
  
 
 
 
 

 High temperature 
corrosion in biomass-fired 
energy applications 
 
– alloying effects and test 
environment comparisons 
 

  
RAGNA ELGER 

  
 
 
 
 
 
 
 
 
 
 
 
Doctoral thesis in Chemistry 
KTH Royal Institute of Technology 
School of Chemical Science and Engineering 
Division of Surface and Corrosion Science 
SE-100 44 Stockholm 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TRITA-CHE REPORT 2016:17 
ISSN 1654-1081 
ISBN 978-91-7595-935-1 
 
Denna avhandling är skyddad enligt upphovsrättslagen. Alla rättigheter 
förbehålles. 
 
Copyright © 2016 Ragna Elger 
 
All rights reserved. No part of this thesis may be reproduced by any means 
without permission from the author. 
 
The following items are printed with permission: 
Paper I: ©Springer Science+Business Media New York 
Paper II: ©Maney&Son Ltd, Taylor & Francis Group 
Paper III: ©Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim 
Paper V: © Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim 
 
Akademisk avhandling som med tillstånd av Kungliga Tekniska Högskolan 
framlägges till offentlig granskning för avläggande av teknologie doktorsexamen 
fredagen den 3 juni kl. 10.00 i sal F3, Lindstedtsvägen 26, KTH, Stockholm. 
 
Printed at Universitetsservice US-AB, Stockholm, Sweden, 2016 
 
  



 
 

 

 

 

 

  

Till Joakim, Trude, Rakel och Lydia 

  



 
 

  



v 
 

Abstract 

To reduce the greenhouse effect, the use of renewable fuel such as biomass 
and waste has to be increased.  Much work has been done to facilitate 
replacement of fossil fuel in power generation boilers but for transport 
applications many different alternatives have to be used to increase the 
share of renewable fuel. One option is to produce methane or synthesis gas 
by gasification of biomass at high temperature. The syngas could be further 
converted to liquid fuel, while methane could be used in gas fuelled 
vehicles. As renewable fuel has different characteristics compared to fossil 
fuel regarding content of trace metals, alkali, chlorine and sulphur, the 
corrosion characteristics in high temperature energy processes have to be 
evaluated. This thesis concerns high temperature corrosion in energy 
applications using renewable fuel, including the superheater region of a 
boiler and the syngas cooler area of a gasifier.  

For the superheater region, laboratory exposures were performed. The 
methods included a salt dip exposure, where samples were dipped in an 
equimolar solution of ZnCl2 and KCl, and two salt bed exposures with 
different chlorine concentrations, 10 and 20 wt%. Ranking of the materials 
showed that a Ni content above 10 wt% reduced corrosion rates in the salt 
dip and in the 10% Cl salt bed exposure. For exposure in the 20% Cl salt 
bed, a (Ni+Co) content above 25 wt% was needed. Comparison of the high 
temperature stainless steel 253MA after the salt dip exposures with a plant 
exposed sample showed similar microstructural features but a lower 
corrosion rate, so future work should explore the possibility of increasing 
the salt load. A newly developed alumina forming austenitic steel showed 
future potential for use at intermediate temperatures in combined 
sulphidising and chlorinating environments. 

For the gasifier region, two studies were performed. One studied the effect 
of HCl in a simulated gasifier atmosphere, while the other investigated 
samples exposed in the syngas section of a biomass gasifier. Metal loss 
was low for all exposures and it was observed that chlorine had only minor 
influence on the behaviour. For the plant exposed samples, a difference 
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compared to that reported for coal gasifiers was the absence of iron 
sulphide for the lowest alloyed steel. Instead, a deposit with pronounced 
content of Zn, Ca, S and O was present on the surface and the zinc was 
suggested to mitigate corrosion.  

Thermodynamic modelling was used to explain phases present in the 
exposed samples and to predict the nitridation behaviour of a newly 
developed alumina forming austenitic steel. Equilibrium and kinetic 
modelling of the latter case was performed in Paper V and showed good 
coherence with the observed microstructures. However, the kinetic 
modelling resulted in larger nitridation depths than observed 
experimentally and this was attributed to the presence of a thin oxide layer 
on the surface of the samples. Data on mobility through the oxide layer 
would be needed for further refinement of the model. 

 

Keywords: High temperature corrosion, biomass, waste, superheater 
corrosion, austenitic steel, biomass gasification, alumina-forming 
austenitic stainless steel, nitride, thermodynamic modelling, kinetic 
modelling 

  



vii 
 

Sammanfattning 

För att minska växthuseffekten behöver fossilt bränsle ersättas med 
förnybart bränsle. Mängden förnybart bränsle har redan ökat i 
kraftvärmeverk, men för transporter behövs nya alternativ. En möjlighet 
skulle kunna vara att förgasa biomassa till syntesgas för vidare förädling 
till biodiesel eller metan. Både vid förbränning och förgasning av förnybart 
bränsle är en viktig skillnad att förnybart bränsle ofta har en högre klorhalt 
och en lägre svavelhalt jämfört med fossilt bränsle. Andra skillnader som 
också kan påverka korrosionen gäller alkali-innehåll och spårmetaller. 
Dessa miljöer är därför ofta mer korrosiva för metaller, men det behöver 
undersökas vidare. Denna avhandling behandlar högtemperaturkorrosion i 
biomassa-eldade energiprocesser. Specifikt berörs överhettare i 
kraftvärmeverk och syntesgaskylare i förgasningsanläggningar. 

Två artiklar handlar om överhettarregionen i kraftvärmeverk. I den första 
jämfördes olika metoder för saltbeläggning dels med varandra, men också 
med pannexponerat prov. De metoder som användes var dels saltdoppning, 
dels saltbädd. För saltdoppningsförsöket användes en vätska med lika 
mängd KCl/ZnCl2, medan saltbäddsförsöket utfördes för två olika 
saltblandningar med olika koncentration av kloridjoner (10 och  
20 vikts-%). En jämförelse av materialen som ingick i studien visade på 
ungefär samma rangordning i de olika försöken. För saltdoppningsförsöket 
och för saltbädden med 10 vikts-% Cl, krävdes 10 vikts-% Ni för att 
avsevärt sänka korrosionshastigheten, medan 25 vikts-% (Ni+Co) krävdes 
för saltbädden med 20 vikts-%. När det labexponerade och pann-
exponerade 253MA (ett austenitiskt högtemperaturstål) jämfördes, visade 
det pannexponerade provet stora likheter i mikrostruktur med provet som 
hade exponerats i saltdoppningsförsöket. Däremot var korrosions-
hastigheten i saltdoppningsförsöket för låg, så för att vidareutveckla 
metoden behöver korrosionshastigheten ökas genom att förslagsvis öka 
saltmängden. I arbetet undersöktes också en relativt ny stålklass, alumina-
bildande austeniter, i en sulfiderande och klorinerande miljö. Med ledning 
av resultaten i studien, kan materialet förmodligen utvecklas till en 
kandidat för denna miljö där temperaturerna är måttliga.   
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Två arbeten gäller förgasningsmiljön. I den första studerades effekten av 
HCl i en simulerad förgasningsmiljö, medan den andra rörde fyra olika stål 
som exponerades för syntesgasen i en förgasare. Metallförlusten var låg 
och effekten av klor liten för samtliga exponeringar. För de pann-
exponerade proverna var en stor skillnad jämfört med kolförgasare att det 
låglegerade stålet inte visade tydlig sulfidering av järn. Istället fanns ett 
skikt med Zn, Ca, O och S på ytan av provet. Zn föreslås fungera som 
korrosionsdämpare.  

I arbetet användes termodynamisk modellering för att förklara de faser som 
observerades i exponerade prover. För nitrering av ett aluminabildande 
austenitiskt stål användes både termodynamisk och kinetisk modellering. 
Både termodynamisk och kinetisk modellering visar god kvalitativ 
överensstämmelse med de nitrider som återfinns i det exponerade provet. 
Däremot är det kinetiskt beräknade nitreringsdjupet för stort. Eftersom det 
finns ett tunt oxidskikt på ytan av provet antas detta förhindra diffusion av 
kväve in i materialet. För att kunna utveckla modellen och även modellera 
oxidskiktet krävs data för mobilitet genom oxiden. 

 

Nyckelord: Högtemperaturkorrosion, biomassa, hushållssopor, korrosion 
på överhettare, aluminabildande austenitiskt stål, austenitiska stål, nitrider, 
biomassaförgasning, termodynamisk modellering 
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Preface 

The background for this thesis is the use of renewable fuel in boilers and 
gasifiers and the implications for high temperature corrosion. To 
summarise the work, I have tried to show the different papers in the 
diagram below. I have chosen to have complexity or predictability of the 
environment as one axis, and the oxygen activity as the other, since the 
oxygen activity is one of the most important characteristics when speaking 
of high temperature oxidation. I hope that the diagram can serve as a useful 
reference when you read the thesis. 

 

 

Sollentuna, 2016, 

Ragna Elger  
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Summary of papers 

In Paper I, a new material belonging to the category alumina forming 
austenites was prepared and compared with a reference laboratory alloy. 
The alloys were exposed in air and air/water environments at 700 and 
1000°C for 100 h. For the air/water environment, a continuous exposure 
for 1000 h at 1000°C was added. Also, a nitriding environment 5% H2/N2 
at 1000°C and a chlorinating/sulphidising environment at 700°C were 
included.  

Paper II and III concern biomass gasification and material behaviour in 
this application. The expected higher content of chlorine was discussed in 
Paper II, where two austenitic stainless steels were examined in a 
simulated gasification atmosphere comprising 10CO-10CO2-20H2-10N2-
50H2O with and without 500 ppm HCl. In Paper III, four different steels, 
253MA, 310S, Kanthal A1 and 16Mo3 were exposed in the syngas section 
of a biomass fired gasifier.  

Paper IV concerns the superheater region of a boiler fired with waste. 
Two different sets of laboratory exposures were performed in a gas 
comprising N2-O2-SO2-H2O-HCl at 500°C preparing the samples by 
immersing them in a salt bed or after salt dipping. The exposures were 
compared with uncooled samples exposed in the superheater region of a 
waste-fired boiler.  

Paper V concerns the modelling of internal nitridation of an alumina 
forming stainless steel in a nitriding atmosphere comprising N2-5%H2 at 
1000°C. The software ThermoCalc 4.1 including DICTRA was used for 
the modelling with databases TCFE7 and MOBFE2.  
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1 Introduction 

In Sweden, much effort is being made to reduce the use of fossil fuels in 
order to diminish the emissions of carbon dioxide and reduce the 
contribution to the greenhouse effect. Examples range from legislation 
such as increased fuel tax or regulation of maximum energy consumption 
of new buildings to energy savings in existing plants, new wind power or 
the building of new boilers designed to fire waste or biomass.  

For stationary power production, water power and nuclear power are the 
two most important sources. For district heating and power generation 
plants, much effort has been focused on the use of renewable fuel in 
boilers, and both biomass and waste are now common fuels. If different 
sectors such as industry, buildings and transport are compared, the 
transport sector has the largest share of fossil fuel use. This corresponds to 
approximately one fourth of the total energy use in Sweden (losses in 
energy production disregarded), so a complete or partial exchange of fossil 
fuel for biomass derived fuel would have a major impact. As most cars in 
Sweden use liquid fuel, biomass derived liquid fuels seem to be the most 
viable alternative for the present situation. One option is to use gasification 
of biomass into syngas that could be further converted to methanol or 
biodiesel or actually any carbon based compound.  

Both biomass gasification and waste-to-energy-boilers are energy 
converting methods in which steel is often used in heat transferring 
surfaces due to its good thermal conductivity. Thus, the effects of newer 
fuel types on the behaviour of steel have to be elucidated. Two 
environments were examined in this thesis: the superheater region of a 
boiler and the syngas cooler of a gasifier. For the superheater region, much 
work has been done in the past to elucidate the basic corrosion 
mechanisms. The focus here was to compare laboratory exposures, where 
salts were applied to the metal surface, with plant exposures in order to 
both develop small-scale laboratory methods and to rank different alloy 
compositions. The syngas cooler of a biomass fired gasifier is not at all as 
well known regarding basic corrosion characteristics, since there are only 
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few biomass fired gasifiers and ceramics are often used in the syngas area. 
The use of biomass rather than coal as fuel in gasification implies for 
example lower operating pressures, smaller scale, higher level of chlorine 
and lower level of sulphur in the product gas. In this thesis the effect of 
chlorine in a simulated syngas cooler environment was examined and plant 
studies were performed in syngas atmosphere to compare with laboratory 
data.  

