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Alkali Chloride-Induced High-Temperature Corrosion of Alloys 
Utilising long-term corrosion mechanisms to predict boiler corrosion 

VICENT SSENTEZA 

Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 

Abstract 

Biomass and waste fuels show strong potentials as alternative renewable energy sources that can help meet 
the increasing global energy demand while reducing the net release of CO2 into the atmosphere. The 
combustion of biomass and waste is however associated with the release of flue gases that contain high 
levels of alkali salts (e.g., KCl) that cause breakaway oxidation, and this leads to accelerated corrosion of 
metallic boiler components. The rapid corrosion restricts boiler operating parameters, i.e., steam 
temperature and pressure, and thereby limits the electrical efficiency. One way to tackle this issue is to use 
more-corrosion-resistant materials for boiler applications, to enable operations at higher temperatures and 
pressures. To achieve this, it is crucial to gain an in-depth understanding of the corrosion mechanisms of 
boiler materials. However, there is lack of comprehensive long-term investigations that have employed 
well-controlled systems to elucidate the corrosion phenomenon as well as the long-term corrosion kinetics.  

To date, most of the high-temperature corrosion studies related to biomass and waste combustion have 
involved short-term laboratory investigations with a focus on understanding the initial stages of corrosion. 
This thesis concerns long-term high-temperature corrosion research in the laboratory through the 
development of a state-of-the-art experimental set-up that mimics key corrosive species in the boiler 
environment at a relevant temperature. This approach offers the possibility to study several materials and 
coatings with the aim of evaluating the corrosion properties during long-term exposure to the corrosive 
environment. The corrosion products are characterised using x-ray diffraction (XRD) and advanced electron 
and ion microscopy, such as SEM/EDX, EBSD and TEM, on cross-sections prepared using broad ion beam 
(BIB) milling and focused ion beam (FIB) milling. Moreover, thermodynamic calculations and kinetics-
based simulations are applied to elucidate the growth mechanisms of oxide scales.  

The results reveal that all of the investigated alloys experience breakaway oxidation and form multi-layered 
oxide scales, referred to as secondary protection. Secondary protection could be divided into two categories 
in the presence of KCl: (i) fast-growing and less-protective iron-rich oxide scales, representing poor 
secondary protection; and (ii) slow-growing and more-protective chromium/aluminium-rich corundum-
type oxide scales, representing good secondary protection. The long-term oxidation kinetics studies in the 
presence of KCl, together with the oxide microstructural evolution showed that the scale growth is 
diffusion-controlled, and that the properties of the secondary protection may be influenced by the alloying 
elements and the bulk microstructure. In addition, the findings showed that long-term laboratory oxidation 
kinetics can be utilised to understand the mechanism and predict the corrosion of metals in the complex 
boiler environment. The insights gained from this thesis will help to improve predictions of material 
corrosion and facilitate the design and development of high-temperature alloys. 

Keywords: Biomass, Waste, High-temperature corrosion, Alkali chloride, Primary protection, Breakaway, 
Secondary protection, Alloys  
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1 Introduction 
 

1.1 Background 

The increasing global demand for energy is a driving force for innovation and advances in energy 
infrastructure. As the world population increases and more energy-intensive industries emerge, the demand 
for energy increases. According to the Year 2024 report of the International Energy Agency (IEA) [1], 
global energy consumption in Year 2023 was 445 EJ (1EJ = 277.8 TWh), and this level is projected to rise 
steadily to over 530 EJ by Year 2050. Currently, fossil fuels such as coal, oil, and natural gas are the main 
sources of the energy supply (see Figure 1.1). However, the use of fossil fuels has led to increased emissions 
of greenhouse gases, such as CO2 and N2O, which are linked to global warming [2–4]. To combat climate 
change, there is an urgent need to find alternative energy sources that meet the energy demand and that 
have no or reduced impact on climate change. 

 

Figure 1.1: World total energy supply by source for electricity and heat generation, according to the 
International Energy Agency 2024 report [1]. 

One solution is to use renewable energy sources, such as wind energy, solar energy, bioenergy, geothermal 
energy, and hydropower. Currently, these renewable energy sources constitute about 15% of the total global 
energy supply, with biofuels and waste together constituting the largest contribution (10%). The combustion 
of biofuels derived from biomass and waste for combined heat and power (CHP) production has been 
incorporated successfully into various energy conversion systems around the world to meet the high energy 
demands. With the aim to improve boiler performance and reduce CO2 emissions into the atmosphere 
during the combustion of biomass and waste, several advances have been made in the CHP technology. For 
example, the secondary air supply [5] and the integrated biomass multi-stage gasification system [6] have 
been installed to improve the conversion of fuels into heat and power. A more-recent development is the 
bioenergy with carbon capture and storage (BECCS) technology, which can be installed to remove CO2 in 
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the post-combustion process [7]. This set-up provides the unique possibility to remove large amounts of 
CO2 and facilitate the transition to negative emissions. However, the efficiency of electricity generation 
from the combustion of biomass and waste has remained relatively low, as compared with electricity 
generation from the combustion of fossil fuels. One challenge associated with electricity generation from 
the combustion of biomass and waste is the accelerated corrosion of metallic components of the boilers 
(e.g., the superheater tubes). It is well-established that the accelerated corrosion in the boiler environment 
is mainly caused by species, such as KCl, NaCl, HCl, and H2O, which are formed during the combustion 
of biofuels and waste [8–26]. These species can break down the protective oxide scales of the alloys (i.e., 
primary protection), leading to the formation of fast-growing, multi-layered oxide scales that are less 
protective (i.e., secondary protection). The severe corrosion in the boiler leads to rapid material degradation, 
tube failures, and costly unplanned plant shut-downs. 

Several counter-measures have been proposed to mitigate corrosion in biomass- and waste-fired boilers. 
One strategy is to reduce the steam temperature of the boiler, which leads to a lower material temperature 
and, thereby, reduced corrosion. However, reducing the steam temperature leads to lower electrical 
efficiency. Another approach is to use additives, e.g., ammonium sulphate, which mitigates the alkali 
chloride-induced corrosion through the capture of potassium (K) and sodium (Na) [27]. A promising 
solution is the use of more-corrosion resistant materials such as stainless steels (>10.5 wt% Cr), which may 
offer improved corrosion protection by re-forming the protective oxide scales after breakaway oxidation in 
harsh environments. Currently, low-alloyed steels are the preferred choice of materials due to their low cost 
and improved mechanical properties, such as creep strength [28]. A more-advanced material solution is to 
use metallic coatings, whereby an alloy with improved corrosion resistance is combined with a low-alloyed 
steel (substrate) with good mechanical properties. Among the many coating techniques developed over the 
last decades, overlay welding has been widely adopted for boiler applications due to its practical benefits 
with regards to on-site repairs and its relative ease of implementation [29]. It therefore becomes necessary 
to understand the corrosion behaviours of newly developed materials and coating systems and to be able to 
predict their life-times. 

In order to provide material solutions to meet future demands related to combustion of biomass/waste, 
insights into the long-term corrosion mechanisms for the formation of good secondary protection are 
needed. This information may provide criteria for the selection of materials that enable boiler operations 
for high steam data. However, there are currently few well-controlled, long-term laboratory investigations 
into the detailed microstructural evolution of the oxide scales formed in alkali chloride-rich environments 
relevant to boiler applications. Figure 1.2 shows a summary of the published articles on high-temperature 
corrosion related to biomass and waste combustion plotted against exposure times. From the data, it can be 
concluded that the majority of the conducted laboratory studies have been relatively short in duration (up 
to 1000 hours), whereas field studies have been dominated by longer exposure times. The reason for this 
may be the high cost of laboratory exposures, such that the exposure time is kept to a minimum. For the 
initiation of the corrosion attack, short laboratory exposures are adequate, and corrosion mechanisms can 
be derived. However, if corrosion predictions and determination of the life-times of metallic components 
in full-scale power plants are the main features of interest, long-term studies are lacking. To date, most of 
the studies involving longer exposure times have only been performed with field exposures.  
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Figure 1.2: Diagram showing the distribution of studies (based on 190 research articles) that have 
investigated alkali chloride-induced high-temperature corrosion of materials and coatings for biomass- and 
waste-fired boiler applications. 

Long-term field studies (≥1000 hours) in pilot plants and full-scale boilers are conducted to acquire 
knowledge about the extent of the corrosion attack rather than about the mechanism of the corrosion attack. 
Such long field exposures are enabled by the use of temperature-controlled corrosion probes, fixed 
installations, and a less-stringent requirement for control of the exposure conditions. On the other hand, 
laboratory investigations mostly entail short-term exposures in well-controlled systems and experimental 
conditions, resulting in controlled kinetics with reliable data. The challenge is how to utilise the pool of 
laboratory findings to gain further insights and predict corrosion behaviours in complex boiler 
environments. 

1.2 Aim 

The aim of this thesis is to develop and utilise long-term laboratory corrosion mechanisms in order to 
understand and predict the corrosion of materials and coatings used for applications in biomass- and waste-
fired boilers. The strategy addresses two primary research questions:  

Research question 1. What are the mechanisms that control the formation of good/poor secondary 
protection on FeCr(Ni), NiCr and FeCrAl(Si) alloys during long-term laboratory exposures to KCl at 
600°C? 

Research question 2. How can long-term corrosion kinetics under laboratory conditions be used to 
understand the mechanisms and predict oxidation behaviour in complex boiler environment?  

The approach adopted in this thesis has been to conduct high-temperature corrosion investigations in the 
laboratory by developing a state-of-the-art experimental set-up in which corrosive species (KCl) could be 
present on the sample surface during long exposures. The corrosion studies involved exposing FeCr(Ni), 
NiCr and FeCrAl(Si) alloys (commercial, model bulk materials and overlay weld coatings) to an 
environment that consisted of 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) at 600°C. In addition, field 
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studies were carried out in commercial biomass- and waste-fired boilers using corrosion probes, and 
materials from fixed installations were also examined. Characterisation of the corrosion products was 
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), on cross-sections prepared using gentle sample preparation techniques, such 
as broad ion beam (BIB) milling and focused ion beam (FIB) milling. Computational methods, e.g., 
thermodynamic calculations and kinetic-based simulations, were performed to predict the oxide phases and 
growth kinetics.  
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2 Combined heat and power 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 that 
produces electricity [30]. The produced heat is recovered and can be supplied to a district heating system. 
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 selected so 
as to meet both the technical requirements and human safety regulations.  

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 2005, which has led to an 
increased electricity supply for the Member States [31]. Currently, most CHP plants operate with super-
critical (SC) steam conditions in the Rankine cycle (>374°C/221 bar). A few coal-fired plants operate with 
ultra-super-critical (USC) steam conditions (>600°C/270 bar). However, no commercial biomass-fired or 
waste-fired plants currently operate under USC steam conditions. The USC steam conditions yield higher 
efficiencies of electricity generation than the SC steam conditions. Depending on the type of fuel being 
combusted and the thermodynamic parameters of the process, different electrical efficiencies can be 
achieved. The electricity generation efficiencies are in the ranges of [32]: 27%–43% for coal; 31%–55% 
for natural gas; 23%–43% for oil; 25%–30% for biomass, and 20%-30% for waste.  

Although the electrical efficiency derived from the combustion of biofuels is low, these fuels represent 
attractive options for meeting the increasing energy demands while reducing net greenhouse gas emissions. 
One challenge associated with the combustion of biofuels, which also 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°C–580°C (steam temperatures) [26]. This severe corrosive attack has been attributed to the 
presence of alkali salts that are created during the combustion of biofuels [9,11,20,21,23]. In general, the 
expected life-times of superheater materials are short. For example, a 16Mo3 steel or 13CrMo4-5 steel 
installed in a waste-fired boiler operating under normal conditions has a life-time of about 3 years [33]. 
Nonetheless, CHP plants based on the biofuel combustion technology are economically and 
environmentally viable. Therefore, it is worth exploring the potentials of biofuels as energy sources for the 
supply of small-scale 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:  
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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 that are operating with biomass, solid biofuels are the most commonly used feedstocks, 
constituting about 70% of the total use of biomass for electricity generation [34]. 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 and fellings 
(e.g., tops, bark, stumps and branches) or indirectly in the forms of saw-milling residues and by-products 
from the pulp and paper industry. 

 

Figure 2.1: Sources of biomass for the production of electricity within the EU for Years 2006, 2016, and 
2020. The data shown are based on progress reports from EU Member States and reported by the Joint 
Research Centre (JRC) [35]. 

Agricultural feedstocks, which include residues from agricultural harvesting and dedicated agricultural 
crops (e.g., straw and maize), show strong potentials as renewable fuels. 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 [36]. This 
indicates that straw will continue to play an important role in the energy sector. Table 2.1 lists the chemical 
compositions of the various biofuels/waste in comparison to coal.  

Burnable bio-waste materials, such as municipal solid waste (MSW), sludge, and waste from industrial 
processes may also 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 and heavy metals. 
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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 the various species in selected solid biofuels [37]. 

 

2.2 Biomass-fired and waste-fired boilers 

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

Grate-fired boiler 

Figure 2.2 depicts a moving grate-firing system at the Avedøre power plant in Denmark as an example. In 
this system, 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, extra 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 [38]. 

Fuel source Ash 
(wt%) 

H2O 
(wt%) 

Cl  
(wt%) 

S 
(wt%) 

C 
(wt%) 

K 
(mg/kg) 

dry 

Na 
(mg/kg) 

dry 

Wood 0.6 15.9 0.03 <0.5 51.2 680 30 

Straw 8.6 10.4 0.59 <0.5 48.8 11634 610 

Sewage Sludge 19.4 64.3 0.43 <0.5 51.2 1652 1725 

MSW 6–25 12–40 0.45–1.0 <0.5 54 60–200 40–100 

Coal 11.8 8.1 0.25 1.4 79.4 1287 1142 
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Figure 2.2: schematic of the  moving grate boiler at Avedøre power plant [38]. 

