largest contribution
(10.2%). Biofuels derived from biomass and waste have great potential as alternative energy
sources and have been incorporated into many energy policies around the world to meet high
energy demands. Biomass and waste are used for combined heat and power (CHP) production
on both small and large scales. Over the last decades, advances have been made in the CHP
technology that have resulted in improved boiler performance. For example, the advanced
secondary air supply [5] and the integrated biomass multi-stage gasification system [6] have
enhanced the conversion of fuel particles. However, the efficiency of electricity generation
from the combustion of biomass and waste is relatively low, compared to generation from fossil
fuels. One challenge associated with the combustion of biofuels is the accelerated corrosion of
metallic components of the boilers (e.g., the super-heater tubes). It is well-established in the
literature that the accelerated corrosion experienced in the boiler environment is mainly due to
corrosive species, such as KCI, HCI, and H2O, which are formed during the combustion of
biofuels [7-23]. These species may break down the protective scales of the metal (i.e., primary
protection) in the breakaway process, leading to the formation of fast-growing, multi-layered
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scales that are less-protective (i.e., secondary protection). Corrosion issues in the boiler lead to
rapid material degradation, tube failures, costly unplanned plant shutdowns, and reduced
efficiency of electricity generation.

Several solutions have been proposed to mitigate corrosion in biomass-fired and waste-fired
boilers. One strategy is to reduce the steam temperature of the boiler, which leads to a lower
material temperature and reduced corrosion. Another approach is to use additives, e.g.,
ammonium sulphate, which mitigates KCl-induced corrosion [24]. The use of materials and
coatings such as stainless steels (>10.5 wt% Cr), which may offer better corrosion resistance
than the low-alloyed steels, has been applied in many boilers. However, as new fuel feedstocks
containing high levels of corrosive species emerge, it becomes necessary to understand the
corrosion behaviours of materials and coatings designed for applications in these environments.
Specifically, knowledge of the underlying corrosion mechanism and of the formation of good
secondary protection during long-term operation may suggest criteria for the selection of
optimally performing materials. Currently, there are few well-controlled, long-term laboratory
investigations and studies on the detailed microstructural evolution of the oxide scales formed
in environments relevant to boiler applications.

Therefore, the aim of this thesis is to contribute with knowledge regarding the long-term
corrosion behaviours of materials and coatings for applications in biomass-fired and waste-
fired boilers. This was achieved by developing an experimental set-up in which corrosive
species (KCI) can be present on the sample surface during long exposures. The corrosion study
was carried out by exposing FeCr(Ni, Al) alloys to an environment that consists of 5% O> +
20% H20 + N2 (Bal) + KCI(s)/KCI(g) at 600°C. Microstructural investigations were performed
on cross-sections prepared using gentle sample preparation techniques such as broad ion beam
(BIB) milling and focused ion beam (FIB) milling. The analyses were performed using
scanning electron microscopy (SEM) in combination with energy-dispersive x-ray (EDX)
spectroscopy, x-ray diffraction (XRD), electron back-scattered diffraction (EBSD) and
transmission electron microscopy (TEM).



2. Combined heat and power (CHP) plants

Combined heat and power (CHP) plants deploy various technologies to produce electricity and
useful heat from a variety of fuels. The electricity/heat produced by these plants is integrated
into home, district, and industrial heating systems. Many of the CHP plants are based on the
Rankine cycle process in which steam from the boiler is re-heated at a constant pressure to
create high-pressure steam that is above the saturation point. The steam expands in the gas
turbine, which produces useful work and runs the generator from which electricity is produced
[25]. The produced heat is recovered using a waste heat recovery boiler and can be supplied to
district heating. Fuel feedstocks such as coal, natural gas, biofuels, and waste can be
combusted. During the combustion process, the operating parameters related to steam
temperature and pressure must be carefully chosen to meet both the technical requirements and
human safety rules.

According to a report issued by the European Commission's Directorate-General, the number
of installed CHP units has been steadily increasing across the European Union (EU) since Year
2005, which has led to an increased electricity supply for the Member States [26]. Currently,
most CHP plants operate under super-critical steam conditions in the Rankine cycle (>374°C,
221 bar). A few coal-fired plants operate under ultra-super-critical (USC) steam conditions
(>600°C, 270 bar). However, no biomass-fired or waste-fired plants operate under USC
conditions. The USC conditions yield higher efficiencies of electricity generation than the
super-critical conditions. Depending on the type of fuel being combusted and the
thermodynamic parameters of the process, different electricity efficiencies can be achieved.
The average electricity generation efficiencies are in the ranges of. 27%-43% for coal; 31%—
55% for natural gas; 23%-43% for oil; and 25%—-37% biofuels [26,27]. Error! Reference s
ource not found..1 provides an overview of the electricity generation efficiencies for the
various fuels and combustion technologies and their associated operating parameters.

Although electrical efficiency from combustion of biofuels is low, these fuels present feasible
options for meeting the increasing energy demands while reducing net greenhouse gas
emissions. One challenge associated with the combustion of biofuels, which is one that affects
the efficiency of electricity generation, is the severe corrosion of the metallic components of
the boilers that occurs in the temperature range of 450°-580°C (steam temperatures) [28]. This
severe corrosive attack has been attributed to the presence of alkali salts that are created during
the combustion of biofuels [8,10,19,20,22]. See Table 2.1 for the chemical compositions of the
various fuels. Nonetheless, CHP based on the biofuel combustion technology is economically
and environmentally viable. Therefore, it is worth exploring the potentials of biofuels as energy
sources for the supply of small- and large-scale energy demands.

2.1 Biofuels and waste

Biofuels are fuels that are derived directly or indirectly from biomass, which originates from
organic materials. The term ‘biomass’ covers a diversity of organic materials, which can be
categorised into the following groups:

1. Solid biofuels (e.g., wood, agricultural products, waste etc.);
2. Liquid biofuels (e.g., biodiesel); and
3. Biogas (e.g., methane).



For CHP plants operating with biomass, solid biofuels are the most commonly used feedstocks,
constituting about 70% of the total use of biomass for electricity generation [29]. Therefore, the
focus of this study is on solid biofuels. Figure 2.1 provides a summary of the different sources
of solid biofuels consumed in electricity generating plants within the EU. In recent decades,
wood feedstocks have become the main source of energy, whereby they are combusted directly
in the forms of wood chips, fellings, and bark or indirectly in the forms of saw-milling residues
and by-products from the pulp and paper industry.
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Figure 2.1: Sources of biomass for production of electricity within the EU. The data are based
on progress reports from EU Member States and reported by the Joint Research Centre (JRC)
[30].

Agricultural feedstocks, which include residues from agricultural harvesting and dedicated
agricultural crops (e.g., straw and maize), show great potential as combustion materials. There
are many advantages linked to using agricultural feedstocks, such as good availability and low
cost of production. The potential of agricultural feedstocks for CHP plants is evident today,
with 15 large CHP plants in the EU operating on straw and less than 8% of the theoretical
potential of agricultural straw currently being exploited [31]. This indicates that straw will
continue to have an important role in the energy sector.

Burnable bio-wastes, such as municipal solid waste (MSW), sludge, and waste from industrial
processes may be used as feedstocks in CHP plants. These materials are collected and
transported to collecting sites where they are sorted and distributed to the power plants.
However, waste streams pose additional challenges for the combustion technology, as they
exhibit diverse fuel characteristics and fractions (e.g., plastics, rubber, and electronics), which
contain high levels of alkali salts, as well as heavy metals. Thus, the operating parameters for
the boilers must be carefully chosen to ensure human safety and high conversion rates, while
minimising corrosion and emissions of air pollutants.

Table 2.1: Compositions of various species in selected solid biofuels [32]



Fuel type Species
Ash H20 Cl(wt%) |S K (mg/kg) Na (mg/kg)
(wt%) (Wt%) (Wt%) | dry dry
Wood 0.6 15.9 0.03 <0.5 | 680 30
Straw 8.6 10.4 0.5 <0.5 |11634 610
Sewage 194 64.3 0.5 <0.5 | 1652 1725
Sludge
MSW 6-25 12-40 | 0.45-1.0 |<05 |60-200 40-100

2.2 Biomass- and waste-fired boilers

Multiple factors influence the design and construction of the boilers in CHP plants. These
factors include the operating temperature, pressure, capacity, and fuel type. The main types of
boilers used for biomass and waste combustion are moving grate furnaces and fluidised beds.

Moving grate furnaces

Figure 2.2 depicts a moving grate-firing system at Avedgre power plant in Denmark. In this
system, a biomass or waste feedstock is fed above the grate using a rotary rake system. The
grate then moves with a specific motion to ensure appropriate mixing of the fuel. Pre-heated
primary air is supplied from beneath the grate to drive the ignition of the fuel. To ensure
complete combustion of the organic material and to reduce emissions, excess air is supplied in
the secondary air supply system through air nozzles that are situated above the grate. The
resulting ash is removed at the bottom through a vibrating motion of the grate. Grate-fired
boilers have high levels of efficiency and can be used for the combustion of diverse biofuels.
[33]

Straw
rotary
rake

Figure 2.2: Moving grate boiler at Avedgre power plant [33].
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Fluidized Bed Combustion (FBC)

The fluidised bed combustion (FBC) technology uses a bed material, e.g., natural sand that
becomes fluidised when air is passed through it at high velocity. In this system, fuel particles
are suspended on hot bed materials under pressurised air that is supplied from beneath (primary
air duct) and from the side (secondary air duct) (Figure 2.3). In general, there are two types of
FBC boilers, namely, circulating fluidised bed boilers (CFB) and bubbling fluidised bed boilers
(BFB). The advantage of CFB over BFB is its high efficiency, as the unburned fuel particles
can be re-circulated into the combustion chamber for further combustion. Currently, most of
the large CHP plants are based on the CFB technology.

Steam
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Wing Wall
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Figure 2.3: Fluidised Bed boiler. Courtesy of The Babcock & Wilcox Company [34]

In comparison to the moving grate boiler, a CFB boiler ensures better mixing of the fuel, which
results in high combustion efficiencies. Stringent control of the temperatures across the heating
chamber makes it possible to burn out fuels with challenging characteristics, such as high
moisture content and high ignition values. However, the main disadvantage of the FBC
technology is its sensitivity to fuels that can cause agglomeration of the bed. Bed materials
such as natural sand can interact with alkali species in the fuel to form molten alkali alumino-
silicate and alkali silicate compounds that stick to the bed particles and cause agglomeration.
The problem of bed agglomeration may be mitigated by using more-suitable bed materials. For
example, in a study that investigated the interactions between ash components and bed
materials, it has been reported that bed agglomeration can be reduced by using ilmenite, which
effectively captures alkali species during fuel combustion [35].



