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Abstract 
Biomass and waste fired boilers suffer severely from corrosion of critical components 
such as superheater tubes. In this work high temperature corrosion of superheater alloys, 
and methods to mitigate the problem, have been investigated by laboratory studies and 
controlled field exposures in commercial boilers. 
 
In Paper I, laboratory work investigated the detrimental effect of gaseous hydrochloric 
acid (HCl) on austenitic stainless steels at two different temperatures and two different 
surface treatments. At a lower temperature, a positive effect of preoxidation was 
apparent, effectively suppressing chlorine ingress and lowering the corrosion rate for all 
three materials. Chlorine accumulation at the metal/oxide interface was observed only 
on the ground surface specimens. At a higher temperature, the beneficial effect of 
preoxidation was lost and corrosion resistance depended on the alloying level. In this 
case, chloride evaporation contributed significantly to the material degradation. Based 
on the results, high temperature corrosion in the presence of HCl(g) is discussed in 
general terms. 
 

In Papers II and III, corrosion during waste incineration was investigated for a number 
of candidate superheater alloys. Laboratory and field exposures revealed that low-
alloyed steels/carbon steels are more vulnerable to metal chloride formation and 
accelerated attack than candidate stainless steels. Boiler exposures showed unacceptably 
high corrosion rates for the lower alloyed ferritic steels and austenitic stainless steels. 
The corrosion attack for these alloys was manifested by the formation of mixed metal 
chloride/metal oxide scales with poor protective properties. Different behaviour was 
seen for the higher alloyed austenitic steels and nickel-base alloys, which developed a 
chromium-enriched oxide next to the metal and metal chloride formation was 
suppressed. However, these alloys suffered from localised pitting attack. Deposit 
analyses revealed substantial amounts of low melting salt mixtures such as zinc 
chloride-potassium chloride and lead chloride-potassium chloride. Molten mixtures of 
corrosion products and deposit compounds such as iron chloride-potassium chloride and 
sodium chloride-nickel chloride were also observed. It was evident that oxide 
dissolution in molten salts limits the performance of these alloys in waste-to-energy 
plants. 
 

In Papers IV-VI, the use of additives to avoid condensation of alkali chlorides on the 
tube surfaces was investigated and promising results were obtained by injecting 
ammonium sulphate into the flue gas stream. In more detail, the work investigated 
effects of the sulphate additive while firing the boiler at different air excess ratios (λ-
values) showing a beneficial effect of increased air excess with faster sulphation 
reactions and less corrosion attack. Furthermore, in a comparison between ammonium 
sulphate and mono ammonium phosphate different behaviour was observed for the two 
additives. While ammonium sulphate captures alkali both in the gas phase and in the 
solid phase, mono ammonium phosphate reacts only in the gas phase. These findings 
explain why flue gas measurements and deposit measurements do not always correlate. 
Finally, in a study injecting ammonium sulphate in a waste-to-energy plant it was 
shown that the additive could also be used to significantly reduce alkali chlorides in the 
flue gas and deposit in waste fired boilers. 
 

Keywords: high temperature corrosion, waste, biomass, superheater tubes, steel, alkali, 
chlorine, sulphur 
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1 INTRODUCTION 
Electrical power is essential in modern industrial society, but it is also a major resource 
user. World-wide most generation of electricity is today derived from the combustion of 
fossil fuels, mainly coal, in thermal power plants [1]. In recent years, the environmental 
impacts of power production have been the focus of intense debate, especially reports of 
global warming due to emissions of green house gases such as CO2 [2]. A key challenge 
for the future is to generate electricity as cleanly and effectively as possible.  

In Sweden, financial instruments and legislations have been applied to decrease the use 
of fossil fuels in the generation of electricity and today renewable fuels such as biomass 
and waste have to a large extent replaced coal and oil in Swedish power plants [3]. In 
contrast to fossil fuels, biomass and waste are considered CO2 neutral, i.e. the CO2 
produced during combustion does not exceed the amount incorporated during fuel 
production.   

Although beneficial from an environmental point of view, biomass and waste have 
properties that are problematic in other aspects. Lower heating values, high moisture 
content and a heterogeneous composition pose challenges that must be addressed when 
burning biomass and waste. The chemical composition is also problematic with high 
concentrations of alkali and chlorine that are released to the flue gas during combustion. 
During boiler operation alkali chlorides and other compounds originating from the hot 
flue gas [4] are deposited on heat transferring parts such as superheater tubes. The 
build-up of deposits lowers the heat transfer and common deposit compounds [5-10] 
have been shown to be highly corrosive. A typical set of superheaters for a 100MW 
combined heat and power boiler firing demolition wood costs in excess of 1 MEuro 
[11]. Consequently, the corrosion problems limit the efficiency of the boiler and cause 
high maintenance, replacement and outage costs. 

2 AIM OF THIS WORK 
This work is based mainly on a number of joint industrial research projects related to 
superheater corrosion in biomass and waste fired boilers. The studies have an industrial 
approach, combining the effort to understand underlying breakdown mechanisms with 
the development of methods to counteract these problems. 

The aim of the study is threefold. Firstly, to obtain data regarding alloy performance and 
behaviour so that increased steam data and/or decreased investment and maintenance 
costs can be obtained. Secondly, it investigates possible measures to counteract 
corrosion problems in commercial boilers. Finally, the project aims to provide 
information regarding the mechanisms behind breakdown so that new generations of 
materials and methods can be developed that may further increase the performance of 
these plants. 
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3 THEORY 

3.1 High temperature corrosion 
Most metals react spontaneously with the surrounding environment forming various 
corrosion products depending on the specific atmosphere. Considering a bare metal 
surface in contact with oxygen, metal oxide formation is expected according to: 

 
ba2 OMO

2

b
aM →








+                                                   (eq. 1) 

 
This is normally a spontaneous reaction with a negative change in the Gibbs free 
energy, ∆G. Figure 1 illustrates an Ellingham diagram [12] showing the standard free 
energies for the formation of iron, nickel and chromium oxides. In a similar manner, ∆G 
describing the formation of metal chlorides, metal carbides, metal sulphides etc. can be 
calculated. Thermodynamics can thus be used to predict which element in a multi-
component alloy that is most likely to react, or even react at all, during different 
exposure conditions.  
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Figure 1: Ellingham diagram showing the variation of free energy for the main alloying elements 
in stainless steel. Calculations are made with the Thermo-Calc R software [13]. 
 
At room temperature reaction kinetics are so slow that consequences are negligible. 
However, raising the temperature increases the rate of reaction by many orders of 
magnitude. Oxidation of a metal surface is considered to begin with the adsorption of 
oxygen molecules from the atmosphere, followed by nucleation and thereafter the 
formation of a thin oxide layer, as described in detail by e.g. Kofstad [14]. Once a thin 
continuous oxide film has formed, oxidation can only proceed by the diffusion of 
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reactants through the film. A defect-rich or porous oxide scale is a less efficient 
diffusion barrier compared to a lattice with low defect concentrations. The basic 
principles of oxide growth are illustrated in Figure 2. 

  
Figure 2: Illustration of oxide growth in a pure oxygen atmosphere, showing ionic diffusion 
across the scale (left) and defects in the scale that accelerate the diffusion rate or even allow for 
molecular transport across the scale (right). 
 

In atmospheres with many reactants, the thermodynamic driving force in combination 
with reaction and diffusion kinetics determines which corrosion products form on the 
alloy surface. In the end these are factors which determine the life-time of the material. 
The corrosion rate can vary significantly depending on the specific metal-gas system 
and the prevailing temperature. A linear growth rate implies that the rate of oxidation 
remains constant during exposure. Linear corrosion rates can be observed during the 
initial exposure, before a continuous oxide film has formed. Similar behaviour is also 
seen when a bare metal surface is revealed due to severe oxide spallation, known as 
“breakaway oxidation”. According to the linear rate equation described in eq. 2 [14], the 
exposure time does not affect the corrosion rate. 

CtKx l +=                                                                                                           (eq. 2) 

x represents the oxide thickness, Kl the linear rate constant, t denotes time and C is a constant. 

When suitable high temperature metals and alloys are used, reaction products with 
protective properties are formed on the alloy surface. If so, the transport of reactants 
across the oxide scale is the rate-determining step and the corrosion rate decreases as the 
oxide thickens. In a model developed by Wagner [15-16], the diffusion of ions and 
electrons limits the oxidation rate, leading to a parabolic growth rate as shown in eq. 3. 

CtKx p
2 +=                              (eq. 3) 

x represents the oxide thickness, KP the parabolic rate constant, t denotes time and C is a constant. 

Plots showing oxide growth rates are commonly used when assessing alloy performance 
in high temperature atmospheres. In reality this often results in a growth rate that 
deviates from the existing models. The obvious reason for this is that these are idealised 
models that cannot perfectly describe oxide growth on engineering alloys when several 
factors simultaneously influence the corrosion process. The presence of fast diffusion 
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paths at localised positions (grain boundaries, lattice defects etc.) both within the oxide 
and in the metal mean that the scale growth rate varies over the surface. Localised oxide 
spallation may also occur and give rapid oxide growth at the position where the oxide 
film has flaked off. In real applications, such as thermal power plants, the atmosphere is 
highly complex involving a number of reactants. The scale formed may then contain a 
variety of reaction products (metal oxides, chlorides, sulphides etc.), all with various 
protective properties. 
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3.2 Alloys for superheater tubing 
Candidate materials must fulfil a number of criteria, such as weldability, machinability, 
appropriate mechanical properties, corrosion resistance and price, in order to be used as 
superheater tubes in boilers. Iron and nickel-based alloys are common candidate 
materials and their properties, specifically regarding oxidation behaviour, are discussed 
briefly below. These include low-alloyed ferritic steels, 9-12% Cr ferritic-martensitic 
steels, austenitic stainless steels and nickel-base alloys. The chemical composition of 
the alloys included within this work is given in Table 1. 
 
3.2.1 Low-alloyed ferritic steels 

Ferritic stainless steels have rather poor corrosion resistance and limited creep rupture 
strength. Still, the relative low cost makes them an interesting alternative at lower 
temperatures and 13CrMo44 (1Cr-0.5Mo-Fe) and 13CrMo910 (2.25Cr-1Mo-Fe) are 
thus frequently used for superheater tubes in waste-to-energy boilers. These types of 
steels may be alloyed and heat treated in various ways to provide an optimum 
microstructure and a desired density of dispersed precipitates. 

Since only minor alloying elements are added the alloys exhibit oxidation behaviour 
similar to that of pure iron. Above 570 ºC iron forms a multilayer scale that consists of 
FeO (wüstite), Fe3O4 (magnetite) and Fe2O3 (haematite). The region closest to the iron 
surface is metal rich and consists of FeO while Fe2O3 has the highest content of oxygen 
and is formed at the outermost layer with high oxygen pressure. At 1000 ºC the relative 
thickness of the oxides is found at a ratio of 95:4:1 for FeO:Fe3O4:Fe2O3 [17]. A fast 
diffusion rate, explained by a vacancy-rich crystal structure, is the reason for the relative 
thickness of FeO compared to the other oxides. Below 570 ºC only the semi-protective 
oxides Fe3O4 and Fe2O3 are stable. 
 