As new environments emerge, new materials are also developed in order to 
better fulfil the requirements of the higher chlorine and lower sulphur 
content of the flue gas. An investigation was made of a laboratory prepared 
material belonging to a rather new class of materials, the alumina forming 
austenites (AFA). For new materials, simulations using thermodynamic 
databases are important, and the possibilities of thermodynamic and kinetic 
modelling were examined for the AFA material in a model nitriding 
environment. Exposures were also made in gaseous environments such as 
air, air/water or nitrogen/ hydrogen , but also in  a sulphidising/chlorinating 
environment in order to observe the behaviour in a simple gaseous 
superheater region environment.  

This thesis concerns high temperature corrosion of materials in energy 
applications using biomass. A feature of these applications is that the best 
suited materials not only should have good corrosion properties, but also 
good mechanical properties, good weldability and viable economics  
compared with alternatives such as frequent exchange of simpler materials. 
These aspects are outside the scope of the thesis. The background of the 
work is different industrial collaborative projects. 
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2 Background 

2.1 Steels for high temperature corrosion 
environments 

The crystal structure of iron depends on temperature: up to 911°C, it is 
stable BCC α-ferrite, between 911-1390°C FCC austenite, and from 
1390°C up to the melting temperature it is BCC δ-ferrite. Steel is in its 
simplest form iron alloyed with carbon, which increases the strength of the 
material. The ferrite is stabilised by for example Cr, Al and Si, while the 
austenitic structure is stabilised by N, C, Ni, Mn/N and Co. The definition 
of a stainless steel is an alloy alloyed with up to 1.2 wt-% C and at least 
10.5 wt% Cr (SS-ISO 15510:2015). The alloys included in the thesis are 
listed in Table 1 on page 6. 

2.1.1 Ferritic steels 

The ferritic low-alloyed steels contain alloying elements such as Mo, Cr, 
C, Si, Mn. The amount of Cr is too low to provide a protective oxide layer 
and the alloys are from a high temperature corrosion point of view 
dependent on the properties of the iron oxides formed. The low-alloyed 
steels included in this thesis are St.45.8, 10CrMo910 and 15Mo3/16Mo3. 

High-alloyed ferritic steels contain sufficient amount of Cr to form a 
protective chromia layer and sometimes Al is also added. With above  
15 wt% Cr, the ferrite retains its bcc structure up to the melting 
temperature1, but a drawback of alloys in this group is the phenomenon of 
475°C embrittlement 2 caused by spinodal decomposition of the ferrite 
phase. One commonly used alloy is the alumina forming FeCrAl material 
with approximate composition Fe-20Cr-5Al. The oxide dispersion 
strengthened alloys produced with powder metallurgy have increased 
mechanical properties compared with low-alloyed ferritic alloys, but the 
production method is expensive.3,4 Even though there still are issues 
regarding welding, corrosion protection is very good in most environments 
especially at high temperatures due to the formation of a protective 
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alumina scale. One FeCrAl material was used in the thesis – Kanthal A-1 
(Papers III, IV). 

2.1.2 Austenitic stainless steel 

Austenitic stainless steels have an FCC structure and contain Ni to stabilise 
this structure also at lower temperatures. Austenitic steels have often better 
mechanical properties at higher temperatures than ferritic steels. At 
chromium levels above approximately 10.5 wt%, the steel is named 
stainless. However, experience shows that a level above approximately 20 
wt% is advantageous to form a protective Cr2O3 layer in high-temperature 
oxidising environments and to ensure that Cr is present in sufficient 
amounts to heal the oxide layer at defects or after spallation. Other 
elements used for improving oxidation properties are Al and Si, but small 
amounts of Mn may also help by avoiding chromia evaporation in water 
containing environments, since the mixed spinel phase (MnCr)3O4 
develops on top of the chromia layer and reduces the chromia activity1. 
The diffusion rate of Cr is lower in the austenitic structure compared to the 
ferritic. Many different austenitic chromia-forming steel were included in 
the thesis, most importantly 304L, 310S, 253MA. 

A relatively new class of austenitic stainless steel are the AFA materials5–

14. They contain sufficient amounts of Al to form a protective alumina 
layer and sufficient amounts of Ni to be stable austenitic steels. Since Al 
and also Cr are ferrite stabilisers, care has to be taken in material design to 
keep the austenite structure9. Compared with nickel base alloys, AFA 
materials are cheaper due to lower nickel content. The AFA materials are 
aiming at use at 600-900°C. They have generally better oxidation 
properties than chromia forming alloys but may have the drawback of 
suffering internal oxidation. One laboratory prepared AFA material was 
included in this work (Papers I and V). 

2.1.3 Nickel-base alloys 

These alloys are expensive due to the high Ni content, but have good 
mechanical properties at elevated temperatures. With a chromium content 
of above 20 wt%, they are well suited for use in the superheater region of a 
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biomass fired boiler. Only two such materials, Sanicro 69 and Alloy 625, 
were included in the thesis (Paper IV) 

2.1.4 Alloying elements for high temperature corrosion 
environments 

The most important elements for forming protective oxide layers at high 
temperature are Cr and Al accompanied by Si. For most high-temperature 
austenitic stainless steels, chromia is the most important protective oxide. 
It is useful in applications below approximately 900°C, above this  
temperature, volatile CrO3 tends to form15. A drawback is that chromium 
can form volatile species in water containing atmospheres16.  

Alumina is another important protective oxide. It has no volatile forms and 
is not sensitive to water-containing atmospheres. It has several transient 
cubic forms (δ, , ) that convert to the stable hexagonal α-Al2O3 at least at 
temperatures above 900°C. Alumina can be used as a protective oxide at 
temperatures up to 1200-1300°C15. To ensure protective α-Al2O3, a 
preoxidation is often performed3. Mechanical properties may be impaired 
by a high Al addition, but if Cr is added to an alumina-forming alloy, the 
level of Al needed for forming a protective oxide layer is lowered. This is 
commonly referred to as the third element effect, but the exact mechanism 
is debated3.  

Silica is the last very important oxide for high temperature applications. 
Since silicon can promote formation of the brittle sigma phase17  it cannot 
be added in high amounts. Maximum additions are in the range 2-3 wt-%. 
Silicon forms an inner oxide layer of SiO2 below an outer chromia layer. 
According to Stott et al, the best protection of a Fe-20Cr-25Ni steel results 
with addition of 0.9% Si15. In the thesis, 253MA and 353MA (chromia 
formers), were the alloys with highest Si-content. 
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Table 1. Alloys examined in the thesis. Asterisk (*) indicates laboratory prepared alloys 
used in Papers I and V. The alloys are given in order of increasing Ni content.  

 Fe Cr Ni Mn Si Others Paper no 
St.45.8 99.1   0.7 0.2  IV 
15Mo3/16Mo3 98.8   0.6 0.3 Mo II-IV 
10CrMo910 96.4 2.1  0.4 0.2 Mo IV 
Kanthal® A-1 72.9 21.2  0.08 0.18 Al III 
304L 71.8 18.3 8.1 1.6 0.28  II, III 
Esshete 1250 66.7 15 9.5 6.3 0.5 1Mo, 1 Nb, V IV 
253MA 65.1 20.8 11.1 1.44 1.6 Ce III, IV 
310S 54.0 25.1 19.4 0.99 0.56  II, IV 
Reference material* 54.1 20.1 24.4 0.97 0.48  I, V 
Sanicro 25 48.4 22.3 24.9 0.5 0.2 0.2Mo, 0.5 Nb, 3Cu IV 
Alloy 1* 50.1 18.8 25.8 0.99 0.48 Al I, V 
Sanicro 28 36.9 26.5 30.7 1.9 0.4 3.3 Mo, 0.3 Cu IV 
353MA 39 25.1 34.1  1.6 0.2Mo, Ce, Nb IV 
Sanicro 41 36.5 20 38.3 0.6 0.4 2.6Mo, 1.6 Cu IV 
Sanicro 69 9.8 29.6 60.1 0.3 0.2  IV 
Alloy 625 1.3 21.9 64.1 0.1 0.2 8.9 Mo, 3.5 Nb, Al IV 

 

2.2 High temperature corrosion 

Steel is not thermodynamically stable in air, since the Gibb’s free energy 
for the reaction metal-oxide is negative. A negative Gibbs free energy of a 
metal reacting with oxygen, implies that the reaction to the oxide is 
spontaneous. This can be illustrated by an Ellingham diagram, as in Figure 
1. In the diagram, the standard Gibbs free energy (ΔG0) for formation of 
some of the oxides of Fe, Cr, Ni and Al are shown at varying temperatures. 
The reactions are normalised to 1 mol O2 in the diagram. The more 
negative the Gibbs free energy for the reaction, the more stable the oxide. 
Similar diagrams may also be drawn for sulphur, carbon or chlorine to 
have an idea of, for example, the most stable chloride in an environment.  
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Figure 1. Ellingham diagram showing the Gibbs free energy for some important oxides in 
the high-temperature exposures (data given by the database ssub3 in ThermoCalc). 

For an oxide to be protective, kinetics are also important. It has to grow 
slowly enough and adhere to the substrate. At the very start of exposure, 
most oxides grow at a constant rate so in the ideal case the mass gain 
grows linearly versus time. If the oxide is non-protective, the access of 
oxygen to the metal surface is constant regardless of the thickness of the 
oxide layer, thus the oxide continues to grow at the same rate until the 
exposure stops or the metal is consumed. The mass increases linearly with 
time. If, instead, a protective oxide layer has formed in the initial stages, 
the reactant (oxygen or metal) has then to diffuse through the oxide layer. 
With time, the oxide layer grows in thickness, the diffusion path increases 
and the rate of mass gain decreases. The mass gain is ideally described as a 
parabolic increase of mass gain versus time.  

For engineering alloys, the initial oxide layer often includes other elements 
than finally observed in the protective scale15,18. Also, the true increase of 
mass gain versus time for an engineering alloy often deviates from the 
ideal growth due to complex alloys and complex environments.  

Two definitions used in the thesis are net mass gain and gross mass gain. 
The net mass gain is defined as the difference between the final and the 
initial mass of the sample. The gross mass gain is defined as the difference 
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between the sample in the crucible after and before exposure. The gross 
mass gain will include any spallation of the sample. 

2.2.1 Important corrosion mechanisms in energy applications  

In high temperature service environments, the complex gas environment 
will result in a non-idealised oxidation behaviour. Alkali metal compounds 
may form eutectic melts on the surfaces, sulphur may react to cause 
sulphidation of  the materials, low oxygen partial pressures and high 
carbon activities might induce carburisation and so forth. If the important 
parameters of the environment are known, laboratory exposures 
pinpointing separate characteristics of the environment can be evaluated. 
However, there is always a risk of picking too few parameters and 
oversimplify the system so that, for example, important equilibria in the 
gas phase or between gas and solid phases present are left out. To avoid 
this, comparison with plant exposures are important. Plant exposures are 
even more vital if the application is to some extent unknown regarding 
corrosion behaviour.  

In the present work, two different energy applications were examined. The 
oxidising superheater region has been widely studied. Some important 
corrosion mechanisms in this region are chlorine-induced corrosion and 
molten salt induced corrosion19–21. In the syngas region of a coal gasifier, 
sulphidation has been identified as the more important failure mode22–24. 
The presence of HCl has been shown to have an effect on the behaviour22. 
Only one failure case of carburisation on 800HT with large grain size has 
been reported25. As chlorine levels may be higher in biomass gasifiers, the 
effect of chlorine in these environments is of importance. Also, the lower 
level of sulphur in biomass might induce carburisation. The different 
mechanisms will be discussed briefly below. 

2.2.1.1 Chlorine induced corrosion  

Chlorine is known to have negative effect on the metal behaviour both if 
present in the gas phase and if present as alkali chlorides or lead 
chlorides26–28. As in the case of oxidation, thermodynamic data are 
important to determine whether chloride species are stable in a specific 
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environment or not. Equilibrium diagrams at varying partial pressures of 
chlorine and oxygen show what phases are stable in what regions. In 
reducing environments with low oxygen partial pressures, such as in the 
gasifier application, or below a thick deposit scale, where oxygen partial 
pressures are low, moderate partial pressures of chlorine will lead to stable 
chlorides. At high oxygen partial pressures, as close to the gas/deposit 
interface on a superheater, oxides are generally more stable than metal 
chlorides. An example for increasing oxygen and chlorine activities for a 
model 310S stainless steel is shown in Figure 2. 