Fluidised bed boilers  

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 in 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 fluidised bed boilers: circulating 
fluidised bed (CFB) boilers; and bubbling fluidised bed (BFB) boilers. 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. 
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Figure 2.3: Schematic of the Fluidised bed boiler. Courtesy of The Babcock & Wilcox Company [39] 

In comparison to a grate-fired boiler, a fluidised bed 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 combust completely fuels with challenging characteristics, such as high moisture contents and 
high ignition values. However, the main disadvantage of the fluidised bed boiler 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 promote 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 was found that bed agglomeration could be reduced by using ilmenite, which effectively 
captures alkali species during fuel combustion without forming a melt [40]. 
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3 High-temperature alloys 
 

Alloy is a term that is used to describe a metallic substance that comprises several elements that form a 
compound. Alloys can be classified based on their content of alloying elements or the type of oxide scales 
that form when exposed to an oxidising environment. When developing high-temperature alloys, it is 
essential to consider their corrosion properties, as enhanced corrosion resistance increases the material life-
time. In addition, the mechanical properties, such as tensile strength and creep strength should be taken into 
consideration. During alloy production, elements such as chromium, aluminium, molybdenum, silicon, 
tungsten, and cobalt may be added to improve the corrosion resistance, mechanical properties, or both. 
While the focus of this thesis is on the corrosion properties of these alloys (whether bulk materials or 
coatings), their mechanical properties remain an important consideration. The next section provides an 
overview of high-temperature alloys, classified according to their chemical compositions and the types of 
oxides they may form.   

3.1 Alloy classification based on content of alloying elements   

Low-alloyed steels contain small amounts of alloying elements. Typically, these alloys contain less than 
2.5 wt% chromium [41]. Low-alloy steels are usually inexpensive and exhibit good mechanical properties, 
which makes them good candidate materials for applications where they act as load bearers, for example in 
steam boilers. However, in alkali-rich environments and at high temperatures, these materials suffer 
accelerated corrosion, which shortens their life-times. 

Stainless steels should contain at least 10.5 wt% chromium and a maximum of 1.2 wt% carbon [42]. The 
chromium content contributes to the formation of a chromium-rich oxide scale, which forms a protective 
oxide scale. Stainless steels include:  

Martensitic stainless steels:  

These Fe-Cr-C steels are produced by rapidly cooling (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.   

Ferritic stainless steels 

Ferritic stainless steels have the BCC structure and may contain chromium in the concentration range of 
11–30 wt%, with very little or no nickel [43]. These steels exhibit better corrosion resistance than low-
alloyed steels in aggressive environments. Moreover, they possess favourable mechanical properties, such 
as high yield strength, which are desirable for the boiler components, e.g., superheater tubes.  
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Austenitic stainless steels:  

Austenitic stainless steels have the FCC structure. Typically, these steels contain >18 wt% chromium and 
a minimum of 8 wt% nickel to stabilise the FCC structure [43]. 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 typically contain nickel as the principal element (in the range of 35–80 wt%) and have 
the FCC structure. These alloys exhibit superior corrosion resistance and good mechanical properties, and 
can be applied in various aggressive environments or in high-temperature systems. In addition to Ni, various 
alloying elements, such as chromium, molybdenum, copper, titanium, aluminium, and cobalt, may be 
incorporated into the alloy matrix to confer 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 superheaters and loop seals.  

3.2 Alloy classification based on oxide scale formation 

3.2.1 Iron-oxide formers 

Iron oxide-forming alloys, e.g., low-alloyed steels, are materials designed to form iron oxides on their 
surfaces when exposed to oxidising environments. These alloys form in particular wüstite (FeO - above 
570°C [44]), magnetite (Fe₃O₄), and hematite (Fe₂O₃). The iron oxide-forming alloys have numerous 
industrial applications, where cost-effectiveness and moderate performance are sufficient, as in 
construction, railways, etc. However, for applications in high-temperature or aggressive environments, 
these alloys become less-effective and suffer accelerated corrosion, which reduces their life-times.  

3.2.2 Chromia-forming alloys 

Chromia-forming alloys are able to form chromium-rich oxide scales, (Fe,Cr)2O3 or Cr2O3, during high-
temperature oxidation. The formation of (Fe,Cr)2O3 or Cr2O3 requires that the alloy has a sufficient amount 
of chromium in the alloy matrix to facilitate formation of the scale on the surface. In boiler environments 
and in the intermediate temperature range, i.e., ∼400°C–600°C, stainless steels (≥10.5 wt% Cr) typically 
form (Fe,Cr)2O3 scales. However, in these aggressive environments, the chromia-rich oxide scale is broken 
down through alkali-chromate formation [45], which limits its protective capability.  

3.2.3 Alumina-forming alloys 

Alumina-forming alloys are designed to form a protective layer of aluminium oxide (alumina) on their 
surfaces when exposed to high-temperature and oxidising environments. Typically, these alloys form 
protective alumina scales at temperatures >900°C, which means that they can be used in heating elements, 
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furnaces, and turbine components [46]. In the case of alumina-forming FeCrAl alloys, it has recently been 
shown that the corrosion behaviours of these alloys can be improved by the addition of silicon at 600°C 
[47–49].  

3.3 Alloys used in this study 

3.3.1 Bulk materials  

The martensitic stainless steel SVM12 (also known as Super VM12) was studied both as a bulk material 
and as a substrate for overlay weld coatings. This steel exhibits excellent mechanical properties, such as 
high creep rupture strength, which are achieved through the addition of tungsten (1.50–2.50 wt%), niobium 
(0.02–0.10 wt%), and vanadium (0.15–0.30 wt%) [50]. These properties are further enhanced by the long-
term stability of the martensitic microstructure, which is maintained by the incorporation of small amounts 
of boron. While martensitic steels can experience microstructural degradation at high temperatures via 
transformation into sub-grain microstructures and subsequent coarsening of the sub-grains, the addition of 
small amounts of boron to this alloy retards these degradation processes and preserves the material’s 
integrity [51]. The martensitic microstructure of SVM12 displayed in Figure 3.1 was generated through 
treatment at 1100°C for 30 minutes, followed by air cooling. This was followed by a tempering treatment 
at 770°C for 2 hours, with a final step of air cooling to stabilise the martensitic microstructure. 

 
Figure 3.1: SEM image of the unexposed martensitic microstructure of the stainless steel SVM12.  

The ferritic FeCrAl alloys were studied as bulk materials and overlay weld coatings, 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 α-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 as overlay weld 
coatings, would reduce material costs compared to the nickel-based alloys that are currently being used in 
certain boiler sections. For a comparison of the material costs, see Figure 3.2.  

The chromia-forming alloys (Alloy 27Cr33Ni3Mo and Alloy 625) were studied because they contain high 
concentrations of chromium, which may lead to the formation of more-protective chromium-rich scales that 
mitigate corrosion in harsh environments. From the mechanical perspective, these alloys contain 
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molybdenum, which has been shown to improve hardness, tensile strength, and elongation to failure 
[52,53]. Although nickel-based alloys are expensive, they are still used in many boiler parts that are exposed 
to conditions of severe corrosion.  

 
Figure 3.2: Comparison of the costs of the different material classes used as metallic boiler components. 
The horizontal 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 [54].  

3.3.2 Coatings 

In harsh environments, e.g., in biomass- and waste-fired boilers, the use of corrosion-resistant coatings 
offers a good alternative for mitigating corrosion, which would otherwise reduce the life-times of the 
metallic components of the boilers. A high-temperature corrosion-resistant coating can be applied onto a 
low-cost, low-alloyed steel that possesses good mechanical properties. This combination extends 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, which was first developed in 1882 [55], was demonstrated in 1937 to be 
an effective method to protect steel boiler tubes from high-temperature corrosion [56]. Since then, this 
technique has been developed and can be applied in various ways. Figure 3.3 shows the various thermal 
spray processes currently used to apply coatings, the most common of which are the high velocity oxygen 
fuel (HVOF) and high velocity air-fuel (HVAF) methods for the application of high-temperature coatings. 
The principle of the thermal spray technique is that the material feedstock is melted in the combustion 
chamber using a heat source and then accelerated towards a substrate, to which it becomes mechanically 
bonded. Thermal spraying has several advantages, such as a fine-coating microstructure, low porosity, and 
low heat input. In general, the coating thickness is in the micrometre range, although depending on the 
spraying technique used, it can reach a few millimetres in thickness.  
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Figure 3.3: Thermal spray techniques [55] 

It is worth noting that the various thermal spray techniques can lead to very different coating properties. 
For example, the HVAF technique produces higher-quality coatings with lower porosity than the HVOF 
technique, due to the low combustion temperature achieved from the air-fuel mixture and higher speed.  

The laser-cladding technique uses the energy of a laser to melt the feedstock and bind it to the substrate. 
The microstructure of the resulting coating is characterised by low porosity and high level of adherence to 
the substrate, with thicknesses in the range of several micrometres to a 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 [57]. 

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 in 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 [58]. For applications as boiler components (superheaters), filler materials with 
superior 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 welding 
machine with Pulse Multi Control and applying 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 (as shown in Figure 3.4).   
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Figure 3.4: A photograph of the as-received overlay weld coating.  
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4 High-temperature corrosion of metals 
 

The high-temperature corrosion (HTC) process involves a chemical reaction that occurs between a metal 
and its surroundings. This phenomenon pertains to materials in processes that are operating at high-
temperatures, such as gas turbines, heating elements, boilers, and mineral processing plants. In general, 
most metals are thermodynamically unstable and will undergo reactions during high-temperature corrosion 
processes such as carburisation, sulphidation, nitridation, and oxidation, leading to the formation of solid 
reaction products, i.e., corrosion products [44]. In this thesis, the focus is on the high-temperature oxidation 
of metals.  

4.1 Oxidation of metals 

The process of metal oxidation is of great interest for the design and development of corrosion-resistant 
materials for applications in harsh environments. Oxidation is the reaction between a metal and oxygen, 
involving the transfer of electrons from the metal to oxygen which leads to the formation of a metal oxide. 
A general reaction can be represented as: 

2M + O2 → 2MO       (4.1) 

where M is the metal, O is oxygen, and MO is the resulting metal oxide.  

The spontaneous occurrence of the reaction [Eq. (4.1)] is governed by the thermodynamics of the system.  

4.1.1 Thermodynamics 

The thermodynamics of metal oxidation provide insights into the energies and spontaneity of the oxidation 
reactions. The thermodynamic feasibility of an oxidation reaction is dictated by the change in Gibbs free 
energy (ΔG), given by the equation [Eq. (4.2)]. For a reaction to be spontaneous at constant temperature 
and pressure, the ΔG value must be negative. 

ΔG=ΔH−TΔS          (4.2) 

where ΔH is the change in enthalpy (heat content of the system), T is the temperature, and ΔS is the change 
in entropy (disorder). 

If ΔG < 0, the oxidation reaction is thermodynamically favoured and can occur spontaneously. For example, 
in the reaction shown in [Eq. (4.1)], the formation of metal oxide (MO) will spontaneously proceed if there 
is a negative ΔG value. 

For every alloying element, ΔG may be calculated at different oxygen partial pressures and temperatures 
using equation [Eq. (4.3)]. 
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ΔG =  ΔGo + RTIn(pO2)       (4.3) 

where ΔGo is the Gibbs free energy under standard conditions, R is the gas constant, T is the temperature, 
and pO2 is the oxygen partial pressure. The calculated values of ΔG can be plotted against temperature for 
each individual oxide and represented in a graph, i.e., the Ellingham diagram, as shown in Figure 4.1. This 
diagram shows the stability of the various oxides. With respect to temperature and pO2, oxides that lie closer 
to the top of the diagram are less stable than those that are lower down in the diagram. For example, at 
600°C (green line), Al2O3 lies below Cr2O3, which means that Al2O3 is more thermodynamically stable than 
Cr2O3 and may form at lower pO2.  

 

Figure 4.1: Ellingham diagram of Gibbs free energy versus temperature for some elements.  

In alloy development, thermodynamic equilibrium calculations can be used to design alloys that are able to 
form specific oxides at a given temperature and oxygen partial pressure. In addition, equilibrium 
calculations are useful for understanding the forces driving the oxidation processes of coatings where inter-
diffusion of alloying elements from the substrate is expected. Bigdeli et al. [59] have described new 
strategies for modelling the high-temperature corrosion of iron-based alloys using the Calphad Approach. 
In their study, different decomposition temperatures for the protective corundum structure of the sub-
systems were calculated for: Fe-Al-O, Fe-Cr-O, and Cr-Al-O, see Figure 4 in [59]. However, equilibrium 
calculation provides only one part of the information, as information regarding the diffusion (both through 
the oxide and in the alloy) is needed to reach a full understanding and predict oxidation.  
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4.1.2 Kinetics 

The kinetics of oxidation is the keystone of corrosion protection. In the case of a dense adherent scale, the 
kinetics concerns the mobility of species through the scale and the overall growth behaviours of the oxide 
scales. Already in the early 20th Century, several mechanisms were proposed to explain the processes of 
scale growth and transportation of species through the scale. These mechanisms have been summarised by 
Mott and Cabrera [60], and are illustrated in Figure 4.2. 

The oxidation kinetics may be described as a linear behaviour, expressed with the linear rate equation [Eq. 
(4.4)]. In this case, the rate-limiting step can be a surface or a phase boundary process or a reaction, such 
as the adsorption of oxygen to the metal surface. 