3.2.2 Ferritic-martensitic steels 

Ferritic-martensitic steels exhibit higher creep rupture strength than the low-alloyed 
ferritic alloys. Solid solution or precipitation hardening is commonly used to further 
improve the mechanical properties. These materials are normally alloyed with 9-12%Cr, 
which is beneficial for the high temperature corrosion resistance. When chromium is 
added as an alloying element to iron the formation of FeO is suppressed in relation to 
Fe3O4 and at even higher chromium concentrations a mixed spinel, Fe(Fe,Cr)2O4, is 
formed. This change in oxide structure reduces the diffusion rate across the scale and 
thereby the oxidation kinetics considerably. Figure 3 shows a ternary phase diagram of 
the Fe-Cr-O system at 900 °C. Clearly, alloying with low chromium-concentrations is 
sufficient to govern the formation of other oxide types besides FeO on the alloy surface. 
An additional increase in chromium content further enhances the corrosion resistance.  
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Figure 3: Ternary Fe-Cr-O phase diagram at 900°C illustrating how the addition of very small 
concentrations of Cr favours the formation of M2O3 and M3O4 type oxides which are considered 
more protective than FeO. Calculations are made with the Thermo-Calc R software [13]. 
 
3.2.3 Austenitic stainless steels 

Nickel is added to stabilise the austenitic structure. However, it makes the alloy more 
expensive than the ferritic and ferritic-martensitic steels. These alloys have higher 
thermal expansion and lower thermal conductivity than the ferritic ones. Still, when 
striving for higher steam temperatures the austenitic stainless steels provide an 
interesting alternative. While ferritic steels may suffer from spinodal decomposition 
when increasing the chromium content [18], this is avoided in austenitic steels and 
sufficient chromium can be added to form a protective chromia, Cr2O3, scale. With a 
chromium level above 12%, steels are by definition considered stainless [19]. The 
standard 304 (18Cr-8Ni-Fe) is the most common stainless steel on the market. Other 
steels in the AISI 300 series can be regarded as modifications of the standard 304 and 
alloys optimised for both high temperature corrosion resistance and creep rupture 
strength are available. 

Corrosion of multi-component alloys is a complex matter and the outcome is dependent 
on thermodynamic and kinetic aspects for the specific alloy-atmosphere system. Many 
oxides are miscible over a wide range in composition and the formation of oxides such 
as (Fe,Cr)2O3 and spinel type oxides such as (Fe,Ni,Cr,Mn)3O4 [20-21] are frequently 
detected on higher alloyed steels. 
 
3.2.4 Nickel-base alloys 

Nickel-base alloys are often used in high temperature applications due to the 
combination of excellent mechanical properties and good corrosion resistance. These 
materials are frequently used in coal-fired units and some alloys, such as Inconel 625 
(22Cr-9Mo-Ni), are also employed in biomass and waste fired boilers. Nickel-base 
alloys often outperform other candidate materials, but are very costly. Pure nickel forms 



 7

only one oxide, the cubic NiO which is not considered a protective corrosion product. 
Still, high nickel steels and nickel-base alloys usually display an improved high 
temperature corrosion resistance, a behaviour explained by increased chromium activity 
and diffusion rates at higher nickel contents [22-23]. 

3.2.5 Other alloying and microstructural effects 

Aluminium is commonly added to obtain better oxidation behaviour.  Aluminium forms 
the thermodynamically stable oxide, α-Al2O3, with excellent protective properties. 
However, at low temperatures and during initial exposure, transient oxides such as 
θ-Al2O3, γ- Al2O3 and δ-Al2O3 may also form [24]. These transient aluminium oxides 
are less protective and alumina forming alloys may be preoxidised in controlled 
atmospheres to ensure that a layer of α-Al2O3 develops. 

Low concentrations of silicon are often used in high temperature steels and its high 
oxygen affinity promotes the formation of a silicon oxide sub-layer beneath the chromia 
scale. Different crystal structures are possible depending on the specific conditions. 
Vitreous silica (SiO2) is frequently encountered [25-26], but crystalline phases may also 
form [25]. Silicon oxide has excellent protective properties, but the silicon 
concentration must be kept below 2-3 % to avoid embrittlement of the alloy. Poor oxide 
adhesion has also been reported for silica forming alloys during thermal cycling 
conditions [27-28]. 

On high alloyed steels, low corrosion rates are usually correlated to a scale dominated 
by the protective oxides Cr2O3, Al2O3 and SiO2, while nickel and iron oxides as well as 
mixed spinel type oxides are usually associated with accelerated corrosion rates. A well-
known method to favour the formation of protective chromia or alumina scales, without 
increasing the concentration of these elements, is to cold work the alloy or produce 
small grain sizes [22]. Short-circuit diffusion can take place along these defects in the 
crystal lattice. As a result, a high density of grain boundaries or dislocations increases 
the diffusion rates in the alloy and thereby increases the high temperature corrosion 
resistance [14, 22]. 

Table 1: Chemical composition of the alloys examined within this thesis. 

 Alloy designation: Fe Cr Ni Mo Mn C Other 
Ferritic 13CrMo44 EN 1.7335 Bal. 0.9 0.1 0.5 0.5 0.12  

          
 Ferritic-martensitic HCM12A          - Bal. 11.3 0.5 0.5 0.5 0.11 B, V, W 

          
 

 

 

Austenitic 

Esshete 1250 EN 1.4982 Bal. 15.5 9.3 1.1 6.3 0.08 Nb,V 

304 EN 1.4301 Bal. 18.2 8.4 0.4 1.7 0.02  
304L EN 1.4306 Bal. 18.2 10.1 - - 0.02  

Super 304 EN 1.4567 Bal. 18.0 9.0 - 0.8 0.03 Cu, Nb 
317L cladding EN 1.4438 Bal. 18.5 14.5 3.1 1.7 0.03  

310S EN 1.4845 Bal. 25.1 19.4 0.1 1.0 0.05  
Sanicro 28 EN 1.7380 Bal. 26.6 30.6 3.3 1.6 0.09 Cu 

          

Nickel-base 
Hastelloy C-
2000 

EN 2.4675 1.2 22.5 Bal. 15.7 0.2 0.00
7 

Cu 

625 cladding EN 2.4856 1.0 21.4 64.5 8.5 0.4 0.01  
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3.3 Combustion of biomass and waste in power stations 

Biomass and waste fired power plants are heat engines that convert heat energy to 
mechanical work using steam turbines. The boilers can vary in size and design, but all 
work on the same principle. During combustion a hot flue gas is produced and using 
heat exchangers, water is heated, evaporated and further heated far above the saturation 
temperature. A superheated and pressurised steam is produced. This steam then enters a 
turbine and when expanding it enables the turbine to drive an electric generator. The 
low-pressure steam is finally condensed to water again and the cycle is closed. This is 
known as the Rankine cycle and its efficiency is dependent on the pressure and 
temperature of the steam entering the turbine [29]. Thus producing high quality steam is 
of vital importance and it is achieved by placing the heat exchanging surfaces in a 
counter flow throughout the boiler so that the steam temperature gradually increases.  

In the hot combustion zone, the atmosphere is very complex with large local variations 
in temperature and flue gas composition. Staged combustion is used to lower NOx-
formation, which means that reducing conditions are present at the bottom of the 
combustion zone. Higher up, secondary and tertiary air is injected to obtain complete 
combustion of the fuel and to suppress the formation of e.g. CO. At the position of the 
superheater tubes, the atmosphere is oxidising with a few percent of excess O2. The 
temperature of the superheater tubes should be maximised to improve efficiency, but in 
reality this is not possible since an increased temperature leads to decreased mechanical 
strength and corrosion resistance of the tube material. While coal fired units operate at 
steam temperatures up to 650 °C, the steam temperature in biomass fired boilers is 
limited to approximately 550 °C and in waste-to-energy plants to 350-450 °C [30]. 

The reason for lower steam temperatures in biomass and waste fired boilers is problems 
with corrosion. The composition of biomass and waste differs significantly from that of 
coal [31, 32] and as a consequence so does the flue gas composition.  Kassman [31] 
compared the properties of wood and straw with bituminous coal and concluded that the 
alkali load in mole/MWh is significantly higher when firing biomass. In addition, 
biomass (and waste) is usually high in chlorine and low in sulphur which facilitates the 
formation of HCl(g), NaCl(g) and KCl(g) in the hot combustion zone. All three are 
considered very reactive and known to accelerate corrosion at elevated temperatures, 
see works by Karlsson [9] and Folkeson [33]. In Table 2 approximate levels of the main 
gaseous compounds measured in industrial boilers are given for coal [34], biomass 
[35-40] and waste [36, 41] respectively. The different fuels can vary significantly in 
composition and as a consequence so can the flue gas composition. Still, the flue gas 
measurements given in Table 2 illustrate that the major difference when comparing 
different fuels is seen in terms of SO2, HCl and KCl+NaCl concentrations.  

Table 2: Approximate flue gas composition (volume %) in waste, biomass and coal fired boilers 
[34-41]. 

Fuel O2 [%] CO2 [%] H2O[%] SO2 [ppm] HCl [ppm] KCl+NaCl [ppm] 
Coal ~4-5 ~12 ~4-16 ~400-1200 ~10-50 - 

Biomass ~5-10 ~8-15 ~10-20 ~0-70 ~25-1000 ~5-50 
Waste ~5-11 ~8-14 ~10-20 ~0-150 ~250-1300 <120 
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In addition to the gaseous species summarised in Table 2, impaction of various solid 
particles and condensation of gaseous compounds onto the heat exchangers adversely 
affect alloy performance. Deposit formation is a research topic on its own [42], but 
cannot be ignored since these deposits are a major cause of corrosion breakdown. The 
faster deposit build-up on the wind side makes it suitable for subsequent analysis also 
after short exposure times. Figure 4 shows deposit formation on an internally cooled 
probe exposed to the flue gas in a waste fired boiler. Table 3 shows the results from a 
number of different studies [36, 39, 43-47] using XRD to identify the main crystalline 
compounds within the deposit. Clearly, the differences in flue gas composition are also 
reflected in the deposit. In the temperature interval of interest (350-650 °C), the 
temperature drops below the dew point of alkali chlorides and as a consequence 
potassium chlorides condense on the tubes in biomass fired boilers, while both sodium 
and potassium chlorides are observed in waste fired boilers.  

 
 

 
Figure 4: Ring specimens exposed on an internally cooled probe in a waste fired boiler. 

 

Table 3: Results from deposit analyses with XRD showing the main crystalline compounds in a 
number of waste, biomass and coal fired boilers [36, 39, 43-47]. 