 

Figure 2. Thermodynamic calculations of the stable phases for a model 310S at increasing 
activities of oxygen and chlorine at 600°C. The latter are given as the activity (ACR) of 
Cl2 and O2 with gas as the reference state. Diagram calculated with Thermo-Calc 4.1 with 
TCFE7 and ssub3 databases.  

Different theories have been presented for the chlorine induced corrosion 
by gaseous environments, of these the active oxidation theory26,29 is the 
most commonly quoted. In this mechanism, HCl reacts with oxygen to 
form chlorine gas and water. Chlorine then diffuses through cracks and 
pores to the metal/oxide interface and reacts with iron to form FeCl2. If 
temperature is above 500°C, FeCl2 is vaporised and diffuses to the surface 
of the corrosion layer, where it reacts with oxygen to form iron oxide and 
chlorine gas (reactions [1]-[3]). Chlorine is thus an intermediate in the 
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process and reactions [2]-[3] can repeat in a cycle and result in an iron rich 
oxide layer at the gas/corrosion scale interface.  

2 HCl + ½ O2 = Cl2 + H2O   [1] 

Fe + Cl2 = FeCl2(g)   [2] 

2 FeCl2 + 3/2 O2 = 2 Cl2 + Fe2O3  [3] 

Another suggestion is that the initial stage of chlorine corrosion is an 
electrochemical process, where oxygen is reduced by HCl on the gas/oxide 
interface (cathodic reaction) and the chloride ions diffuse to the 
metal/oxide interface through the oxide layer to form metal chloride and 
water (anodic reaction)30. As metal chlorides are electronically insulating, 
this mechanism has been suggested to cease locally as the chloride layer 
covers metal in the area.  

For solid salts, alkali chlorides (KCl and NaCl) have been suggested to 
react directly with iron oxide to form chlorine29,31:  

2 KCl + Fe2O3 + ½ O2 = K2Fe2O4 + Cl2  [4] 

This chlorine could then react further according to [2]-[3]. Cr has been 
suggested to react with chlorine in a similar way29. Other work suggest that 
chlorine is not needed for reaction with solid alkali chloride, instead the 
following reaction was suggested27 

2KCl (s) + ½ Cr2O3 + H2O + ¾ O2 = K2CrO4 +2HCl [5] 

The above examples include oxygen as one reactant. For environments 
with very low oxygen partial pressures, an important study performed in a 
pure Ar atmosphere showed that Cl2 resulted in the presence of Cl in the 
corrosion layer, while the addition of 500 vppm HCl resulted in no 
included Cl in the corrosion layer32. According to eq. [1], this result 
suggests that Cl2, not HCl, is the more aggressive species. However, most 
gas compositions in industrial applications include water, and equilibrium 
reactions will result in minor amounts of both Cl2 and O2 suggesting that 
both the above mentioned alternatives might be valid. It has been observed 
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that more spinel (M3O4) is formed on 310S after exposure in H2-H2O 
atmospheres after addition of HCl33. It can be concluded that the 
mechanism of chlorine induced corrosion is still under debate.  

2.2.1.2 Molten salt induced corrosion 

Molten salt corrosion can be explained by dissolution of a metal oxide 
scale at the oxide/salt interface or reaction of metal at the salt/metal 
interface and subsequent re-precipitation of metal oxide within, or on top, 
of the salt film34,35. The corrosion rate in molten salts is generally very fast 
and is in the case of the deposits in the superheater region, affected by even 
small changes in gas composition, which alters the salt chemistry. In the 
superheater deposits, molten phases have been observed in plant-exposed 
samples36. Of particular interest is the K-Na-Pb-Zn chloride system in 
which eutectic melts with low melting point may form. Especially Zn and 
Pb lower the melting point of the salt mixture, as indicated in Table 2.  

Table 2. Some examples of melting points of salts and various mixtures that might form 
in the superheater region36–38 

Composition (wt-%) Melting point (°C) 
ZnCl2 318 
KCl 772 
PbCl2 498 
NaCl 801 
48 ZnCl2-52 KCl 250 
39ZnCl2-50KCl-11PbCl2 275 
 

The salt melt induced corrosion of metal in chlorides was suggested to 
consist of the following steps: Reaction of metal with the chloride to form 
metal chloride, diffusion of metal chloride to the surface of the melt, 
reaction with oxygen to form metal oxide at the gas interface and reaction 
of the metal chloride and oxygen at the gas/scale interface34,35. The reason 
for the often observed Cr2O3 scale close to the metal surface was suggested 
to be that Cr2O3 is stable at lower partial pressures of oxygen than iron 
oxides29,39. 

The dissolution of a metal oxide in a salt melt, on the other hand, includes 
O2- in the process40. The metal oxide solubility varies with both alloying 
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elements and salt chemistry and occurs by either basic or acidic 
dissolution40.  

MO+O2- =MO2
2-    (basic dissolution) [6] 

MO = M2+ + ½ O2-  (acidic dissolution) [7]  

The gas composition will also affect the salt chemistry. For the chloride 
melts, the level of HCl (g) affects the basicity (-log(a(O2-))) of the melt 
through the following reaction also including water: 

H2O+2 Cl- = 2 HCl(g) + O2-   [8] 

Sulphur has been observed to affect the composition of the deposit layer in 
waste-to energy-boilers and may mitigate the corrosion reaction. After 
conversion of sulphur from the fuel or additive, one typical mechanism 
was suggested to be increase of the amount of SO2 in the gas phase and 
subsequent reaction with chloride according to41: 

KCl+SO2+H2O +1/2 O2= K2SO4 + 2 HCl   [9] 

2.2.1.3 Sulphidation  

A calculated phase diagram at 600°C for a simplified composition of 310S 
(Fe-20Ni-25Cr) is shown in Figure 3. As observed in the Figure, sulphides 
are stable at low oxygen partial pressures and high sulphur partial 
pressures. In regions where both sulphides and oxides are stable, there will 
be a competition between oxidation and sulphidation, where 
thermodynamics are important to define what phases are stable, but 
kinetics often determine what phases form in the specific case. For Ni, Fe 
and Cr, sulphides grow faster than oxides and have more defects. These 
sulphides are not protective in nature42.  
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Figure 3. Thermodynamic calculations of the stable phases for a simplified composition 
of 310S at increasing activities of oxygen and sulphur at 600°C. The latter are given as the 
activity (ACR) of S2 and O2 with gas given as the reference state. Diagram calculated with 
Thermo-Calc 4.1 with database TCFE7. 

Many studies have been performed of the behaviour of different alloys in 
sulphidising environments at low-oxygen partial pressures43–46. Special 
interest has been focused on the impact of pS2 on the corrosion behaviour 
and at what ratio pS2/pO2 the behaviour changes from mainly oxidation to 
sulphidation for different alloying classes43–45. Low-alloyed ferritic steel 
has been reported to display unacceptably high corrosion rates with mainly 
sulphidation in laboratory environments with low pO2 and H2S levels of 
0.2-1 vol%43. Steel with chromium levels above 20 wt-% showed 
acceptable behaviour with an oxide scale, some internal oxidation and 
occasionally internal sulphides present for lower pS2 and sulphidation 
governed kinetics at higher sulphur activities in low pO2 environments45. In 
some cases the initially protective behaviour shifted to sulphide 
development after longer exposure43. 

2.2.1.4 Carburisation 

Carburisation is the uptake of carbon which may lead to formation of metal 
carbides after inwards diffusion of carbon into the metal. If the activity of 
carbon in the environment is above the carbon activity of the metal, 
carburisation may occur. Some examples are given in the literature47,48. 
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Examined steels include for example 310S, 353MA48 and 304L49. Metal 
dusting, the catastrophic form of carburisation, may occur at temperatures 
typically in the range 400-700°C, with a maximum on iron and steels 
around 600°C25,50. Metal dusting requires a carbon activity above unity.  

2.3 High temperature corrosion in gasification and 
combustion using biomass or waste 

2.3.1 Differences between fossil fuel and biomass or waste 
derived fuel 

Biomass and waste have different characteristics as fuels compared to 
fossil fuel. These differences, especially the higher water and chlorine 
content and lower sulphur content, are important in both combustion and 
gasification. Fresh wood has a water content in the range 30-60 wt-%, but 
90 wt-% might be reached for some biomass.51 Examples of sulphur and 
chlorine content of different sources of biomass are given in Table 3. 
Another difference is the nature of potassium which in coal is to a major 
extent bonded in inorganic structures and in biomass is present in water-
soluble form52.  

Table 3. The composition of different fuel stocks. Wt %, dry basis. n a=not analysed  

*By difference 

Fuel Ash  C H N O  S  Cl  
(wt-
ppm) 

K  
(wt 
ppm) 

Na 
(wt 
ppm) 

Wood 53 Na 51.6-
51.9 

6.0-
6.3 

0.12 41.5-
41.8 

0.009-
0.1 

150 400 180 

Bark53 Na 52.5 5.7 0.4 39.3 0.032 200 1700 360 
Pine 
sawdust53,54 

0.2 50.2 6.1 0.1 43.4* 0.0 <15 500 40 

Peat54,55 3.0-
4.3 

50.1-
54.5 

5.1-
5.6 

0.8-
1.8 

33.1-
40.6* 

0.1-
0.45 

180-
270 

440-
690 

330-
380 

Different 
plastic waste 
fractions56 

1-
6.7 

57-85 8-
14 

0-
0.5 

0-28* 0-0.1 10-
10200 

350-
2074 

170-
910 

Anthracite55 na 90.7 2.1 1 11.4 7.6 Na na Na 
Petcoke55 na 86.3 0.5 0.7 10.5 0.8 na Na na 
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2.3.2 The superheater region of a biomass- or waste-fired 
boiler 

The superheater of a boiler is the heat exchanger between the hot gas 
emerging from the furnace and the pressurised steam in the superheater 
tubes. The superheated steam is mainly used for power generation down-
stream. For a waste-fired boiler, the flue gas in the superheater region 
typically displays levels of 250-1300 vppm HCl and 0-150 vppm SO2

57. As 
the surfaces of the superheater tubes are cooler than the gas phase, any 
compounds with a dew point below the temperature of the superheater 
surface will condense. The deposits consist of mainly chlorides and 
sulphates of Na, K and Ca, where NaCl, KCl, CaSO4 are dominant, but 
may also include ZnCl2 and PbCl2 

21,36, depending on fuel composition. 
Chlorine induced corrosion and salt melt induced corrosion have been 
identified as important corrosion mechanisms in the superheater region36. It 
has been shown that a S/Cl ratio of at least 2  in the fuel is recommended to 
diminish the corrosion in an oxidising biomass fired application58. As 
discussed above, potassium chlorides may then be converted to potassium 
sulphates. Potassium sulphate is regarded less aggressive to the metals than 
potassium chloride regarding corrosion behaviour in the superheater 
region59. 

2.3.3 The biomass fired gasifier and the syngas cooler 

Gasification of a fuel is the partial oxidation of a fuel in air, oxygen or 
steam in order to obtain an energy-rich product gas containing CO and H2 
with other constituents, mainly H2O, CO2, CH4 and, if air is used as 
oxidising agent, N2. It is performed in four basic steps (of which some may 
occur simultaneously): Drying – Pyrolysis – Char gasification – Partial 
combustion, resulting in a product gas not in equilibrium. The product gas 
is then cooled in the syngas cooler, directly used as fuel or cleaned and 
further refined to a synthesis gas. The synthesis gas is an excellent raw 
material for a wide range of chemical substances in the organic spectra.  

The syngas temperature in a coal-fired gasifier is 1000-1500˚C, depending 
on the gasification fuel and technique 60. The metallic components in the 
gasifier are mostly used as heat exchangers and typically reach metal 
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temperatures of 350-600˚C60. Typical partial pressures of oxygen and 
sulphur for the syngas of coal fired gasifiers are in the range  
pO2=10-20-10-24 bar and pS2 10-11-10-9 bar 44,61. The design of the gasifier 
and the gasification medium are very important for the resulting product 
gas composition51. For a fluidised-bed gasifier firing biomass, the typical 
operation temperature is 800-1000°C to avoid ash agglomeration51. Some 
compositions of the raw gas from gasifiers are listed in Table 4. The 
product gas will be at equilibrium at the gas temperature. However, in the 
syngas cooler, the gas is cooled very rapidly, so equilibrium at the metal 
temperature is not achieved. Sometimes the status of the gas is denoted 
frozen. 