3. Materials

Alloy is a term that is used to describe a metallic substance that comprises several elements
that form a compound. An alloy can be classified according to its content of alloying elements
or the type of oxide scales that it forms upon exposure to an oxidising environment. In the
development of high-temperature alloys, it is essential to consider the corrosion properties of
the alloy. Enhanced corrosion resistance increases material life-time. In addition, the material
mechanical properties, such as tensile strength, creep strength should be taken into
consideration. During alloy production, different elements, such as molybdenum, tungsten,
cobalt, and nickel, may be added to improve corrosion and/or mechanical properties.

3.1 Alloy classification based on content of alloying elements

Low-alloy steels contain small amounts of alloying elements. Typically, these alloys contain
less than 2.5 wt% chromium [36]. Low-alloy steels usually exhibit good mechanical properties
and can be used as load bearers, for example in steam boilers and water walls. However, in
alkali-rich environments and at high temperatures, these materials may suffer accelerated
corrosion, which shortens their life-times.

Stainless steels must contain at least 10.5 wt% chromium and a maximum of 1.2 wt% C [37].
The high chromium content contributes to the formation of a chromium-rich scale, which slows
down the diffusion of ions into the alloy and, thereby, resulting in low oxidation of the metal.

High-alloy steels contain more than 45% iron, and the total mass fraction of alloying elements
is no less than 10% by top limit and mass fraction of one of the elements is no less than 8% by
bottom limit [38]. The high-alloy steels typically contain high content of chromium which may
form protective chromium-rich oxide scales or chromia, both of which improve their corrosion
resistance.

Nickel-based alloys typically contain nickel as the principal element. Nickel-based alloys have
a wide range of industrial applications due to their high corrosion resistances, advantageous
mechanical properties, and low coefficients of expansion. Different alloying elements, such as
chromium, molybdenum, copper, titanium, aluminium, and cobalt, may be incorporated into
the alloy matrix to ensure specific properties. In general, nickel-based alloys are much more
expensive than the previously described alloy classes. Despite their high cost, many of these
materials, such as Alloy 625, Alloy 600 and Alloy 800, are employed as components in regions
of the boiler that experience severe corrosion and erosion, e.g., the super-heaters and loop seals.

For high-temperature applications where there is high risk of accelerated corrosion (such as in
biomass- and waste-fired boiler environments), the use of steels with improved corrosion
resistance properties is desirable. To enhance material performance, a high-temperature
corrosion-resistant alloy may be applied as a coating on a material that has good mechanical
properties.

3.2 Alloy classification based on scale formation.

3.2.1 Chromia-forming alloys

Chromia-forming alloys are alloys that are able to form a chromium-rich oxide scale,
(Fe,Cr)203 or Cr203, during oxidation. The formation of chromia requires that the alloy has a
sufficient amount of chromium in the alloy matrix to facilitate the formation of such a scale on
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the surface. Stainless steels (>10.5 wt% Cr) may form (Fe,Cr).0s at the intermediate
temperatures relevant to boiler operations (~600°C).

Martensitic stainless steels:

These Fe-Cr-C steels are produced by rapidly cooling down (quenching) austenite, whereby
carbon gets trapped in the iron lattice and martensite is created. During the quenching process,
the face-centred cubic (FCC) structure is transformed into a body-centred tetragonal (BCT)
structure. Martensitic steels possess good mechanical properties, such as high creep strength,
tensile strength, and toughness. However, they exhibit lower levels of corrosion resistance
compared with the other classes of stainless steels.

Ferritic stainless steels

Ferritic stainless steels have the BCC structure and contain chromium in the concentration
range of 10.5-30 wt%, with very little or no nickel. These steels exhibit good corrosion
resistance in aggressive environments. However, they possess enhanced mechanical properties,
such as high yield strength, which are desirable for the boiler components, e.g., super-heater
tubes.

Austenitic stainless steels:

Typically, austenitic stainless steels contain >18 wt% chromium and >8 wt% nickel. They have
the FCC structure. These materials exhibit high levels of corrosion resistance in several harsh
environments. In addition, this steel class exhibits other desirable properties, such as high
weldability (which makes it easy to apply them as a coating), and improved strength and creep
resistance (desirable for high-temperature applications).

Nickel-based alloys:

Nickel-based alloys have the FCC structure. These alloys contain nickel as the principal
element (range, 35-80 wt%). These alloys exhibit enhanced corrosion resistance and good
mechanical properties and can be applied in various aggressive environments or in high-
temperature systems.

3.2.2 Alumina-forming alloys
Ferritic steels

Ferritic steels have the BCC structure. It is well-established that FeCrAl alloys form protective
alumina scales at temperatures >900°C. However, alumina formation has also been reported at
lower temperatures [39]. In other studies, it has been shown that the corrosion behaviours of
FeCrAl alloys at around 600°C may be improved by the addition of silicon [40-42]. The
enhanced high-temperature corrosion resistance at higher temperatures allows for FeCrAl
alloys to be used in heating elements, furnaces, and turbine components [43].

3.3 Alloys used in this study

In this thesis, materials were investigated both as bulk materials and as coatings applied by
overlay welding. Table 5.1 shows the alloys investigated in this thesis.



3.3.1. Bulk materials

The martensitic stainless steel SVM12 was studied as a reference material and as a substrate
for the overlay weld coatings. This material possesses good mechanical properties (e.g., high
creep strength), which are achieved by adding tungsten (1.50-2.50 wt%), niobium (0.02-0.10
wt%), and vanadium (0.15-0.30 wt-%). These additives stabilise the martensitic microstructure
when the material is exposed to high temperatures [44]. The martensitic microstructure of
SVM12 displayed in Figure 3.1 was generated through heat treatment at 1,100°C for 30
minutes, followed by air cooling. This was followed by tempering treatment at 770°C for 2
hours, and finally by air cooling.

Figure 3.1: SEM imag
SVM12.

The FeCrAl alloys were studied as bulk and overlay weld versions, so as to compare the
corrosion behaviours of these materials and assess their potential applications in harsh
environments. Although the abilities of the FeCrAl alloys to form protective a-alumina scales
are reduced at temperatures<900°C, it is still interesting to investigate their corrosion properties
at intermediate temperatures relevant to boiler operation (around 600°C). The use of FeCrAl
alloys, either as composite tubes or overlay weld coatings, would reduce material costs
compared to the nickel-based alloys that are currently being used. See Figure 3.2 for a
comparison of the material costs.

The chromia-forming alloys (Alloy 27Cr33Ni3Mo and Alloy 625) were studied because they
contain high concentrations of chromium, which may form chromium-rich scales that mitigate
corrosion in harsh environments. From the mechanical perspective, these alloys contain
molybdenum, which has been shown to improve hardness, tensile strength, and elongation to



failure [45,46]. Although nickel-based alloys are expensive, it is worth testing them as they are
still used in many boiler parts that are exposed to severe corrosion.

X
Low-alloyed -
steels

Ferritic steels

Austenitic —e—

stainless steels

Ni-based alloys

Cost per ton material

Figure 3.2: Comparison of the costs of the different material classes used as metallic boiler
components. The error bars indicate the range of prices within the material class. The term x’
is an index of price, as obtained at the time of writing of this thesis [47].

3.3.2. Coatings

In harsh environments, such as those experienced in biomass- and waste-fired boilers, the use
of corrosion-resistant coatings offers a good alternative for mitigating corrosion that would
otherwise reduce the life-times of the metallic components of the boilers. A high-temperature
corrosion-resistant coating can be applied onto a cheap, low-alloyed steel that possesses good
mechanical properties. This combination improves the life-times of the boiler components and
enhances boiler performance. To be successful, a coating must exhibit good adhesion and low
porosity, and be compatible with the substrate. Several coating systems have been developed
and applied in different parts of the boiler, including:

1. Thermal spray coatings
2. Laser cladded coatings
3. Overlay weld coatings

The thermal spraying technique was first developed in 1882 [48] and was first demonstrated
as an effective method to protect steel boiler tubes from high-temperature corrosion in 1937
[49]. Since then, this technique has been developed and can be applied in various ways. Figure
3.3 shows the various thermal spray processes used today to apply coatings, the most common
of which are the HVOF and HVAF methods for the application of high-temperature coatings.
The principle of the thermal spray technique is that material feedstock is melted in the
combustion chamber using a heat source and then accelerated towards a substrate, where it is
mechanically bonded. Thermal spraying has several advantages, such as a fine-coating
microstructure, low porosity, and low heat input. Generally, the coating thickness is in the
micrometre range, although it may also be a few millimetres in thickness depending on the
spraying technique used.
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Figure 3.3: Thermal spray techniques [48]

However, it is worth noting that the various thermal spray techniques lead to distinct coating
properties. For example, the HVAF technique produces higher quality coatings with low
porosity than the HVOF technique, due to the low combustion temperature achieved from the
air-fuel mixture.

The laser cladding technique uses the energy of a laser to melt a feedstock and bind it to the
substrate. The microstructure of the resulting coating is characterized by low porosity and high
adherence to the substrate, with thicknesses in the range of several micrometres to few
millimetres. Due to the high impact of the substrate during metallurgical bonding, the risk of
dilution is usually high with this technique, and this may affect the mechanical properties of
the coating [50].

Overlay welding is another technique that is widely used to produce high-temperature
corrosion-resistant coatings. The principle of overlay welding is that a filler material is directly
welded onto the substrate. This creates a layered microstructure that is thick and metallurgically
bonded to the substrate. Depending on the application, the weld thickness can vary within the
range of 6-50 mm. Although overlay welding provides a coating that can withstand harsh
environments, dilution and an uneven surface finish can lead to accelerated corrosion of the
coating [51]. For application as boiler components (super-heaters), filler materials with
corrosion-resistance properties are used, e.g., Ni-based alloys, and the substrate possesses
improved mechanical properties, e.g., high creep strength.