Fuel-type Crystalline compounds 

Lignite coal [43] 
SiO2, KAlSi3O8, CaSO4, CaO, Fe2O3, 

Ca2Al2SiO7 
  Wood pellets + straw pellets [39] KCl, K2SO4, SiO2, K3Na(SO4)2 
  Straw pellets [44] SiO2, K2SO4, KCl, Ca3Mg(SiO4)2 

Straw pellets + bark pellets [44] 
SiO2, (Na,K)AlSi3O8, K2SO4, Ca5(PO4)3OH, 

CaMg(SiO3)2, Ca3Mg(SiO4)2 

Bark pellets + waste pellets [36] NaCl, KCl, CaSO4 
  Household + industrial waste [45] NaCl, KCl, CaSO4 
  Waste (unknown quality) [46] NaCl, KCl, CaSO4, SiO2 
  
Waste (unknown quality) [47] 

(K,Na)Cl, K2SO4, Na2SO4, (K,Na)2Ca2(SO4)3, 
Ca2MgSi2O7 
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3.4 Chlorine-induced corrosion in biomass and waste fired boilers 
Although compounds such as H2O(g) [48-50] and SO2(g) [51] affect alloy performance, 
the main causes of accelerated corrosion breakdown in these atmospheres are associated 
with chlorine-containing compounds. With a number of gaseous, solid and even liquid 
compounds present, different competing reactions can take place thus making accurate 
predictions of corrosion rates or the type of attack difficult. However, controlled 
laboratory exposures and investigations in full-scale boilers have highlighted important 
features associated with fireside corrosion of superheater tubes in waste and biomass 
fired boilers. 

3.4.1 Gaseous corrosion attack 

The HCl-levels when firing biomass and waste usually range between 100 and 1000 
ppm (see Table 2). Corrosion testing in HCl-containing atmospheres has shown 
accelerated materials degradation [33, 52-54], but the mechanisms behind breakdown 
are still being discussed. Abels and Strehblow [54] showed that an environment 
comprising Ar-Cl2 is significantly more corrosive than Ar-HCl and concluded that Cl2 is 
the corrosive species. In atmospheres containing both HCl and O2, accelerated corrosion 
has also been observed and a common opinion is that Cl2 forms according to the Deacon 
reaction [55-56] (eq.4). 

)O(gH(g)Cl(g)O
2
1

2HCl(g) 222 +↔+
 

                                                     (eq. 4) 

This is normally a very slow reaction but could be catalysed by the oxidised metal 
surface. Considering the thermodynamics of the Me-Cl-O system, metal oxides are 
stable at high oxygen partial pressures while metal chlorides can be expected in regions 
with low oxygen partial pressures. Chemical analyses of corrosion products formed in 
oxidising-chlorinating environments have confirmed that metal chlorides are usually 
observed at the metal/scale interface (low pO2), while the outer part of the scale (high 
pO2) contains mainly metal oxides [5-6]. In other words, there seems to be an inward 
diffusion of chlorine through the scale and a subsequent accumulation at the metal/scale 
interface. It has been suggested that this implies a molecular transport in order not to 
have chlorine diffusion against a chlorine activity gradient [14]. In this case, the 
molecular chlorine must diffuse through the oxide layer, presumably through cracks and 
pores. In an O2-Cl2 environment, the stability of metal oxides and chlorides depends on 
the partial pressure of oxygen and chlorine. At the metal/oxide interface, the oxygen 
pressure is low and metal chlorides can form according to: 

g)(s,MeCl(g)Cl
2
x

Me x2 ↔+                              (eq. 5) 

 
At elevated temperatures, the vapour pressure of metal chlorides can be significant and 
volatile chlorides diffuse towards the oxygen rich outer part of the scale where they are 
destabilised according to eq. 6 [5-6]:  

(g)2Cl(s)OMe(g)O
2
3

(g)2MeCl 23222 +↔+                                                    (eq. 6) 
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The detrimental effect of chlorine and how it accelerates corrosion has been frequently 
studied and the degradation process is often termed active oxidation. The name refers to 
the loose porous layer that is created, providing little or no protection. In this reaction, 
metal oxides are formed while chlorine is released (according to eq. 6) and may again 
penetrate the oxide scale, creating a cycle. The essence of this is the continuous 
transport of metals away from the metal surface while little, or no, chlorine 
consumption exists. This is often referred to as the chlorine-cycle, schematically 
illustrated in Figure 5. 

               
 

                     
 
 
Figure 5: Schematic drawing of the chlorine cycle as described by Reese and Grabke [5-6].  
 
Although the chlorine cycle is frequently used to explain corrosion in oxidising-
chlorinating environments, there are concerns with this model. Szakalos et al [57] 
claimed that the formation of Cl2 is neither a plausible nor necessary step. According to 
thermodynamical calculations, HCl rather than Cl2 is stable in H2O-rich atmospheres 
and since water vapour is a major constituent in combustion gases this is a valid 
objection. Furthermore, Folkeson et al [33] argued that it is unlikely that a low oxygen 
partial pressure can be established at the metal/oxide interface if molecular transport is 
taking place. This would assume that the oxide is permeable for the bulky Cl2(g) 
molecule while impermeable for the smaller O2(g). The authors suggested that the 
transport could be ionic and electrochemically driven. The mechanism would then be 
explained by HCl dissociating at the scale/gas interface according to the cathodic 
process:  

O(g)H2Cl2e(ads)O
2

1
2HCl(ads) 22 +↔++ −−

 
                          (eq. 7) 

 
A corresponding anodic process at the metal/oxide interface creates outward diffusing 
cations. The transport of chlorine through the oxide scale would thus be ionic rather 
than gaseous, at least during the initial stages. 

Although the metal chloride is thermodynamically unstable at the scale/gas interface, 
studies have also shown the presence of metal chlorides at the surface. Jacobson [58-59] 

MeCl2(g) 
Cl2(g) 

2MeCl2(g)+3/2O2(g)→Me2O3(s)+2Cl2(g) 

Me(s) +Cl2(g)→MeCl2(s,g) 

Oxide 

Metal 

Gas 
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performed work with mass spectroscopy showing that volatile metal chlorides and metal 
oxychlorides are lost to the gas flow during exposure in chlorine-rich environments. 
Stott and Shih [60] proposed that Tedmon behaviour [61] is evident with a weight gain 
due to metal oxide formation simultaneous with a weight loss due to vaporisation of 
volatile metal chlorides. 

3.4.2 Corrosion under deposits 

Chlorine is also present in the flue gas as alkali chlorides. In biomass fired boilers 
KCl(g) is dominant while appreciable amounts of NaCl(g) are also formed when 
burning waste. Since the superheater temperature is below the dew point of KCl(g) and 
NaCl(g), the alkali chlorides condensate and accumulate on the tube surface. According 
to Reese and Grabke [5-6], alkali chlorides reacting with a metal oxide scale release 
chlorine that would contribute to the chlorine cycle as discussed above. However, 
laboratory studies have shown that chlorination is not a necessary step for accelerated 
corrosion attack, especially on chromium alloyed steels. Works by Segerdahl [62] and 
Pettersson [7-8] have shown that KCl(g) may react directly with the chromium oxide 
forming potassium chromate, K2CrO4, which depletes the alloy in protective chromium 
oxide. The same reaction also takes place when solid KCl(s) crystallites are placed on 
the surface of a chromia-forming steel [9-10]. The breakdown of a protective oxide 
scale can thus take place according to: 

2HCl(g)(s)CrOK(g)O
4
3

O(g)H(s)OCr
2
1

s)2KCl(g, 422232 +↔+++                (eq. 8) 

Chromates are very stable compounds and may also form by the reaction between Cr2O3 
and NaCl [6, 9, 63] or K2CO3 [10]. The formation of chromate depletes the oxide in 
chromium and causes the formation of iron-rich oxides and mixed spinel oxides, which 
are considered poorly protective. The breakdown of the chromia scale may thus initiate 
accelerated corrosion attack by facilitating, for example, chlorine ingress through the 
scale. 

Yet another type of corrosion attack occurring under deposits is oxide degradation in the 
presence of a molten salt. Corrosion by molten salts is often referred to as 
Hot Corrosion and is divided into type I and type II [64-67]. This phenomenon is 
frequently observed in gas turbines and coal-fired boilers. The type I hot corrosion 
refers to temperatures above the melting point of the condensed salt, while in type II a 
molten salt is formed below the melting point of the pure salt. In the latter case, the 
melting point is lowered due to dissolution of formed corrosion products. Studies of this 
type of corrosion phenomena have suggested a fluxing mechanism where an otherwise 
protective oxide dissolves in the fused salt and precipitates as non-protective particles 
within the salt or at the salt/gas interface [64]. Due to fast transport in the liquid phase, 
corrosion by molten salts can have rapid kinetics [14]. 

In waste fired boilers, corrosion by molten salts can be expected when low-melting 
compounds or mixtures are formed on the alloy surface. Laboratory work by Ishitsuka 
and Nose [68] has shown that iron, nickel and chromium oxides are soluble in molten 
alkali chlorides and also that the solubility is dependent on the specific gas composition. 
Field exposures [69] and laboratory tests [70-71] have identified fused zinc and lead 
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chlorides as a major concern, since these are known to have low melting points and 
form low melting eutectic mixtures with other salts. Table 4 [72-73] lists several 
compounds and eutectic mixtures that may cause molten salt corrosion in biomass and 
waste fired boilers. In reality even more complex mixtures, not found in binary or 
ternary phase diagrams, may be present. Both chloride and sulphate melts can form on 
superheater tubes during waste incineration, although the molten chlorides are more 
frequently encountered due to their lower melting points.  

Table 4: First melting points of compounds and low-melting mixtures expected in biomass and 
waste fired boilers [72-73]. 
Single compounds  Melting point [°C]  Salt mixtures Melting point [°C] 
ZnCl2 283  KCl-ZnCl2 230 
PbCl2 489  NaCl-ZnCl2 262 
FeCl2 673  KCl-FeCl2 355 
ZnSO4 730  NaCl-FeCl2 370 
KCl 775  K2SO4-ZnSO4-Na2SO4 388 
NaCl 801  KCl-PbCl2 412 
CrCl2 821  NaCl-PbCl2 415 
Na2SO4 884  NaCl-CrCl2 437 
NiCl2 1001  KCl-CrCl2 462 
K2SO4 1076  KCl-NiCl2 508 
CaSO4 1400  NaCl-NiCl2 560 
PbSO4 1170  KCl-NaCl 657 
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3.4.3 Efforts to counteract superheater corrosion 

Alloy corrosion rate is determined by the specific metal-gas system and the prevailing 
temperature. In order to obtain high boiler efficiency the metal temperature must be 
high, which means that corrosion problems must be solved by modifications in the alloy 
or the atmosphere. 