Regarding the chlorine and sulphur content of the raw gas, an approximate 
level of chlorine after gasification of coal is in the range 100-600 ppm HCl, 
starting from a coal with 0.05-0.3 wt-% Cl. For sulphur, a high sulphur 
coal results in levels of H2S of 0.5-1.2 vol-%24,60. Recent development 
using different bed materials in fluidised beds has lowered the presence of 
sulphur to around 0.1% H2S62, and literature on biomass gasification of 
wood indicates values of 130-170 vppm H2S63. Values for the chlorine 
concentration could only be found for one simulated case, in which a level 
of chlorine in the interval 0.004-0.15 wt-% in fuel (dry basis) resulted in 2-
140 vppm Cl in the product gas53. According to the reference, chlorine 
potassium and sodium will react with chlorine to form KCl, (KCl)2 or 
NaCl if available. Measurements of alkali content after gasification of peat 
have been reported after the cyclone at 4-6 bar pressure and temperatures 
above 700-800°C54. The level of sodium and potassium was in the range 
0.2-1.2 wt-ppm and the alkali was present mainly as chlorides.  
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Table 4. Approximate gas composition in vol-% for different techniques and fuel stock. 
Note that biomass gasification is not a commercial technique and that compositions are 
given on dry basis unless otherwise stated. 

 

2.3.3.1 Important corrosion mechanisms in the syngas cooler. 

The corrosion behaviour of steel in syngas coolers of coal fired gasifiers 
has been reviewed by Bakker, who concluded that the major corrosion 
mechanism in a coal fired gasifier was sulphidation22. Low alloyed steel 
had high corrosion rates and were not recommended in the application 
above 250°C60. For steel with a content of chromium above 20 wt-%, two 
different types of corrosion behaviour were identified depending on the 
steel composition  and the presence or absence of chloride22. A level of 
HCl above 200 ppm was suggested to change the protective behaviour of a 
20 wt-% Cr steel to non-protective given a ratio pS2/pO2 of 17-1960. Since 
sulphidation is a major corrosion mechanism in coal fired gasifiers, the 
lower sulphur content and the higher chloride content of biomass means 
that it is very important to examine the behaviour of steel in the biomass 
gasifier. 

 Entrained flow, 
dry carbon 
powder 23 

Entrained 
flow, slurry-
fed carbon 
powder24 

Fluidized 
bed, oxygen 
blown, wet 
basis60  

Demo, twin-
fired fixed 
bed64 
Down-draft, 
wood chips, 
2MWth 

Demo, twin-
fired fixed 
bed63 
Wood chips, 
steam, 
8MWth. 

H2 23 33 24-28 w.b. 12-15 38-40 
H2O (0-3, w.b.) (5 wt-% w.b.) 11-20 w.b. d.b. (30-45). 
CO 72 61 10-15 w.b. 24-26 24-26 
CO2 4 5.2 10-15 w.b. 9-11 20-22 
CH4 traces traces 3-5 w.b. 2.5-3 10-11 
C2Hn na n a   0.5-0.9 2-2.5 
N2 - -  47-49 1.2-2 
H2S H2S+COS=1200 

ppm 
900 ppm 200-1200 

ppm w.b. 
 130-170 

ppm 
HCl 100-600 ppm < 0.1 Not given   
NH3     1100-1700 

ppm 
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2.3.3.2 Possibility of carburisation 

As discussed above, a carbon activity above unity is needed for metal 
dusting to occur, while carburisation can occur at carbon activities above 
the metal carbon activity. For syngas coolers in coal gasifiers, carburisation 
has not been reported to be an important mode of failure. The 
thermodynamic calculation of the partial pressure of oxygen and activity of 
carbon for a gas composition in the range of the product gas composition 
for a steam-blown65 and an air-blown gasifier (Paper III) after biomass 
gasification are shown in Figure 4. For the air blown gasifier, the carbon 
activity is above unity only below a gas temperature of 670°C, which is 
normally below that in a fluidised-bed gasifier51. The gas compositions 
used in the calculations are given in Table 5.  

 

 

Figure 4. Thermodynamic calculations of oxygen and carbon activities at equilibrium for 
two reference gasification environments with oxidising media of steam or air. Activities 
are given with the solid state as the reference state for carbon and the gas phase for 
oxygen. Diamond was suspended in the calculations. Calculations performed using 
ThermoCalc 4.1, ssub 3 database. 
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Table 5. Kinetic calculations for the activity of carbon using equations [15]-[17] on the 
steam-carbon equilibrium. 

 

Also kinetics has to be taken into account. The raw gas in the syngas 
cooler of the Värö gasifier has an approximate temperature of 800°C. In 
the gas phase, the most important reactions are66,67  

CO + H2 = C + H2O  (Steam gas reaction)  [10] 

C + CO2 = 2 CO (Reverse Boudouard reaction) [11] 

C + 2 H2 = CH4 (Methane reaction)  [12] 

CO + H2O = CO2 + H2 (Water gas shift reaction)  [13] 

CO + 3 H2 = CH4 + H2O (Methane formation)  [14] 

Of the reactions above resulting in carbon formation, the steam gas 
reaction is regarded the fastest68,69. With this assumption, the activity of 
carbon from this reaction in the supersaturated environment can be 
calculated70: 

 푎 = 퐾 ∙   [15] 

 퐾 = 푒푥푝   [16] 

 훥퐺 = −134515 + 142.37	푇  [17] 

The resulting carbon activities for the environment typical of the syngas of 
a biomass fired steam-fired gasifier and the Värö air-blown gasifier were 
calculated (Table 5 above). As shown, carbon activities are well below 

 Approximate gas composition 
(vol-%) 

ac 
500°C 

ac 
600°C 

ac 
800°C 

Steam blown 
gasifier65 

6CH4-2C2H4-15CO-10CO2-
14H2-50H2O-3N2 

1.88 
 

0.17 
 

0.0054 
 

Air-blown gasifier 
(Paper III) 

5CH4-20CO-10CO2-15H2-
10H2O-40N2 

13.5 
 

1.23 
 

0.039 
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unity at the operating temperature of the gasifier. At higher temperatures, 
the calculated carbon activity will be further lowered. Compared with the 
gas compositions in an entrained-flow reactor used for coal gasification 
(Table 4), the water vapour content after biomass gasification is higher, 
and the H2 and CO contents are lower. Thus, the calculated carbon activity 
of the steam gas reaction after biomass gasification will result in a lower 
carbon activity compared to the coal case at the same temperature. 
Carburisation is therefore suggested to be of minor importance for the 
biomass case considering these calculations. 

The lower content of sulphur in biomass also raises the question of effect 
of sulphur on carburisation. Parameters that influence the carburisation or 
the metal dusting are the level of H2S, since sulphur could adsorb to the 
surface and hinder or in some cases inhibit metal dusting50 and slow down 
carburisation 71. Other parameters influencing carburisation are the grain 
size and level of chromium in the base metal25, since a dense oxide layer 
effectively reduces the carburisation. 
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3 Experimental 

3.1 Exposure environments 

3.1.1 Laboratory exposures (Papers I, II, IV and V) 

The laboratory exposures were performed in a horizontal tube furnace 
where the temperature in the hot zone was determined according to the  
SS-ISO 21608:2012 standard. The inner tube was made of quartz with an 
inner diameter of 42 mm except for the exposure in nitriding atmosphere 
where an alumina tube with inner diameter of 48 mm was used. Gases 
were supplied with mass flow meters except for HCl and water, which 
were added as solution by a peristaltic pump that was calibrated to the 
calculated liquid flow. Evaporation occurred immediately in the furnace. 
The peristaltic pumps are generally stable, but care must be taken to 
change the tubing often enough to avoid any damage and widening of the 
inner diameter of the tubes. The total gas flow in the exposures was 
approximately 200 mL/min, but in all cases above the standard value of 
three total turnovers in an hour defined in SS-ISO 21608:2012. The total 
liquid addition varied, but was in the range 1-3 mL/h depending on the 
water content of the atmosphere. All exposure environments are given in 
Table 6 and Table 7. 

Table 6. Exposure environments under oxidising conditions. Vol-% if not otherwise 
specified. Values given in parenthesis were calculated. 

 T [°C] Bal. O2 H2O SO2 HCl 
Paper I, Air 700 / 

1000 
Air (21) - - - 

Paper I, Air/water 700/1000 Air (11.6) 45   
Paper I, 
sulphidising/chlorinating  

700 Ar 0.1 26 1 0.35 

Paper IV, salt dip 500 N2 8 12 200 
ppm 

2000 
ppm 

Paper IV, salt bed 500 N2 8 15 200 
ppm 

2000 
ppm 
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Table 7.Exposure environments under reducing conditions. Vol-% if not otherwise 
specified. 

 T [°C] N2 H2 CO CO2 H2O HCl  
Paper I 1000 95 5 - - - - 
Paper II 600 10 20 10 10 50 - 
Paper II 600 10 20 10 10 50 500 ppm 
 

Samples were generally exposed individually, to enable gross and net mass 
measurements. An exception was the exposures in nitriding atmosphere, 
where spallation was not expected and the samples instead were hung on 
an alumina rod with alumina separators. The alumina crucibles, separators 
and rods were baked at 1100°C for at least 24 h (Paper I, V) or at 1000°C 
for at least 24 h (Paper II and IV) before the exposures.  

The samples were prepared by grinding down to P1200 on all exposed 
sides to approximate dimensions 15x20 mm with varying thicknesses 
depending on the supplied materials. Corners and edges were rounded to 
avoid edge effects. Degreasing in ethanol in an ultrasonic bath finished the 
preparation. After the sample preparation, samples were only handled with 
tweezers to avoid any salt contamination. Mass measurements were 
performed on a balance with accuracy better than 60 µg. Measurements of 
the thickness of each sample was performed in six positions on each 
sample, as was length and width. 

In the salt dip exposures (Paper IV), a solution of 10 wt-% equimolar 
KCl/ZnCl2 with a melting temperature of 223-230°C72,73 was used. 
Samples were dipped once a week. Initially, the samples were dried after 
dipping to determine the approximate amount of salt added. It was 
observed that the amount of added salt depended on the roughness of the 
surface of the sample. The total exposure time was eight weeks. 

In the salt bed exposures (Paper IV), samples were put into a salt mixture 
with similar alkali and oxygen content as the measured composition of 
deposits in a waste-fired plant. Equimolar amounts of NaCl, KCl and 
ZnCl2 were used and CaSO4 was added to adjust the amount of chlorine to 
10 and 20 wt-% in each exposure. The values are given in Table 8. The 
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samples were exposed in alumina crucibles with an approximate diameter 
of 20 mm and outer height of 30 mm. The salt was added up to 
approximately half the height of the sample. Every week the salt was partly 
exchanged. The reason for not exchanging all of the salt was the risk of 
disturbing the corrosion layers. The total exposure time was three weeks. 

Table 8. Salt bed compositions for the laboratory exposures and literature. Values given 
in wt-%. 

 10 wt% Cl 20 wt% Cl Exposure, waste-fired boiler21 
Na 1.6 3.2 <5 
K 2.8 5.5 < 5 
Zn 4.6 9.2 <5 
Ca 24 18 25-35 
S 19 15 5-7 
O 38 29 35-45 
Cl 10 20 10-15 
 

3.1.2 Plant exposures 

3.1.2.1 Exposures at Högdalen power plant (Paper IV) 

The Högdalen power plant is a combined heat- and power plant with a 
CFB-boiler. The samples were exposed in P6, a plant with thermal power 
of 90MW that is fired with industrial waste (PTP plastics-wood-paper). 
The samples were exposed uncooled in the second package of superheaters 
and were welded in place. The gas temperature was approximately 450-
500°C, but occasionally the samples might have reached higher 
temperatures. The materials exposed were 310S, 253MA and 353MA. 
They were exposed as-received with a size of approximately 210x297 mm. 
The total exposure time was approximately one year. 