In this study, coatings produced through overlay welding were tested for their high-temperature
corrosion resistance in a KCl-rich environment. The overlay weld coatings were produced
using a mech-MIG with Pulse Multi Control and the technique of Fronius, with built in arc
control. The wire (filler material) was melted and re-solidified on the substrate in a single layer,
which resulted in coatings with uneven surfaces and with total thicknesses of approximately
7.5-8.5 mm.
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4. High-temperature corrosion

The high-temperature corrosion (HTC) process involves a chemical reaction that occurs
between a metal and its surroundings. This phenomenon concerns materials in processes that
are operating at high temperatures, such as gas turbines, heating elements, boilers, mineral
processing plants etc. In general, most metals are thermodynamically unstable and will react
with oxidising gases in processes such as carburisation, sulphidation, nitridation, and oxidation,
leading to the formation of solid reaction products. In this study, the focus is on the high-
temperature oxidation of metals.

4.1 Oxidation of metals

The process of metal oxidation is of great interest in relation to the design and development of
corrosion-resistant materials for applications in severe environments. Oxidation concerns the
chemistry between a metal and oxygen to form oxides.

4.1.1 Thermodynamics

The thermodynamics of oxidation of metals allow predictions of which oxides can be formed
and under what conditions. For an oxide to be able to form spontaneously, the total free energy
of the products must be greater than the total free energy of the reactants. This is the Gibbs free
energy (AG). For example, consider the reaction in [(EqQ. (4.1)] that involves metal M and
oxygen. In this system, the formation of the product (MO) will only proceed if there is a
negative Gibbs free energy. The reaction will continue as long as there is supply of M and the
AG value remains negative.

2M + 0, — 2MO (4.1)

For every alloying element, AG can be calculated at different oxygen partial pressures and
temperatures, and plots of AG versus temperature can be constructed for each individual oxide
and represented in a graph, i.e., an Ellingham diagram (Figure 4.1). This diagram shows the
stability levels of the various oxides. At a particular temperature, oxides closer to the top are
less stable than the oxides that are lower down. For example, at 600°C (red line), Al2Os lies
below Cr203, which means that Al.Oz is more thermodynamically stable than Cr.Os.
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Figure 4.1: Ellingham diagram of free energy versus temperature for some elements. The
diagram is adapted from [52].

In alloy design and development, thermodynamic equilibrium calculations can be used to
predict the concentrations of alloying elements that are required for certain phases to form at
given oxygen partial pressures. In addition, equilibrium calculations are useful for
understanding the oxidation processes of coatings where inter-diffusion of alloying elements
from the substrate is expected. In a recent study, Bigdeli et al. [53] have described new
strategies for modelling the HTC of iron-based alloys using the Calphad Approach. That study
reported different decomposition temperatures for the protective corundum structure of the sub-
systems: Fe-Al-O, Fe-Cr-O, and Cr-Al-O.

4.1.2 Kinetics

The kinetics of oxidation concerns the mobility of species through the scale and the overall
growth behaviours of the oxide scales. Already in the early 20" Century, several theories and
mechanisms were proposed to explain the processes of scale formation and transportation of
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species through the scale. These theories were summarised by Mott and Cabrera [54]. During
the initial stages of oxidation, the scale follows a linear rate law [(Eq. 4.2)], which suggests
that the rate-limiting step is the adsorption of oxygen at the metal-scale interface:

X = ki*t (eq. 4.2)
where X is the scale thickness, ki is the linear rate constant, t is the time.
The linear law is mostly valid for thin films and the oxidation rate is proportional to time.

However, as the scale thickness increases, the diffusion of ions through the scale becomes
significant. Wagner [55] has proposed that the oxidation kinetics in thick scales is governed by
the diffusion of cations and anions across the scale and follows a parabolic law [Eg. (4.3)]. lons
diffuse through defective metal sites, such as grain boundaries and dislocations, through a
vacancy diffusion mechanism that is driven by the vacancy concentration gradient. In the case
of alloys that contain various alloying elements, the growth of the scale follows a diffusion-
controlled process which is determined by the diffusivity of the different cations through the
scale.

X2 =kp*t +C (eq. 4.3)
where kp is the parabolic rate constant, and C is the integration factor.
Wagner’s model assumes that:

- The growing scale is compact and well-adherent to the metal surface;

- The rate-controlling process is the diffusion of ions and electrons through the scale;

- The thermodynamic equilibrium is established at the metal/scale and scale/gas
interfaces; and

- The solubility of oxygen is negligible.

Scale growth Kinetics is also governed by the logarithmic law, which states that scale growth
is faster at the start and decreases rapidly with time. This law applies to thin films at lower
temperatures (<300°C) [56]. This behaviour is represented by [(EQ. 4.4)].

X= klog(t + 1o ) +C (eq 44)
where X is the scale thickness, kiog is the logarithmic constant, t is time, and C is a constant.

During long exposures, especially in severe environments, the rate laws described above are
not strictly followed, since the thick scale may experience spallation and cracking, in which
case the oxidation Kkinetics becomes a combination of these laws. Breakaway oxidation is a
phenomenon that leads to transformation under corrosion regimes. During this process, the
scale experiences enhanced growth and transforms from a slow-growing and protective scale
(primary protection) to a fast-growing and less-protective scale (secondary protection). Such
rapid oxidation kinetics may be explained by some combination of laws, e.g., parabolic-linear
growth or logarithmic-parabolic growth.
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Figure 4.1: Different laws for oxidation kinetics.

4.2 Corrosion regimes

Corrosion protection in this context refers to an oxide scale on the metal surface that acts as a
barrier between the metal surface and the external environment. During oxidation/corrosion,
the metal may exist in different corrosion-protection modes (also known as ‘corrosion
regimes’), i.e., primary protection and secondary protection. These concepts were introduced
by [57,58] to expand knowledge within HTC and facilitated the study and simulation of the
corrosion behaviours of different alloys after breakaway oxidation. These corrosion-protection
modes are described further in the following sections.

4.1.1 Primary protection

High-temperature alloys rely on the formation of protective scales to defend against any
corrosive species. Depending on the alloying elements, which include Fe, Co, Ni, Cr, Mo, Si,
and Al, the alloy can form oxides with different corrosion properties. Cr and Al form chromia
(Cr203) and alumina (Al203), respectively, which are thermodynamically stable and protective
because they allow only slow diffusion of ions at high temperatures. For this reason, chromia-
and alumina-forming alloys are developed for high-temperature applications.

The growth and protectiveness of Cr.O3 and Al>Oz at different temperatures and in different
environments are of interest to many corrosion scientists. During exposure, the alloy undergoes
transient oxidation, whereby solid solutions and simple mixed oxides are initially formed,
which then transform into single-phase continuous layers [59,60]. Alloys that contain high
levels of chromium quickly form the dense Cr.O3 scale and can maintain this scale, as there is
a constant supply of chromium to the metal-scale interface. However, the stability and
protectiveness of Cr,O3 are limited to temperatures <1,000°C due to the volatilisation of Cr.0O3
to gaseous CrOs [61].

For alumina-forming alloys, the protective a-Al203 is normally formed at temperatures >900°C
[62], although it has also been reported to form at 700°C [39]. Below these temperatures, it is
mainly the metastable alumina phases (y-Al.03, 6-Al.03 and 3-Al.0z3) that are formed [63].
These transient Al>Os variants offer lower levels of protection compared to the a-Al>Os3 variant.

4.1.2 Breakaway oxidation
The Cr203 and Al2Os scales remain protective at given temperatures as long as structural
stability is maintained. However, during exposure in aggressive environments, such as those
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found in biomass-fired and waste-fired boilers, these scales rapidly undergo a transformation
in which the oxide chemical composition is altered, leading to the formation of a fast-growing
and less-protective scale. This type of scale transformation is known as ‘breakaway oxidation’
(separating primary and secondary regimes). Oxidation processes that involve breakaway
oxidation exhibit changes in oxidation Kkinetics, e.g., rapid increase in mass gain, fast growth
of oxide scales, and excessive metal loss. Various explanations have been put forward in the
literature for the occurrence of breakaway oxidation. One of these is the inability of the alloy
to supply sufficient alloying elements, e.g., chromium, to the corrosion front to form and
maintain the protective scale. Evidence for this is provided by the rapid oxidation of low-
alloyed steels upon exposure to KCI and water vapour [62] as well as Cr-evaporation from the
Cr203 scale [64].

4.1.3 Secondary protection

Secondary protection refers to the corrosion regime after breakaway oxidation. The scales
formed during this corrosion regime generate more-complex microstructures and normally
exhibit enhanced oxidation kinetics. Since different metals have different affinities for oxygen
and have different mobilities through the different oxide phases, the resulting scales are multi-
layered, often consisting of an outward-growing scale and an inward-growing scale [19,57,65].
The interface between these layers has been interpreted as the original metal-scale interface
before breakaway. The direction of scale growth is determined by the direction of ion diffusion
through the scale, i.e., the outward-growing scale results from outward diffusion of cations,
while the inward-growing scale results from inward-diffusion of anions, as illustrated in Figure
4.2. The position of each oxide in the scale is determined by the stability of the individual oxide
along the oxygen partial pressure gradient (see Ellingham diagram in Figure 4.1).

Secondary protection
Primary protection 4 cf
Fe,0, B
2— —
o Fe,0, 0 E
Cr,0, A A | Breakaway oxidation > - ———— e e = ———- -
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&
Q
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Figure 4.2: Schematic of the different corrosion protection modes for a chromia-forming
alloy.

At 600°C (temperature relevant for boiler application), alloys exhibit different corrosion
behaviours within the secondary corrosion regime. This means that the formed oxide scales
exhibit varying degrees of corrosion resistance. Upon exposure to harsh environments, low-
alloyed steels form fast-growing Fe-rich oxide scales that consist of hematite (Fe.Oz3),
magnetite (Fe3Os) and, in some cases, wistite (FeO) in the outer scale and iron-chromium
spinels in the inner scale [57,66]. Iron-based chromia- and alumina-forming alloys form Fe-rich
oxide scales in the outer scale and Cr-rich spinel in the inner scale. The sequence of oxide
formation is dictated by the different mobility rates of the cations through the defects of the
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spinel, with Fe?*/ Fe3* exhibiting faster mobility than Cr3* [67,68]. The addition of other
alloying elements, such as Si, has been reported to promote the formation of a more Cr-rich
inward-growing scale that exhibits a more-protective behaviour [69,70].

The concept of secondary corrosion protection becomes more relevant for materials that are
exposed to harsh conditions for long operational times at intermediate temperatures (~600°C).
The oxide microstructures formed after breakaway determine the life-time of the material. This
thesis contributes with insights into the long-term corrosion behaviours of high-temperature
alloys in harsh environments.