Laboratory works have investigated alloying effects on corrosion resistance in 
atmospheres containing HCl [52-53] or KCl [7-8]. Corrosion testing of various alloys in 
large boilers has also been performed [11, 46]. The results show that alloy selection is a 
difficult task and improved corrosion resistance has usually only been obtained with 
exotic alloys which are not cost efficient. 

The other option is to change the atmosphere in order to avoid alkali chloride formation 
and accumulation on the heat exchangers. A number of studies have focused on co-
firing with fuels or additives that capture alkali so that the alkali chlorides do not 
deposit on critical components. In particular sulphur-rich fuels and additives have 
proven efficient in mitigating corrosion attack. Early work by Spiegel and Grabke [74-
75] showed that the SO2-content in the flue gas decreased corrosion under chloride 
deposits concluding that chlorides are transformed into less aggressive sulphates at high 
SO2-concentrations. Although a problem at even higher temperatures, alkali sulphates 
are considered rather stable at the temperature interval encountered in waste and 
biomass fired boilers and will not cause severe corrosion. A similar positive effect of 
sulphur was obtained by Salmenoja [76] who investigated the corrosiveness of different 
fuel blends. A sulphur:chlorine ratio in the fuel above 4:1 was proposed as a condition 
to prevent severe corrosion problems. In recent years full-scale tests have also been 
performed with sulphur-containing additives, which have proven efficient in limiting 
the corrosion tendencies [11, 45, 77]. 

Besides sulphur other elements in the fuel or the additive can capture alkali and thereby 
reduce the formation of alkali chlorides. Aluminium, [78-79], silicon [78-80] and 
phosphorus [79-81] are also considered for capturing alkali and hence decrease the 
KCl(g) content in the flue gas. For example, phosphorus has been used in a study 
injecting phosphoric acid, H3PO4, to the flue gas [81]. In another study [36], bark pellets 
were co-fired with digested sewage sludge rich in phosphorus. Both works indicated 
that phosphorus-rich additives can be used to lower the alkali chloride concentration. 

In some recent studies the concept of co-firing has been further developed and today 
research is not only investigating fuel or additive properties. A doctoral thesis by 
Kassman [31] and other publications [82] have shown that decreasing the alkali chloride 
concentrations in the flue gas goes beyond adding compounds or elements with a high 
alkali affinity. Prevailing process parameters are highly important and e.g. the release of 
chlorine to the flue gas is affected by the bed temperature during operation [82]. 
Furthermore, the sulphation process when using sulphur-rich fuels or additives can vary 
significantly depending on where and in which form it is added. Detailed work on flue 
gas chemistry and the reaction mechanisms governing the transformation from alkali 
chlorides to alkali sulphates have been investigated in works by [31, 83-84].  
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4 EXPERIMENTAL 
The experimental part of this work is based upon controlled laboratory and field 
exposures in conditions representative for combustion of biomass and waste (see 
Table 2). The laboratory exposures are performed in N2-O2-H2O based atmospheres 
with the addition of HCl (Paper I) and HCl, SO2 and molten KCl-ZnCl2 (Paper II). 
Meanwhile the field exposures reflect normal boiler operation with various fuel blends. 
After exposures the candidate alloys are examined and evaluated using a variety of 
analytical techniques.  

4.1 Laboratory exposures 
In Paper I two different exposures were conducted in a modified Xerion tube-type 
furnace, Figure 6. The experiments were made in an environment comprising 
N2-10O2-5H2O-0.05HCl (in vol.-%) at 400 °C and 700 °C respectively. The furnace is 
equipped with a silica tube and is constructed so that it can be supplied with both liquid 
and gaseous substances. A gas flow of 143 ml/min was used for the N2/O2 –mixture. 
H2O and HCl were supplied as a liquid via a peristaltic pump and vaporized within the 
tube. The flow rate of gaseous HCl/H2O was approximately 7.5 ml/min. 
 
Thermocouples were placed within the silica tube as well as the furnace for temperature 
control. Exposures were conducted under thermal cycling conditions with a 20h hot 
dwell time and a 4h cold dwell time at room temperature. The furnace is movable and 
equipped with a fan system for rapid cooling. The 400 °C exposure comprised 49 cycles 
and a total hot dwell time of 980h, while the 700 °C exposure lasted for 280h with 14 
cycles down to room temperature. 
 
The exposed alloys were the austenitic stainless steels Esshete 1250, 304L and 310S. 
All specimens were prepared by wet grinding with 600 mesh silicon carbide paper and 
thoroughly cleaned in ethanol prior to exposure. During exposure each specimen was 
placed in an individual alumina crucible. At intervals the gross and net mass changes as 
well as the amount of spalled oxide were recorded on a balance with sensitivity of ±0.01 
mg. The alloys were exposed both in the as-ground condition and after preoxidation for 
24h in synthetic air at 400 °C or 700 °C.  

                  
Figure 6: Experimental set-up for corrosion testing in a N2-O2-H2O-HCl atmosphere. 

N2/O2 inlet 

Deionised 
water 

H2O pump 

Movable furnace 

Specimens 

Silica tube 

Exhaust gas 



 16

In Paper II two different exposures were conducted in a standard tube-type furnace 
produced by Elite Ltd, Figure 7. These experiments were made in an environment 
comprising N2-8O2-15H2O-0.2HCl-0.02SO2 (in vol.-%) at 320 °C (2240h in total) and 
420 °C (1920h in total) respectively. The furnace is equipped with a silica tube and is 
constructed in such a way that it can be supplied with both liquid and gaseous 
substances. A total gas flow of 150 ml/min was used during testing, which corresponds 
to a gas velocity of ~0.25 mm/s past the specimens. 
 
The exposed alloys ranged from carbon steel, via the standard 304L to a nickel-base 
weld overlay specimen (Inconel 625). All specimens were prepared by wet grinding 
with 600 mesh silicon carbide paper and thoroughly cleaned in ethanol prior to 
exposure. Each specimen was placed in an individual alumina crucible during exposure. 
At intervals the gross and net mass changes as well as the amount of spalled oxide were 
recorded on a balance with sensitivity of ±0.01 mg. A deposit corresponding to 
~0.8mg/cm2 dry salt of composition 50ZnCl2-50KCl (mole-%) was applied to the 
specimens before testing and thereafter each 160h by dipping the specimens in an 
aqueous solution.  

            
Figure 7: Experimental set-up for corrosion testing under deposits in a N2-O2-H2O-HCl-SO2

atmosphere. 

 

4.2 Boiler exposures 
Papers III-VI are based upon test campaigns in three different commercial boilers; the 
MVB boiler Müllverwertung Borsigstrasse, in Hamburg, Germany, the P14 boiler at the  
Händelö plant in Norrköping, Sweden and the Chalmers boiler in Gothenburg, Sweden. 
Alloy exposure and deposit collection were performed using internally cooled probes 
inserted to the flue gas stream at positions directly up-stream of the first row of 
superheater tubes. During the short-term tests an air-cooled probe was used while the 
long-term testing in Hamburg was conducted with an air- and water-cooled probe as in 
Figure 8. Ring specimens with an outer diameter of 48 mm and a wall thickness of 3 
mm were placed on the probe and thermocouples were mounted so that ring temperature 
could be controlled by adjusting the air-flow. After exposure the samples were stored in 
desiccators containing silica gel until post-exposure analyses had been conducted. All 
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subsequent analyses were made on the wind side of the ring, with the fastest deposit 
build-up.  

        
Figure 8: Schematic image of a corrosion probe used in field exposures. 
  
4.2.1 The MVB exposure 

The waste fired power plant MVB in Hamburg has two identical grate boilers at the 
plant, each generating 57 MW of steam and district heating. The fuel consists of 70% 
household waste and 30% industrial waste. Short-term exposures (3h) were carried out 
in order to investigate the deposits formed, as well as the initial corrosion attack. Long-
term exposures (1550h) were conducted to evaluate alloy performance. During the 
short-term exposure only 13CrMo44 was exposed, while seven different alloys (the 
ferritic steels 13CrMo44 and HCM12A, the austenitic steels Super 304, 317L and 
Sanicro 28, and the nickel-base alloys Hastelloy C-2000 and Inconel 625) were exposed 
during the long-term exposure. 

The ring specimens were exposed on two different probes, with temperatures of 440 °C 
and 490°C. The probes were placed at a position just before the flue gas meets the first 
superheater (SH6). The flue gas temperature at this position is ~635 °C. A schematic 
illustration of the plant showing the position of the exposed probes is seen in Figure 9. 

                                    
Figure 9: Schematic image of the grate boiler in Hamburg. 
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4.2.2 The Händelö exposure 

Field exposures were also carried out in a waste fired, 75 MW, Circulating Fluidised 
Bed (CFB) boiler in Händelö, Sweden. This plant burns 30-50 % household waste and 
50-70 % industrial waste. The CFB boiler was fired both without additives and with the 
injection of 500l ammonium sulphate solution/hour. Specimens of a low-alloyed ferritic 
steel 13CrMo44 and the austenitic 304L were exposed for 4 hours. 

The probes were positioned at a site close to the superheater tubes, with a flue gas 
temperature of ~650 °C. A schematic illustration of the plant showing the position of 
the exposed probe is seen in Figure 10. The probes were air-cooled to 500 °C. 

 
Figure 10: Schematic image of the Händelö plant showing the position for ammonium sulphate 
injection, the IACM measurements and position of the deposit probes. 
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4.2.3 The Chalmers exposures 

Two test campaigns were carried out in the 12 MW CFB boiler at Chalmers University 
of Technology shown in Figure 11. The boiler has been described in detail in several 
publications [31, 36-37, 39].  
 
In one campaign (Paper IV), the boiler was running on a base fuel of wood chips (from 
stem wood) and addition of straw pellets (from wheat straw) to increase the level of 
gaseous KCl. Flue gas analyses, deposit formation and initial corrosion attack were 
studied while running the boiler at λ= 1.1, 1.2 or 1.4 and with different injection rates of 
ammonium sulphate. Short-term (3h) deposit measurements were conducted in the 
convection pass using a temperature controlled deposit probe. Duplicate ring specimens 
of Sanicro 28 were mounted on the probe and controlled to a temperature of 500 °C. 

In a second campaign (Paper V), the boiler was running on a fuel mixture of wood 
chips, wood pellets and PVC to control the potassium chloride levels to ~35 
ppm KCl(g). This is a level commonly encountered when firing e.g. demolition wood. 
During the subsequent tests the chloride levels were lowered by either decreasing the 
PVC content or by injecting ammonium sulphate or mono ammonium phosphate to the 
flue gas. Flue gas analyses and deposit analyses were made to investigate the effects of 
these additives. An air-cooled probe with ring specimens of 304L was placed in the 
convection pass to collect deposits from 8 different exposure conditions. Each exposure 
was 3h, while the ring temperature was set to 500 °C.  