X = k1*t        (4.4) 

where X is the scale thickness, k1 is the linear rate constant, and 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 [61] has proposed that the oxidation kinetics in thick scales is governed by the diffusion of cations 
and anions across the scale, resulting in a parabolic growth rate [Eq. (4.5)]. Ions diffuse through defects 
such as grain boundaries and dislocations, via a vacancy diffusion mechanism. This means that when a 
vacancy is present, an ion will jump into the vacant site and the vacancy will take the position of the ion. 
The ion will then jump into the next available vacancy and the process will continue. During the oxidation 
of an alloy, the growth of the scale follows a diffusion-controlled process that is determined by the 
diffusivity of the different ions through the scale.   

𝑋𝑋2 = kp*t +C       (4.5) 

Where X is the scale thickness, kp is the parabolic rate constant, t is the time, 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 in the alloy is negligible.  

The growth of the oxide scale may also be described using the cubic law, represented by [Eq. (4.6)].  In this 
case, the scale growth rate decreases faster than predicted by the parabolic kinetics. The cubic kinetics is 
observed in oxidation processes that involve diffusion-controlled growth of an oxide scale with additional 
constraints, such as the influence of microstructural changes, grain boundary diffusion, or phase 
transformations. Modelling studies on the effect of grain boundary diffusion on the oxidation of Ni-Cr 
alloys at high temperatures have demonstrated that grain boundaries in oxide scales act as diffusion short 
circuits, which strongly affect the oxidation kinetics [62,63].  

𝑋𝑋3 = kc*t +C       (4.6) 
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where X is the scale thickness, kc is the cubic rate constant, t is time, and C is the integration factor. 

Scale growth kinetics may also be governed by the logarithmic law, which states that scale growth is fast 
initially but decreases rapidly with time. This law applies to thin films at lower temperatures (<300°C), and 
the rate determining step in the reaction is suggested to be the tunnelling of electrons through the oxide 
scale [44]. This behaviour is represented by [Eq. (4.7)]. 

X = klog(t + t0) + C      (4.7) 

where X is the scale thickness, klog is the logarithmic rate constant, t is time, and C is the integration factor.   

During long exposures, especially in harsh environments, the rate laws described above are not stringently 
followed. This is because the thick scale may experience spallation and cracking, in which case the 
oxidation kinetics becomes a combination of these laws. Breakaway oxidation is a phenomenon that leads 
to transformation of the kinetics under a given corrosion regime. During breakaway process, the scale 
experiences enhanced growth and transforms from a slow-growing parabolic kinetics and protective scale 
(primary protection) to a fast-growing kinetics and less-protective parabolic growth rate (secondary 
protection). Such transitions in kinetics may be explained by some combination of the laws, e.g., parabolic-
cubic growth or super-/sub-parabolic growth.   

 

 
Figure 4.2: Graphical representation of the different laws applying to 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 system may be 
regarded as being in different corrosion-protection modes (also known as ‘corrosion regimes’), i.e., primary 
protection and secondary protection. These concepts were introduced by [49,64] to expand knowledge 
within HTC, and they have 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.  
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4.2.1 Primary protection 

High-temperature alloys rely on the formation of a protective scale to protect the alloy against further 
corrosion. Depending on the specific alloying elements, which include Fe, Ni, Cr, Mo, Si, and Al, an alloy 
can form protective oxide scales, such as chromia (Cr2O3) and alumina (Al2O3), which are adherent, 
thermodynamically stable and exhibit slow diffusion of ions at high-temperatures (up to about 800°C for 
chromia [65] and 1200°C  for alumina [66]). However, for the temperature used in this thesis (600°C), 
stainless steels typically form mixed oxides, e.g., chromium-rich (Fe,Cr)2O3 scale and 
chromium/aluminium-rich (Fe,Cr,Al)2O3 scale, which exhibit similar corrosion properties as Cr2O3 /Al2O3.  

The growth and protectiveness of Cr2O3 and Al2O3 scales at different temperatures and in different 
environments are of interest to many corrosion scientists. During exposure to O2, the alloy undergoes 
transient oxidation, whereby solid solutions and simple mixed oxides are initially formed, which 
subsequently transform into single-phase continuous layers [67,68]. Alloys that contain high levels of 
chromium (e.g., stainless steels) quickly form the dense Cr2O3 (or a Cr-rich (Cr,Fe)2O3) scale and can 
sustain this scale, as there is a constant supply of chromium to the scale. However, the stability and 
protectiveness of the Cr2O3 scales are limited to temperatures <1000°C due to volatilisation to gaseous 
CrO2(OH)2 [69]. 

For alumina-forming alloys, the protective α-Al2O3 scale is normally formed at temperatures >900°C [70]. 
Below these temperatures, it is mainly the metastable alumina phases (γ-Al2O3, θ-Al2O3 and δ-Al2O3) that 
are formed [71]. These metastable alumina oxides offer lower levels of protection than α-Al2O3. However, 
in a recent study, the formation of a fast-growing and less protective α-Al2O3 scale on an iron aluminide 
coating was reported at a much lower temperature (600°C) in KCl-containing environments [72]. The 
authors attributed the formation of α-Al2O3 on the coating at such lower temperatures to hydrolysis of AlCl3 
generated in the corrosion process.  

4.2.2 Breakaway oxidation 

The Cr2O3 and Al2O3 scales remain protective within their respective temperatures ranges as long as 
structural stability is maintained. However, during exposure in corrosive environments, such as in biomass-
fired and waste-fired boilers, these scales rapidly undergo a transformation in which the oxide 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 kinetics, entailing a rapid increase 
in mass gain, 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 so as to form and maintain the protective scale. This is 
evident from the rapid oxidation observed in low-alloyed steels [64], as well as chromium-evaporation from 
the Cr2O3 scale [69]. 
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4.2.3 Secondary protection 

Secondary protection, which refers to the corrosion regime after breakaway oxidation, is considered 
important for stainless steels at medium-high temperatures e.g., 600°C. The scales formed during this 
corrosion regime generate complex microstructures and normally exhibit increased oxidation kinetics. 
Since different elements have different affinities for oxygen and have different mobilities through the 
different oxide phases, the resulting scales are multi-layered as shown in Figure 4.3. These scales are often 
characterised by an outward-growing and an inward-growing part [20,64,73]. The interface between these 
layers has been interpreted as the original metal/scale interface before breakaway and is represented by a 
dashed line in the schematic illustration in Figure 4.3. The direction of scale growth is determined by ion 
diffusion through the scale, i.e., the outward-growing scale results from the outward diffusion of cations, 
while the inward-growing scale results from the inward-diffusion of anions.  

 

Figure 4.3: Schematic illustration of the different corrosion protection modes for a chromia-forming alloy. 
The different oxide layers are presented in grey level resolution.   

Within the initial stages of the secondary corrosion regime, alloys have been shown to exhibit different 
corrosion behaviours, i.e., varying degrees of corrosion resistance [64]. The sequence of oxide formation is 
dictated by the thermodynamics and the different diffusion rates, with Fe-ions exhibiting faster mobility 
than Cr- and Al-ions [74,75]. Iron-based chromia-forming alloys form iron-rich oxides in the outward-
growing scale and a chromium-rich spinel-type oxide in the inward-growing scale. Similar oxide 
microstructures are exhibited by the alumina-forming alloys, with the inward-growing scale forming 
chromium/aluminium-rich spinel-type oxide. During the course of oxidation for longer durations, these 
alloys may form chromium/aluminium-enriched oxides in the inner scale, which results in gradual 
formation of a more-protective chromium/aluminium-rich corundum-type oxide (also known as a healing 
layer) [64,76]. The addition of other alloying elements, such as Si, has been reported to promote the 
formation of a more chromium/aluminium-rich inward-growing scale that exhibits a more-protective 
behaviour [49,77].  

The concept of secondary corrosion protection becomes more relevant for materials that are exposed to 
harsh conditions for long operating times at intermediate temperatures (∼600°C). The oxide microstructures 
formed after breakaway will in this case 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. 
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4.3 Corrosion mechanisms 

Several factors contribute to the oxidation process of metals, such as environment and temperature. Studies 
of corrosion mechanisms have traditionally focused on the initial stages of oxidation or short-term corrosion 
processes, i.e., within the primary corrosion regime. This thesis focuses on the corrosion behaviour after 
breakaway (secondary corrosion regime).  

In the following sections, HTC mechanisms relevant to the combustion of biomass/waste will be described.  

4.3.1 Chromate formation 

In the presence of alkali-containing species, e.g., KCl, the protective scale (Cr2O3 or (Cr,Fe)2O3) on stainless 
steels is broken down according to [Eq. (4.8)] to form K2CrO4 and release HCl, as proposed by Pettersson 
et al. [8]. During this process, the scale is depleted of chromium, which impairs its protective properties. 
Figure 4.4 shows K2CrO4 particles on the surface of a stainless steel sample after exposure to a KCl-rich 
laboratory environment for 8000 hours. In alkali chloride-rich environments, e.g., biomass- and waste-fired 
boilers, alloys suffer accelerated corrosion due to continuous chromate formation which reduces the life-
time of the material given that the primary protective scale is impossible to sustain. Several studies have 
reported the formation of chromate during alkali chloride-induced high-temperature corrosion 
investigations (see for example, [78,79]). The rate of K2CrO4 formation has been reported to be fast, 
occurring within hours [80–82], and the number of K2CrO4 particles increases in the vicinity of high 
concentrations of the alkali salts [82,83].   

1
2
Cr2O3(s) + 2KCl(s) + H2O(g) + 3

4
O2(g) ⇌ K2CrO4(s) + 2HCl(g)  (4.8) 

 
Figure 4.4: SEM-SE image showing K2CrO4 particles on the surface of a stainless steel sample after 
exposure to a KCl-rich environment.  

For many stainless steels, it is the chromium-rich mixed oxide (Fe,Cr)2O3 rather than Cr2O3 that is destroyed 
via K2CrO4 formation according to [Eq. (4.9)], thereby forming non-protective Fe2O3. The breakdown of 
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the protective scale via chromate formation has also been reported for alloys that have been exposed to 
K2CO3, which shows that phenomenon is not limited to alkali chloride species [15,84].   

1
2
(Fe1-xCrx)2O3(s) + 2xKCl(s) + 3𝑥𝑥

4
O2(g) + xH2O(g) ⇌ xK2CrO4(s) +  1

2
(1-x)Fe2O3(s) + 2xHCl(g) (4.9) 

Since alloys suffer breakaway oxidation through chromate formation and experience rapid degradation in 
boiler environments, understanding the long-term corrosion properties of oxide scales formed in the post-
breakaway regime, i.e., secondary corrosion regime, becomes important.  

4.3.2 Chlorine-induced corrosion – chlorine cycle 

Another proposed corrosion mechanism that is referred to in the boiler environment is the active oxidation 
mechanism (also known as the chlorine cycle), which was initially proposed by McNallan et al. [85] and 
further developed by Grabke [86]. This mechanism highlights the catalytic role of chlorine in the metal 
oxidation process. The mechanism follows three steps: initiation, propagation, and termination. In the 
initiation step, chlorine is proposed to be released from chlorine-containing species, e.g., through the 
oxidation of HCl [(Eq. 4.10)]. According to the mechanism, the formed chlorine gas is transported through 
the oxide scale and reacts with the alloying element, leading to the formation of volatile metal chloride at 
the scale-metal interface, according to [(Eq. (4.11)]. At high temperature, the vapour pressure of these metal 
chlorides is high, and the gaseous metal chlorides diffuse outwards. Upon reaching regions with higher 
oxygen partial pressures, the metal chloride is converted to its corresponding oxide, according to [(Eq. 
(4.13)]. This final step also leads to the release of chlorine gas, which either evaporates or is transported 
back to the metal-scale interface, such that the cycle repeats. In this mechanism, chlorine accelerates 
corrosion due to its catalytic nature, whereby it continuously recycles to form more metal chlorides that 
convert to oxides.  

2HCl(g) + 1
2
O2(g) ⇌ Cl2(g) + H2O(g)    (4.10) 

M(s) + Cl2(g) ⇌ MCl2(s)     (4.11) 

MCl2(s) ⇌ MCl2(g)      (4.12) 

2MCl2(g) + O2(g) ⇌ 2MO(s) + 2Cl2(g)    (4.13) 

However, the chlorine cycle mechanism raises the question as to how only the Cl2(g) and MeClx(g) is 
allowed to diffuse through the oxide scale whereas O2(g) is not. If oxygen would diffuse through the scale 
via the same transport paths as chlorine, i.e., pores and cracks, that would reduce the possibility of metal 
chloride formation at the metal/scale interface, since the oxygen partial pressure would increase across the 
scale. Another questionable aspect of the chlorine cycle mechanism is the fate of chlorine in an environment 
that is rich in water vapour, such as the biomass/waste-boiler environment. In the presence of water vapour, 
the reaction in [Eq. (4.10)] would be reversed and instead the reaction expressed by [Eq. (4.14)] would 
occur.  

2H2O(g) + 2Cl2(g) → 4HCl(g) + O2(g)    (4.14) 
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For these reasons, a different mechanism based on an electrochemical process has been proposed. 

4.3.3 Chlorine-induced corrosion – electrochemical approach 

The electrochemical approach suggested by Folkeson et al. [87], involves a redox reaction in which 
molecular chlorine dissociates at the scale-gas interface to form chloride ions [Eq. (4.15)]. Simultaneously, 
cations are created at the metal-scale interface via oxidation [Eq. (4.16)], and this generates an electron 
current. In the case of biomass combustion, where there is a high HCl content, chloride ions are released 
via the deprotonation of HCl, according to [Eq. (4.17)], and there is reduction of oxygen at the cathode.  

Cl2(g) + 2𝑒𝑒− → 2𝐶𝐶𝐶𝐶−(ads)     (4.15) 

Me(s) → M𝑒𝑒𝑛𝑛+ + n𝑒𝑒−      (4.16) 

2HCl (ads) + 1
2
O2 (ads) + 2𝑒𝑒− → H2O (g) + 2𝐶𝐶𝐶𝐶−(ads)  (4.17) 

In contrast to the active oxidation mechanism, the transport of chlorine through the scale is via Cl-. The 
monovalent Cl-, in contrast to the divalent O2-, is also expected to diffuse faster through the oxide scale. 