3.1.2.2 Exposures at Värö (Paper III) 

The gasifier at Värö is an air-blown gasifier working at atmospheric 
pressure. It is connected to a lime kiln with an intermediate cyclone and air 
preheater. A sketch of the plant is shown in Figure 5. The gas composition 
regarding main components is given in Table 9, the composition of the bed 
material in Table 10 and fuel analysis performed on a small sample is 
given in Table 11. The samples were ground to P1200 on the surfaces 
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facing the gas flow and exposed uncooled in a corrosion probe and were 
placed after the air preheater and before the lime kiln. The temperature was 
measured on the back of the samples. As shown in Figure 6, the 
temperature of the probe varied during exposure. Most often, the 
temperature varied between 450-500°C. As fuel addition was performed at 
probe temperatures above 350C°, the hot dwell time is given as the time 
above this temperature. The exposed materials were 16Mo3, 304L, 253MA 
and Kanthal® A-1. The samples were ground to P1200 before exposure and 
the total hot dwell exposure times were 9 min (short-term), 580 h 
(intermediate) and 1054 h (long-term). The Kanthal® A-1 was exposed 
without pre-oxidation. 

 

Figure 5. Design of Värö gasifier: A=Gasifier, B=Cyclone, C=Air preheater, D=Lime 
kiln. The cross indicates location of the samples. The fuel dryer preceding the gasifier is 
not  included in the image. 
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Figure 6. Temperature profile recorded in the sample holder. The hot dwell time for the 
intermediate and long-term exposures are indicated in the figure. 

Table 9. Approximate composition of the flue gas after the gasifier at Värö. (vol-%)  

H2 CO2 H2O CH4 CO N2 
10-15 10-15 10-15 5 15-20 Bal. 

 
Table 10. Composition of the bed material (wt-%). The balance is oxygen. 

 Värö  Värö 
Total C 12.2 Ti  0.01 
C-CO3 12.2 Mn 0.07 
Cl <0.01 Mg 13.4 
Al 0.21 Ca 22.4 
Si 1.57 Na <0.1 
Fe 0.40 K 0.13 
  P <0.1 

 

 

 

 

 

 



26  E X P E R I M E N T A L  
 

 
 

Table 11. Analysed composition of a small sample of bark (dry basis, wt-%) 

Main 
constituents 

Wt-% Trace elements Wt-% 

Ash 5.4 Al 0.2 
Cl 0.02 Si  0.85 
S 0.03 Fe 0.1 
C 51.5 Mn 0.07 
H 5.6 Mg 0.12 
N 0.38 Ca 0.81 
O (difference) 37 Na 0.08 
  K 0.3 
  P 0.06 
  Zn 0.012 

 

3.2 Analytical techniques 

3.2.1 Electron microscopy and EDS/WDS 

Scanning electron microscopy (SEM) was used as a central analysis 
technique in the work. In an SEM, a focused electron beam is used to scan 
the surface of the sample. As the beam of primary electrons hits the 
surface, secondary electrons, ions or excited atoms are generated. During 
the relaxation process, characteristic X-rays will be emitted that may be 
analysed by different techniques. The secondary electrons are generated by 
inelastic scattering of the primary electrons. They are analysed by a 
photomultiplier and give a good topographic view of the sample. The 
backscattered electrons on the other hand are generated by elastic 
scattering events, i.e. the primary electrons are backscattered by 
interactions with the target atoms. They originate from a deeper surface 
layer, have higher kinetic energy than the secondary electrons and reflect 
the atomic number in a qualitative manner in an image – lighter elements 
result in darker areas than heavier elements. Thus, variations in element 
composition in an oxide scale are seen due to e. g. different amounts of 
oxygen per metal atom in a particular area. 

To obtain an element analysis of the sample, energy dispersive X-ray 
spectroscopy (EDS) and in some cases wavelength dispersive spectroscopy 
(WDS) were used. With EDS, the energy of the emitted characteristic X-
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rays is analysed to obtain element analysis and quantification. The 
resulting spectrum reflects all elements in the analysed area. Lighter 
elements give poorer quantification compared to heavier elements. With 
WDS, the wavelength of the X-rays is analysed utilising a crystal 
spectrometer with well-defined crystal getters placed in a circle. When 
Bragg’s law is fulfilled for a specific crystal at a specific distance from the 
sample, the wavelength is accurately determined and the element is 
identified. WDS is used simultaneously with EDS and results in high 
quality data on composition and element analysis for the chosen elements. 
While EDS is a rather quick method that is performed on the entire X-ray 
spectrum at once, WDS requires one spectrometer channel per element and 
may be quite time consuming if several elements are to be detected. In this 
work, WDS was used only in Paper I when oxygen and nitrogen needed to 
be separated. EDS was used in the transmission electron microscope 
(TEM), the focused ion beam microscope (FIB) and in the SEM. The 
microscopes used were a JEOL 7000F scanning electron microscope with 
both WDS and EDS detectors, a JEOL 7000F scanning electron 
microscope with an EDS detector, a FIB/EDS instrument (FIB, FEI Quanta 
3D) with EDS and a TEM (JEOL JEM 2100-F at 200 kV) with various 
possibilities including EDS. In all instances EDS from Oxford Instruments 
was used. 

TEM sample preparation was performed using FIB. Platinum was 
deposited on the surface of the intended sample site prior to the Ga ion 
milling. Milling was done on both sides of the Pt-strip. After milling, EDS 
analysis was performed in the instrument (EDS, Oxford Instruments). The 
sample was lifted onto a grid for transport to the TEM. Images in TEM 
(JEOL JEM 2100-F at 200 kV) were made with bright field analysis (Paper 
II).  

3.2.2 XRD and TEM: Electron and X-ray diffraction  

Diffraction is used to reveal the crystal structure of solid material and was 
in this work used in X-ray diffraction (XRD) and electron diffraction in the 
transmission electron microscope (TEM). It reveals the distance between 
the planes in a crystal structure by diffraction of the incoming beam by the 
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atoms present in the sample. This will be reflected by maxima and minima 
in the outgoing signal from the sample. To be able to observe the crystal 
structure, the distance between the atoms has to be larger than the 
wavelength of the source. For electrons, the wavelength is 0.02-0.03 Å and 
for X-rays 0.5-1.5 Å depending on the instrumentation. Constructive 
interference occurs when Bragg’s law (nλ=2 sin) is satisfied. 

For XRD, a solid sample such as a metal surface or a powder can be 
analysed. In this work, both techniques were used to analyse corrosion 
products after laboratory and plant exposures. The maxima and minima in 
the pattern reflect all crystals struck by the beam. A crystal structure 
library (ICCD´s ”PDF 4+” (version 2010)) was used to determine what 
crystals could be present. As patterns are often very crowded for complex 
environments such as the plant exposures of this thesis, only elements 
present in the metal matrix or analysed by EDS were included when 
looking for matches. For laboratory exposures, elements present in metal 
matrix or gas phase were included. Organic structures were excluded from 
the analysis. The instrument used was a D8 equipment (Bruker AXS) with 
parallel beam arrangement by Goebbel mirror, 1.2 mm divergence slit and 
long Soller slits on the detector side. The X-ray source was a Cu Kα X-ray 
detected with a SolX (Bruker) energy dispersive detector.  

For electron diffraction in the TEM, single grains could be analysed 
regarding the crystal structure. This will be reflected by maxima and 
minima and result in a characteristic spot pattern. By identifying the 
different unit cell axes of the crystal and observing the crystal from 
different directions, the crystal structure in terms of interplanar distances 
and angles in the hkl coordinate system could be determined. The hkl 
coordinates in the reciprocal space could be translated to xyz coordinates 
in real space. A certain size of the crystal is needed. If the crystals are too 
small for single crystal analysis, multiple grains can be analysed to give a 
ring pattern with information on the crystals in the analysed area. This is 
similar in some respects to XRD. The analysed sample should be electron 
transparent. Electron diffraction was performed in Paper II in a TEM 
(JEOL JEM 2100-F at 200 kV).  
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3.2.3 EBSD 

Electron Back-Scatter Diffraction (EBSD) is a technique to evaluate 
crystal structure and orientation for individual crystals in SEM. In EBSD, 
the electron beam is focused on the sample and the back-scattered electrons 
are diffracted. The resulting diffraction pattern (Kikuchi pattern) is 
detected by a phosphorous screen with a camera. The crystallographic 
phase and orientation is analysed by an image analysis system. 

The Field Emission Gun -SEM equipment (FEG-SEM) used in this work 
was a LEO 1530 with a Gemini column, upgraded to a Zeiss Supra 55 
(equivalent) with Channel 5 software from HKL Technology and a 
Nordlys F+ EBSD camera. The SEM settings used was 15 kV with 
aperture 120 µm. The EBSD settings used was step size 2.5 µm and 4x4 
binning. Each specimen was wet ground, polished with diamond paste 
to 0.25 µm and subsequently polished using an oxide suspension (OP-S 
solution, Struers A/S) and water during 15 min. 

3.2.4 GD-OES 

Glow discharge optical emission spectroscopy (GD-OES) was used for 
surface depth profile analysis. The sample is mounted as the cathode in a 
vacuum chamber. The anode consists of a copper grid. After argon is let 
into the chamber, a high voltage is applied and a plasma is created. The 
excited noble gas atoms sputter the cathode (sample) surface and layer by 
layer atoms leave the surface and enter the plasma. The characteristic 
spectrum emitted by each element as it is relaxed is analysed by optical 
spectrometers. The instrument used in this work was a LECO GDS 750 
Glow Discharge Optical Emission Spectrometer.  

3.2.5 Other techniques  

In Paper I, some complementary techniques were used. Hardness 
measurements were performed with a hardness tester, FM-700, used for 
micro Vickers measurement with a load of 25 g. Hardness is a 
characteristic of a material and was measured on the AFA alloy after 
annealing, after exposure for 100 h at 700°C and 1000°C. Also in Paper I, 
a ferritscope was used to determine the ferrite number of the AFA material 
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to confirm that the material did not display high ferrite numbers. Light 
Optical Microscopy (LOM) was used after etching in HNO3 in Paper I and 
for surface images of 304L in Paper II. 

3.3 Thermodynamic calculations 

Thermodynamic calculations were done in order to give a theoretical 
background for the observed phases and reactions of the material in the 
complex environments used in the work. As the applications which are the 
subject for this thesis involve very long exposure times, equilibrium 
calculations may be assumed to give a reasonable representation of the 
expected phases. In Paper I, II and III equilibrium calculations are used as 
a starting point for the discussion. In Paper V, kinetic calculations were 
also performed. It has to be pointed out that modelling is an excellent tool 
for understanding the reactions, but it relies on the quality of the databases 
used. The calculations were in most cases performed using the software 
ThermoCalc 4.1 including the module DICTRA for kinetic calculations. 
The databases used in Paper V were the steel database TCFE7 and the 
mobility database MOBFE2. In Paper III, TCFE7 and the substance 
database ssub3 were used. In Paper I and II, ThermoCalc ver S with 
TCFE6 in combination with substance database SSUB3 or NiFeSuper 
(designed for Ni-base materials) was used. Differences between the 
thermodynamic databases regard primarily the phases included and the 
valid ranges for the level of each element. In addition to calculations 
performed in ThermoCalc, also HSCv774 was used in Paper III.
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4 Results  

4.1 Laboratory exposures and simulation as a tool in 
development of new materials 

4.1.1 Exposures of the AFA alloy in model environments 
(Paper I and V) 

As discussed above, the sulphidising-chlorinating environments present in 
biomass-fired applications have increased the demands placed on high-
alloyed materials with protective oxide scales. This has led to interest in 
new materials categories, including the alumina forming austenites (AFA).  

In the laboratory exposures, an AFA material (Fe-20Cr-25Ni-4Al-1Mn-
0.5Si), was prepared and compared with a reference alloy with the same Ni 
and Cr contents (Fe-25Cr-20Ni-1Mn-0.5Si). In exposures at 700°C in air 
and air/water environment, it was shown that the AFA materials displayed 
lower gross and net mass gains than the reference material and also some 
enrichment of Al in the oxide scale (Figure 7).  

Also in the chlorinating/sulphidising environment, the AFA material 
showed better behaviour, with lower mass gains than the reference 
material. Spallation occurred for the AFA material as well as for the 
reference material, as seen from the difference between gross and net mass 
gains (Figure 8). Confocal microscopy revealed spallation down to the bare 
metal in the AFA material versus spallation within the oxide layer for the 
reference material. It was found that the sulphidising environment gave 
relatively large variation between duplicate tests.  
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Figure 7. Results from GDOES on the AFA alloy after exposure for 100 h at 700°C in the 
air environment (above) and in the air/water environment (below). 