 
Figure 11: The 12 MW CFB boiler at Chalmers University of Technology. 1) furnace; 2) fuel 
chute; 3) air plenum; 4-5) air inlet; 6) fuel feed and sand; 7) cyclone outlet; 8) primary cyclone; 9) 
particle seal; 10) secondary cyclone; 11) bag house filter; 12) flue gas fan; 13) IACM; 14) kaolin; 
15) bed material; 16) ammonium sulphate (AS); 17-19) injection of AS and measurement 
positions; 17) upper part of the combustion chamber; 18) cyclone inlet; 19) cyclone; 20-23) 
measurement positions; 20) before convection pass; 21-22) convection pass; 23) before stack.  
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4.3 Analytical techniques 
A variety of analytical techniques have been employed within the framework of this 
thesis. The most essential ones are described below. 
 
4.3.1 In-situ Alkali Chloride Monitor (IACM) 
In the field exposures an In-situ Alkali Chloride Monitor (IACM) was used for 
measuring the alkali chloride content in the gas phase. The method is developed and 
patented by Vattenfall AB. The principle is based on molecular absorption at 
characteristic wavelengths. Light from a Xenon lamp, with a radiation spectrum in the 
UV-range, is sent across the gas volume to a receiver where it is analysed by a 
spectrometer. Only gaseous compounds can be analysed thus alkali chloride particulates 
are not detected with the IACM instrument. The absorption patterns of NaCl(g) and 
KCl(g) have similar wavelengths making these compounds difficult to differentiate and 
the results are given in KCl(g)+NaCl(g) concentration. The instrument has a sampling 
time of 5 to 10 seconds, making it suitable for continuous in-situ measurements of the 
alkali chloride load during operation. The detection limit at a measuring length of 5 
metres, i.e. across a flue gas stack, is ~1 ppm [11, 31, 85].  
 
4.3.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) was a central part in this work for surface 
imaging and analysis. The SEM operates by scanning the surface with a beam of 
electrons, generated by an electron gun. The electrons interact with atoms at the surface, 
leading to emission of new electrons that are collected and counted with a detector. 
SEM can be used to detect both secondary electrons and backscattered electrons. 
Secondary electrons can escape only from a shallow region and offer the best image of 
surface topography. Backscattered electrons undergo a number of collisions before 
eventually scattering back out of the surface. They are generated from a larger region 
than secondary electrons and provide information about specimen composition since 
heavier elements generate more backscattered electrons and thus a brighter image. SEM 
can be combined with a number of different techniques for chemical analysis, the most 
common being Energy Dispersive Spectroscopy (EDS). When the electron beam 
interacts with the surface, X-ray photons are generated. The energy of radiating photons 
corresponds to a transition energy which is characteristic for each element. With 
Wavelength Dispersive Spectroscopy (WDS), the radiated photons are diffracted by a 
crystal and only X-rays with a specific wavelength fall onto the detector. WDS analysis 
is more accurate, but also more time consuming than EDS analysis and used in 
particular for analyses of light elements or separating overlaps in the EDS spectra [86]. 

In this work a JEOL JSM-6400 and a JEOL JSM 7000F were used, both with energy 
dispersive and wave length dispersive spectrometers connected to an INCA system from 
Oxford Instruments. For EDS and WDS analyses an acceleration voltage of 20kV and a 
high beam current was used, while SEM imaging was made at acceleration voltages of 
5-15kV.  
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4.3.3 Glow Discharge Optical Emission Spectroscopy (GDOES) 

GDOES was used to obtain depth profiles through the scale with corrosion products. 
The instrument consists of a vacuum vessel within which two physically separated 
surfaces form the cathode and anode. The vessel is filled with a low pressure of a noble 
gas and a voltage is put across the electrodes. The specimen to be investigated is used as 
the cathode and the electric field that is created between anode and cathode leads to 
electrical breakdown of the gas, giving plasma formation. The specimen is subsequently 
eroded by ions bombarding it. As sputtered ions from the cathode diffuse into the 
plasma a process of emission begins. Collisions with electrons take place leading to 
excitation of ions and atoms to higher energy levels. This excitation gives rise to optical 
emission that can be detected by a spectrometer. A spectrum with characteristic 
wavelengths is generated from species originating from the eroded specimen [87].  

In this work a LECO GDS 750 Glow Discharge Optical Emission Spectrometer was 
used. In order to study specimens (oxides) with poor electrical conductivity the 
spectrometer was equipped with a radio frequency source. 

4.3.4 X-Ray Diffraction (XRD) 

Crystalline deposit and corrosion products were analysed by X-ray diffraction (XRD).  
Each polycrystalline solid has its own characteristic X-ray diffraction pattern which can 
be used for identification. The X-ray source consists of a tungsten filament cathode 
which generates electrons when heated. When the electron beam hits the anode it gives 
rise to X-rays, which are made monochromatic before reaching the specimen. The 
radiation is scattered by interactions with the analysed specimen and constructive 
interference occurs at angles predicted by Bragg’s law (eq. 9). Analyses are made on 
both powder and solid surfaces. In the latter case, the angle of incidence can be varied 
and small angles (grazing incidence, GI) give rise to analysis with a smaller information 
depth [87]. 

Θ=λ sind2n hkl                              (eq. 9) 
 
In this work a Bruker D8 X-ray diffractometer with CuKα-radiation (λ=1.54178 Å) was 
used. In most cases analyses were made with a parallel beam (Göbel mirror) geometry, 
but a Bragg-Brentano set-up was also used. 

4.3.5 Thermodynamic calculations 

Thermodynamic calculations are powerful tools for predicting the formation of 
corrosion products. The foundations of these calculations are descriptions of the Gibbs 
energy for components and phases. Several computer programs are available for this 
such as FactSage [88], HSC [89], Thermo-Calc [13] and others. The software uses 
thermodynamic data stored in databases and each phase is represented by Gibbs energy 
expressions. The equilibrium is represented by the minimum Gibbs energy and this is 
assessed by calculations of the phases involved in the system. In this work 
thermodynamic calculations were carried out mainly with the SSUB and TCFE5 
databases in the Thermo-Calc R software, but HSC v4.1 was also used occasionally. 
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4.3.6 Other analytical techniques employed in this work 

In addition to the above described methods, complementary analyses were performed at 
SP- Technical Research Institute of Sweden.  

Secondary Ion Mass Spectroscopy (SIMS) is a method that can also identify non-
crystalline compounds and be used for deposit analyses [90]. The specimen surface is 
sputtered with primary ions and the ejected secondary ions are collected. With a Time 
of Flight spectrometer, compositional information of the secondary ions could be 
obtained. The instrument enables analyses at very low concentrations and since the 
specimen surface is scanned with an ion beam, the distribution of various compounds is 
identified. 

Ion Chromatography (IC) [91] and Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES) [92] are methods commonly employed for analysing the 
elemental deposit composition. In a first step, rings were leached in water and IC was 
used to analyse the chlorine and sulphate ions which are separated in a column by their 
different transit times. The ion concentrations are thereafter used to calculate the 
amount of chlorine and sulphur present in the deposit. In a subsequent step, the ring 
specimen was leached in an acid solution to dissolve the remaining deposit prior to 
analysis with ICP-OES. The plasma is used to produce excitations that emit 
electromagnetic radiation at wavelengths characteristic of a particular element. The 
emission is analysed with optical spectrometry to determine the concentration of each 
specific element. 
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5 RESULTS AND DISCUSSION  

5.1 Gaseous corrosion 
Although pure gaseous atmospheres are not representative for superheater corrosion in 
biomass and waste fired boilers, they can be used to gain a better understanding of 
operating mechanisms and effects of alloy or atmosphere modifications. In oxidising-
chlorinating atmospheres, the “competition” between these two reactants determines 
which corrosion products that form and is thus vital for alloy performance. In Paper I 
high temperature corrosion was studied in an environment of N2-10O2-5H2O-0.05HCl. 
Three austenitic stainless steels were exposed with varying surface treatments (ground 
surface and preoxidised) and at different temperatures (400 °C and 700 °C). 
 
5.1.1 Effects of temperature and different alloying grades 

Figure 12 shows the mass changes after 980h of cyclic exposure at 400 °C. The 
difference in performance between the three investigated alloys is small with fairly 
similar mass changes. By comparison, a carbon steel exposed under the same conditions 
exhibited a 3-4 times higher gross mass gain (0.45mg/cm2). 
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Figure 12: Mass changes for the three investigated alloys during exposure at 400 °C in 
N2-10O2-H2O-0.05HCl. 

 
At 700 °C the difference in alloy performance is significant and the gross mass change 
for Esshete 1250 is many orders of magnitude higher than that for the 310S specimen, 
Figure 13. The Esshete 1250 performs relatively well initially but suffers from 
accelerated attack as the exposure proceeds. 
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Figure 13: Gross mass changes vs. time for the three investigated alloys during exposure at 
700 °C in N2-10O2-H2O-0.05HCl. 
 
Surface analyses of the specimens exposed at 400 °C revealed limited attack, although 
metal chlorides were detected on the surfaces of all alloys, Figure 14. Metal oxides only 
are thermodynamically predicted at the oxide/gas interface in this chemical 
environment, but the temperature may be too low for a rapid transformation of unstable 
chlorides into stable oxides. The presence of metal chlorides at a position with high 
oxygen partial pressure contradicts the common chlorine cycle [5-6] which is based on 
the assumption that metal chlorides are transported from the metal to the gas, where 
metal oxides are formed during the release of chlorine. At fairly low temperatures 
(400 °C) it seems that the chlorides are also present within the scale. Metal chlorides are 
not considered protective corrosion products and the faster diffusion expected in the 
chloride phase than in the oxide phase leads to significantly higher corrosion rates in the 
presence of HCl. Furthermore, it is possible that the properties of the metal oxides, 
which are the major constituent of the scale, change when formed in the presence of 
chlorine. This behaviour is similar to the poorly protective oxide scales which are 
encountered during so-called “active oxidation” [5-6].  

     
Figure 14: Appearance of the 304 ground surface specimen exposed for 980h at 400 °C in an 
environment comprising N2-10O2-5H2O-0.05HCl. Metal chlorides are frequently detected on the 
metal surface both as blisters (left) and as protrusions (right). 
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Metallography of specimens exposed at 700 °C confirmed faster corrosion degradation. 
The lowest alloyed grade Esshete 1250 is clearly not suitable for use at this temperature 
and atmosphere. It exhibits selective internal oxidation of chromium and formation of 
an outward growing iron oxide, Figure 15. By contrast, the higher alloyed 310S formed 
a thin chromium-enriched oxide without signs of breakaway corrosion, Figure 16. XRD 
surface-analyses of the two alloys showed significantly higher amounts of spinel-type 
oxide on the Esshete 1250 specimen. This type of oxide is regarded poorly protective 
and is often associated with rapid inward oxide growth during breakaway corrosion 
[21, 28]. At 700 °C no metal chlorides were observed on the specimens, but significant 
amounts of condensed metal chlorides were detected in the cooler parts of the furnace. 
XRD analyses gave data which matched FeCl2x4H2O, FeCl2x2H2O and NiCl2x6H2O. 
FeCl2 is miscible with CrCl2 [53], and a solid solution between iron and chromium 
chlorides is expected. Chemical analyses with ICP-MS confirmed that iron was the 
dominant element in the evaporated corrosion products, but that a significant amount of 
both nickel and chromium was also present.  