4.3.4 Chromic acid formation 

Water vapour may also react with the protective chromia layer, according to [(Eq. (4.18)], leading to the 
formation of chromic acid CrO2(OH)2 [88]. The continuous formation and evaporation of chromic acid 
depletes the scale of chromium, leading to the formation of a poorly protective secondary scale. The effect 
of water vapour on the corrosion of metals has been investigated in many studies (see for example, [89,90]. 
It has been suggested that the formed chromic acid is removed from the metal surface through evaporation, 
which constantly shifts the equilibrium of the reaction to the right. The rate of chromium evaporation 
increases with temperature and gas flow [91]. 

1
2
Cr2O3(s) + H2O(g) + 3

4
O2(g) ⇌ CrO2(OH)2(g)    (4.18) 

The effect of water vapour on metal oxidation has also been attributed (among other suggestions) to its 
involvement in reactions at the metal surface that change the oxidation mechanism [83,92]. These studies 
suggest that H2O(g) is the main source of oxygen, and that it promotes internal oxidation of chromium in 
FeCr alloys. 
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5 Experimental procedures 
 

The experimental activities are described in two parts: Set-up development and Corrosion tests both in the 
laboratory and field, as illustrated in Figure 5.1. 

 

Figure 5.1: Experimental activities carried out in this thesis. The order of performance is shown by the 
green arrow, and the respective publications are listed in the blue-coloured panes. Addition experimental 
work was performed for paper IV [93].  

5.1 Set-up development 

5.1.1 KCl evaporation test 

In this work, an experimental set-up was developed and optimised in the laboratory to minimise KCl 
evaporation and, thereby, enable long-term corrosion testing involving the application of salt to the sample 
surface at 600°C. For this purpose, KCl evaporation tests were performed using three (24-carat) gold 
coupons, in order to avoid surface reactions. The effect of gas flow on KCl evaporation was investigated at 
two gas flows: 0.1 cm/s and 0.5 cm/s. In addition, an alumina boat filled with KCl(s) was placed up-stream 
of the samples to saturate the incoming gas with KCl(g) before passing over the samples. Prior to exposure, 
the gold samples were sprayed with varying amounts of KCl (range, 0.2–0.9 mg/cm2). 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% O2 + 20% H2O + N2 (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 total heating zone of about 30 cm (Figure 5.3).   
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Figure 5.2: Schematic of the experimental set-up used for the investigations in this thesis. 

 

 
Figure 5.3: Measured temperature profile after calibration prior to the sample exposures. 

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 SVM12 material. The coupons were prepared by grinding the 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. KCl salt was pre-deposited onto the samples by spraying a 
solution that consisted of 80 vol% ethanol and 20 vol% distilled water saturated with KCl. 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 KCl was deposited. The samples were then incubated in 
a desiccator for 24 hours and re-weighed just before exposure. 

5.2 Laboratory corrosion tests 

5.2.1 Materials 

The corrosion behaviours of various alumina-forming and chromia-forming alloys were investigated using 
the newly developed set-up described in Section 5.1. The alloys were studied as bulk, as well as overlay 
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weld coatings to compare their corrosion behaviours. Table 5.1 shows the chemical compositions of the 
tested materials. The newly developed martensitic stainless steel SVM12 was supplied by Vallourec SA 
and tested both as bulk material and as the substrate for the overlay weld coatings. The ferritic FeCrAl 
alloys 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 
20×10×2 mm, while the overlay weld had the dimensions of 20×10×8 mm. A detailed description of how 
the overlay welding process was conducted can be found in Section 3.3.2.  

 

Table 5.1: Chemical compositions of the alloys studied in this thesis. 

Material Chemical composition (wt-%) 

Fe Si Mn Mo Cr Al Ni C Others 

SVM12 Bal. 0.6 0.8 0.6 12.0  0.4 0.16 W=1.50-2.50 

Co=1.50-2.50 

V=0.15-0.30 

Kanthal® EF101 Bal. 1.25 0.10  12.4 3.7  0.02 RE 

Kanthal® EF100 Bal. 0.3 0.2  10.1 4.0 <0.5 0.02 RE 

Kanthal® APMT Bal. 0.7 0.4 3.0 21.0 5.0  0.08 RE 

Alloy 27Cr33Ni3Mo Bal. 0.8 2.0 3.0 25-31  27-36 0.1 RE 

A625 4.29 0.2 0.35 9.0 21.0 0.19 63.0 0.1 RE 

Fe10CrAl Bal.    10 3   C, N, Zr 

Fe15CrAlSi Bal. 2   15 3    

Fe20CrAlSi Bal. 2   20 3    

5.2.2 Sample preparation and furnace exposures 

All the materials tested in their bulk versions were prepared according to the sample preparation procedure 
described in Section 5.1.2. The overlay weld coatings did not undergo any sample preparation prior to 
exposure. Four sets of corrosion tests, labelled c, d, e, and f in Figure 5.1, were performed in the laboratory 
environment by utilising the newly developed experimental set-up describe in the sub-chapter 5.1, as 
follows:  

Laboratory corrosion test (c): 0.5 mg/cm2 KCl was pre-deposited on the samples (both bulk materials and 
overlay weld coatings), which were then exposed for 500 hours at 600°C. 

Laboratory corrosion test (d): 2 mg/cm2 KCl was pre-deposited on the samples (both bulk materials and 
coatings) and the exposure was carried out for 168, 500, 1000, 2000, and 8000 hours at 600°C. In the case 
of samples exposed for up to 8000 hours, 3 mg/cm2 KCl was pre-deposited on the samples.   
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Laboratory corrosion test (e): 2 mg/cm2 KCl was pre-deposited on the samples (only bulk materials) and 
the exposure was carried out for 168 hours at 600°C. In addition, 500 ppm HCl was introduced into the 
furnace system from a gas mixture of 5% HCl-95% N2 and was regulated using a mass flow controller.  

Laboratory corrosion test (f): In this exposure, 2 mg/cm2 KCl was pre-deposited on the samples which 
were inserted in 16-mm quartz tubes and evacuated up to 10–5 mbar. The sealed quartz capsules were then 
introduced into the tube furnace at 600°C and the exposure was carried out for 24 hours and 1000 hours. 

All the laboratory corrosion tests were performed isothermally, and the samples were weighed before and 
after the exposures using a Sartorius™ scale with a resolution of 1µg. 

5.3 Field corrosion tests  

5.3.1 Materials  

The materials investigated in the field were machined into rings with an inner diameter of 3.3 cm and a 
thickness of roughly 2 mm. No further sample preparation was performed on the ring samples prior to 
exposure (for the sample ring, see Figure 5.4 a). Four coatings from different material classes were used, 
namely: a marginal chromia-former (SVM12); a FeCrAl (Kanthal® APMT); a lean FeCrAl (Kanthal® 
EF101); and a Ni-based coating (A625) (for chemical composition, see Table 5.1).  

5.3.2 Exposures 

The field exposures were carried out in the superheater regions of three different commercial boilers. The 
tests were conducted using an air-cooled probe with two temperature zones. The temperature in these zones 
was controlled using thermocouples and maintained at 600°C in both zones. Figure 5.4 b shows a schematic 
drawing of the probe with temperature zones marked 1 & 2.   

 
Figure 5.4: Air-cooled probe used for the field corrosion tests. 

The marginal chromia-former (SVM12) and the FeCrAl (Kanthal® APMT) were exposed for 3000 hours 
in a bubbling fluidised bed (BFB) boiler designed for the Dalkia Facture SCA paper factory in Biganos 
(France). The boiler's steam production capacity is 47.15 kg/s at 10 bar(a) and the steam temperature is 
520°C, with feedwater at 180°C. The solid fuel mixture designed for this boiler includes paper factory waste 
(bark, chips, paper mill sludge), forestry waste (treetops, branches, stumps), industrial wood waste (bark, 
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sawdust, chips), and municipal wood residues (municipal pruning waste and branches). Natural gas is used 
as the starting and support fuel.  

The lean FeCrAl (Kanthal® EF101) alloy was exposed for 2000 hours in another BFB boiler (ASV06) 
located at the Asnaes power station in Kalundborg, Denmark. The ASV06 boiler uses wood chips as fuel 
and produces steam at a pressure and temperature of 100 bar and 540°C, respectively. The boiler has a 
nominal thermal heat input of 140 MJ/s.    

The Ni-based alloy (A625) was exposed for 1,000 hours in a waste-fired grate boiler with a thermal capacity 
of 27 MW. It produces steam that is used for electricity production and district heating. The Line 4 of the 
CHP plant is located at the AffaldPlus plant in Næstved and it has a nominal capacity of 8 t/h. The steam 
pressure is 54 bar, and the steam temperature is 405°C. 
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6 Analytical techniques 
 

A combination of analytical techniques was used in this work to characterise the corrosion products and to 
investigate the microstructures of the oxide scales formed on the different materials and coatings. The main 
working principles of the different techniques are described in the following sub-chapters.  

6.1 Cross-section preparation - broad ion beam milling 

Broad ion beam (BIB) milling is a powerful tool for preparing cross-sections for analysis with SEM. The 
milling produces wide and smooth surfaces, making it possible to observe and characterise the minute 
features of the sample. For this process, a sample is introduced into the chamber, fastened to a stage below 
a mask, which protects the sample (except the edge to be milled) from direct collision with the incoming 
beam, and the milling process proceeds in a vacuum. During BIB milling, 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 illustrates 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 may 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 
II system for planar milling, operated at 6 kV.  

Prior to ion-milling, the cross-sections are prepared by cutting the sample and polishing (up to 0.5 µm) 
using the Leica EM TXP target surfacing system.  

 
Figure 6.1: SEM-BSE cross-sectional image showing ion-milled and mechanically polished regions of the 
same sample.  

6.2 Light optical microscopy 

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. Typically, the resolution of LOM is about 200 nm, as it is 
limited by the wavelength of visible light [94]. In this study, LOM was used to check the sample surfaces 
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during specimen preparation. In addition, LOM was used to acquire low-magnification images of cross-
sections of the samples after exposure, to reveal 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 2000 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 

For more-detailed characterisations of corrosion products, scanning electron microscopy (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 
crystallographic structure. A schematic of the 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 [95].  

 

Figure 6.3: Schematic of a scanning electron microscope, showing the different components and optics 
[95].  
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Once the electrons interact with the sample, several types of signals are generated. In this work, three signals 
have been used: a) secondary electrons; b) back-scattered electrons; and c) characteristic x-rays. The 
magnitude of each signal generated delivers information about the material, which in turn depends on 
several other factors, such as the accelerating voltage, type of material, and angle of incidence. Different 
signals originate from the sample from different depths, as shown in Figure 6.4. A higher accelerating 
voltage results in a larger interaction volume and reduced spatial resolution.  

 
Figure 6.4: Interaction volume depicting the energy disposition when the electron beam of the SEM 
interacts with the sample surface. a) Based on a CASINO Monte Carlo simulation and reported by [95]. b) 
The different signals emitted within the interaction volume. 

Secondary electrons 

Secondary electrons (SE) are low-energy electrons (<50 eV) that are emitted when the incident beam 
inelastically interacts with the sample surface. The 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 generate information about the topography of the sample.  

Back-scattered electrons 

Back-scattered electrons (BSE) are generated from a larger interaction volume, due to the higher energy of 
the electron generated by elastic interactions of electrons with the nuclei of the 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, therefore, 
appear brighter. This principle can be exploited to acquire information about the composition of the sample. 
Furthermore, electron channelling contrast imaging (ECCI) in SEM may be utilised to obtain the 
crystallographic orientations in the sample. The principle behind ECCI is that when the crystal lattice is 
oriented appropriately in relation to the electron beam, electrons channel through the lattice planes, causing 
varying intensities of the back-scattered electrons [96]. The images produced reveal structural features such 
as grain boundaries/orientations (see example in Figure 6.5). In this thesis, the images acquired using ECCI 
were used to measure the oxide grain sizes. 
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Figure 6.5 SEM-BSE image showing the different grains in the oxide. 

The FEI Quanta 200 Environmental Scanning Electron Microscope (ESEM) equipped with energy-
dispersive x-ray (EDX) detector was used to characterise the corrosion products. The accelerating voltage 
was in the range of 8.5–12 kV for imaging with the BSE detector and 20 kV for the chemical analyses. 
Prior to imaging, the samples were cut using a Leica EM TXP instrument and cross-sections were prepared 
using the Gatan PECS II BIB milling system.  

Characteristic X-rays   

X-rays escape from deeper regions within the interaction volume (Figure 6.4b). 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., to 
uncover the elemental content of the sample. The precision of measurement may be influenced by the 
number of x-ray counts detected. Higher count rates and longer acquisition times reduce statistical noise, 
which is important for obtaining more-precise and reliable measurements. Besides, one of the challenges 
in energy-dispersive x-ray (EDX) spectroscopy is the overlap of characteristic x-ray peaks in the spectrum. 
This overlap occurs when x-ray peaks from two or more elements are close in energy and cannot be easily 
distinguished, which can compromise the accuracy and precision of the elemental identification and 
quantification. For example, sulphur (S Kα) and molybdenum (Mo Lα) have overlapping peaks at ~2.30 
keV. To mitigate the effects of overlap, several strategies can be deployed, e.g., using high-resolution 
detectors that can better separate the closely spaced peaks, or using reference standards with known 
compositions to help distinguish between overlapping elements by providing a benchmark for the peak 
intensities and positions.  
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6.4 Electron back-scatter diffraction 

Electron back-scatter diffraction (EBSD) is an SEM-based technique that allows the collection of 
crystallographic information from the sample. 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 (∼70°) and is diffracted by lattice planes at different depths within the sample. Depending on the 
orientations 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 Kikuchi bands on a phosphor screen. A schematic of the EBSD set-up is shown in Figure 
6.6a. The arrangement of the Kikuchi bands in the EBSD pattern is a geometric representation of the 
orientation of the lattice planes within the crystal, which means that they can be used to obtain 
crystallographic information about the material, e.g., phases.  An example of indexed Kikuchi bands for the 
hematite crystal structure is shown in Figure 6.6b. Phase identification in the present work was performed 
using the TESCAN GAIA3 dual-beam instrument operated at 20 kV on ion-milled cross-sections. 