 

Figure 8. Net mass gain (white) and gross mass gains (grey) after exposure for 100 h at 
700°C in different environments for AFA and reference material.  
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When analysed in FIB/SEM, the quality of both oxides could be compared. 
It was revealed that while the oxide of the reference material was 
continuous, it was also buckled with incorporation of chlorine in the oxide 
scale (Figure 9, left). For the AFA alloy, the oxide layer was continuous, 
with enrichment of Al as observed in FIB/SEM, but detachment of the 
oxide layer could also be observed (to the right in Figure 9, right).  

Figure 9.  Images from FIB/SEM of the reference material(left) and  the AFA  material 
(right) after exposure in sulphidising/chlorinating environment at 700°C for 100 h.  

 

 

Figure 10. Net mass gain (white bars) and gross mass gain (grey bars) of the AFA and the 
reference materials after exposures at 1000°C in air, air/water and N2/5% H2. 



34  R E S U L T S  
 

 
 

 

 

 

 
Figure 11 Reference material (left) and AFA material (right) after exposure at 1000°C in 
air/water environment for 100 h. Back-scattered electron images. 

After exposure at 1000°C, net mass gains were higher for the AFA 
material in all environments (Figure 10). The spallation after air/water 
exposure, measured as difference between net and gross mass gains, was 
clearly smaller for the AFA material. For the air environment, the mass 
gains showed similar results for both materials.  

The cross-sections of the two materials after exposure at 1000°C for 100 h 
in air/water environment are shown in Figure 11. The AFA material 
displayed internal reaction of aluminium and an almost pure chromia scale 
on the surface while the reference material displayed only slight internal 
attack and a thick, iron enriched oxide on top of a thinner chromium 
enriched oxide layer. SEM/WDS analysis revealed internal oxidation of Al 
down to 20 µm and internal nitridation of aluminium down to 70 µm. The 
air exposure induced similar behaviour in the AFA material, with internal 
attack to similar depths, however with coarser and more numerous of 
aluminium nitride precipitates. After 100 h exposure in the nitriding 
environment, Cr2N was detected down to 200 µm while the internal 
formation of aluminium nitrides was deeper, down to 450 µm. Both Cr2N 
(hexagonal structure) and AlN were detected with SEM/EDS and EBSD 
(Figure 12 and Figure 13). 
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Figure 12. Back-scattered image of the AFA material after exposure in N2/5% H2 at 
1000°C for 100 h.  

  
Figure 13 EBSD images of the AFA material after exposure in N2/5% H2 at 1000°C for 
100 h. Left: Phases present. Matrix phase (white), Aluminium nitrides (grey) and 
chromium nitrides (black). Right: Nitrogen distribution. 

After 1000 h in the air/water environment, the behaviour was further 
exaggerated for both materials with a thick iron rich oxide and chromium 
enriched oxide closest to the metal for the reference material and internal 
oxidation and nitridation down to 100 and 250µm respectively for the AFA 
material. For the nitriding environment, nitridation down to 1200 µm was 
observed for the AFA material.  
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4.1.2 Thermodynamic and kinetic simulations (Paper I and V) 

For the AFA material, thermodynamic calculations (ThermoCalc, ver S, 
database TCFE6) showed that the material is a stable austenite down to 
700°C where sigma phase starts to form. Ferrite is stable at slightly lower 
temperatures (Figure 14). The TCFE6 database has an upper limit of Ni at 
20 wt.-%, and Ni aluminides are not included.  

 

Figure 14. Results from thermodynamic calculations on the AFA material with 
ThermoCalc ver S and database TCFE6. 

Thermodynamic calculations for increasing nitrogen and oxygen partial 
pressures were performed with ThermoCalc ver S and the database ssub 3 
(Figure 15, left). Comparing the calculations with exposure in air 
environments, a decreasing oxygen partial pressure in the direction of the 
arrow in the figure is suggested. At the surface, there is a chromia enriched 
surface layer, in the intermediate zone a combination of internal oxidation 
and nitridation of Al and at the greatest depth, internal nitridation of Al in 
the austenite phase. (Figure 15, left). Observe that the nitrogen partial 
pressure is limited upwards by the presence of Cr2N that was not detected 
in the air environments. For the nitriding environment, Cr2N and AlN were 
detected and increasing nitrogen partial pressures were simulated with 
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ThermoCalc 4.1 and TCFE7 as shown in Figure 15, right. The order of 
appearing nitrides from the surface, with high nitrogen activities, down to 
the austenite phase is well reflected by the simulation. However, no CrN 
was detected, which is assumed to be due to the thin oxide layer on the 
surface. This will lower the nitrogen activity at the metal/oxide interface 
compared to the activity of nitrogen of the gas phase.  

 
 

Figure 15. Thermodynamic calculations at 1000°C for the AFA alloy at increasing 
oxygen and nitrogen partial pressures (left) and for increasing nitrogen partial pressures 
only (right) (ThermoCalc ver 4.1, TCFE7). The activities of oxygen and nitrogen are 
given with the gas phase as the reference state. Right image reprinted from Paper V. 

A kinetic model was set up for simulation of the nitriding behaviour of the 
AFA alloy, excluding the influence of the surface oxide observed by 
GDOES. This limitation was necessary because oxygen mobility within the 
oxide layer is currently not defined in the database used (MOBFE2). 
Equilibrium data were taken from TCFE7. ThermoCalc 4.1 including 
DICTRA was used in the simulation. The model including start values and 
boundary conditions is shown in Figure 16. 

 

Figure 16. Start values of the model used in the kinetic simulations.  
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The results were compared with experimental data and it was concluded 
that the element levels in the matrix phase were well reflected by the 
model, but the predicted nitridation depth was larger than that observed 
experimentally (Figure 17, left and right). The reason is suggested to be the 
thin oxide layer present on the samples and attempts to model the effects of 
the layer are discussed later.  

 

Figure 17. Comparison between modelled and experimental data after 100 h exposure. 
The resulting ingress depths of the nitrides from the kinetic model with experimentally 
determined depths as dotted lines are shown to the left. To the right, the modelled matrix 
composition is shown as solid lines and the experimentally determined compositions as 
symbols. For clarity, modelled and experimental values for Mn and Si were excluded. 
Reprinted from Paper V. 

4.2 Materials behaviour in the biomass fired syngas 
cooler environment (Papers II and III)  

Depending on the fuel, biomass may contain larger amounts of chlorine 
and smaller amounts of sulphur than coal. As discussed in the introduction, 
the main mechanism for corrosion in coal fired gasifiers has been reported 
to be sulphidation. With less sulphur and more chlorine, there is a risk of 
higher degree of chlorine-induced corrosion. Not much work has been 
done in chlorine containing atmospheres with low carbon and oxygen 
activities.  In Paper II, materials were exposed under laboratory conditions 
in the presence or absence of HCl to elucidate the role of chlorine in a 
reducing environment. There are other differences between coal and 
biomass as fuel, such as contents of trace metals. Not much work has been 
done in biomass gasifiers, and the work performed in the Värö gasifier 
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(Paper III) resulted in interesting information on both the deposit 
composition and the performance of materials in the syngas after biomass 
gasification.  

4.2.1 Effect of Cl-content in the syngas cooler environment – 
Paper II 

In Paper II, exposures were performed at 600°C in a carbon-containing gas 
with a calculated oxygen activity of approximately 10-24 and a carbon 
activity of 0.09 (calculated by using ThermoCalc ver S with TCFE6 
database). The gas environment in the laboratory exposures was simplified 
using a gas composition based on the gas atmosphere of a steam-blown, 
biomass-fired pilot plant gasifier65 and a ratio CO/H2 of 2. This is the 
optimal ratio if methane production is the final product. Calculations of 
carbon activity were performed to ensure a carbon activity below unity at 
600°C. As the gas composition is not at equilibrium, the carbon activity 
may also be calculated using the equations [15]-[17] given in section 
2.3.3.2, resulting in a carbon activity of 0.16.  

A wide variety of alloys were exposed in the simulated syngas 
environment for in total 960 h. Mass gains for some of these alloys are 
given in Figure 18. The exposure in HCl environment resulted in slightly 
more variation among results, but mass gains were still low compared to 
the reference material which displayed mass gains in the range 10-60 
mg/cm2. Interestingly, the mass gain of the reference material was lower in 
the HCl environment (10 mg/cm2), but this may be a result of a slightly 
tighter sealing of the furnace in this exposure. 
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Figure 18. Net mass gains after exposure in 10%CO-10%CO2-20%H2-10%N2-50%H2O 
(above) and with the addition of 500 ppm HCl (below). The mass gain of the reference 
material 15Mo3 was 10-60 mg/cm2. 

The reference material 15Mo3 and two chromia forming austenites (304L 
and 310S) were chosen for further examination. Magnetite was detected on 
15Mo3 after both exposures, which indicates an oxygen (O2) activity of 
3·10-25-2.5·10-15 according to calculations on pure iron (TCFE7, 
ThermoCalc 4.1). The two chromia forming austenites displayed low mass 
gains and very little difference between exposures in atmospheres with and 
without HCl. For example, 304L exhibited a thin oxide layer of 300-500 
nm after exposure without HCl and 500-800 nm with HCl analysed by 
TEM bright field analysis. The oxide layer was however somewhat coarse 
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after exposure in HCl-containing environment. XRD results indicated a 
mixture of M2O3 and M3O4 with slightly more M3O4 after exposure with 
HCl. Just beneath the oxide layer, a Cr depleted region with ferritic 
structure was observed in EBSD and TEM/EDS (Figure 19). A line scan 
was performed from the Pt strip through the oxide layer on the two 304L 
samples exposed without and with HCl. In both cases, Ni and Cr depletion 
just under the oxide layer was revealed (Figure 20). It is noted that the Fe 
content was approximately 90 wt-%.  

  
Figure 19. Cross sections of 304L after exposure in gasification environment with HCl 
for 960 h at 600°C: STEM micrograph (left) and EBSD image indicating ferrite (light 
grey) and austenite (dark grey). Images were taken from two separate locations. 
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Figure 20. Line scan from the Pt strip through the oxide layer on the two TEM samples of 
304L after exposure in gasification atmospheres. Sample exposed without HCl (above) 
and with HCl (below).  

For 310S, both exposures resulted in thin oxide layers and the presence of 
both M2O3 and M3O4. After exposure in the chlorinating environment, 
some thicker patches were observed on the surface (Figure 21). These 
patches were further analysed in FIB/EDS and were revealed to include 
Ca, Al and Cl in addition to matrix elements, oxygen and Ga added in the 
sample preparation procedure.  
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Figure 21. 310S after exposure in a chlorinating gasification atmosphere. The black 
rectangle indicates the approximate position of the FIB sample used for EDS analysis and 
TEM examination of an oxide spot. 

TEM samples from the exposure without HCl (see Paper II) showed a 
chromium rich oxide on top of a silicon rich oxide layer closest to the 
metal. The crystal structure was determined to be M3O4 for larger grains 
while small grains could also be M2O3. From the sample of 310S exposed 
with HCl, two samples were prepared – one at the oxide spot (Figure 22, 
right) and one outside the spot at an arbitrary position (Figure 22, left). In 
the latter case, a continuous silicon rich oxide layer was identified, similar 
to the oxide in the exposure without HCl. At the oxide spot, the silicon-rich 
layer was not continuous and larger crystallites with M2O3 structure and 
smaller crystals with M3O4 structure were present. However, the XRD 
results for both exposures showed the presence of both M2O3 and M3O4. 
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Figure 22. TEM micrograph of 310S after exposure in gasification environment with 
HCl. Main oxide(left) and oxide spot (right). 

4.2.2 Behaviour in the syngas section of a biomass gasifier – 
Paper III  

Four materials representing three classes of steel were exposed in the gas 
atmosphere of the syngas cooler of a biomass gasifier, using uncooled 
samples at a lower gas temperature to give a reasonable metal temperature. 
The hot dwell exposure times were 9 min (short-term), 580 h 
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(intermediate) and 1054 h (long-term). The aim was to examine the 
composition of the deposits and the materials behaviour. 