                             
Figure 15: Cross-section of Esshete 1250 exposed for 280h at 700 °C in N2-10O2-5H2O-0.05HCl. 
The alloy suffers from breakaway corrosion. 
 

                             
Figure 16: Surface of 310S exposed for 280h at 700 °C in N2-10O2-5H2O-0.05HCl. The alloy does 
not show any signs of accelerated corrosion and the surface is dominated by hexagonal Cr2O3

platelets. 
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The formation of metal chlorides is central to the corrosion degradation process [5-6, 
47, 52-53, 58-59, 69-70]. Considering the equilibrium FeCl2(s) � FeCl2(g), it is evident 
that the vapour pressure of FeCl2 is 4 orders of magnitude higher at 700 °C than at 
400 °C, Figure 17. Similar behaviour is also seen for nickel and chromium chlorides. 
During the exposure at 400 °C, metal chlorides were present on the surface but not 
deposited on the cooler parts of the furnace. This lack of vaporisation is in agreement 
with the low vapour pressures expected at this temperature. At 700 °C significant 
amounts of evaporated metal chlorides were observed, confirming the predictions of 
increased metal chloride volatility at elevated temperatures.  
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Figure 17: Equilibrium vapour pressures of solid metal chlorides as a function of temperature. 
Calculations are made using the HSC database [69]. 
 
The formation of stable metal chlorides requires high chlorine activity and low oxygen 
partial pressure, as indicated by the stability diagram in Figure 18. As a consequence, 
chlorides are usually confined to the metal/scale interface [5-6, 47, 52-53, 69-70].  In 
the present investigation such interfacial chlorides were observed in tests at 400 °C. 
However, metal chlorides were also observed on the surface of alloys exposed at 400 °C 
and in the cooler parts of the furnace after exposure at 700 °C. One limitation in the 
thermodynamic calculation may be that they include only single metal oxides and 
chlorides and thus omit mixed phases. A more probable explanation is that reaction 
kinetics is fairly slow so that chlorides are not readily transformed to metal oxides even 
at high oxygen partial pressures. As a consequence the metal chlorides play a central 
role in the corrosion attack. At 400 °C the vaporisation rate of metal chlorides is low 
and chlorides confined in the scale creates paths for rapid transport of reactants. At 
700 °C the vaporisation is significantly higher and causes a continuous removal of 
alloying elements from the sample. The behaviour is similar to the Tedmon effect [61] 
for chromium oxide which Stott and Shih [60] applied on the corrosion of iron in a 
chlorinating environment. In agreement with the calculated equilibrium vapour 
pressures of metal chlorides, the impact of volatilisation increases significantly with 
increased temperature. 
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Figure 18: Stability diagram of Fe-25Cr-20Ni (composition similar to alloy 310S) alloy at 
700 °C in an environment containing Cl2 and O2. The present study was performed in an 
environment with sufficient oxygen to stabilise the metal oxides. Calculations are made using the 
SSUB3 and the TCFE5 databases in the ThermoCalc R software [13]. 
 
5.1.2 Effect of preoxidation 

The three austenitic stainless steels were also exposed in a preoxidised condition. The 
preoxidation was performed with duplicate specimens in synthetic air for 24h at either 
400 °C or 700 °C. One specimen was analysed in detail with GDOES and XRD while 
the other specimen was exposed to the chlorine-containing atmosphere. Analyses 
showed that the oxides formed during preoxidation were 0.05-0.2 µm thick (Table 5) 
and had a chromium content that increased with the chromium content in the alloy. 
M2O3 dominates the scale formed at 700 °C with only minimal spinel-type oxide 
present. At 400 °C the oxide scales were much thinner, rendering accurate 
determination of the oxide structure more difficult. However, it seems that M2O3 also 
predominated in this case. A GDOES depth profile of 310S preoxidised at 400 °C is 
presented in Figure 19, and shows an outer iron-rich oxide and an inner oxide enriched 
in chromium. 
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Figure 19: GDOES depth profile of 310S preoxidised 24h at 400 °C in synthetic air. 
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Table 5: Properties of the oxides formed during preoxidation. 
Material: Oxide thickness:(<5% O in GDOES) Oxides according to GI-XRD: 
Esshete 1250, PO at 400°C 0.1 µm M3O4, M2O3,  
Esshete 1250, PO at 700°C 0.4 µm M3O4, M2O3(strong signal) 
   
304, PO at 400°C 0.05µm M2O3

* 
304, PO at 700°C 0.2 µm M3O4, M2O3(strong signal) 
   
310, PO at 400°C 0.05µm M2O3

* 
310, PO at 700°C 0.2 µm M3O4, M2O3(strong signal) 
*thin oxide scales leading to low intensity 

 
After exposure in N2-10O2-5H2O-0.05HCl at 400 °C for a total of 980h, clear 
differences were seen when comparing the performances of the ground surface and the 
preoxidised specimens, Figure 20. The lowest gross mass changes were seen for 
specimens preoxidised at 400 °C. 
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Figure 20: Gross mass changes for the three investigated alloys in the ground surface and 
preoxidised condition after exposure at 400 °C in N2-10O2-5H2O-0.05HCl. 
 
Another clear difference between the specimens was that the characteristic chloride 
accumulation at the metal/oxide interface was only observed on specimens with a 
ground surface. This behaviour was apparent for all alloys and is illustrated by the 
GDOES compositional depth profile in Figure 21. The positive effect of preoxidation is 
evident even after 980h of hot dwell time and a total of 49 thermal cycles down to room 
temperature. Furthermore, the behaviour is seen for all three alloys investigated, 
covering a wide span in oxide composition. The behaviour indicates that the oxides 
formed on stainless steels effectively suppress chlorine ingress, unless the scale is 
grown in an HCl-containing environment. The faster corrosion rates and the 
accumulation of chlorine at the corrosion front suggest that a scale grown in the 
presence of HCl has higher ionic transport rates or even allows for direct gas/metal 
contact due to larger defects. Meanwhile an oxide grown in a chlorine-free atmosphere 
is nearly impermeable to chlorine ingress. Since the chlorine solubility in the oxide is 
negligible it has been argued that Cl-diffusion along oxide grain boundaries could 
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explain the ingress of chlorine [33]. However, the exposure at 400 °C suggests that a 
change in scale properties, produced by chlorine, is needed to cause the well-known 
chlorine formation and accumulation at the corrosion front.  
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Figure 21: GDOES depth-profiles showing the accumulation of chlorine beneath the oxide for 
ground surface specimens but not for those which were preoxidised. This behaviour is evident for 
both the low-alloyed Esshete 1250 (left) and the higher alloyed 310S (right). 
 
Preoxidation was not found to have any positive effect during subsequent exposure at 
700 °C in the chlorinating environment. Mass changes for ground surface and 
preoxidised specimens after 280h of exposure are shown in Figure 22 and indicate that 
the corrosion resistance is dependent on alloying level rather than pre-treatment.  It is 
likely that the higher exposure temperature and the repeated thermal cycling rapidly 
degrade the initially formed oxide, so the corrosion resistance is then dependent on the 
ability to reform and maintain a protective oxide scale rather than the properties of the 
initial oxide.  
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Figure 22: Gross and net mass changes and cumulated spall after 280h hot dwell time at 700 °C 
and a total of 14 cycles down to room temperature 
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5.2 Corrosion under deposits 
Papers II-VI investigated corrosion in complex atmospheres in the presence of both 
deposits and gases. In Paper II a synthetic deposit was applied on specimens in a 
laboratory investigation, while Papers III-VI were conducted in full scale boilers using 
air-cooled probes to simulate superheater conditions. 

5.2.1 Deposit formation 

Investigations in two waste fired boilers were performed both running on a mixture of 
household and industrial waste. In the Hamburg boiler the probe temperature was set to 
440 °C, while the temperature in the Händelö boiler was controlled to 500 °C. The 
difference in probe temperature reflects the difference in steam temperature between 
these boilers during normal operation. The typical appearance of a ring specimen after 
removal from the probe is seen in Figure 23. The combination of condensation and 
particle impaction [42] makes the deposit build-up faster on the wind-side.  

                        
Figure 23: Appearance of a ring specimen after 3h of exposure. 
 
Extensive characterisation of the deposit was performed on the wind side using EDS. 
The elemental composition in Figure 24 is the result from surface analyses of the 
deposit showing the maximum, minimum and average values from a number of 
analyses. With the exception of zinc, which is only detected in significant amounts in 
the Hamburg boiler, the deposit composition is fairly similar when comparing the two 
plants. The presence of zinc in the Hamburg boiler could be attributed to the fuel 
composition, but may also be a result of the lower probe temperature. Thermodynamic 
calculations with HSC [89] show that the vapour pressure of zinc chloride is relatively 
high at this temperature. Increasing the metal temperature thus decreases the 
condensation of zinc chlorides. 
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Figure 24: EDS analyses showing elemental composition of the deposit formed in the Hamburg
boiler (left) and the Händelö boiler (right). 
 
In Papers IV and V similar measurements of the deposit composition were performed 
after short-term exposures in a 12 MW CFB boiler in Gothenburg. In Paper IV the 
boiler was run on a mixture of wood chips and straw pellets (wheat straw). In Paper V a 
mixture of wood chips, wood pellets and PVC was fired. In both studies different 
operational conditions were tested. Figure 25 shows deposit analyses from the 
“reference” exposures under normal operation. In both campaigns the metal temperature 
was controlled to 500 °C and deposit analyses using EDS were performed directly on 
the ring surface at the wind side position. As evident, only minor differences in deposit 
composition can be observed compared to the waste fired boilers. 
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Figure 25: EDS analyses showing elemental composition of the deposit formed in the Chalmers
boiler during the test conditions of Paper IV (left) and Paper V (right). 
 
Additional XRD measurements were performed on the wind side deposits from all 
campaigns and the results are summarised in Table 6. In the Händelö boiler CaSO4, KCl 
and NaCl were the main compounds originating from the flue gas, while in the 
Hamburg boiler CaCl2 and SiO2 were also observed in the deposit. In the Chalmers 
boiler only KCl, K2SO4, K2Ca2(SO4)3 and K3Na(SO4)2 were detected. The results agree 
fairly well with deposit analyses from previous studies [36, 39, 44-47]. Compounds 
containing aluminium and silicon (analysed with EDS) could not be detected. Poor 
crystallinity and a complex deposit composition is the most probable reason for this.  
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Table 6: XRD analyses of the deposit formed on air-cooled probes in the Händelö, Hamburg and 
Chalmers boilers.  