4.3 Corrosion mechanisms

Several factors contribute to the oxidation process of metals, e.g., environment and
temperature. Depending on the environment, the metal undergoes different corrosion
mechanisms, whereby the alloying elements interact with the corrosive species in the
environment. Studies of corrosion mechanisms have traditionally focused on the initial stages
of oxidation or short-term corrosion process, i.e., within the primary corrosion regime. This
thesis focuses on the corrosion behaviour after breakaway (secondary corrosion regime).

In the following sections, the most-common HTC mechanisms in environments created during
the combustion of biomass/waste will be described.

4.2.1 Chlorine-induced corrosion — “Chlorine cycle”

The chlorine-induced corrosion mechanisms initially proposed by McNallan et al. [71] and
further developed by Grabke [72] attribute a catalytic role to chlorine in the oxidation process
of metals. This mechanism follows three steps: initiation, propagation, and termination. In the
initiation step, chlorine is released from chlorine-containing species, e.g., through the oxidation
of HCI [(Eqg. 4.5)]. The formed chlorine gas is then transported through the protective oxide
scale and reacts with the alloying element, leading to the formation of volatile metal chloride
at the scale-metal interface, according to [(Eq. (4.6)]. Since the oxygen partial pressure is
higher at the scale-gas interface than at the metal-scale interface, a driving force is created that
causes the volatile metal chloride to diffuse outwards through the porous scale. Upon reaching
regions with higher oxygen partial pressures, the metal chloride is converted into its oxide,
according to [(Eqg. (4.7)]. This final step also leads to the release of chlorine, which either
evaporates or is transported back to the metal-scale interface, such that the cycle repeats.

2HCI(g) +502(g) = Cla(g) + H20(g) (4.5)
M(s) + Clz(g) = MClI2(s) (4.6)
2MCl2(g) + O2(g) =2MO(s) + 2Cl2(Q) 4.7)

During combustion of biomass/waste, chlorine is released from the alkali chlorides and HCI
that are present in the flue gas.

Although active oxidation is a widely accepted corrosion mechanism, some scholars have
questioned the likelihood that molecular chlorine (396 pm) diffuses through a scale that is
otherwise impenetrable to molecular oxygen (264 pm). For this reason, a different mechanism
based on electrochemical process has been put forward.
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4.2.4 Chlorine-induced corrosion — “Electrochemical approach”

The electrochemical approach suggested by Folkesson et al. [73], involves a redox reaction in
which molecular chlorine dissociates at the scale-gas interface to form chloride ions [Eq. (4.8)].
Simultaneously, cations are created at the metal-scale interface via oxidation [Eq. (4.9)], and
this provides an electron current. In the case of biomass combustion, where there is a high HCI
content, chloride ions are released via deprotonation of HCI, according to Eg. (4.10), and
reduction of oxygen at the cathode.

Cla(g) + 2¢~ — 2C1~ (ads) (4.8)
Me(s) — Me™ + ne~ (4.9
2HCI (ads) + 50z (ads) + 2e~ — H,0 (g) + 2C1" (ads) (4.10)

4.2.2 Chromate formation

This mechanism involves the formation of alkali chromate, which depletes the scale of
chromium and, consequently, impairs its protective properties. Pettersson et al. [7] have
proposed that alkali chloride species, e.g., KCI, react with the protective scale (Cr.03) to form
alkali chromate and release HCI, according to [(Eq. 4.11)]. The presence of chromate has been
reported in several studies [74,75].

2Cr20s(s) + 2KCI(s) + H20(g) + 202(g) = KoCrOa(s) + 2HCI(g) (4.11)

The formation of chromate is undesirable, as it continuously reduces the amount of chromium
that would otherwise form the protective scale. In environments that are rich in alkali species,
such as those in biomass- and waste-fired boilers, accelerated corrosion due to continuous
chromate formation reduces the life-time of the material.

4.2.3 Chromic acid formation

Water vapour acts as an aggressive species that destroys the protective chromia layer,
according to [(Eq. (4.12)], leading to the formation of chromic acid (CrO2(OH).) [64]. The
effect of water vapour on the corrosion of metals has been investigated in many studies [76,77].
It has been suggested that the formed chromic acid is removed through evaporation, which
constantly shifts the equilibrium of the reaction to the right. This results in continuous depletion
of the scale for Cr. The processes of chromic formation and evaporation lead to breakaway
oxidation, whereby the protective scale is destroyed and a poorly protective scale is formed.

~Cr203(s) + H20(g) +202(g) = CrOz(OH):(g) (4.12)

Other studies have attributed the effect of water vapour on metal oxidation to its involvement
in reactions at the metal surface that change the oxidation mechanism [78,79]. These studies
suggest that H>O(g) is the main source of oxygen and that it promotes internal oxidation of Cr
in FeCr alloys.
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5. Experimental section

The experimental procedures are described in two parts: Set-up development and Corrosion
exposure, as shown in Figure 5.1. The order of performance is indicated by the numbers in

the figure.
Experimental scheme
Setup development
KCl evaporation Robustness study 0.5 mgiem? KCl 2 mg/em?® KCI
(test with gold coupons) (test with SVM12 coupons) 500h 168h, 500k, 1000h, 2000h and 8000h

® ® ® ®

Order of performance

Figure 5.1: Flow chart showing the different experimental activities carried out in this thesis
in the order of 1, 2, 3 and 4.

5.1 Set-up development

5.1.1 KCl evaporation

In this work, an experimental set-up was developed and optimised that minimises KCI
evaporation so as to enable long-term corrosion testing with salt on sample surfaces at 600°C.
For this purpose, KCI evaporation tests were performed using three (24-carat) gold coupons.
The effect of gas flow on KCI evaporation was investigated by testing two gas flows: 0.1 cm/s
and 0.5 cm/s. In addition, a large KCI source (KCI boat) was placed up-stream of the samples
to saturate the incoming gas with KCI before passing over the samples. Prior to exposure, the
gold samples were sprayed with varying amounts of KCI (range, 0.2-0.9 mg/cm?). The samples
were then left to dry in a desiccator for 24 hours and re-weighed before exposure. The gold
samples were then exposed to an environment that consisted of 5% O, + 20% H>O + N (Bal)
in a three-heating-zone silica tube furnace (Figure 5.2). The temperature in all three heating
zones was set to 600°C and calibrated using a thermocouple type K, allowing a heating zone
of about 11 cm (Figure 5.3).

3-zonc furnace

Silica tube g N
\ L I y _
. 600 °C 600 °C
NE/OZ M’ H KCl(s) Samples

: o4
7 3 —
. )

Collecting bottle

Water bath
60.4°C

Figure 5.2: Schematic of the experimental set-up used for the investigations in this thesis.
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Figure 5.3: Temperature profile in the three-heating-zone furnace used for exposures in this
study.

5.1.2 Robustness study

In order to validate the robustness of the set-up, a 168-hour exposure was carried out using 18
coupons of the reference material (SVM12). The coupons were prepared by grinding the flat
surfaces with 800 grit SiC paper and the edges with 500 grit SiC paper. The samples were then
de-greased using an ultrasonic bath that contained acetone, followed by cleaning with ethanol.
KCI salt was pre-deposited onto the samples by spraying a solution that consisted of 80 vol%
ethanol and 20 vol% distilled water saturated with KCI. During spraying, warm air was passed
over the samples to enable faster drying of the salt. Samples were weighed in between the
spraying, to ensure that the desired amount of KCI was deposited. The samples were then
incubated in a desiccator for 24 hours and re-weighed just before exposure.

5.2 Long-term exposures

5.2.1 Materials

The secondary protective properties of alumina- and chromia-forming alloys after long-term
exposures were investigated using the newly developed set-up described in Section 5.1. In
addition, the alloys were studied as bulk as well as overlay weld coatings to compare their
corrosion performances. Table 5.1 and Table 5.2 show the tested versions and chemical
compositions, respectively. The newly developed martensitic stainless steel SVM12 was
supplied by Vallourec SA and tested as the reference material and as the substrate for the
overlay weld coatings. The ferritic steels (FeCrAl) were supplied by Kanthal AB. The
austenitic stainless steel 27Cr33Ni3Mo and the nickel-based Alloy 625 were supplied by
Alleima AB. The bulk materials were received as coupons with dimensions of 20x10x2 mm,
while the overlay weld had the dimensions of 20x10x8 mm. A detailed description of how the
overlay welding process was conducted can be found in Section 3.3.2.

Table 5.1: Alloys studied in this thesis.

Material Alloy type Tested as

Bulk Overlay weld
SVM12 Martensitic stainless steel Yes No
Kanthal® EF101 Ferritic steel Yes Yes
Kanthal® EF100 Ferritic steel Yes Yes
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APMT Ferritic steel Yes Yes

Alloy 27Cr33Ni3Mo Austenitic stainless steel Yes No
AB625 Nickel-based alloy Yes (in activity 3, see Figure Yes
5.1)

Table 5.2: Chemical composition of the alloys studied in this thesis.

Material Chemical composition (wt-%)

C Si Mn Mo Cr Al Ni Fe
SVM12 0.16 | 0.6 0.8 0.6 12.0 0.4
Kanthal® EF101 0.02 |1.25 0.10 12.4 3.7 Bal.
Kanthal® EF100 0.02 |03 0.2 10.1 4.0 <0.5 Bal.
APMT 0.08 | 0.7 0.4 3.0 21.0 5.0 Bal.
Alloy 27Cr33Ni3Mo 0.1 0.8 2.0 3.0 25-31 27-36
A625 0.1 0.2 0.35 9.0 21.0 0.19 63.0

5.2.2. Sample preparation and exposures
The bulk materials were prepared according to the procedure described in Section 5.1.2
(Robustness study). The overlay weld coatings did not undergo any sample preparation.

Two sets of corrosion tests were performed with different amounts of KCI pre-deposited on the
samples. In the first set of tests, 0.5 mg/cm? KCI was deposited on the samples (both bulk and
overlay weld coatings), which were then exposed for 500 hours. In the second set of tests, 2
mg/cm? KCl was deposited on the samples (both bulk and coatings), followed by exposures for
168, 500, 1,000, 2,000, and 8,000 hours.
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6. Analytical techniques

Several analytical techniques were used in this work to characterise the corrosion products and
to investigate the microstructural evolution of the scales formed by the different materials and
coatings. The various techniques are described in detail in the following sections.