 
Figure 6.6: a) Schematic of the EBSD set-up. b) Kikuchi bands of indexed hematite phase. 

6.5 Transmission electron microscopy 

Transmission electron microscopy (TEM) offers very high resolution and can be used for the imaging and 
chemical analysis of various materials. The principle of scanning TEM (STEM) is similar to that of SEM 
in that electromagnetic 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) [97]. The TEM is operated with high-
energy electrons (about 80–300 keV) that pass through the sample. For this study, the TEM analysis was 
performed by Dr. Imran Hanif. The FEI Titan 80–300 STEM equipped with the field emission gun, an 
Oxford X-sight EDX detector, and a high-angle annular dark field (HAADF) detector was used. The 
instrument was operated at 300 keV. Prior to the analysis with STEM, the samples were prepared using a 
dual-beam Versa 3D Focused Ion Beam (FIB) milling machine to produce thin lamellae. A detailed 
description of the FIB sample preparation can be found elsewhere [11].  
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6.6 X-ray diffraction 

X-ray diffraction (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. The XRD 
technique is based on constructive interference of an x-ray beam with the crystalline material. The principle 
of XRD 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. The core principle of XRD is Bragg's law, which explains how constructive 
interference occurs when x-rays are scattered by a crystalline lattice, as given by [(Eq. 6.1)]. 

  nλ=2dsinθ        (6.1) 

where:  

n is an integer (order of diffraction), 

λ is the wavelength of the incident x-rays, 

d is the spacing between crystal planes, and 

θ is the angle of incidence of the x-ray beam. 

Constructive interference leads to observable diffraction patterns when this condition is met. 

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, so as to achieve greater penetration of the thick 
oxide scales formed by the alloys during long exposures. 

6.7 Average grain size measurement 

The average grain sizes of 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 [98]. 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 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 used for determining the average grain sizes for oxides and steels. 

 
The average grain size (N) is determined by calculating the ratio of the intercepts to line length using the 
equation [(Eq. 6.2)]:  

N= n∗p∑x−1
        (6.2) 

where n is the number of lines, p is the length of the test line, and x is the number of intersects. 

It should be noted that although parallel vertical lines were used for this purpose in this work, randomly 
oriented test lines may also be used to obtain grain size. The choice of orientation of the test lines depends 
on the anisotropy of the grains, i.e., the degree of grain elongation. In general, parallel test lines are 
preferable for equiaxed grains, while randomly oriented test lines are preferable for elongated grains (to 
reduce grain anisotropy effects). 

6.8 Computational modelling and simulation 

Thermodynamic equilibrium calculations were performed using the Thermo-Calc 2023a software with the 
oxide database TCOX12, to calculate the stable oxide phases formed by the 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 aim of this thesis is to develop and utilise long-term laboratory corrosion mechanisms in order to 
understand and predict the corrosion of materials and coatings used for applications in biomass- and waste-
fired boilers. For this purpose, a well-controlled long-term corrosion test set-up was developed, and the 
corrosion behaviour/mechanisms of several chromia- and alumina-forming alloys were investigated under 
laboratory conditions and in commercial boilers. As mentioned in the Introduction section, stainless 
superheater steels are expected to undergo breakaway corrosion, whereby the primary protection (Fe,Cr)2O3 
is quickly transformed into secondary protection, i.e., fast-growing and less-protective Fe-rich oxides. In 
order to understand the long-term corrosion properties of materials, a combination of well-controlled long-
term laboratory exposures and field investigations is necessary.  

In this chapter, the results of the corrosion investigations will be discussed in two sections. The first section 
is concerned with the development of the experimental set-up used for the laboratory corrosion 
investigations, as well as with the initial set-up tests with a stainless steel SVM12. In the second section, 
the results of the corrosion investigations are discussed. The focus is on the long-term corrosion behaviours 
of the FeCr(Ni), NiCr and FeCrAl(Si) alloys, the mechanisms driving the corrosion, the influence of alloy 
microstructure, and the impact of increased chlorine load on the oxide scales formed after breakaway 
corrosion. In addition, the results of the laboratory corrosion investigations are utilised to understand and 
predict the progress of alloy corrosion in boiler environments.  

The focus of the research is on the following research questions:  

Research question 1. What are the mechanisms that control the formation of good/poor secondary 
protection on FeCr(Ni), NiCr and FeCrAl(Si) alloys during long-term laboratory exposures to KCl at 
600°C? 

Research question 2. How can long-term corrosion kinetics under laboratory conditions be used to 
understand the mechanisms and predict oxidation behaviour in complex boiler environment? 

7.1 Laboratory set-up for long-term corrosion investigations 

7.1.1 Conditions to mimic the boiler environment 

To study the corrosion mechanisms of alloys in complex boiler environments, it is necessary to design an 
experimental procedure that mimics the key corrosive species in the boiler environment at a relevant 
temperature. In this work, the focus material temperature is 600°C, i.e., in the expected material temperature 
range for state-of-the-art biomass-fired boilers with 560°C/300 bars steam data (e.g., the wood pellet fired 
boiler at Avedøre power plant, Unit 2).  Regarding the chemical environment, various studies have shown 
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that alkali chloride species (particularly KCl), HCl and H2O are key species for accelerating the high-
temperature corrosion of superheater steels in commercial boilers. These species induce breakaway 
corrosion, leading to accelerated corrosion and a rapid scale transition to the secondary protection. The 
breakaway corrosion mechanisms are described in detail in Section 4.3. However, the impact on the 
progression of secondary protection is less known. Thus, the investigations in this thesis were carried out 
at 600°C in the presence of 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g), while the impact of adding HCl 
was investigated in Paper V. To investigate the influence of KCl(s) on the secondary corrosion protection 
at 600°C for an extended period, KCl(s) needs to be present at the sample surface throughout the exposure 
period. The different techniques used for applying KCl(s) to the samples’ surfaces are described in Paper 
I. The high evaporation rate of KCl(s) at 600°C is a known challenge associated with investigations of KCl-
induced corrosion [99], which explains why most previous studies investigating KCl-induced corrosion 
have involved short-term exposures [9,76,87,100,101]. To address this challenge, a set-up was developed 
that involved pre-deposition of KCl(s) onto the samples before exposure, together with a low gas flow rate, 
and placing a KCl(s) source upstream of the samples, so as to minimise the evaporation rate of KCl from 
the sample surfaces. These various parameters of the set-up were investigated and validated using gold 
coupons and are documented in Paper I and in the Licentiate thesis [102].  

7.1.2 Robustness of the set-up 

In order to achieve long-term exposures for a large material matrix, the set-up needs to limit KCl 
evaporation from the sample surfaces and also enable exposure of multiple samples without the risk of 
sample position-dependent results. KCl evaporation may limit the number of samples in each exposure, as 
a well-controlled gas flow rate must be maintained while the samples are placed in parallel positions (see 
Figure 5.2). Thus, the position-dependence of the experimental set-up was investigated by exposing 18 
samples of the stainless steel (SVM12) to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) for 168 hours at 
600°C. Gravimetric analysis revealed that all the SVM12 samples exhibited mass gains in the range of 4.7–
6.8 mg/cm2, with an average mass gain of 6.1 mg/cm2 and a spread of ±0.7 mg/cm2 (Figure 7.1). The spread 
in mass gain data can be attributed to the occurrence of oxide spallation for certain samples as they cooled 
following the exposure. The phenomenon of scale spallation on alloys exposed to a KCl-containing 
environment has previously been reported [103]. The variation observed among the non-spalled samples in 
the present set-up is considered to be natural variability and is within the expected range. Thus, regardless 
of sample position, all the samples exposed in this set-up experienced a similar corrosion attack. The high 
mass gain indicated that breakaway oxidation had been induced and that the alloy had transitioned into the 
secondary corrosion regime as excepted. The presence of KCl(s) throughout the exposure period was 
confirmed by SEM/EDX during the post-exposure analysis (see Figure 7.2). The new set-up forms the 
foundation for longer exposures.  
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Figure 7.1: Mass gains for 18 samples of SVM12 after exposure to 5% O2 + 20% H2O + N2 (Bal) + 
KCl(s)/KCl(g) for 168 hours at 600°C. The asterisks (*) indicate samples that experienced spallation.  

 
Figure 7.2:  SEM image showing the presence of unreacted KCl particles on SVM12 sample, after exposure 
to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) for 168 hours at 600°C. 
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7.2 Long-term alkali chloride-induced high-temperature corrosion 

This section discusses investigations of the secondary protection of several alloys in the presence of KCl 
for 500 hours of exposure. The results were obtained utilising the experimental set-up introduced in Section 
7.1 and are connected to Research question 1.  

Research question 1: What are the mechanisms that control the formation of good/poor secondary 
protection on FeCr(Ni), NiCr and FeCrAl(Si) alloys during long-term laboratory exposures to KCl at 
600°C? 

7.2.1 Corrosion behaviours, mechanisms and alloy microstructures 

The FeCr, NiCr and FeCrAl alloys included both bulk materials and coatings of similar composition. In 
each case, 0.5 mg/cm2 KCl(s) was pre-deposited on the samples before exposure to 5% O2 + 20% H2O + 
N2 (Bal) + KCl(s)/KCl(g) at 600°C for 500 hours. The results of this investigation are documented in Papers 
I and II.  

The extent of the corrosion attack in the presence of KCl(s) for 500 hours was evaluated based on the 
average oxide thickness and microstructure. Oxide thicknesses were measured on large ion-milled SEM-
BSE cross-sectional images using ImageJ software. Several measurements were obtained from 
representative regions that lacked signs of spallation, and the average values were calculated, as presented 
in Figure 7.3. The variation in thickness across the region is presented as a range. Oxide thickness was 
selected because it depicts the actual extent of the corrosion attack, in contrast to mass gain measurements, 
which reflect the general corrosion behaviour of the material.  

 
Figure 7.3: Oxide thicknesses of the bulk materials and overlay weld coatings after exposure for 500 hours 
to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) at 600°C.  
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All the cross-sections were investigated in detail using SEM, and the crystalline corrosion products were 
characterised with XRD. Figure 7.4 shows the SEM-BSE cross-sectional image of the corrosion attack on 
the un-coated SVM12 sample, displaying the microstructure. The oxide scale can be divided into an 
outward-growing layer composed of iron-rich oxide and an inward-growing layer composed of a mixed 
spinel oxide, indicating ion diffusion-controlled scale growth. Similar oxide microstructures have been 
reported for short-term exposures in previous studies (see, for example [22,104]). At the surface of the 
sample, un-reacted KCl particles are visible. The scale contains cracks, which are attributed to the sample 
preparation. This is based on the observation that the oxide scale thickness remains largely uniform 
throughout the sample. If the cracks had formed during the exposure, the alloy would have been subjected 
to accelerated corrosion in the areas surrounding the cracks.  

 
Figure 7.4: SEM-BSE cross-sectional image of SVM12 after exposure to 5% O2 + 20% H2O + N2 (Bal) + 
KCl(s)/KCl(g) for 500 hours at 600°C. 

The microstructural investigation revealed that all the alloys experienced a similar type of corrosion attack, 
resulting in the formation of outward- and inward-growing oxide scales (Figure 7.5). However, from the 
oxide thickness measurements and microstructural analyses, it is clear that the corrosion performances of 
the various alloys are influenced by the alloying elements and bulk/coating microstructures. From the 
SEM/EDX results, it can be concluded that enrichment of chromium/aluminium in the inner scale improves 
the corrosion resistance of certain alloys. Based on corrosion resistance, the investigated materials could be 
ranked (with increasing corrosion resistance) as follows: Kanthal® EF100 < Kanthal® EF100 < Kanthal® 
EF101 < APMT < A625. In this environment, Kanthal® EF100 fails to form a protective 
chromium/aluminium-rich inner scale and suffers accelerated corrosion, as evidenced by the measured 
oxide thickness. Besides, the overlay weld coating Kanthal® EF100 suffers a severe grain boundary attack, 
which reaches a depth of 75–108 µm. The good secondary protection exhibited by A625 is attributed to 
chromium enrichment of the inner scale, which may act as a barrier and prevent ions from diffusing through 
the scale, thereby mitigating further corrosion. Underneath the metal/scale interface, A625 forms a 4-µm-
thick, fine-grain region (FGR), which may contribute fast diffusion pathways for chromium to the scale. 
Another key aspect is that the protective chromium-rich oxide formed in the secondary protection is 
separated from the KCl(s) on the surface by the iron/nickel oxide formed after breakaway. 
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Figure 7.5: SEM-BSE cross-sectional images of the bulk materials and overlay weld coatings after exposure 
to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) for 500 hours at 600°C. The samples were sprayed with 
0.5 mg/cm2 KCl prior to exposure. 
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It should be noted that the corrosion resistance differs between the bulk materials and the overlay weld 
coatings of similar composition (see Figure 7.3 and Figure 7.5). To investigate why the bulk materials 
exhibit better corrosion resistance than the overlay weld coatings of similar composition, a detailed 
microstructural investigation was performed on the Kanthal® EF101 bulk material and the overlay weld 
coating. The results of this study are documented in Paper II. 