 NaCl KCl CaCl2 K3Na(SO4)2 K2SO4 CaSO4 K2Ca2(SO4)3 SiO2 

Händelö boiler (waste) m m - - - s - - 
Hamburg boiler (waste) m m w - - s - w 
Chalmers boiler (biomass) - s - - m - w - 
Chalmers boiler (biomass) - s - w w - w - 
                                               s=strong intensity   m=medium intensity   w=weak intensity 
 
Although the average deposit composition is interesting for quantitative comparisons of 
certain elements or compounds, corrosion attack occurs on a microscopic level and 
electron microscopy can be used for deposit characterisation on a smaller scale. Sodium, 
potassium and calcium chlorides all have melting points well above 700 °C [72] and the 
crystallites detected with X-ray diffraction can also be observed with SEM, as shown in 
Figure 26. 

 
Figure 26: SEM imaging showing KCl crystallites deposited on the alloy surface in the Hamburg
boiler. 
 
XRD revealed the major compounds in the deposit, but with SEM imaging in 
backscattered mode and EDS analyses other components were also observed. In the 
Hamburg exposure both PbCl2 and ZnCl2 were observed with SEM-EDS. These 
chlorides have a low melting point and when mixed with e.g. alkali chlorides low 
melting eutectic mixtures can form [72]. Figure 27 shows mixtures of potassium 
chloride with zinc and lead chlorides in the deposit. The composition and morphology 
indicates a fused salt.  In Figure 28 a cross-section through the deposit after longer 
exposure is shown. Significant amounts of lead-containing compounds are present, 
indicating that although this element was not detected when analysing the average 
deposit composition it can be present at very high concentrations locally. Molten phases 
in the deposit were not observed in the Händelö or the Chalmers exposure. 
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Figure 27: Deposit analyses from the Hamburg boiler with SEM-EDS. 

 

                            
Figure 28: SEM imaging of a cross-section through the deposit formed on Super 304 after 1550h 
of exposure. 
 
It is somewhat surprising to find similar deposit compositions in both waste and 
biomass fired boilers. A parameter not reflected in chemical analyses is the deposit 
growth rate which is significantly faster in the waste fired boilers. As a consequence the 
“alkali chloride load” on the tube surface is higher when firing household and industrial 
waste. Furthermore, the presence of e.g. zinc and lead in the deposit from waste fired 
boilers governs the formation of aggressive molten salt mixtures. Corrosion attack 
beneath a molten salt is known to have rapid kinetics [14]. 
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5.2.2 Corrosion of candidate superheater alloys 

Corrosion characterisation of candidate superheater alloys using SEM-EDS was 
performed in Papers II, III, IV and VI. Alloy 13CrMo44 is commonly used in waste 
fired boilers and analysis of short-term exposed specimens shows clearly the 
corrosiveness of these atmospheres, Figure 29. Cross-sectional analyses revealed a scale 
thickness of ~200 µm on a ring specimen from the Hamburg boiler and a 40-50 µm 
oxide scale on a ring specimen from the Händelö boiler. Knowing that the plants are 
designed to run for thousands of hours per annum, the initial corrosion rate is 
remarkably high.  
 

         
Figure 29: SEM imaging of a cross-section through the ferritic steel 13CrMo44 after 3h of 
exposure in the Hamburg boiler (left) and after 4h in the Händelö boiler (right).  
 
Chemical analyses of the corrosion products formed revealed that only a few hours of 
exposure is sufficient to cause severe chlorination of the alloy. Figure 30 (left) shows 
islands of almost pure iron chloride at the metal/scale interface, while Figure 30 (right) 
illustrates well the hygroscopic nature of metal chlorides when exposed to ambient air. 
Although chlorination is expected according to the mechanisms for HCl-induced 
corrosion as described in section 5.1, the extensive formation of metal chlorides is 
striking. In contrast to metal oxides which provide reasonable corrosion protection at 
these temperatures, metal chlorides have poor protective properties and rapid transport 
of reactants across the scale can be expected during subsequent exposure.  

       
Figure 30: SEM imaging of a horizontal section through the ferritic steel 13CrMo44 after 3h of 
exposure in the Hamburg boiler (left) and after 4h in the Händelö boiler (right). 

deposit 

corrosion products 
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                   Chloride: 
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                   30-50O 10-30Cl 
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In agreement with observations during laboratory exposures (section 5.1), the metal 
chlorides are not solely confined to the metal/chloride interface, although this is 
thermodynamically expected. Metal chlorides were also observed in the outer parts of 
the scale during exposure in the full-scale boilers. On the nickel-base alloys, nickel 
chlorides were present in significant amounts among the corrosion products while iron 
chlorides were commonly observed on the lower alloyed iron-based materials. As a 
result, the metal chlorides in the scale are mixed with alkali chlorides from the flue gas, 
see Figure 31. Considering the binary phase diagrams of these systems [72], as well as 
their appearance, it is evident that molten mixtures of metal and alkali chloride could be 
expected during exposure. This is an important finding and suggests that attack by 
molten salt can take place even without the presence of well-known low-melting 
compounds such as ZnCl2 and PbCl2. 

     
Figure 31: Deposit analyses from the Hamburg boiler with SEM-EDS. Left: NiCl2-NaCl mixture 
on Inconel 625, with minor concentrations of Mo+Cr+Ca+K. The appearance indicates a molten 
salt. Right: KCl-FeCl2 mixture formed in the outer deposit of ferritic steel 13CrMo44. 
 
In addition to the short-term exposures, long-term exposures (1550h) with internally 
cooled probes containing a number of candidate alloys were performed in the Hamburg 
boiler. It is evident that the low alloyed 13CrMo44 suffers from a rapid and uniform 
corrosion attack, as seen in the cross-section in Figure 32. EDS analyses identify iron, 
oxygen and chlorine as the main elements, indicating a mixture of iron oxides and metal 
chlorides. Similar behaviour was also identified for the ferritic-martensitic steel 
HCM12A and the austenitic stainless steel Super 304, all having oxide/chloride scales 
several hundreds of microns thick. 
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Figure 32: SEM-EDS analysis of a cross-section through the low alloyed ferritic steel 13CrMo44 
after 1550h at 440°C. 
 
A dramatic difference in appearance is seen for the 317L, Sanicro 28, C-2000 and 
Inconel 625 alloys. The alloys formed relatively thin oxide scales, but at localised 
positions oxide failure and accelerated corrosion were observed. Occasionally pits up to 
200 µm deep as shown in Figure 33 were present. It is suggested that molten salts (i.e. 
ZnCl2-KCl, PbCl2-KCl or FeCl2/NiCl2-NaCl/KCl mixtures) cause this behaviour. The 
detection of various types of chlorides within the pits confirms this idea. The exact 
melting points of these mixtures are difficult to determine, since they often contain 
minor concentrations of a number of different elements. 

In the studies of biomass combustion (Papers IV and V), only short-term testing using 
high alloyed steels was conducted. A direct comparison of corrosion type is thus not 
possible. The abundance of lead and zinc, in combination with the ability to avoid 
severe metal chloride formation, is likely to lower the risk of molten salt attack as 
observed in the waste-to-energy plant. 

Alloy performance beneath a molten salt is dependent on the salt chemistry and can be a 
complex matter with ionic dissolution of the oxide according to the fluxing mechanism 
described by Rapp [64]. Although most works on high temperature corrosion caused by 
oxide dissolution in molten salts have been performed with alkali sulphates, the 
solubility of iron, nickel and chromium oxides in a molten alkali chloride mixture at 
different gas atmospheres has been measured by Ishitsuka and Nose [68]. If the deposit 
is only partly molten, accelerated corrosion attack due to oxide fluxing is only expected 
at localised positions. It is suggested that this type of attack has a significant impact on 
the corrosion of high alloyed materials, which form relatively thin and protective oxide 
scales. Under such conditions even very small amounts of fused salts could dissolve a 
considerable part of the oxide scale. For the lower alloyed alternatives the scale contains 
high amounts of metal chlorides which offer little or no protection. As a result, the scale 
growth is so fast that only a small part of the scale is dissolved and consequently the 
molten phases have a minor influence on corrosion rate.  
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Figure 33: Localised attack on the nickel-base alloys C-2000 (left) and Inconel 625 (right). 
 
Corrosion under molten deposits was also studied in Paper II where a KCl-ZnCl2 
mixture was applied on the specimen surface prior to exposure in a tube-type furnace 
fed with a simulated flue gas atmosphere. Although the conditions resemble those of 
real boilers, the corrosion attack is more limited in the laboratory study (5-10 times 
lower corrosion rate per 1000h for a low alloyed steel). As shown in Figure 34, only 
limited chlorination takes place also in the case of a carbon steel after 1920h of 
exposure.  A probable reason for this discrepancy is that the salt, although reapplied 
after every 160h, is consumed by: 
 

1) Reactions with the metal 
2) Evaporation 
3) Reactions with the gas phase 
 

In real boilers chlorides are continuously deposited from the flue gas. As seen in 
Figure 34 the outer part of the deposit is sulphur-rich indicating that SO2 in the gas 
reacts with the deposit “neutralising” the molten chloride mixture.  
 

 
Figure 34: Corrosion of a carbon steel exposed to a simulated waste incineration atmosphere. 

Interface: 
25-30O 25-35Cl 35-40Fe 

Base oxide: 
45O 4Cl 50Fe 

Oxide: 
50O 50Fe 
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5.3 Efforts to counteract superheater corrosion 
Alloy or atmosphere modifications for mitigating superheater corrosion were 
investigated in Papers II-VI. 
 
5.3.1 Alloying effects 
Appropriate alloying for improved corrosion resistance is one possible strategy for 
counteracting superheater corrosion problems. Results from this thesis support the idea 
of longer life-times for higher alloyed steels or nickel base alloys. However, the effect 
of using higher alloyed materials is not easy to predict. Alloying with less iron and more 
nickel, chromium, molybdenum etc. also increases the price, making the option less 
economically feasible. 
 
Figure 35 shows the maximum and average metal losses after 1550h of exposure in the 
waste fired boiler in Hamburg. It is evident that corrosion rates are significantly higher 
for the 13CrMo44, HCM12A and Super 304 specimens, which had significant metal 
chloride formation in common. A marked increase in alloy performance is seen for the 
317L, Sanicro 28, C-2000 and Inconel 625 specimens that had formed better protective 
oxide scales. The oxide thickness on these alloys usually ranged between 10 and 
100 µm. However, the pitting type of attack (section 5.2.2) is of considerable concern 
and at least at 440 °C this limits the use of these rather expensive alloys. Interestingly 
the corrosion rate of the highest alloyed materials does not increase at 490 °C, 
indicating that this could be an option if aiming for higher steam temperature and 
consequently increased electrical efficiency. A plausible reason for this behaviour is a 
change in deposit composition (e.g. less zinc and lead chlorides) and deposit build-up 
rate (higher vapour pressure) when increasing the metal temperature. Such effects are 
only likely within certain temperature intervals, since higher corrosion rates are 
expected at elevated temperatures and other molten mixtures are the result of a further 
increase in temperature. 