6.1 Cross-section preparation - broad ion beam (BIB) milling

Broad ion beam (BIB) milling is a powerful tool for preparing cross-sections for analysis with
SEM. lon milling produces wide and smooth surfaces, making it possible to observe and
characterise the minute features of the sample. During the milling process, ions are produced
from an ion source (Ar) and accelerated towards the sample surface. As the ions interact with
the sample surface, atoms are ejected from the sample surface, resulting in a smooth cross-
section. Figure 6.1 shows the difference between an ion-milled region and a mechanically
polished region of the same sample. Since the milled section is large, a representative region
can be selected for further analysis. In this work, two BIB milling systems were used: the Leica
EM TIC 3X for cross-section milling, operated at 8 kV; and the Gatan PECS Il system for
planar milling, operated at 6 kV.

Prior to milling, the cross-sections are prepared by cutting the samples and polishing (up to 0.5
pum) using the Leica EM TXP target surfacing system. The sample is then fastened onto the
stage behind a mask that protects the sample from direct collision with the incoming beam, and
the milling process proceeds in a vacuum.

Figure 6.1: Cross-sectional images showing ion-milled and mechanically polished regions of
the same sample.

6.2 Light Optical microscopy (LOM)

Light optical microscopy (LOM) utilises the ability of the lens to bend photons generated from
a light source and focus it on the studied specimen. The resolution of LOM is limited by the
wavelength of the visible light, which is in the range of 0.4-0.7 um. In this study, LOM was
used to check the sample surfaces during specimen preparation. In addition, the tool was used
to acquire low-magnification images of cross-sections of the samples after exposure to reveal
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the oxide thicknesses (Figure 6.2). However, to observe smaller features, a technique with
higher spatial resolution, such as scanning electron microscopy (SEM), must be used.

Figure 6.2: Images of the cross-section of a sample after exposure for 2,000 hours. a) Low-
magnification image acquired by light optical microscopy, revealing the entire oxide scale. b)
High-magnification SEM-BSE image, revealing detailed features of the scale.

6.3 Scanning electron microscopy (SEM)

For more-detailed characterisations of corrosion products, the scanning electron microscope
(SEM) was used. SEM, which uses electrons to create an image with high spatial resolution,
can be used for several purposes, for example, to acquire information about the morphology,
topology, chemical composition, and structure. A schematic of SEM instrument is presented in
Figure 6.3. The working principle of SEM is that electrons are generated by an electron source
(electron gun) at the top and are accelerated to energies in the range of 0.1-30 keV. A system
of electro-magnetic lenses converges the electron beam into a narrow probe. The focused beam
is then swept across the sample using scanning coils, thereby generating signals that can be
converted into images by the detectors.[80]
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Figure 6.3: Schematic of a scanning electron microscope, showing the different components
and optics [80].

Upon interacting with the sample, three types of signals are generated: a) secondary electrons;
b) back-scattered electrons; and c) characteristic x-rays. The magnitude of each signal
generated reflects the interaction volume, which in turn depends on several other factors, such
as the accelerating voltage, type of material, and angle of incidence. Different signals emanate
from the sample from different depths, as shown in Figure 6.3. A higher accelerating voltage
results in a larger interaction volume and reduced spatial resolution.
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Figure 6.3: Interaction volume depicting the energy disposition when the electron beam
interacts with the sample surface. a) Based on a CASINO Monte Carlo simulation and
reported by [80]. b) The different signals emitted within the interaction volume.

Secondary electron (SE)

Secondary electrons are low-energy electrons (<50 eV) that are emitted when the incident beam
inelastically interacts with the sample surface. SEs can only escape from regions that are close
to the surface, which makes them surface-sensitive. As the electron beam scans across the
surface, more SEs are emitted from high-angled areas of the object, giving rise to an edge
effect. This enhanced SE escape along the edges can be utilised to obtain information about the
topography of the sample.

27



Backscattered electrons (BSE)

Back-scattered electrons (BSE) are generated from larger interaction volumes, due to the elastic
interactions of electrons with the nuclei of atoms in the sample. Atoms with higher atomic
numbers or denser regions generate more scattered electrons. During imaging with the BSE
detector, regions that contain elements with high atomic numbers/denser regions will appear
brighter. This principle can be exploited to acquire information about the composition of the
sample. BSE consist of high-energy (>50 eV) particles.

In this work, SEM has been employed as an important tool for the characterisation of the thick
oxide scales formed after long exposures. Detailed microstructural analyses of the oxide
provide insights into the mechanisms underlying scale formation and growth. These analyses
were performed on ion-milled cross-sections using the Environmental Scanning Electron
Microscope (ESEM), together with the FEI Quanta 200 SEM. The accelerating voltage was in
the range of 8.5-12 kV for imaging with the BSE detector and was 20 kV for the chemical
analyses with the EDX detector.

Characteristic X-rays

X-rays escape from deeper regions in the interaction volume (Figure 6.3b). When high-energy
primary electrons interact with the inner shells of the atom, electrons are ejected from their
original shells, leaving the atom in an excited state with a missing inner shell electron. Upon
relaxation, an electron from the outer shell fills the vacant electron position and energy is
emitted in the process. The emitted energy is characteristic for the atom involved in the process
and gives information about the nature of the element. X-rays are used for both qualitative
analyses, i.e., elemental mapping, and quantitative analyses, i.e., elemental content of the
sample.

6.4 Electron backscatter diffraction (EBSD)

Electron back-scatter diffraction (EBSD) allows the collection of crystallographic information
from the sample in the SEM. In this work, EBSD was used to identify the crystalline phases
within the oxide scales and the bulk. The EBSD technique utilises electron channelling contrast
imaging with the EBSD detector. The working principle is that the electron beam interacts with
a tilted sample and is diffracted by lattice planes from different depths within the sample.
Depending on the orientation of the lattice planes, BSEs of varying intensity are detected and
captured as images with different grey-scale levels using a CCD camera. The diffraction
patterns from the lattice planes of the crystal are represented as electron back-scatter patterns,
called Kikuchi bands, on a phosphor screen. Since the arrangement of the Kikuchi bands is a
direct projection of the orientation of the lattice planes, they can be indexed to obtain
information about the crystalline material, e.g., phases, grain size and texture. An example of
the Kikuchi bands for the hematite crystal structure is shown in Figure 6.4. Phase identification
in the present work was performed using the TESCAN GAIA3 dual beam instrument operated
at 20 kV on ion-milled cross-sections.
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Figure 6.4: Kikuchi bands for the hematite phase

6.5 Transmission electron microscopy (TEM)

Transmission electron microscopy offers very high resolution (sub-angstrém resolution) and
can be used for the imaging and chemical analysis of various materials. The principle of
scanning TEM (STEM) is similar to SEM where electro-magnetic lenses are used to focus an
electron beam onto a sample surface. In contrast to SEM, the samples to be analysed by STEM
must be very thin (<100 nm) [81]. The TEM is operated with high-energy electrons (about 80—
300 keV) that go through the sample. For this study, the TEM analysis was performed by Dr.
Imran Hanif. The FEI Titan 80-300 STEM equipped with the Titan field emission gun, an
Oxford X-sight EDX detector, and high-angle annular dark field (HAADF) detector was used.
The instrument was operated at 300 keV. Prior to analysis with STEM, the samples were
prepared using a dual-beam Versa 3D Focused lon Beam (FIB) milling machine to produce
thin lamellae. A detailed description of the FIB sample preparation can be found elsewhere
[10].

6.6 X-ray diffraction (XRD)

XRD is a quantitative and qualitative analytical technique that is used to acquire structural
information about a material, such as the crystalline phases and degree of crystallinity. X-ray
diffraction is based on constructive interference of an x-ray beam with the crystalline material.
The principle of x-ray diffraction is that poly-chromatic x-rays produced in a cathode tube are
filtered to obtain a mono-chromatic beam, which then interacts with the lattice planes of the
crystalline material. This interaction leads to elastic scattering of the x-ray beam, which upon
constructive interference creates a diffraction pattern that can be displayed in a diffractogram
(based on positions and intensity). In this thesis, the Bruker D8 Discover diffractometer was
used with a Mo radiation source. The Mo radiation source was selected so as to produce more-
intense radiation that achieves greater penetration of the thick oxide scales formed by the alloys
during long exposures.

6.7 Average grain size measurement

The average grain sizes for the oxides formed by the alloys were obtained from SEM-BSE
cross-sectional images of milled samples using the average grain intercept (AGI) method
described in the ASTM E112-12 standard [82]. In this method, several test lines are drawn over
a region of interest, and the number of intersections between the lines and the grain boundaries
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is noted. For example, in Figure 6.7, line 1 intersects the grain boundaries seven times (green
dots). A similar procedure is performed for all the lines.
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Figure 6.7: The intersect method for determining the average grain sizes for oxides and steels.

The average grain size (N) can be calculated using the equation:

ns*

Y x—1

of intersects.

N= where n is the number of lines, P is the length of the test line, and X is the number

6.8 Computational modelling and simulation

Thermodynamic equilibrium calculations were performed using the Thermo-Calc software
2023a with the oxide database TCOX12, to calculate the stable oxide phases formed by
different alloys. The fraction of stable phases was plotted against the oxygen partial pressure.
For the kinetic simulation, the Dictra software in Thermo-Calc was used. The calculations and
simulations were performed by Dr. Sedigheh Bigdeli.
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7. Results and Discussion

The present work investigated the long-term high-temperature corrosion behaviours of
materials and coatings for applications in biomass-fired and waste-fired boilers. The first
section of this chapter describes the results obtained from the experimental set-up, as well as
the initial corrosion tests with the reference material. The second section concerns the results
from the long-term corrosion investigations of materials and coatings for boiler application.
Since the focus of the study is to understand the corrosion behaviour after long exposure times,
the discussion will revolve around the protective properties of the formed oxide scales within
the secondary corrosion regime, i.e., after breakaway oxidation.

7.1 State-of-the-art exposures for long-term corrosion investigations

7.1.1 Conditions to mimic the boiler environment.

It is well known that the combustion of biomass/waste creates an environment that contains
species such as KCI and water vapour, which promote accelerated corrosion of metallic boiler
components [7,9]. Investigations of alkali chloride-induced corrosion have shown that this
rapid corrosion results in shorter life-times for the materials [57]. Thus, to study the corrosion
behaviours of steels used in boiler applications, it is necessary to set up an experimental
procedure that mimics the boiler environment and/or contains the key components of the
environment from the corrosion perspective. There are several ways to achieve this, and two
are considered in this thesis: 1) to test the materials at a higher steam temperature than that
used currently, 450°C (steam temperature) [83]; and 2) to select a representative chemical
environment that best mimics the corrosive nature of the biomass-fired and waste-fired boilers.
It should be noted that the concept of secondary protection/regime is generic and is not limited
to the breakaway mechanism/environment.