Regarding the deposits, the short-term exposure showed small particles 
rich in Ca, Mg and O, possibly originating from the bed of the gasifier (the 
composition is given in Table 10 on page 26). XRD of the intermediate and 
long-term exposures showed the presence of ZnS and CaCO3. It is noted 
that peaks from FeS, Zn2/3Fe1/3S and ZnS are close together and could not 
be distinguished with XRD. SEM/EDS analysis on cross-sections of the 
intermediate exposed samples indicated a deposit layer with Zn, S and Ca 
as shown in Figure 23. After long-term exposure Ca, Mg, Zn and S were 
present on the surface of all samples, which supports the XRD analysis. 
One difference is the presence of K2SO4 after intermediate exposure. This 
could not be detected after long-term exposure, and was suggested to 
depend on small variations in the operating conditions of the gasifier. The 
XRD results after intermediate and long-term exposure are shown in Table 
12 and Table 13. 

Table 12. XRD results after 580 h exposure of all materials. +=Peaks correlate well with 
suggested compound. (+) Peaks are weak, but suggested compound fits the peak pattern. 

Material Ferrite Austenite Fe3O4 
(M3O4) 

CaCO3 ZnS, 
Wurtzite 

ZnS, zinc 
blende 

K2SO4 

1.5415   + + + (+)  
1.4306 + + + + +  (+) 
1.4835 + +  + +  + 
FeCrAl  +   + + (+) + 
 

Table 13. XRD results after 1054 h exposure, note that no K2SO4 was detected 

Material Ferrite Austenite Fe3O4 
(M3O4) 

CaCO3 ZnS, 
Wurtzite 

ZnS, 
zincblende 

1.5415   (+) + + (+) 
1.4306  + + + +  
1.4835  + + + +  
FeCrAl   (+) + + (+) 
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Figure 23. Back-scattered images and element analysis (SEM/EDS) on cross sections 
after intermediate exposure (580 h) in the syngas of a biomass gasifier. 

All materials, including the low-alloyed 16Mo3, showed low metal loss but 
the four different materials showed different behaviour. Back-scattered 
images of the four materials in the parts with the highest degree of 
corrosion damage after long-term exposure are shown in Figure 24. 16Mo3 
had similar behaviour over the whole cross-section with internal voids and 
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sulphidation along grain boundaries down to 5µm. For 304L, some internal 
sulphidation was observed, while other parts of the cross-section displayed 
internal oxidation down to 10µm. For 253MA and Kanthal A-1, the 
presence of deposits appeared to protect the surface, while absence of 
deposit was accompanied by some metal loss. In these areas, 253MA 
displayed occasional grain loss and Kanthal A-1 displayed some shallow 
pits (Figure 24). 

 

Figure 24. Back-scattered images of 16Mo3, 304L, and Kanthal A-1 and secondary 
electron image of 253MA after long-term exposure in the syngas section of the Värö 
gasifier. The images for 253MA and Kanthal A1 were taken from positions without 
deposit. The most important features for each material are denoted in the image. 
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4.3 Exposures in the superheater region of a biomass 
or waste fired boiler 

4.3.1 Effect of salt application method – Paper IV 

As discussed earlier, salt melt induced corrosion and chlorine-induced 
corrosion are of great importance in the superheater region. With biomass 
or waste as fuel, more chlorine is expected compared to fossil-fuel boilers. 
To evaluate behaviour of different classes of alloys in this region, it is 
beneficial to develop reliable laboratory test methods for alloy comparison. 
Two different salt tests (salt dip and salt bed) were performed and three 
selected austenitic alloys were compared with uncooled samples that were 
exposed in a plant for one year. The experimental procedure is described in 
section 3.1.1.  

Gross mass changes and spallation after salt dipping are shown in Figure 
25. The low-alloyed ferritic steels show the largest gross mass gains and 
also a high degree of spallation. Esshete 1250 shows intermediate gross 
mass gain, but a very high degree of spallation, even compared with the 
low-alloyed steel. For materials with Ni contents above 10 wt-% and Cr 
level above 20 wt-%, mass gains are lower as is the degree of spallation.  
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Figure 25. Gross mass gain and spallation (difference between gross mass gain and net 
mass gain) after eight weeks of exposure in salt dip testing. Materials are given in order of 
increasing Ni content.  

The microstructure of cross-sections of four materials from the three 
different groups are shown in Figure 26. Up to 19 wt-% chlorine 
enrichment was detected for the lowest alloyed steel, 10CrMo910, but no 
chlorine signal was detected in the outer oxide layer. For Esshete1250, 
chlorine was detected close to the metal when the sample was mapped, but 
levels were very low – below 1 wt-%. For 253MA, internal oxidation and 
sulphidation was observed down to 60 µm as indicated. Some enrichment 
of Zn, K and S was observed in the outer parts. Chlorine was analysed at 
low levels close to the metal (approx. 1 wt%) and also to some extent in 
internal attack. Sanicro 28 displayed a mixed oxide layer with a somewhat 
layered structure. The level of sulphur in this sample was evaluated using 
SEM/WDS to distinguish S from Mo. It was observed that sulphur was 
often enriched in the outer parts of the oxide layer. This was also supported 
by XRD, which indicated sulphates of Zn and K in addition to spinel phase 
and mixed corundum phase. No internal attack or chlorine signal was 
observed in Sanicro 28. 
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(a)

 

(b)

 
(c)

 

(d)

 
Figure 26. Back-scattered images of cross-sections of (a) 10CrMo910, (b) Esshete1250, 
(c) 253MA and (d) Sanicro 28 after exposure in the salt-dip experiment for eight weeks at 
500°C.  

The salt bed test resulted in higher metal loss than the salt dip test. The 
metal loss was determined by the difference between the average initial 
thickness and the average unaffected final metal thickness for each sample. 
This measurement should be taken as an approximate and qualitative value 
since local variations will not be reflected. The values are given in Figure 
27. Of the low alloyed steels, only one sample of 10CrMo910 remained 
after three weeks of exposure.  
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Figure 27. Metal loss after exposure for three weeks in the salt bed tests. Materials are 
given in order of increasing Ni content. The circle indicates a sample with metal loss in 
the range of measurement variation. 

Some examples of corrosion in the salt bed test are shown in Figure 28. 
Esshete 1250 displayed a thick deposit layer with no internal attack. The 
presence of FeCl2 was indicated for Esshete 1250 and for 253MA after the 
test denoted 20% Cl. For the 10% Cl test, Esshete 1250 showed a 
discontinuous outer layer and spallation could not be excluded. For both 
Esshete 1250 and 253MA, chlorine was detected after the 10% Cl 
exposure, but the associated cation could not be determined using EDS 
results only. For 253MA, the 10% Cl test showed a thin outer scale (5µm) 
and attack in Ce rich areas. The end-grain attack in Ce-rich areas was also 
observed after the 20% Cl test.  
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Figure 28. Some examples of microstructure appearance after exposure in 20% Cl salt 
bed test for three weeks. Effects from mounting media were excluded for Sanicro28 and 
253MA. 

Sanicro 28 also displayed high levels of Cl in the scale. However, K, Na or 
Zn were always detected in Cl rich areas suggesting that the original salt 
compound remains on the surface. Fe and Cr appeared to be present as 
oxides. After the 20% Cl test, grain boundary corrosion down to 200µm 
was observed. The highest alloyed steel, Inconel 625, showed Ni and O in 
the outer scale and a combination of K and Cl close to the metal interface. 
Shallow pits were observed. With 20 % Cl, grain boundary corrosion down 
to 100µm was observed in the part of the sample exposed in the salt bed. S 
was observed in the part exposed in the gas phase. 

4.3.2 Plant exposures – Paper IV  

In the plant exposure, the exposed materials 253MA, 310 S and 353MA 
were all eroded. For 253MA erosion resulted in sample remnants 
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remaining after exposure, whereas 310S and 353MA remained to larger 
extent intact. On the surface, Pb, K, Na, Ca, Cu and Zn were detected in 
addition to S, O and Cl. Attack in Ce rich stringers was observed. Also 
grain boundary corrosion was obvious in 253MA cross section (Figure 29) 
and the final metal thickness only 350-400µm. 310S showed an outer oxide 
and deposit layer in combination with internal attack down to 150µm. 
353MA showed metal oxides on the surface. 

 

Figure 29. Back-scattered image of cross section of 253MA after exposure in Högdalen 
waste fired boiler for approximately one year. 
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5 Discussion – Alloying effects and test 
environment comparisons 

5.1 Gasification  

5.1.1 Effect of HCl addition in low carbon and oxygen activity 
environments 

The presented work shows that the presence of HCl in a low carbon and 
oxygen activity environment only causes small changes compared to an 
environment without HCl. The influence of HCl on the total net mass gain 
was small for all materials included in the study. Some differences were 
noted, i.e. the slightly elevated content of spinel phase and the coarser 
surface oxide structure on 304L and the oxide patches on 310S after 
exposure in environment with HCl. For 304L, a ferritic structure was 
observed just underneath the oxide layer. Regarding the oxygen activity of 
the environment, magnetite was observed on 15Mo3, suggesting an oxygen 
activity in the range 3·10-25-2·10-15. If thermodynamic calculations for a 
simplified 304L (18Cr-8Ni-Fe) are performed, the BCC structure is 
calculated to be stable at 600°C with the 304L alloy composition as well as 
with the composition analysed in the ferrite layer (Figure 30). One possible 
explanation for the presence of the ferrite layer is formation of nickel 
carbonyls which could explain the lack of Ni below the oxide layer. For 
310S, the oxide patches were associated with the presence of Ca and Al 
suggesting an association with inclusions in the steel. The importance of 
minimising inclusions in steel manufacture is thus underlined, even though 
the total mass gains were still small.  



56  D I S C U S S I O N  
 

 
 

 

Figure 30. Thermodynamic calculation with ThermoCalc 4.1 and TCFE6 for stable 
phases in the Fe-Ni-Cr system at 600°C. The solid point indicates the bulk composition 
and the open point shows the composition below the oxide scale.  

The experimental environment had a higher amount of chlorine than that 
expected in the application53. Still, the effects of HCl were small. It is 
suggested that the level of HCl is only of minor importance in low oxygen 
activity environments. This is supported by the chlorine induced corrosion 
mechanisms that have been presented in literature. In these mechanisms, 
oxygen is of vital importance for chlorine induced corrosion30,75.  

5.1.2 Effect of the syngas atmosphere on the deposit layer of 
material performance 

The deposit observed after exposure in the syngas after the gasifier at 
Värö, showed mainly the presence of ZnS and CaCO3 according to 
SEM/EDS and XRD results. Compared to coal gasifiers, the significant 
presence of ZnS on the surfaces is a large difference. It is suggested that 
Zn present in the fuel is released in its elemental form in the gasifier at 
approximately 800°C and then reacts with H2S to form ZnS. As ZnS has 
been reported to have a melting point above 1000°C76, it will deposit on 
the surfaces of the gasifier and also on the inserted samples.  

Studies in simulated coal gasification atmospheres have indicated the 
presence of FeS as an important feature on low-alloyed steel43. This was 
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not the case for the low-alloyed 16Mo3 exposed in the Värö gasifier. One 
reason is suggested to be the presence of ZnS on the samples. ZnS is 
thermodynamically more stable than FeS77–79 and elemental Zn in the gas 
phase is suggested to capture S in the application. No FeS layers were 
observed in SEM/EDS, even though some Fe content was observed. Some 
incorporation of Fe in ZnS could not be excluded: Fe in solid solution in 
ZnS is known (FexZn1-xS)80 and in XRD, the peaks from FeS and ZnS are 
closely spaced. There was no evidence to suggest that chlorine played a 
significant role in the corrosion mechanism. 

The four materials included in the syngas plant exposure showed small 
metal loss, but the microstructure was somewhat affected. After long-term 
exposure, some internal sulphidation and oxidation down to 5µm in the 
metal phase was observed in the low-alloyed 16Mo3 in addition to thick 
deposit layer and an iron oxide layer of 10 µm in the boundary between 
deposit and metal (Figure 24). If the corrosion rate is assumed to be linear, 
the corrosion in 1 year would be approximately to 50 µm. This value is 
below the value for  coal gasifiers, where a metal loss of 1-4 mm/year has 
been reported60. As discussed above, the presence of ZnS is suggested to 
be an important factor in capturing sulphur, thus reducing the corrosion 
rate.  