The SEM analysis of the unexposed bulk and overlay weld coating of Kanthal® EF101 revealed differences 
in the alloy microstructures, whereas the compositions were similar. As shown in Figure 7.6, the alloy grain 
sizes differed between the two cases, being in the ranges of 11–40 μm (bulk) and 20–70 μm (overlay weld 
coating). This discrepancy is attributed to differences in the manufacturing processes.  

 
Figure 7.6: SEM-BSE images of ion-milled Kanthal® EF101 before exposure: a) bulk material; b) overlay 
weld coating. 

Since the outward-growing, iron-rich oxides are very similar under the current experimental conditions, it 
was hypothesized that the corrosion resistance is influenced by the microstructure and composition of the 
inward-growing scale. Therefore, a detailed microstructural investigation using STEM/EDX was conducted 
on the complex inward-growing scales of the bulk and coated samples. The results from the TEM analysis 
revealed that the bulk sample formed an approximately 1-μm thick, chromium-rich oxide at the metal/scale 
interface accompanied by a 2-μm thick chromium-depleted zone beneath the scale (see highlighted region 
in the line scan in Figure 7.7). The inner scale contained a high concentration of trivalent ions (Cr and Al), 
exceeding 67.7% cationic ions, which represents the maximum concentration of divalent and trivalent ions 
in a spinel structure [105]. This indicates that the alloy has formed a slow-growing, corundum-type oxide 
at the metal/scale interface.  

In comparison, the overlay weld coating formed a thinner, chromium-rich oxide layer (approximately 500 
nm) accompanied by a 1-μm deep chromium-depletion zone, as indicated by the highlighted region in the 
line scan in Figure 7.7. The superior corrosion resistance displayed by the bulk material, as compared to 
the overlay weld coating, is attributed to the faster formation of a protective chromium-/aluminium-rich 
oxide layer at the metal/scale interface. The ability to form this protective scale more rapidly may be a 
consequence of the smaller grains in the bulk alloy, as compared to the overlay welded material (see Figure 
7.6), which would facilitate rapid chromium diffusion to the scale. This is in line with earlier reports 
indicating that the formation of a protective scale depends on the diffusivity and activity of 
chromium/aluminium in the bulk [64]. 
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Figure 7.7: HAADF-STEM image of bulk and overlay weld coating of Kanthal® EF101 lamella, and 
STEM/EDX line-scan showing elemental distribution in the lower regions of the inward-growing scales. 

In summary, the results from these initial corrosion investigations, together with the detailed TEM 
bulk/coating microstructural analysis, clearly demonstrate that the investigated alloys experience 
breakaway corrosion and transition to a secondary corrosion regime. Within the secondary corrosion 
regime, the alloys exhibit varying corrosion resistance levels linked to the alloy compositions and 
microstructures. However, further insights into the oxidation kinetics, the impacts of alloying elements, and 
the evolution of oxide scales within the secondary corrosion regime are needed to understand fully the long-
term corrosion performances of these alloys in harsh environments.  

7.2.2 Microstructural evolution of oxide scales within secondary corrosion regime 

In this section, new insights into the long-term kinetics and evolution of oxide scales formed after 
breakaway in alkali chloride-rich environments will be discussed. This information makes is possible to 
understand which factors contribute to the formation of good/poor secondary protection. For this 
investigation, alloys representing different material classes that may be used for applications in harsh boiler 
environments were selected. Laboratory corrosion tests were performed in an environment that consisted 
of 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) at 600°C for 168 hours, 1000 hours and 8000 hours. 
Moreover, model alloys were exposed for 2,000 hours and are included in the kinetics/evolution discussion 
because their behaviours in a very similar environment, albeit for shorter durations (up to 168 hours), have 
been published previously [19,49,105]. This provides the opportunity to systematically study their 
oxidation kinetics, as well as the impacts of alloying elements on the secondary protection, since all of these 
alloys experience breakaway oxidation prior to 168 hours of exposure in this environment. For all the 
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exposures, 2 mg/cm2 KCl was pre-deposited on the sample surfaces to induce breakaway oxidation and to 
ensure that KCl(s) was present on the surface throughout the exposure. The results of this investigation are 
documented in Papers III, IV and VII.  

The oxidation kinetics results are based on the average oxide thicknesses obtained from SEM-BSE images 
of ion-milled cross-sections of the samples. Thickness measurements were taken from representative 
regions that showed no signs of spallation. Figure 7.8 shows that all the tested alloys display thicknesses 
that are expected to form within the secondary corrosion regime (i.e., after breakaway) already after 168 
hours of exposure, as the primary protection regime is estimated to be short, as reported in for similar alloys 
[64]. This was also the case for the model alloys [105]. The SVM12 alloy exhibits the fastest oxidation 
kinetics, while alloy 27Cr33Ni3Mo exhibits the slowest oxidation kinetics of the alloys exposed for 168, 
1000 and 8000 hours. These oxidation kinetics patterns clearly show that oxide scale growth after 
breakaway oxidation may be categorised as: fast-growing scales, representing poor secondary protection 
(SVM12 and Fe10CrAl); and slow-growing scales, representing good secondary protection (APMT, alloy 
27Cr33Ni3M, Fe15CrAlSi and Fe20CrAlSi), in the presence of KCl(s). 

 

Figure 7.8: Average oxide thicknesses of the tested alloys after exposure to 5% O2 + 20% H2O + N2 (Bal) 
+ KCl(s)/KCl(g) for 168 hours, 1000 hours, 2000 hours and 8000 hours at 600°C. 

To gain further insights into the protective characteristics of these oxide scales, a microstructural 
investigation was conducted using SEM/EDX, SEM/EBSD and XRD, and the results are discussed for each 
alloy below.  

Martensitic stainless steel – SVM12 (Fe-12Cr) 

Figure 7.9 shows that the 12-wt% Cr SVM12 alloy forms thick oxide scales, i.e., measuring 91 µm after 
168 hours and about 206 µm after 8000 hours of exposure. The scales consist of outward-growing layers 
(region I) and inward-growing layers (region II). Potassium chromate is detected at the top of the scale and, 
in some cases, embedded in the outward-growing scale. The outer scales are composed of iron oxides, 
identified as hematite and magnetite, and the inner layers are composed of iron-chromium spinel-type 
oxide. The growth kinetics and dense oxide microstructures indicate a diffusion-controlled scale growth 
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that is enabled by the different diffusivities of cations through the spinel [74], in combination with chromate 
formation prior to breakaway oxidation. Very small amounts of Cl could be detected in the inner scale. 
After 168 hours, metal chlorides could be detected at the metal/scale interface. However, the formation of 
a dense oxide scale above the metal chlorides indicates that the active oxidation mechanism cannot be 
responsible for this scale growth. After 8000 hours, the alloy experiences low level of chromium enrichment 
closer to the metal/scale interface (region III). However, this chromium enrichment has no/limited impact 
on the scale growth rate for this alloy in this exposure time.  

 
Figure 7.9: SEM-BSE cross-sectional images of SVM12, showing the evolution of the oxide microstructure 
after exposure to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) for: a) 168 hours; b) 1000 hours; and c) 
8000 hours at 600°C.  

Ferritic FeCrAl alloy - APMT (Fe-21Cr-5Al-3Mo) 

The ferritic FeCrAl alloy APMT displays slower oxidation kinetics than SVM12, and forms thin oxide 
scales, i.e., with thicknesses of 25 μm, 31 μm, and 59 μm after 168 hours, 1000 hours, and 8000 hours, 
respectively (Figure 7.10 a–c). Potassium chromate is detectable on the surface in all the exposures, and 
oxide microstructures consisting of iron-rich outward-growing layers (hematite on top of magnetite) and 
inward-growing Fe,Cr,Al spinel-type oxides are observed for all the exposed samples. Chromium and 
aluminium enrichment can be observed at the metal/scale interface, which over time results in formation of 
a corundum-type oxide, indicating the formation of a more-protective secondary protection. These oxide 
scale growth as well as possible phase transformation are attributed to the high chromium activity in the 
bulk, together with the addition of aluminium. The beneficial effects of these alloying elements have been 
previously reported [64,105,106]. The experimental findings for the long-term oxidation behaviour of 
APMT are in good agreement with the thermodynamic calculations, which predict the formation of both 
spinel phase and a larger fraction of the corundum phase in the regions with a lower oxygen partial pressure 
(see Figure 6 in Paper III). Underneath the scale, the alloy forms nitridation zones (NZ), as indicated by 
the presence of N and Al. The process of alloy nitridation may have negative consequences for both 
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corrosion and mechanical properties of the alloy. This is because nitridation may bind aluminium, which 
could otherwise be required for the re-formation of a more-protective oxide scale.  

 

Figure 7.10: SEM-BSE cross-sectional images of APMT, showing the evolution of the oxide microstructure 
after exposure to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) for: a) 168 hours; b) 1000 hours; and c) 
8000 hours at 600°C.  

Austenitic stainless steel - Alloy 27Cr33Ni3Mo 

Alloy 27Cr33Ni3Mo exhibits the slowest oxidation kinetics and forms the thinnest oxide scales after 8000 
hours of exposure, as compared with SVM12 and APMT. The oxide scale consists of an outward-growing 
scale and inward-growing scale (Figure 7.11), with dense oxide scales indicating a diffusion-controlled 
growth mechanism, in combination with chromate formation prior to breakaway oxidation. After 
breakaway, the scales are initially composed of an iron/nickel-rich spinel in the outer layer and a chromium-
rich spinel in the inner layer. However, as the oxidation progresses, the inner scale becomes enriched with 
chromium, and a more-protective chromium-rich corundum-type oxide is formed. The formation of a 
protective chromium-rich corundum-type oxide within the secondary corrosion regime leads to the slow 
oxidation kinetics exhibited by this alloy after long-term exposures.  
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Figure 7.11: SEM-BSE cross-sectional images of Alloy 27Cr33Ni3Mo, showing the evolution of the oxide 
microstructure after exposure to 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) for: a) 168 hours; b) 1000 
hours; and c) 8000 hours at 600°C. 

The inner chromium-rich corundum-type oxide formation and possible oxide phase transformation were 
further investigated using DICTRA simulations of Cr2O3 oxide, in order to compare the formed oxide with 
an expected primary oxide growth [107]. Figure 7.12 shows that the corundum phase (obtained from 
experimental data) increases faster than the simulated Cr2O3 oxide scale, indicating that the fraction of 
corundum in the inner scale increases as oxidation progresses. This is probably due to a combination of 
phase transformation from the spinel oxide and formation of corundum oxide at the metal/scale interface. 
This type of oxide phase transformation has been reported in cases with the same experimental conditions 
after 2000 hours of exposure [93].  

 
Figure 7.12: Growth kinetics of the chromium-rich, corundum-type oxide in the inward-growing scale of 
Alloy 27Cr33Ni3Mo (red - simulated kinetics; blue - experimental kinetics). 
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An interesting feature exhibited by alloy 27Cr33N3Mo during exposure was the formation of a fine grain 
region (FGR) in the alloy below the metal/scale interface, as indicated in Figure 7.11. These alloy fine 
grains are considered to play a significant role in the re-formation of the protective chromium-rich, 
corundum-type oxide on this alloy. The increased number of grain boundaries offers more diffusion 
pathways for ions to the scale and improves the corrosion behaviour [108,109]. For this reason, a detailed 
microstructural investigation on the formation and evolution of the FGR was carried out, the results of 
which are documented in Paper VII. 

Figure 7.13a shows that the kinetics of the FGR follows what initially might be interpreted as parabolic 
growth. However, a plot of the depth of grain refinement against the square root of exposure time reveals 
that the data-points for the longest exposure times deviate from a strictly parabolic behaviour, as shown in 
Figure 7.13b. Thus, the kinetics of the FGR may be explained by the superparabolic-cubic kinetics, which 
accounts for grain boundary density in relation to scale growth, i.e., the consumption of chromium and 
formation of larger and larger grains towards the FGR/bulk interface (Figure 7.14). Accordingly, the FGR 
follows a parabolic behaviour in the earlier stages and shifts to a cubic behaviour in the later stages of 
oxidation. 

SEM/EDX analysis of the samples exposed for 8000 hours reveals that the FGR is accompanied by 
chromium depletion and void formation along the alloy grain boundaries. The chromium depletion in the 
FGR indicates that the formation of these fine grains is correlated to the oxidation process/consumption of 
chromium.  

 
Figure 7.13: Sub-surface grain refinement in alloy 27Cr33Ni3Mo after exposure to 5% O2 + 20% H2O + 
N2 (Bal) + KCl(s)/KCl(g): a) depth of grain refinement against exposure time; b) depth of grain refinement 
against square root of exposure time; c) SEM-BSE cross-sectional image revealing fine grains after 8000 
hours of exposure and the corresponding line scan. 



Chapter 8: Summary and Final remarks 

 

54 

 

The EBSD-IPF image in Figure 7.14 shows that the fine grains are equiaxed and contain Σ3 twins with twin 
boundaries (highlighted with red lines). The kernel average misorientation (KAM) map, which shows local 
grain misorientation between pixels, reveals very low levels of misorientation in these fine grains. In 
general, the KAM is high in regions with high deformation due to high dislocation densities, whereas the 
low KAM values in the current fine grains indicate low deformation levels. The driving force for grain 
refinement in this alloy is suggested to be linked to the chemical potential caused by chromium oxidation. 
As chromium diffuses to the scale during oxidation, the alloy suffers gradual disintegration. During the 
disintegration process, new grain boundaries are initiated along easily accessible chromium pathways and 
are actualised by the continuous diffusion that materialises from the relaxation of vacancy-induced plane 
stresses. 

 
Figure 7.14: EBSD inverse pole figure (IPF) showing the fine grain microstructure and kernel average 
misorientation (KAM) map after exposure for 8000 hours.  