The experimental temperature used in the work of this thesis was chosen with consideration of
the enhancement of electricity efficiency in CHP systems. To obtain the maximum efficiency
and have economically viable CHP systems, the steam pressures and temperatures must reach
super-critical levels or even ultra-super-critical levels (steam temperature/pressure of
~600°C/>270 bar). Theoretical calculations suggest that raising the outlet steam temperatures
to 600°C can result in an electricity efficiency of up to 45% [84,85], as compared to the current
efficiency level of 25%-37% [26]. However, raising the steam temperature would lead to an
increase in the material temperature to slightly above the steam temperature. These ultra-super-
critical operating parameters have not yet been implemented in biomass-fired and waste-fired
plants due to the limited availability of materials that can withstand such harsh environments.

Regarding the chemical environment, various studies have shown that KCI and water vapour
act aggressively towards boiler steels, given that they induce breakaway oxidation and cause
accelerated corrosion. Thus, the investigations in this study were carried out at 600°C in the
presence of 5% O + 20% H20 + N2 (Bal) + KCI(s)/KCI(g), to induce breakaway oxidation.

Furthermore, to evaluate the long-term corrosion behaviours of high-temperature alloys in an
environment where KCI(s) is present for a prolonged period, a systematic experimental design
is required in which the corrosive species are present throughout the exposure. However, a
challenge associated with investigations of KCI-induced corrosion is the high evaporation rate
of KCI(s) at 600°C. Most previous studies investigating KCI-induced corrosion have been
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carried out for short-term exposures, designed to investigate the initiation/breakaway corrosion
[8,73,86-88]. The experimental set-up used in this thesis involved pre-deposition of KCI(s) on
the samples and a low gas flow rate, in combination with a KCI(s) source placed up-stream of
the samples, to reduce the rate of KCI evaporation from the sample surfaces and to ensure the
presence of KCI(s) salt on the samples throughout the exposure. The presence of unreacted
KCI particles on the surface of the reference material (SVM12) after 168 hours of exposure is
shown in Figure 7.1.

SE image —lmm K Cl

Figure 7.1: SEM image showing the presence of unreacted KCI particles on the reference
material, SVM12, after exposure to 5% O + 20% H.O + N> (Bal) + KCI(s)/KCl(g) for 168
hours.

7.1.2 Robustness of the set-up

The reliability and effectiveness of the experimental set-up were tested by exposing 18 samples
of the reference material (SVM12) to 5% Oz + 20% H20 + N (Bal) + KCI(s)/KCI(g) for 168
hours at 600°C. The impact of sample position could be evaluated, and many samples could be
set up simultaneously, which is a key factor in running very long exposures in an effective way.
Mass gain measurements revealed that all the reference material samples exhibited mass gains
in the range of 4.7-6.8 mg/cm?, with average mass gain of 6.1 mg/cm? and a spread of +0.7
mg/cm? (Figure 7.2). This shows that all the samples experienced a similar corrosion attack,
regardless of the sample position. The spread in mass gain data can be attributed in part to the
occurrence of oxide spallation as the samples cooled down after exposure, although it might
also be interpreted as a natural variation among the samples. It is well-known that there will be
a variation in mass gain with parallel samples that have pre-deposited KCI(s) [89], and the
variation observed among the high number of samples in the present set-up is considered to be
within the expected range. The set-up also forms the foundation for long exposures where small
deviations between replicate samples will play a very limited role. The samples that
experienced spallation, marked with asterisks in Figure 7.2, were not considered when
calculating the average mass gain. The corrosiveness of the test conditions, i.e., KCI and water
vapour at 600°C, was evident from the high mass gains of the samples, which indicated that
breakaway oxidation had been induced and that the alloy had transitioned into the secondary
protection regime. High mass gain is associated with rapid oxidation kinetics and rapid oxide
growth rates, as reported previously [57,66].

The robustness testing was important for conducting the long-term corrosion investigation, in
which several materials and coatings would be exposed at the same time under the same
conditions.
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Figure 7.2: Mass gains for 18 samples of reference material SVM12 after exposure to 5% O
+ 20% H20 + N (Bal) + KCI(s)/KCI(g) for 168 hours at 600°C. The asterisks (*) indicate
samples that experienced spallation.

7.2 Long-term corrosion behaviours of bulk materials and coatings

7.2.1 Corrosion resistance

To investigate the corrosion resistance mechanisms of the different materials/coatings, both
bulk and overlay weld coatings were exposed to 5% Oz + 20% H»0 + N2 (Bal) + KCI(s)/KCI(g)
for 500 hours. Prior to these exposures, 0.5 mg/cm? KCI was sprayed onto the samples. In this
first round of long-duration exposures, the materials were selected to include both bulk
materials and coatings of similar composition and the results of this investigation was basis for
paper | [74]. Corrosion resistance was evaluated based on the average oxide thickness, as
measured from the SEM-BSE images. Several thickness measurements were obtained from
representative regions that showed no signs of spallation, and the average value was calculated
and is presented in Figure 7.3. The variation in thickness across the region is presented as a
range. Oxide thickness was considered for this task because it depicts the actual extent of
corrosion attack, in contrast to mass gain measurements, which reflect the general corrosion
behaviour of the material.
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Figure 7.3: Oxide thicknesses of the bulk materials and overlay weld coatings after exposure
for 500 hours to 5% O; + 20% H20 + N2 (Bal) + KCI(s)/KCI(g) at 600°C. The samples were
sprayed with 0.5 mg/cm? KCI prior to exposure.

All the bulk materials and coatings experienced breakaway oxidation, which resulted in thick
oxide scales after 500 hours, as compared to what would be expected in the primary regime
(Cr.03/Al203 scales). In general, the overlay weld coatings formed thicker oxide scales than
the bulk materials of similar composition. Among the bulk materials, the reference material
(SVYM12) formed the fastest-growing/thickest scale (about 120-130 um), followed by the
ferritic steels (Kanthal® EF100, Kanthal® EF101 and APMT), and A625 formed the thinnest
scale (about 5.5 um). A similar trend was observed for the overlay weld coatings. The oxide
thickness measurements clearly showed the variation in corrosion resistance among the tested
alloys. This variation may be due to the different incubation times to breakaway oxidation, or
the types of oxides formed after breakaway oxidation by the respective alloys, which in turn
are influenced by the alloy composition. In general, the formation of such thick oxide scales in
an aggressive environment is an indication of a short incubation time to breakaway oxidation,
which leads to faster oxide transformation into the secondary corrosion regime.

SEM/EDS analysis of ion-milled cross-sections of the reference material (SVM12) showed
that this alloy formed a thick and dense two-layered oxide scale that could be divided into an
outward-growing layer and inward-growing layer (Figure 7.4). Both oxide layers contained
cracks, which might have been induced during sample preparation after exposure. The
outward-growing layer was composed of Fe-oxide, while the inward-growing layer was a
mixed spinel, indicating diffusion-controlled kinetics in combination with an electrochemical
mechanism, whereby growth of the scale is governed by the diffusivity of different cations
through the scale.
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Figure 7.4: SEM-BSE cross-sectional image of SVM12 after exposure to 5% O + 20% H20
+ N2 (Bal) + KCI(s)/KCI(g) for 500 hours at 600°C.

The microstructural investigations of all the samples, besides SVM12, showed that all the
alloys formed double-layered scales (Figure 7.5). The outward-growing layers of all the ferritic
steels consisted of Fe-rich oxide, while the inward-growing layers were identified as
Fe,Cr,Al,Si-oxide. This is as expected given the different mobilities of the different cations
through the scale. The elemental distribution in the inward-growing layers varied for the ferritic
steels, and this may explain the observed variation in corrosion resistance among these alloys.
The effects of alloying elements such as Cr and Al on the secondary protection of alloys have
previously been reported [57,90,91]. In the current study, it is clear that a chromium-
/aluminium-rich inner scale improves corrosion resistance. The order of corrosion performance
is closely associated with the chromium content of the inner scale of each alloy. In the case of
the ferritic steels, the order of performance is: Kanthal® EF100 < Kanthal® EF101 < APMT
(weakest to strongest performance in terms of corrosion resistance).

The bulk Ni-based alloy A625 exhibited the best corrosion resistance, as indicated by the thin
oxide scale of about 5.5 um (Figure 7.5 d1). The scale was double-layered and could be divided
into outward- and inward-growing layers, with KoCrO4 particles present at the surface. This
indicates that oxide growth results from a reaction between the chromium-rich oxide and KClI,
according to Eq. (4.7) in Section 4.2.2. The outward-growing scale consisted of a Ni-rich oxide
and the inward-growing scale consisted of a Cr-rich oxide. Below the scale, A625 formed a 4-
pm-thick fine-grain region (FGR).

The improved secondary protection exhibited by A625 is attributed to chromium enrichment
in the inner scale, which may act as a barrier and prevent ions from diffusing through and,
thereby, mitigating further corrosion. In addition, it is possible that the formed FGR contributes
with fast diffusion paths for chromium from the alloy substrate, which leads to chromium
enrichment in the inner scale. This is supported by the fact that the FGRs are depleted of
chromium and enriched in nickel. The results from this study indicate that the secondary
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protection is dependent upon the microstructure of the inward-growing scale, the alloy
composition, and the diffusivity of cations, and is not dependent upon the corrosive elements,

such as K and Cl.
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Figure 7.5: SEM-BSE cross-sectional images of the bulk materials and overlay weld coatings
after exposure to 5% O> + 20% H20 + N (Bal) + KCI(s)/KCI(g) for 500 hours at 600°C. The
samples were sprayed with 0.5 mg/cm? KCI prior to exposure.

Bulk materials Outward-growing scale Inward-growing scale
Fe Cr Al Others Fe Cr Al Others

SVMI12 100 - - 60 35

Kanthal EF100 100 - - 35 25 20

Kanthal EF101 100 - - 35 40 20

APMT 100 - - 15 60 20 51=2; Mo=3

Aa2s 5-20 20-35 - Ni=40-70 3 70 - Ni=25

Figure 7.6: Elemental distributions in the outward-growing and inward-growing layers of the
scales formed by the bulk materials after exposure to 5% O> + 20% H20 + N (Bal) +
KCI(s)/KCI(g) for 500 hours at 600°C.