For the austenites included in the study, it is known that the ratio pS2/pO2 
is important for the materials behaviour– sufficiently high oxygen partial 
pressure can protect from sulphidation. 304L showed some internal 
oxidation, some internal sulphidation of both Cr and Mn and the presence 
of M3O4, identified by XRD. 253MA showed a Cr/O enriched layer after 
intermediate exposure, but the long-term exposure showed grain boundary 
oxidation down to 60 µm in some places where there was no deposit. In 
areas with deposit, only a thin oxygen enriched layer was found below the 
deposit and the metal seemed intact. This internal corrosion behaviour 
resembles results from exposure in a gas with 0.4-0.6 vol-% H2S 44. A 
difference is the absence of sulphide nodules or iron sulphide on the outer 
surface in the present case, probably a consequence of the Zn effect. Even 
for the alumina forming Kanthal A-1, the areas with deposit layer seem to 
be protected from the pits and the metal in these areas appears unaffected.  
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In summary for the gasification of biomass, chlorine present as HCl seems 
to have only minor importance in laboratory exposures and chlorine seems 
to be of minor importance in the plant exposures. The presence of Zn in the 
plant appears to mitigate corrosion. Metal loss was small for all exposed 
samples, which implies that corrosion rate is low for all exposed alloys in 
the study. However, future work should include cooled corrosion probes in 
the syngas cooler or just after the cyclone to further illuminate the fate of 
metals in the syngas region.  

5.2 High temperature corrosion in the superheater 
region 

5.2.1 Comparison of laboratory methods with applied salt and 
plant exposure 

Laboratory exposures have advantages compared to plant exposure, for 
example better environmental control giving the possibility to change 
individual parameters to study underlying corrosion behaviour. Results are 
often more generic and less prone to unplanned environmental variations 
such as temperature drops or fuel shifts. However, comparison with plant 
exposed samples is essential to validate the relevance of the laboratory 
tests.  If important corrosion characteristics from the plant exposed 
samples are not reflected, the laboratory test is simply not good enough for 
materials ranking to be performed.  

The behaviour of materials in the salt dip test and the 10% Cl salt bed test, 
indicated that a Ni content above 10 wt-% resulted in less chlorination and 
lower corrosion rates compared to the low-alloyed steels. In the 20% Cl 
salt bed, a Ni+Co content above 25 wt-% was needed for good 
performance. Ranking of the materials was similar for both methods. 
Compared to the plant exposed samples, corrosion rates were too low for 
253MA in the salt dip test and too high in the salt bed tests. However, the 
salt dip exposures for 253MA displayed metallographic behaviour close to 
that seen in the plant exposure. One difference was that the deposits on the 
plant exposed samples also included Pb, which will probably lower the 
melting temperature of the deposited salt, as shown in Table 2 on page 11. 
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Another difference was the pronounced erosion effect in the plant, which 
was not reproduced in the laboratory tests. Even so, results from the salt 
dip method showed microstructural behaviour close to the plant exposed 
253MA. It is suggested that the salt dipping method should be further 
refined to increase the corrosion rates by for example dipping the samples 
more often or by spraying.  

5.2.2 Materials in the superheater region  

The laboratory exposures in salt dip and salt bed exposures were designed 
to give information on the behaviour of different steels in the superheater 
region. As discussed above, the salt dip test of 253MA displayed 
microstructure features similar to the plant exposed sample of 253MA. The 
behaviour of all materials in the salt dip test and also 10% Cl salt bed test, 
indicated that a Ni content above 10 wt-% resulted in less chlorination and 
lower corrosion rates compared to the low-alloyed steels. In the 20% Cl 
salt bed, a Ni + Co content above 25 wt-% was needed for good 
performance. Ranking of the materials was similar for both methods.  
However, the 20% Cl method resulted in too high metal loss compared to 
uncooled plant exposed samples and it is probable that a  Ni content above 
10% would give adequate performance  in the application.  

The aluminium addition in the recently developed materials class of 
alumina forming austenites was clearly beneficial at 700°C for both air, 
air/water and sulphidising/chlorinating environments reflected by a lower 
mass gain compared to the reference material. However, in the elevated 
temperature exposures at 1000°C, internal oxidation and nitridation of 
aluminium clearly affected sound metal thickness. In the 
sulphidising/chlorinating environment, the presence of chlorine in the 
oxide scale of the reference material after exposure, indicated a non-
protective behaviour, which was not observed in the AFA material. It is 
interesting to note that the aluminium enrichment in this environment 
seems to result in a thin oxide layer as analysed with GDOES. It is 
suggested that the oxide layer of the AFA material is more protective at 
700°C, but that the spallation of the oxide layer is probably an issue for 
long-term use. Further refinement regarding spallation by for example 
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micro-alloying is suggested81. The crystal structure of the oxide also merits 
more detailed investigation to improve the understanding of the role of the 
different alumina variants at these relatively low temperatures.  

With better oxide adhesion, the material group would be of interest in 
intermediate temperature sulphidising environments such as biomass fired 
oxidising environments. Since aluminium oxide develops slowly, 
especially at lower temperatures, more data for mixed oxidant 
environments is needed to evaluate the lowest temperature that results in a 
difference between the AFA material and the reference. Also the behaviour 
under a salt deposit layer at even lower oxygen activities would be of 
interest, since that is of relevance in the superheater application. With a 
drive towards higher steam data of the biomass fired boiler, and more work 
on oxide adhesion, the new material class shows nice future potential, but 
the risk of internal oxidation and nitridation limits the useful temperature 
interval upwards.  

5.3 Thermodynamic modelling as a tool in high 
temperature environments 

In the present work, thermodynamic steady-state modelling has been used 
to explain the presence of identified phases in a sample exposed in a 
specific environment. For example, the microstructural components seen in 
the internal nitridation of Cr and Al in an alumina forming austenite, is 
well described by a gradually lowering of the nitrogen activity from the 
surface of the steel (Figure 15). Also, the phases present in a sample could 
be explained for an AFA after exposure in air environment and in 310S 
after exposure in a chlorinating simulated gasifier environment. 

However, steady-state modelling cannot be used to explain when internal 
oxidation is likely to occur or to what depth nitrides are predicted to form 
in a specific material. For this, kinetic modelling has to be used. An 
attempt to use kinetic modelling in a nitriding environment was presented 
in Figure 17. The modelled nitridation depths exceeded those observed 
experimentally, which was attributed to the thin oxide layer present on the 
surface. Some attempts were made in order to take this layer into account. 
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For example, a labyrinth factor was introduced to take into account the 
reduced volume of the matrix phase due to presence of nitrides. Also, the 
effect of a reduced nitrogen mobility was evaluated by lowering the 
nitrogen mobility by a factor of 0.5. The resulting predicted nitridation 
depth was closer to experimental findings, but what is also required for 
correct modelling is data on the diffusivity and solubility of nitrogen 
through the oxide layer, which is today not included in the databases.  

In order to be more than a tool to explain observed phenomena and to 
predict the steel behaviour in a specific environment, the present models 
and databases have to be developed to include mobilities within oxide 
layers at least for oxygen, but possibly also for chlorine, nitrogen and metal 
ions. Much work in this area is already ongoing, and it will be interesting 
to follow the development into the future. Databases for salt mixtures 
including known melting temperatures for eutectic compositions would be 
useful as would data on mixed phases and further work on solid solution 
limits and miscibility gaps.  
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6 Conclusions 

The use of biomass and waste in energy applications results in an elevated 
level of chlorine and a lower level of sulphur compared to the use of fossil 
fuel. In oxidising conditions, such as in the superheater region, the lower 
sulphur content and the higher chlorine content are known to accelerate 
corrosion, but at low oxygen activities and low carbon activities, such as in 
the syngas cooler of a gasifier, not much work has been done. 

This work has shown that in the gasifier application, at low oxygen partial 
pressures, HCl is of minor importance for the corrosion behaviour. Also, 
the presence of Zn on plant-exposed samples in the present study was 
suggested to capture sulphur. This implies that less sulphur will be 
available for reacting with metal surfaces. As sulphidation is one of the 
major corrosion mechanisms in coal fired gasifiers, this is a large 
difference. More work using cooled corrosion probes in the syngas cooler 
area is suggested to further elucidate the deposits and the metal behaviour 
in the application. 

In the work aiming at the superheater region, plant-exposed samples were 
compared with three different laboratory exposures. It was concluded that 
for 253MA, the exposure with salt dipping displayed similar behaviour to 
the plant exposed sample. This method merits further development to 
increase the laboratory corrosion rates. Regarding the alloying level, the 
laboratory exposures in the salt dip and the salt bed with 10 % Cl, 
suggested that a level of Ni in the steel above 10 wt% is  needed to give a 
marked reduction in the metal loss, while a level of (Ni+Co)> 25% was 
needed in the salt bed with 20 wt% Cl.  

A recently developed class of alloys, the austenitic alumina forming 
stainless steels, was exemplified by a laboratory prepared alloy with the 
approximate composition Fe-20Cr-25Ni-4Al-1 Mn-0.5Si. This alloy was 
shown to develop a thin aluminium rich surface layer in air, air/water and 
also in sulphidising/chlorinating environment at 700°C, with lower mass 
gains than the aluminium-free reference material. In the complex 
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environment, the reference material showed chlorine incorporation in the 
scale, not observed for the AFA alloy. However, the AFA alloy was 
subject to major spallation which has to be handled in the future alloy 
development. At 1000°C, the AFA alloy displayed internal oxidation and 
nitridation in air and air/water environments and was heavily nitrided in 
the environment comprising N2/5% H2. This alloy should therefore be used 
with caution at 1000°C.  

For the development of new materials and the evaluation of known alloys 
in biomass fuelled applications, thermodynamic modelling is a powerful 
tool to understand the phase changes. Kinetic modelling is needed for 
short-term changes and was used to describe the nitridation of an alumina-
forming austenitc stainless steel. The results show good coherence with 
phases present and their order of appearance from the surface and inwards. 
However, the modelled depths of all nitride phases were larger than 
observed in the nitride sample and this was attributed to the thin oxide 
layer present on the exposed samples.  



F U T U R E  W O R K   65 
 

 
 

7 Future work 

Efforts to reduce the usage of fossil fuel has in recent years  resulted in 
much work regarding alternative energy sources including the use of 
biomass and waste in boilers and the gasification of biomass. The use of 
biomass or waste as fuel results in an elevated level of chlorine and a lower 
level of sulphur compared to the use of fossil fuel. Economic interests also 
drive to the use of the cheapest fuels, but unfortunately cheaper fuel such 
as waste wood or household waste are often even more corrosive, with 
more chlorine and more Pb and Zn compared to e.g. stem wood. Thus, 
there is a drive towards even more corrosive environments than today. 

With more Zn and Pb, there is a risk of forming eutectics in the deposits, 
with melting points at or below the metal temperature of the superheater, 
so more molten salt corrosion could be expected. Thus, the materials used 
today in the superheater region have to be reevaluated regarding these new 
fuels. To continue to develop the small-scale laboratory salt exposures 
presented in this thesis would be relevant for both boiler owners and 
material developers.  

The gasification technique for renewable fuels is still in the early stages of 
commercial use and the fuel in larger plants in Sweden is as yet solely 
biomass. Not much work has been done on materials behaviour at the low 
oxygen activities and low carbon activities which prevail. This thesis has 
shown that the chlorine content is of minor importance for uncooled 
samples in a simplified gasifier environment. However, samples exposed 
as cooled corrosion probes in a gasifier are recommended to elucidate the 
fate of trace metals, alkali and sulphides on a cooled surface in or before 
the syngas cooler.  

For more corrosive fuels and newly-developed materials, thermodynamic 
modelling is a powerful tool. Data for mobility within the oxide layer are 
crucial for predicting materials behaviour in energy applications. Also, 
elucidation of miscibility gaps and solid solution limits in complex systems 
would be useful. In combination with further development of laboratory 
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methods, this should improve the possibilities to predict the life-time of a 
specific alloy in a specific environment.  

In summary, the vision of eliminating fossil fuels in the energy system 
appears to be possible for large-scale plants from a materials point of view. 
Liquid fuel produced from biomass, as envisaged in the introduction, is 
still not commercial. For this to be achieved, biomass gasification in large-
scale plants has to be further developed and evaluated before liquid fossil 
fuel can be replaced by biomass derived alternatives. However, the total 
amount of energy needed in Sweden cannot be produced solely from 
biomass or waste, but needs other sources such as sun, wind and (most 
important) water. 
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