It seems that the good secondary protection exhibited by alloy 27Cr33Ni3Mo after breakaway is a result of 
increased chromium diffusion to the scale, facilitated by the fine grain microstructure. Despite the beneficial 
effect of chromium enrichment of the scale, the extensive void formation due to the Kirkendall effect may 
undermine the structural integrity of the oxide scale when the material is exposed to a thermal or mechanical 
stress [110]. In long-term exposures, severe void formation could influence the corrosion behaviour of the 
alloys.  
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Ferritic FeCrAl model alloys (Fe10CrAl, Fe15CrAlSi and Fe20CrAlSi) 

The ferritic FeCrAl model alloys were investigated to understand the impact of alloying elements on the 
formation of good/poor secondary protection during long-term exposures in the presence of KCl(s). Three 
FeCrAl model alloys, Fe10CrAl, Fe15CrAlSi and Fe20CrAlSi, were exposed to two environments, 
K2CO3 and KCl+H2O+O2, at 600°C for 2000 hours. The results of this investigation are documented in 
Paper IV. However, the focus in the thesis will be on the results obtained from the exposures conducted in 
KCl+H2O+O2. 

Based on average oxide thickness measurements displayed in Figure 7.8, the three alloys exhibit varying 
degrees of corrosion resistance within the secondary corrosion regime, since breakaway is expected to occur 
very early in the exposures [64]. The alloys in order with increasing corrosion resistance are as follows: 
Fe10CrAl < Fe15CrAlSi < Fe20CrAlSi. After 2000 hours of exposure, the Fe10CrAl alloy forms an ∼320 
μm thick, multi-layered oxide scale, with a growth rate that is suggested to be governed by the diffusion of 
ions (Figure 7.15a). The outward-growing scale consists of hematite and magnetite, while the inward-
growing scale is identified as Fe,Cr,Al spinel-type oxide. The poor secondary protection exhibited by this 
alloy may be associated with the microstructure of the inward-growing oxide. As shown in Figure 7.15b, 
the inward-growing scale of this alloy is characterised by extensive pore formation. The absence of rapid 
chromium replenishment to the scale, to form a protective chromium-rich inner scale, leads to a porous, 
iron-rich, inward-growing scale that is caused by internal oxidation and very fast diffusion paths.  

 

 
Figure 7.15: SEM-BSE images of the Fe10CrAl alloy after exposure to O2+H2O+N2  and KCl at 600°C for 
2000 hours. 
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The Fe15CrAlSi (Figure 7.16) and Fe20CrAlSi (Figure 7.17) alloys exhibit improved secondary protection, 
as evident from the formation of thinner oxide scales after exposure for 2000 hours. Both alloys form multi-
layered oxide scales that consist of outward- and inward-growing scales. The outer scales are mostly iron-
rich oxides (hematite and magnetite), while the inner scales are composed of both spinel- and corundum-
type oxides. It should be noted that a higher concentration of corundum phase was detected along the entire 
inner scale of the Fe20CrAlSi alloy, as compared with the Fe15CrAlSi alloy.  

 
Figure 7.16: SEM-BSE image of the Fe15CrAlSi alloy after exposure to O2+H2O+N2  and KCl at 600°C for 
2000 hours. 

Underneath the scales, these FeCrAl alloys form thick nitridation zones (see, for example, Figure 7.17). 
The occurrence of nitridation implies that the oxide scales formed on the alloys are permeable to nitrogen. 
From a corrosion perspective, the process of alloy nitridation may negatively influence the corrosion 
behaviour. This is because aluminium, which is beneficial for forming a protective oxide scale, is bound in 
the form of aluminium nitride (AlN). 
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Figure 7.17: SEM-BSE image of the Fe20CrAlSi alloy after exposure to O2+H2O+N2  and KCl at 600°C for 
2000 hours. 

The improved corrosion behaviours displayed by the Fe15CrAlSi and Fe20CrAlSi alloys during long-term 
exposure are associated with the increased chromium activity in the bulk, together with the minor addition 
of silicon. Several studies have reported the beneficial effect of adding chromium [64,106] and silicon 
[49,111] to high-temperature alloys. In this study, the beneficial effect of silicon on the corrosion resistance 
of Fe15CrAlSi and Fe20CrAlSi alloys is attributed to its ability to prevent internal oxidation (IO), which is 
otherwise observed in the Fe10CrAl alloy (see Figure 7.15). It has been proposed that the process of internal 
oxidation may be detrimental to the secondary protection [64].  

In summary, the detailed microstructural analysis shows that the alloys form either fast-growing and less-
protective, iron-rich oxide scales, i.e., poor secondary protection, or slow-growing and more-protective 
chromium/aluminium-rich oxide scales, i.e., good secondary protection. It is considered that the re-
formation of a protective corundum-type oxide, which is influenced by the alloying elements and alloy 
microstructure, is crucial to improving the corrosion resistance properties of the alloys. 
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7.2.3 Impact of increased chlorine load on the oxide scales formed after breakaway 

It is well-known that during biomass/waste combustion, the superheater materials are continuously exposed 
to alkali chloride species (mimicked by the KCl(s) in current set-up), as well as HCl. To investigate the 
impact of the combination of KCl(s)/KCl(g) and HCl on oxide scales formed within the secondary corrosion 
regime, three alloys (SVM12, APMT and alloy 27Cr33Ni3Mo) were exposed at 600°C for 168 hours to 
three environments: (i)  5% O2 + 20% H2O + N2 (Bal.); (ii) 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g); 
and (iii) 5% O2 + 20% H2O + N2 (Bal) + KCl(s)/KCl(g) + HCl(g). The results of this study are reported in 
Paper V.  

The gravimetric results in Figure 7.18 show the impacts of the different environments on the investigated 
alloys. The SVM12 alloy exhibits the largest mass gains in all the environments. The impact of the 
environment is very clear, and the presence of KCl increases the mass gain more than 3-fold compared with 
the H2O exposure. With the addition of more Cl (in the form of HCl), the mass gain is more than 5-fold 
higher than the level seen in the case with only H2O.  

On the other hand, the APMT and 27Cr33Ni3Mo alloys exhibit much lower mass gains. In the absence of 
KCl (i.e., H2O only), these alloys display very low mass gains and are in the range of thicknesses expected 
for the primary protection. In the presence of KCl, both alloys display increased mass gains, albeit much 
lower than the mass gains for SVM12 in the corresponding environments. It should be noted that the results 
indicate that an increased Cl load does not accelerate the corrosion in the secondary regimes of these alloys. 

 

Figure 7.18: Mass gains (in mg/cm2) for the SVM12, Kanthal® APMT and alloy 27Cr33Ni3Mo after 
168 hours of exposure to H2O, H2O+KCl and H2O+KCl+HCl at 600°C. 

Figure 7.19 shows the SEM-BSE cross-sectional image of the oxide microstructure of SVM12, together 
with the corresponding elemental analyses (line scans and maps). This alloy forms dense oxide scales with 
measured thicknesses of 63 µm, 93 µm, and 123 µm in H2O, H2O+KCl, and H2O+KCl+HCl, respectively. 
The scales consist of outward- and inward-growing oxide layers in all cases. White dashed lines have been 
drawn in the figure to highlight the outward-/inward-growing scale interfaces. According to the SEM/EDX 
analysis, the outward-growing scales are composed of Fe-rich oxides, while the inward-growing scales are 
mixed Fe,Cr oxides. In the high Cl load environment, i.e., H2O+KCl+HCl, the inward-growing scale is 
double the thickness of the corresponding scale in the low Cl environment, i.e., H2O+KCl.  
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The formation of thick and fast-growing iron-rich oxide scales by SVM12 clearly demonstrates that this 
alloy forms poor secondary protection in all the exposure environments. These dense oxide scales strongly 
indicate a diffusion-controlled growth mechanism that is governed by ion diffusion, which supports the 
notion that the addition of KCl accelerates both iron and oxygen diffusion, while the addition of HCl 
accelerates the inward diffusion of oxygen in the current set-up. The rapid inward-diffusion of oxygen 
limits the possibility to form a chromium-rich, good secondary protection and instead the scale exhibits 
signs of detrimental internal oxidation [112]. It should be noted that no evidence of active oxidation, which 
is driven by gas diffusion of Cl2(g) through the scale, could be observed. Instead, the results support a 
diffusion-driven mechanism and suggest that the role of the Cl ions is to increase the diffusion of ions, i.e., 
the electrochemical mechanism [87].  

 

Figure 7.19: SEM-BSE cross-sectional images with EDX analysis for SVM12 after 168 hours exposure in 
H2O, H2O+KCl, and H2O+KCl+HCl at 600°C. 

In the cases of the APMT and 27Cr33Ni3Mo alloys, the microstructural investigation reveals that these 
alloys form thinner oxide scales in Cl-containing environments, as compared with SVM12, as shown in 
Figure 7.20. In the H2O+KCl environment, the microstructures are characterised by the formation of large 
K2CrO4 particles at the surface. The inner scale formed on APMT is enriched for aluminium, while the 
inner scale formed on alloy 27Cr33Ni3Mo is enriched for chromium. Upon adding HCl, the EDX analysis 
do not show any indication of K2CrO4 on the sample. However, the primary protection is clearly destroyed, 
and the sample is in the secondary protection regime. It is suggested that the formed K2CrO4, during 
breakaway, is converted back to chromia and KCl(s) via reaction with HCl(g). This is evident on the 
chromium map for alloy 27Cr33Ni3Mo which reveals the presence of chromium in the outward-growing 
scale. Similar corrosion behaviour has been reported for a stainless steel exposed to KCl and SO2 at 600°C 
[113]. The thin oxide scales are not only maintained but the results indicate that they are enriched for 
chromium such that it exceeds 67.7 at-% cations (maximum limit for the concentration of trivalent ions in 
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a spinel structure [114]). Such high chromium concentrations are only possible in a corundum-type oxide 
structure. The low mass gains exhibited by APMT and 27Cr33Ni3Mo in combination with the formation 
of thin chromium-rich oxide scales demonstrate that these alloys form good secondary protection in harsh 
environments. The impact of increasing Cl load on the good secondary protection is very limited in this set-
up and for these exposure durations.   

 

Figure 7.20: SEM-BSE cross-sectional images with EDX analysis for a) Kanthal® APMT and b) alloy 
27Cr33Ni3Mo, after 168 hours of exposure in H2O+KCl and H2O+KCl+HCl at 600°C. 

In summary, the results of the corrosion investigations performed on FeCr(Ni), NiCr and FeCrAl(Si) alloys 
demonstrate that the experimental set-up is effective in terms of providing reliable data that allow a better 
understanding of the secondary corrosion protection properties of these alloys in the presence of KCl(s). 
The results from the initial investigation (500 hours) show that the alloys exhibit corrosion behaviours that 
may be categorised as poor secondary protection, i.e., fast-growing iron-rich oxide scales, or good 
secondary protection, i.e., slow-growing chromium/aluminium-rich oxide scales. Within the secondary 
corrosion regime, scale growth is governed by the diffusion of ions through the scale in all cases, including 
in the high-Cl load environment. The long-term oxidation kinetics, together with the microstructural 
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evolution, show that the properties of the secondary protection are influenced by the alloying elements and 
the bulk microstructure. In particular, certain alloys can re-form the protective chromium/aluminium-rich 
corundum-type oxides in harsh environments. The increased Cl load leads to accelerated corrosion of the 
poor secondary protection, whereas the good secondary protection is more or less unaffected under the 
conditions of the current experimental set-up. 

7.2.4 Long-term corrosion kinetics under laboratory conditions  

The results obtained with KCl(s), which enables well-controlled long-term exposures in a laboratory 
environment, contribute to a better understanding and prediction of corrosion in more complex systems. In 
the case of the superheater alloys, an approach based on long-term corrosion kinetics, from laboratory 
exposures, can be deployed to assess and predict corrosion in a complex boiler environment. This approach 
is based on the propagation phase of the oxidation process, i.e., the secondary corrosion regime (after the 
breakaway), as it is expected that the stainless superheater steels undergo fast breakaway oxidation under 
these harsh conditions. The life-time of the materials will, therefore, be determined by their corrosion 
behaviours beyond breakaway. This will be elaborated below to address the second research question in 
this thesis. 

Research question 2: How can long-term corrosion kinetics under laboratory conditions be used to 
understand the mechanisms and predict oxidation behaviour in complex boiler environment? 

To be able to predict oxidation behaviour in a complex boiler environment, long-term corrosion exposures 
were initially performed in a laboratory environment consisting of 5% O2 + 20% H2O + N2 (Bal). + 
KCl(s)/KCl(g) at 600°C, for 168, 500, 1000 and 8000 hours. The investigated materials included four 
coatings from three material classes, i.e., a marginal chromia former (ferritic-martensitic stainless steel), 
two FeCrAl coatings (a lean FeCrAl with 12.4 wt-% Cr and a normal FeCrAl with 21 wt-% Cr) and a Ni-
based coating. The chemical compositions of the investigated coatings are listed in Paper VI. The same 
materials were also exposed in three commercial boilers for 1000, 2000 and 3000 hours. For more details, 
see the Experimental section.  

Figure 7.21 shows the oxidation kinetics obtained from the laboratory corrosion tests as measured oxide 
thickness vs exposure time. As shown, the oxidation kinetics of the coatings varies and can be ranked (from 
fastest oxide growth to slowest oxide growth) as follows: marginal chromia former > lean FeCrAl > FeCrAl 
> Ni-based coating. The marginal chromia former displays a rapid oxidation pattern that follows parabolic 
kinetics with very small deviations. The two FeCrAl coatings display intermediate oxidation kinetics. The 
Ni-based coating displays the slowest kinetics, with deviations from parabolic behaviour.  

To correlate these oxidation kinetics to the corrosion behaviours in a boiler environment, the kinetics were 
re-plotted using [Eq. (7.1)] to obtain parabolic rate constants (kp-values) for each coating, as shown in 
Figure 7.21b. By applying [Eq. (7.1)] and the derived kp values, a theoretical oxide thickness (X) can be 
calculated for any given time. The calculated oxide thickness is compared with the measured oxide 
thickness from field exposures of the same duration in Table 7.1. 