As previously mentioned, all of the overlay weld coatings exhibited thicker oxide scales than
the bulk materials of similar composition. The SEM/EDS analysis revealed that the inward-
growing scales of the overlay weld coatings contained less chromium than was the case for the
bulk materials (compare Figure 7.6 and Figure 7.7).

Overlay weld Outward-growing scale Inward-growing scale
coatings

Fe Cr Al Others Fe Cr Al Others
Kanthal EF100 100 - - - 35 35 30
Kanthal EF101 100 - - - 50 30 15 S=5
APMT 100 - - - 5 50 20 S1=2
AG25 15 5 - Ni=80 10 30 - Ni=55; Mo=5

Figure 7.7: Elemental distributions in the outward-growing and inward-growing layers of the
scales formed by the overlay weld coatings after exposure to 5% O + 20% H20 + N2 (Bal) +
KCI(s)/KCI(g) for 500 hours at 600°C.

7.2.2 Why bulk materials perform better than overlay weld coatings

To investigate further why the bulk materials exhibited better corrosion resistance than the
overlay weld coatings of similar composition, a detailed microstructural investigation was
performed on Kanthal® EF101 bulk material overlay weld coating at 600°C with 0.5 mg/cm?
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pre-deposited KCI, using SEM/EDS of ion-milled cross-sections and STEM/EDS of the FIB
lamella.

SEM/EDS analysis of the unexposed bulk and overlay weld coating of Kanthal® EF101
revealed differences in the alloy microstructures. The alloy grain sizes differed between the
two cases and were in the ranges of 1140 pum (bulk) and 20—70 um (overlay weld coating).
This was the result of different manufacturing processes. The bright particles within the alloy
grains and along the grain boundaries were identified as precipitates of reactive elements (RES).
The bulk material consisted of larger RE precipitates (about 1-3 um) than those in the overlay
weld coating (about 1 pum). Although the effect of REs on corrosion protection is not
investigated in this thesis, it is worth mentioning that studies have shown that the addition of
REs improves corrosion resistance by promoting the inward scale growth and adhesion [92—
95].

ulk Microstr

ucture;

Figure 7.8: SEM-BSE images of ion-milled EF101 before exposure: a) bulk material; b)
overlay weld coating.

Since the main difference in elemental distribution was observed for the inward-growing
scales, which could be the reason for the observed variation in oxide resistance in the secondary
regime between the Kanthal® EF101 bulk material and the Kanthal® EF101 overlay weld
coating, a detailed microstructural investigation was conducted on the complex inward-
growing scales. Figure 7.9 shows the locations of the TEM lift-outs.

The STEM/EDS analysis of the Kanthal® EF101 bulk sample revealed that this alloy formed
an oxide scale that consisted of outward-growing and inward-growing scales (in accordance
with the findings from the SEM/EDS analysis) (Figure 7.10). In the inner regions of the inward-
growing scale, the bulk material formed a 1.0-1.2-um-thick chromium-rich oxide (59-65 at%
Cr, 26-30 at% Fe, 3-10 at% Al, and 1-2 at% Si), which was accompanied by a 2-um-deep
chromium-depleted zone beneath the scale. Such high concentrations of trivalent ions (Cr and
Al) in the inner scale would result in a total >67.7 cationic%, which represents the maximum
concentrations of divalent and trivalent ions in a spinel structure [96]. Therefore, it is proposed
that the oxide transforms into a corundum type of oxide, which is more-protective.
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Figure 7.9: SEM-BSE cross-sectional images of Kanthal® EF101 exposed to 5% O + 20%
H20 + N2 (Bal) + KCI(s)/KCI(g) for 500 hours at 600°C. The black rectangles indicate the
regions of TEM lift-out for: a) the bulk material; and b) the overlay weld coating.
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Figure 7.10: HAADF-STEM image of bulk Kanthal® EF101 lamella, and STEM/EDS line-
scan of the elemental distribution in the lower regions of the inward-growing scale.

The overlay weld coating formed a thinner chromium-rich oxide layer (300-500 nm) close to
the metal-scale interface, with composition of 60-65 at% Cr, 30-40 at% Fe, 3-5 at% Al, and
2-5 at% Si, which was accompanied by a 1-um-deep chromium-depletion zone. This
chromium-rich oxide consisted of mixed spinel and a corundum type of oxide. The results of
the oxide microstructural investigation indicate that the superior corrosion resistance displayed
by the bulk material, as compared to the overlay weld coating, is partly due to more-rapid
formation of a protective chromium-/aluminium-rich layer beneath the inward spinel scale (the
I region in Figure 7.10). This may be explained by the smaller grains in the bulk alloy compared
to the overlay welded material (Figure 7.8). The oxidation process of the bulk material is
transformed more rapidly into better secondary protection by the formation of a healing layer,
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which consists of a chromium-rich corundum type of oxide at the metal/oxide interface. This
has earlier been shown to depend on the diffusivity and activity of Cr/Al [57].

Another corrosion feature observed for both the bulk material and the overlay weld coating
was the formation of nitridation zones (NZ) beneath the scales with aluminium nitrides (AIN).
The occurrence of NZ implies that the formed scales are permeable to N2 due to defects in the
oxides. In this study, the depth of the formed NZ was in the same range in both cases, i.e., 12—
16 pm (bulk material) and 10-17 um (overlay weld coating). However, the size of the AIN
particles differed, i.e., about 300-650 nm for the bulk material and 150-550 nm for the overlay
weld coating, indicating faster diffusion of N> for the bulk material. Although the effects of
AIN formation on the corrosion properties of the alloys were not investigated in this study, it
seems plausible that the corrosion property becomes impaired because this process sequesters
aluminium in the form of AIN, which would otherwise have contributed to formation of a more-
protective scale. From the mechanical property perspective, alloy nitridation has been reported
to reduce the ductility and induce the embrittlement of the alloy [97].
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Figure 7.11: HAADF-STEM image of the overlay weld Kanthal® EF101 lamella, and
STEMI/EDS line-scan of the elemental distribution in the inward-growing scale.

7.2.3 Microstructural evolution after breakaway oxidation

The life-times of alloys used in boiler applications are dictated by their long-term corrosion
behaviours. Understanding the microstructural evolution of the oxide scales formed by a high-
temperature alloy makes it possible to predict its life-time. In this thesis, the microstructural
evolution of the oxide scales formed by SVM12, APMT and Alloy 27Cr33Ni3Mo after
exposure to 5% O. + 20% H.O + N2 (Bal) + KCI(s)/KCI(g) for 168 hours, 1,000 hours, and
8,000 hours, were investigated. The selected alloys represent different material classes that are
suitable for applications in harsh boiler environments. For these exposures, 2 mg/cm? KCI was
pre-deposited on the sample surfaces to induce breakaway oxidation and to ensure that KCI(s)
was present on the surface throughout the exposure. Characterisation of corrosion products was
performed using SEM/EDS, SEM/EBSD on ion-milled cross-sections, and XRD. In addition,
thermodynamic modelling of stable oxide phases and kinetic simulations were performed for
comparisons with the experimental results. For the purpose of interpretation of the data and
comparison with the experimental results in the complex and corrosive environment, the
thermodynamic calculations were focused on the inward-growing scale.

The oxidation kinetics results are based on the average oxide thicknesses calculated from
several measurements made in representative regions of SEM-BSE images of the ion-milled
cross-sections. The error bars represent the variation in thickness across the regions. As shown
in Figure 7.12, all the tested alloys experienced breakaway oxidation and transitioned into the
secondary corrosion regime already after 168 hours of exposure. The 12 wt% Cr SVM12 alloy
exhibited the fastest oxidation kinetics, forming thick oxide scales, i.e., 91 um after 168 hours
to about 206 um after 8,000 hours of exposure. The rapid scale growth exhibited by this alloy
is attributed to a limited supply of chromium from the alloy to the corrosion front to
form/reform a protective scale. Similar oxidation kinetics have been reported for pure iron [65]
and low-iron steels [57] after breakaway oxidation, with the exception of forming FeO. Further
investigations of the oxidation kinetics of SVM12 showed that the order of parabolicity
according to the parabolic law x*«t (a-value) was >2, suggesting a sub-parabolic growth
relationship that results from oxide grain growth.
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Figure 7.12: Average oxide thicknesses of the tested alloys after exposure to 5% O, + 20%
H>0 + N2 (Bal) + KCI(s)/KCI(g) for 168 hours, 1,000 hours and 8,000 hours at 600°C.

In contrast, the high-alloy steels (APMT and Alloy 27Cr33Ni3Mo) exhibited lower oxide
growth rates and formed thinner oxide scales after breakaway. The formation of slow-growing
scales indicates good secondary protection, and may be attributed to the formation of Cr/Al-
rich, inward-growing scales, which may retard the oxidation process.

Microstructural investigations showed that all the alloys form double-layered scales, i.e.,
outward-growing and inward-growing scales after breakaway oxidation, during all the
exposures. The results of the investigation are presented and discussed further for each alloy in
the next sections.

Martensitic stainless steel — SVM12 (12 wt% Cr)

An analysis based on the results obtained using SEM/EDS, SEM/EBSD and XRD showed that
the scales formed by SVM12 consisted of outward-growing layers (region 1) and inward-
growing layers (region I1), as shown in Figure 7.13. Potassium chromate formation was
observed at the top of the scale and, in some cases, embedded in the outward-growing scale.
The outer scale was composed of Fe-rich oxides, identified as hematite and magnetite, and the
inner layers were composed of FeCr-spinel, in all the exposures. This pattern of elemental
distribution and oxide phase arrangement can be explained by the different diffusivities of
cations through the spinel [67], with Fe exhibiting faster diffusion rates than Cr. Furthermore,
the elemental analysis showed that the lower regions of the inner scale (region Ill) became
enriched in chromium over time (from 40 at% after 168 hours to 65 at% after 8,000 hours).
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Figure 7.13: SEM-BSE cross-sectional images of SVM12, showing the evolution of the oxide
microstructure after exposure to 5% O> + 20% H>0 + N> (Bal) + KCI(s)/KCI(g) for: a) 168
hours; b) 1,000 hours; and c¢) 8,000 hours at 600°C.