X = kp*√t      (7.1) 
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Figure 7.21: Oxidation kinetics based on oxide thickness measurements after exposure in a laboratory 
environment (5% O2 + 20% H2O + N2 (Bal). + KCl(s)/KCl(g)) at 600°C. The oxide thicknesses of the samples 
tested in laboratory were measured from the SEM cross-sectional images using the ImageJ software.  

Table 7.1 shows the calculated oxide thicknesses in the laboratory environment and the average measured 
oxide thickness in the boiler environment. The results show that the calculated/predicted thicknesses are in 
good agreement with the measured average thicknesses for the marginal chromia former, lean FeCrAl and 
FeCrAl. The Ni-based coating showed a large difference between the predicted thickness (25 μm) and the 
measured thickness (120 μm). This might be due to the effects of other corrosion processes that disrupt the 
normal oxidation of this coating. The oxide microstructures may provide additional insights into the 
corrosion behaviour and be used to explain any deviations from the predictions.  

Table 7.1: Calculated oxide thicknesses using the derived kp values, and the measured average oxide 
thicknesses upon field exposures. 

7.2.5 Oxide microstructural investigation – laboratory vs. field 

An investigation of the oxide microstructures was performed for both the laboratory- and field-exposed 
samples. Figure 7.22 shows the SEM-BSE cross-sectional images of the samples. In general, all the samples 
formed thick, dual-layered oxide scales that consisted of outward-growing and inward-growing scales. The 
dashed white lines are drawn to highlight the outward-/inward-growing scale interfaces. The 
microstructures are characterised by the formation of K2CrO4 particles at the surface and, in some cases, 
also within the oxide scale.  

Coating Laboratory environment 

Calculated oxide thickness 
(µm) 

Boiler environment 

Average measured 
oxide thickness (µm) 

Exposure 
time 

(hours) 

Marginal chromia former 148 150 3000 

Lean FeCrAl 119 50 (inner)/100 

 

2000 

FeCrAl 69 70 3000 

Ni-based coating 25 120 1000 
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The oxide scales formed on the marginal chromia former under laboratory conditions are dense and strongly 
adherent to the metal. The elemental analyses show that the outward-growing layers are iron-rich oxides, 
while the inward-growing scales are iron- chromium oxides. A similar microstructure was observed for the 
field-exposed sample, indicating the existence of a diffusion-controlled growth mechanism in both cases, 
which would explain the good agreement between the calculated and measured oxide thicknesses.  

The FeCrAl alloys exhibit intermediate corrosion resistance and form dense oxide scales in both the 
laboratory and boiler environments. Notably, the FeCrAl coating develops a thinner oxide scale than the 
lean FeCrAl variant. This variation in corrosion performance is likely due to the alloying elements, where 
the higher chromium content in the FeCrAl alloy plays a critical role in promoting the formation of a more-
protective oxide scale. Indeed, SEM/EDX analysis shows that the inward-growing oxide in FeCrAl contains 
up to 70 at-% chromium after 8000 hours of exposure, as compared to 55 at-% chromium in the lean FeCrAl 
sample. This level of formation would be expected to change the oxidation kinetics over time, explaining 
the deviations from parabolic kinetics and the calculated value.  

In the case of the Ni-based coating, the formation of large K2CrO4 particles was observed at the surface. 
According to the SEM/EDX analysis, the thin oxide scales formed under laboratory conditions are very 
chromium-rich, indicating the formation of a good secondary protection. This again deviates from strictly 
parabolic kinetics, as this more-protective scale is expected to form after some time. The sample exposed 
in the waste-fired boiler for 1000 hours forms a much-thicker oxide scale (about 120 µm) compared with 
the predicted thickness, i.e., 25 µm. This large discrepancy may be explained by the absence of the 
protective layer at the metal/scale interface, as observed on the sample exposed under laboratory conditions. 
The chemical analysis of the deposit over the Ni-based coating from the boiler revealed the presence of a 
higher Cl concentration, although this was not the case for the sample exposed to KCl(s)/KCl(g) in the 
laboratory. The high levels of Cl in the environment, in combination with the high flue gas temperature 
(almost 900°C in the boiler) could impact the corrosion process of the material. The formation of several 
K2CrO4 layers indicates that the corrosion process re-starts several times, thereby restraining the material 
from re-forming a protective scale.  
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Figure 7.22: SEM-BSE cross-section images showing the oxide microstructure after exposure in laboratory 
environment (O2+H2O+KCl) and biomass- and waste-fired boiler environment at 600°C. 
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In summary, the results of this study demonstrate that long-term corrosion kinetics under laboratory 
conditions can be utilised to improve the understanding of mechanisms and predict the oxidation behaviours 
of materials exposed in the complex boiler environment. The parabolic rate constant (kp) derived from 
laboratory exposures becomes a tool that enables prediction of the oxide thickness in the boiler, and the 
oxide scale microstructure provides insights into the possible corrosion mechanisms. The 
calculated/predicted oxide thicknesses under laboratory conditions were in good agreement with the 
measured oxide thicknesses of some of the samples exposed in the boiler, and the deviations could be 
explained through the microstructural investigation.  
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8 Summary and Final remarks 

The aim of this thesis was to investigate corrosion mechanisms in long-term laboratory exposures, to enable 
better predictions of the progress of corrosion in materials and coatings used for boiler applications. Various 
aspects are explored, including the development of a set-up for long-term corrosion investigations, the 
corrosion mechanisms for both bulk materials and coatings, the influence of alloying elements, the impact 
of alloy microstructure and exposure environment. A summary of the findings and final remarks are 
presented below.  

8.1 Experimental set-up for long-term corrosion testing 

The approach in this work has been to perform well-controlled, long-term corrosion investigations by 
designing an experimental set-up that mimics the key corrosive species in biomass-fired and waste-fired 
boilers in a systematic way. The exposures were carried out at 600°C in the presence of 5% O2 + 20% H2O 
+ N2 (Bal) + KCl(s)/KCl(g) (+HCl). Since KCl(s) has a high evaporation rate at 600°C, a KCl source was 
introduced upstream of the samples to saturate the gas and reduce evaporation of the KCl from the sample 
surfaces. This set-up was shown to be reliable, based on the robustness test using 18 samples of the stainless 
steel SVM12. The reliability of the set-up is a key requisite for performing long-term laboratory corrosion 
investigations in an effective way. The obtained results show that the position of the samples has a very 
limited impact. The corrosiveness of the selected chemical environment is evident from the high mass gains 
of the SVM12 samples, which indicate that the alloy undergoes breakaway oxidation and transitions to a 
secondary protection regime.  

8.2 Long-term alkali chloride-induced high-temperature corrosion 

The long-term alkali chloride-induced high-temperature corrosion of various alloys was investigated to 
address the following primary research questions.  

Research question 1. What are the mechanisms that control the formation of good/poor secondary 
protection on FeCr(Ni), NiCr and FeCrAl(Si) alloys during long-term laboratory exposures to KCl at 
600°C? 

All of the investigated alloys suffer rapid breakaway corrosion in the presence of water vapour and KCl, 
with the primary protection transforming into secondary protection. The dominant breakaway mechanism 
is identified as the reaction with alkali in all cases, and the resulting oxide scale is in all cases governed by 
ion diffusion. No signs of active oxidation (i.e., diffusion of Cl2(g) and gaseous metal chlorides through the 
scale) are observed. Instead, parabolic kinetics is often established, which indicates that ion diffusion 
through the scale controls the corrosion rate. Within the secondary corrosion regime, the alloys exhibit 
different levels of corrosion resistance in the presence of KCl(s). The formed oxide scales can be classified 
as: poor secondary protection, i.e., a fast-growing iron-rich oxide scale; and good secondary protection, i.e., 
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a slow-growing chromium/aluminium-rich oxide scale. Alloys such as SVM12, Kanthal® EF100 and 
Fe10CrAl exhibit poor secondary protection, which is attributed to the low chromium/aluminium/silicon 
activity in the bulk. Furthermore, the poor secondary protection on SVM12 is negatively impacted by 
increased Cl activity in the environment. 

In contrast, Kanthal® EF101, APMT, alloy 27Cr33Ni3Mo, A625, Fe15CrAlSi and Fe20CrAlSi alloys 
exhibit good secondary protection in the presence of KCl(s). These alloys exhibit low mass gains and re-
form the protective chromium/aluminium-rich corundum-type oxide in the inward-growing scales (i.e., a 
healing layer). Such scale growth is facilitated by the high activities of alloying elements such as chromium, 
aluminium and silicon in the bulk. In addition, it is considered that the alloy microstructures contribute to 
the improved corrosion performances of the alloys by facilitating faster diffusion of elements. This is 
demonstrated by the alloy 27Cr33Ni3Mo and Kanthal® EF101 bulk material, which exhibit faster formation 
of the chromium/aluminium-rich oxide scales due to fine grain alloy microstructures. In the presence of an 
increased Cl load, the good secondary protection of these alloys is unaffected. Instead, these alloys 
experience greater chromium enrichment in the scale, which improves their corrosion performances.  

Research question 2. How can long-term corrosion kinetics under laboratory conditions be used to 
understand the mechanisms and predict oxidation behaviour in the complex boiler environment? 

This thesis aims to improve understanding of the alkali chloride-induced corrosion that occurs in the boiler 
environment by enabling assessments of long-term, laboratory-based corrosion kinetics, together with 
oxide microstructural analyses. The results were used to examine the corrosion behaviours of alloys that 
were exposed in complex commercial boilers. The parabolic rate constant (kp) from laboratory exposure 
kinetics was used to predict the oxide thickness in the boiler environment. The oxide thickness predicted 
using laboratory oxidation kinetics was in good agreement with the measured oxide thickness for most of 
the alloys exposed in the boiler. In those cases, in which there was deviation in the predictions, oxide 
microstructural analyses provided insights into a different corrosion behaviour. Such a deviation was 
observed for the Ni-based coating, where the sample exposed in the boiler environment formed a much 
thicker oxide scale than was predicted. The findings of this investigation demonstrate that parabolic rate 
constants derived from long-term laboratory corrosion kinetics can be useful for predicting corrosion in the 
complex boiler environment.  

8.3 Final remarks 

The selection of materials is a critical factor in advancing the use of biomass and waste fuels in combustion 
processes for heat and power generation. This thesis provides valuable insights into the complex 
interactions between combustion environments and the materials employed, highlighting the importance of 
understanding material degradation, so as to develop advanced material solutions. By examining the long-
term corrosion behaviours and scale growth mechanisms, it is demonstrated that alloys these alloys are 
expected to undergo breakaway corrosion in alkali chloride-rich environments and the key to enhanced 
corrosion resistance is the ability to form/sustain a good secondary protection. By addressing the challenges 
of high-temperature corrosion associated with the combustion of these fuels, key parameters such as 
material life-time and electrical efficiency can be significantly improved. The incorporation of materials 
with improved corrosion resistance and extended life-spans into combustion systems will not only increase 
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energy outputs but will also mitigate environmental impacts. Thus, through careful consideration of the 
effects of alloying elements and alloy microstructural features, alloys can be designed and developed to 
achieve enhanced performance in boiler environments.  
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9 Outlook 
 

The focus of this thesis has been on improving the understanding of high-temperature corrosion properties 
of materials and coatings used for boiler applications. The exposure conditions were chosen with the 
consideration to enhance electrical efficiency in CHP plants. As reported in other studies [115,116], raising 
the outlet steam temperature/pressure to 600°C/240 bar increases the power output and electrical efficiency 
by up to 4% in a biomass-fired boiler from the current level of 560°C/300 bar (state-of-the-art steam data). 
However, raising the steam temperature would increase the material temperature to slightly above the steam 
temperature, subjecting the material to a more-corrosive environment. The results of this thesis provide the 
foundation for further research on developing alloys that enable boiler operations at higher temperatures 
and pressures.  

This work may open up future research avenues on the following topics: 

1. LIFE-TIME PREDICTION MODELLING 

Future advances in methods for predicting material life-times could extend the service life-times of boiler 
components and ensure the reliability of biomass-/waste-fired power plants. One key area of development 
could be the integration of advanced computational models and machine learning algorithms to predict 
material degradation under real-life boiler operating conditions. Such systems could continuously refine 
the predictions, provide more-precise estimations of component life-times, and identify early signs of 
material failure. Moreover, calculations could be adopted to gain further insights into the relationships 
between steam data and material systems. Thus, alloys could be tailored and designed to operate under 
targeted conditions.  

2. TRIGGERING PROTECTIVE OXIDES AFTER BREAKAWAY 

Certain alloys have been shown to be capable of re-forming the protective chromium/aluminium-rich oxide 
scales after breakaway (i.e., healing layer). While the scale growth and formation of such protective oxide 
scales can indeed occur during long-term exposures, it would be advantageous to have these protective 
layers achieved more rapidly, especially during the early operational phase of the boiler. Research into the 
specific parameters, such as temperature ramps, pressure cycles, and steam quality adjustments, could 
facilitate enhancement of the corrosion resistance of the alloy. Moreover, insights into the protective 
properties and breakaway mechanisms of such oxide scales would be of great importance.  

3. ROLES OF OTHER ALLOYING ELEMENTS 

The beneficial effects of alloying elements, e.g., chromium and aluminium, on the high-temperature 
corrosion of alloys is well-established, especially in short-term laboratory studies. However, it is relevant 
to explore the roles of other elements, in particular molybdenum, to understand their effects in the post-
breakaway corrosion regime. This is especially important because molybdenum is used in several alloys 
that have been developed for high-temperature applications. Further research into the effect of molybdenum 
on alkali chloride-induced high-temperature corrosion of steels, particularly in synergy with other alloying 
elements, could help reshape alloy design strategies.  
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