The experimental observations are in good agreement with the results of the thermodynamic
calculations, which predict spinel as the major phase of the inward-growing scale (see Figure
7.14). Moreover, the calculations predict the formation of a minor fraction of the corundum
type of oxide (~22%) at low oxygen partial pressures (<1073°) closer to the metal/scale
interface. However, identification of the crystalline phase from the experimental investigations
revealed the absence of corundum-type structures in these regions. Despite chromium
enrichment of the inner scale over time, this alloy retained the spinel structure even after a very
long exposure. Instead, scale growth was manifested as a rapid diffusion-controlled process
owing to the outward flux of Fe via the grain boundaries of the spinel (magnetite), leading to
poor secondary protection. It is plausible that this alloy might form the corundum type of oxide
in the inner scale, as predicted by the thermodynamic calculations, after even longer exposure
time. However, due to the fast scale growth, the oxide scale might become too-thick and
experience spallation, in which case the integrity of the oxide scale would be lost.
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Figure 7.14: Equilibrium calculations showing the amount of predicted stable phases plotted
against pO for SVM12.

FeCrAl - APMT

The oxide microstructural investigation showed that the FeCrAl alloy (APMT) exhibited a slow
oxidation rate and formed thin oxide scales (thicknesses of 25 um, 31 um, and 59 pm after 168
hours, 1,000 hours, and 8,000 hours, respectively), as shown in Figure 7.15 a, b, and c. The
scales were characterised by the formation of potassium chromate on the surface in all the
exposures. Similar to SVM12, the scales formed by APMT were double-layered, consisting of
outward-growing and inward-growing layers. The SEM/EDS and SEM/EBSD analyses
revealed that the outward-growing scales consisted of iron-rich oxides, identified as hematite
on top of magnetite, and that the inward-growing scales consisted of spinel. The SEM/EDS
elemental analysis showed that the inner scale became enriched in chromium over time,
followed by the appearance of chromium-depletion zones (to depths of 12 um and 20 um after
1,000 and 8,000 hours of exposure, respectively). Chromium enrichment of the inner scale
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resulted in phase transformation from a spinel oxide to a corundum type of oxide. These
microstructural changes in the oxide are attributed to the high levels of alloying elements
(chromium and aluminium) in the spinel and in the alloy (21-wt% Cr). It has been shown in
previous studies that increasing the chromium and aluminium contents of the alloy contributes
to improvement of the corrosion resistance of the alloy [57,96,98]. It should be noted that small
amounts of K and CI were observed in the inner scale. However, these elements exerted no
influence on the formation of good secondary protection after breakaway oxidation. Instead,
the scale growth for this alloy followed a diffusion-controlled mechanism and displayed a
slower sub-parabolic growth relationship in the secondary corrosion regime.

Furthermore, APMT formed NZ beneath the scales, which deepened over time, i.e., from a
depth of 28 um after 1,000 hours to 74 um after 8,000 hours of exposure. However, the NZ
was not observed after 168 hours. The process of formation of NZ has been reported to be
retarded due to the slow progress of the processes of N2 dissociation, dissolution, and nitride
nucleation [99]. It is possible that after 168 hours, nitridation had simply not occurred yet. This
might explain the observed growth of the NZ from 1,000 hours to 8,000 hours. As mentioned
in Section 7.2.2, the formation of NZ might have negative consequence for both the corrosion
and mechanical properties of the alloy.
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Figure 7.15: SEM-BSE cross-sectional images of APMT, showing the evolution of the oxide
microstructure after exposure to 5% O + 20% H20 + N2 (Bal) + KCI(s)/KCI(g) for: a) 168
hours; b) 1,000 hours; and c) 8,000 hours at 600°C.

The experimental findings for the long-term oxidation behaviour of APMT agree well with the
thermodynamic calculations, which predict the formation of spinel and a larger fraction of the
corundum phase in the lower oxygen partial pressure regions (inward-growing scale) (Figure
7.16).
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Figure 7.16: Equilibrium calculations showing the amount of predicted stable phases plotted
against pOz for APMT.

Austenitic stainless steel - Alloy 27Cr33Ni3Mo

Alloy 27Cr33Ni3Mo exhibited the slowest oxidation kinetics and formed the thinnest oxide
scales, as compared with SVM12 and APMT. The SEM/EDS and SEM/EBSD analyses
showed that the formed scales were double-layered, consisting of outward-growing and
inward-growing scales (Figure 7.17). The scale growth was diffusion-controlled and exhibited
a slow sub-parabolic growth relationship. Initially (after a 168-hour exposure), the scale
consisted of iron-rich spinel in the outer layer and chromium-rich spinel in the inner layer. As
the oxidation progressed, the outer scales became enriched in Fe, while the inner scale became
enriched in chromium. The SEM/EDS elemental distribution analysis showed that the inward-
growing scale was composed of 80 at% Cr and 90 at% Cr after 1,000 hours and 8,000 hours,
respectively. The enrichment of chromium led to phase transformation from spinel to
corundum at 1,000 and 8,000 hours. The formation of a protective corundum type of oxide
within the secondary corrosion regime contributes to improved corrosion resistance. This may
explain the slow oxidation kinetics exhibited by this alloy even after long-term exposure.

Furthermore, it was observed that Alloy 27Cr33N  i3Mo formed FGRs close to the metal/scale
interface, which were chromium-depleted and nickel-enriched. As oxidation progressed, the
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FGRs increased in depth, from 4 um after 168 hours to 19 um after 8,000 hours. Alloy grain
refinement leads to an increased number of grain boundaries, which increases the grain
boundary diffusion of ions. Studies of the effects of alloy grain size on the corrosion behaviours
of alloys have shown that finer grains lead to improved corrosion behaviours [100,101]. The
results of this study agree with the findings of the aforementioned studies.

a) b) ©)
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Alloy 50 um

Figure 7.17: SEM-BSE cross-sectional images of Alloy 27Cr33Ni3Mo, showing the
evolution of the oxide microstructure after exposure to 5% O + 20% H>O + N2 (Bal) +
KCI(s)/KCI(g) for: a) 168 hours; b) 1,000 hours; and c) 8,000 hours at 600°C.

From the thermodynamic modelling perspective, the calculated oxide phases (in Figure 7.18)
agree well with the identified crystalline phases in the experimental investigations.

Further investigations of the growth kinetics of the corundum phase formed by Alloy
27Cr33Ni3Mo showed that the experimental kinetics were faster than the DICTRA-simulated
kinetics, as shown in Figure 7.19. The measured thickness of the corundum phase increased
from ~1.4 um after 1,000 hours to ~ 5.3 um after 8,000 hours, indicating that the fraction of
corundum in the inner scale increases as oxidation progresses due to phase transformation from
the spinel oxide. Similar phase transformation has been reported in another study conducted
under the same experimental conditions [102]. It is concluded that the good secondary
protection exhibited by Alloy 27Cr33Ni3Mo is due to the formation of corundum type of oxide
through phase transformation from Cr-rich spinel oxide, as facilitated by a continuous supply
of chromium via the increased number of grain boundaries in the FGRs.
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Figure 7.18: Equilibrium calculations showing the amount of predicted stable phases plotted
against pO. for Alloy 27Cr33Ni3Mo.
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Figure 7.19: Growth Kinetics of the Cr-rich corundum oxide in the inward-growing scale of
Alloy 27Cr33Ni3Mo.
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Conclusion

A novel experimental set-up was developed that mimics the harsh environment in the
boiler. By placing a large KCI source up-stream of the samples, the gas stream was
saturated with KCI, which minimised salt evaporation from the sample surfaces. The
results of the robustness tests showed that the system is reliable and can be used to
carry out long-term exposures without any position-dependent corrosion.

The results of the corrosion tests of the bulk materials and overlay weld coatings show
that all the alloys experience breakaway oxidation and transition into secondary
protection, i.e., forming outward-growing and inward-growing scales. The oxide scale
thickness and microstructural investigations show that the bulk materials exhibit better
corrosion resistance than the overlay weld coatings of the same composition. The
improved secondary protection exhibited by the bulk materials is attributed to faster
formation of more-protective chromium-rich oxides in the inward-growing scales,
which is dependent upon the alloy microstructure, i.e., alloy grain size.

The investigations of the microstructural evolution of selected chromia-forming and
alumina-forming alloys exposed for 168, 1,000 and 8,000 hours show differences in the
oxidation kinetics and oxide microstructures. In all cases, scale growth follows a
diffusion-controlled process. SVM12 (12 wt% Cr) forms fast-growing oxide scales that
consist of iron-rich oxides in the outer scales and spinel oxide in the inner scales, for all
exposure times. The high-alloy steels, i.e., APMT and Alloy 27Cr33Ni3Mo, display
slower oxidation kinetics and form thinner scales. After 168 hours of exposure, these
alloys form spinel oxides in the outer and inner scales. However, as oxidation
progresses, the inward-growing spinel transforms into a more-protective, chromium-
rich corundum type of oxide. Alloy 27Cr33Ni3Mo displays the best secondary
protection owing to an increased corundum fraction in the inner scale, which is due to
phase transformation. The experimental observations agree well with the results of the
thermodynamic calculations and kinetic simulations.
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9. Future work

Influence of KCI + HCI on the corrosion resistance of materials

To understand further the corrosion behaviours of materials for applications in boiler
environments, it is necessary to investigate the effects of other chloride compounds and
combinations that are present in the flue gas. Steel chlorination by HCI is a well-established
phenomenon that affects the metallic components in boiler environments. However, there is
limited knowledge regarding the combined effect of KCI and HCI on materials relevant to
applications as boiler components. Therefore, the effects of HCI, alone and in combination
with KCI, will be investigated in the future.

Corrosion studies in commercial biomass-fired and waste-fired boilers

In the future, selected materials and coatings studied under the laboratory environment
described in this thesis will be exposed to biomass-fired and waste-fired boiler environments,
to understand their corrosion behaviours in the complex boiler environment. The results
obtained from the field studies will be compared to the laboratory investigations to gain further
insights into the corrosion behaviour.

Mechanism of alloy grain refinement in austenitic stainless steels

The phenomenon of alloy grain refinement in austenitic stainless steels was observed during
the corrosion investigations of this thesis. Similar observations have been made in related
investigations. However, the mechanism and effect of alloy grain refinement during metal
oxidation are not well-understood. It would be of interest to investigate the phenomenon of
alloy grain refinement during oxidation and its effect on the high-temperature corrosion of
metals.

Effect of Cl on secondary protection of high-temperature alloys

The corrosive nature of alkali chlorides toward boiler materials is well-documented. However,
the role of Cl in the secondary corrosion regime remains unclear. It is of interest to gain further
insights into the role of CI in the corrosion behaviours of boiler steels, beyond breakaway
oxidation.
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