According to the metal loss measurements and the corrosion characterisation (section 
5.2.2), it is possible to lower the corrosion rates by promoting metal oxide formation 
(and thereby suppressing metal chloride formation). The materials tested are 
commercial alloys and the considerable differences in composition make it difficult to 
evaluate the effect of each individual alloying element. Since the formed oxides are 
enriched in chromium a sufficient chromium concentration is likely to be a criterion for 
improving the corrosion resistance. The results also agree well with studies suggesting a 
positive effect of adding molybdenum [68] and substituting iron with nickel [52]. As 
shown by Zahs et al [53] alloying with elements forming stable and protective oxides 
can be used to increase the corrosion resistance. Silicon and aluminium additions may 
thus be interesting alternatives for improved corrosion resistance, although the rather 
low temperature is not ideal in terms of forming protective silica or alumina scales. A 
major problem if trying to optimise alloy composition for use in chlorine-rich 
atmospheres is the variety in corrosion attack that can take place. Waste and biomass   
boilers are usually designed for fuel flexibility meaning that the flue gas and deposit 
composition may vary significantly. With lead and zinc in the fuel, oxide fluxing can 
take place. Similar behaviour may also occur during severe chlorination with formation 
of metal chloride-alkali chloride mixtures. If molten salt attack is avoided, the alloys are 
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still at risk for accelerated corrosion due to formation of poorly protective oxide, 
chloride or chromate scales. The placement of heat exchanging tubes in a counter flow 
throughout the boiler makes the steam (and metal) temperature exceed gradually. As a 
consequence, the deposit composition varies depending on the specific position in the 
boiler and candidate alloys must thus be resistant to variations in both temperature and 
chemical environment. 
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Figure 35: Average and maximum metal loss for the investigated alloys after 1550h of exposure 
at 440 °C (top) and 490 °C (bottom).  
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5.3.2 Effects of additive injection 

The different types of chlorides that are deposited on the superheater tubes are clearly 
troublesome from a corrosion point of view. The superheaters in both biomass and 
waste boilers have surface temperatures between 400 °C and 550 °C, ideal for 
condensation of alkali chlorides. If the alkali content in the flue gas can be lowered, the 
deposition of aggressive chlorides decreases and prolonged superheater life-times can 
be anticipated. 

A possible strategy to decrease the deposition of alkali chlorides on superheater tubes 
was studied in Papers IV-VI. When injecting ammonium sulphate, (NH4)2SO4, to a hot 
flue gas stream, it is proposed to decompose according to [11]: 

( ) O(g)H(g)SO(g)2NH(g)SONH 233424 ++→                                           (eq. 10) 

 
and thereafter to react with alkali chlorides to form alkali sulphates by reactions such as: 

(g)SOK2HCl(g)2KCl(g)O(g)H(g)SO 4223 +→++                          (eq. 11) 

 
The flue gas composition would thus change so that chlorine is present mainly as 
HCl(g), which does not condensate at surfaces in the temperature interval of interest. As 
evident from the results presented in sections 5.1 and 5.2, HCl(g) is corrosive but less 
detrimental than the accumulation of KCl(s) on tube surfaces. The alkali sulphate which 
forms instead is not very damaging in this temperature range [14]. In the waste fired 
boiler at Händelö short-term exposures were conducted with and without the injection 
of ammonium sulphate into the flue gas. Figure 36 shows a continuous measurement of 
the alkali chloride concentration in the flue gas, measured with IACM [11]. The 
measurement was performed in the empty pass, between the injection position and the 
first row of superheaters. A 90% reduction of the alkali chloride content in the flue gas 
was obtained when injecting 500 l/h ammonium sulphate (corresponds to 60 kg 
elemental sulphur/hour). 

                           
Figure 36: IACM measurement of the alkali chloride concentration in the flue gas. 

 

Ammonium sulphate 
injection 
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Deposits are formed not only by gas phase condensation but also due to particle 
impaction [42]. Figure 37 shows the complementary distribution of some compounds 
and the correlated distribution of others (NaCl and CaSO4 detected at the same 
positions). In this case it seems that NaCl may condense onto solid calcium sulphate in 
the flue gas before reaching the superheater tubes. Since the IACM-instrument only 
measures the gaseous phase and cannot detect chlorides transported on solid particles, 
the IACM measurements should be confirmed with deposit analyses to validate the 
effect of the additive. 
 

                                     
Figure 37: TOF-SIMS mapping of the deposit showing the complementary distribution of some 
compounds and correlated distribution of others. The field of view in this image is 500 x 500µm. 
 
Figure 38 shows the change in deposit composition when injecting ammonium sulphate 
to the flue gas in the waste fired Händelö boiler. The concentrations of oxygen and 
sulphur in the wind side deposit increased, while the amount of chlorine decreased. It is 
evident that the additive shifts the deposit chemistry from chloride-rich to sulphate-rich. 
The decrease in chlorine content corresponds well to the IACM measurements of the 
flue gas presented in Figure 36. 
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Figure 38: EDS analyses showing elemental composition of the wind side deposit formed on the 
ferritic steel 13CrMo44 with and without the injection of 500l/h ammonium sulphate. 
 
Ca, K and Na are elements that, depending on the availability of sulphur, oxygen and 
chlorine, may form either sulphates or chlorides. It has been shown that calcium 

CaSO4 

Na2SO4 

NaCl 
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sulphate is more stable than sodium and potassium sulphates at a given SO2 partial 
pressure [69]. XRD analyses from the Händelö exposure, Table 7, are in agreement with 
these calculations. CaSO4 was found to be the major crystalline compound within the 
deposit even without the addition of ammonium sulphate. In the reference sample, both 
NaCl and KCl were detected in considerable amounts, but when injecting ammonium 
sulphate the amount of NaCl and KCl was effectively reduced to such an extent that 
these compounds were not possible to detect with XRD. TOF-SIMS analyses, Figure 
39, showed similar results. The relative concentrations of calcium, sodium and 
potassium chlorides were reduced due to the addition of the ammonium sulphate to the 
flue gas, while the corresponding sulphate concentrations were increased. The same 
type of behaviour is apparent in the biomass fired Chalmers boiler (XRD analyses are 
summarised in Table 7). The major difference between the two studies is that the 
chemical environment is slightly less complex in the biomass fired boiler and the major 
crystalline compounds can in that case be found in the K-S-Cl-O system. 
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Figure 39: TOF-SIMS measurements from the Händelö campaign showing the relative intensity 
of different compounds with and without the injection of 500l/h ammonium sulphate. 
 
Table 7: XRD analyses of the deposit with and without the injection of ammonium sulphate in 
two different studies. 

  NaCl KCl Na2SO4 K2SO4 CaSO4 K2Ca2(SO4)3 

Waste fired (Händelö) 
Reference m m - - s - 
Am. sulphate - - w - s - 

        

Biomass fired (Chalmers) 
Reference - s - m - w 
Am. sulphate - w/- - s - w 

s=strong intensity   m=medium intensity   w=weak intensity 
 
Thermodynamically the SO2 partial pressures prevailing in waste and biomass fired 
boilers are sufficient to at least partly suppress the formation of alkali chlorides on the 
tube surface [69].  As shown above, the transformation is further favoured if sulphur is 
added by the injection of e.g. ammonium sulphate. In reality kinetic aspects may also 
hinder the conversion of corrosive alkali chlorides into less harmful alkali sulphates. 
Works on flue gas chemistry [31, 83-84] have indicated that the transformation of 
KCl(g) to K2SO4(g,s) requires that SO2 is first oxidised to SO3, before reacting with the 
alkali chloride. According to the authors, this is the rate determining step during flue 
gas sulphation. In Paper IV flue gas and deposit chemistry, as well as the initial 
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corrosion attack was investigated in the Chalmers boiler. The exposures were conducted 
by running the boiler at three different air excess ratios (λ= 1.1, 1.2 and 1.4) and 
injection of ammonium sulphate at three different injection rates (zero, low and high). 
Short-term exposures of Sanicro 28 specimens were used for deposit collection and to 
study the initial corrosion attack.  Figure 40 shows the KCl and HCl concentrations in 
the flue gas during the various firing conditions. When injecting an increased amount of 
ammonium sulphate to the flue gas, a clear decrease in KCl(g), with a corresponding 
increase in HCl(g), is observed. Furthermore, it is evident that during ammonium 
sulphate injection higher λ-values are beneficial to additionally decrease the KCl-levels 
in the flue gas.  
 

0

20

40

60

80

100

120

0

10

20

30

40

50

60

0 0,5 1 1,5 2 2,5 3

H
C

l[
p
p
m

]

K
C

l[
p
p
m

]

S/Cl-ratio

KCl, λ=1.1
KCl, λ=1.2

KCl, λ=1.4

HCl, λ=1.1
HCl, λ=1.2

HCl, λ=1.4

            
Figure 40: KCl concentration in the flue gas measured with IACM during the different test 
conditions. 
      
XRD analyses of deposits formed on tube surfaces confirmed a decrease in KCl within 
the deposit at higher air excess ratios. Figure 41 shows changes in intensity for the 
strongest KCl (200) and K2SO4 (022 and 130) peaks when injecting low concentrations 
of ammonium sulphate. Increasing the air excess (λ-value) gradually decreases the 
intensity of the largest KCl peak. 
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Figure 41:  XRD deposit analyses when injecting low concentrations of ammonium sulphate 
during different air excess ratios (λ). 

 
The condensation of alkali chlorides on superheater tubes is clearly a cause of 
accelerated superheater corrosion and with less KCl(g) in the flue gas, less KCl(s) is 
expected on the tube surfaces. Figure 42 shows KCl(g) in the flue gas, as well as Cl and 
KCl(s) concentrations in the deposit under the different test conditions. As evident the 
chlorine-content in the deposit does not completely follow the KCl(g) measurements. At 
low lambda values (λ=1.1), combined with high sulphur injection rates, chlorine in the 
deposit is suppressed besides high KCl(g)-concentrations in the flue gas. The proposed 
explanation for this behaviour is the different types of sulphation reactions that take 
place. As described in the literature [83], both homogenous sulphation (gas reactions) 
and heterogeneous sulphation (reactions with the deposit) can occur. With more excess 
O2 in the boiler, more SO3 is expected which according to [31, 83-84] is needed in order 
to obtain rapid gas phase sulphation. The result thus supports the idea of a beneficial 
SO3 effect. At low lambda values gas phase reactions are suppressed, but with sufficient 
SO2 present a sulphation of the solid deposit can occur with time. 
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Figure 42:  IACM (top), EDS (middle) and XRD analyses (bottom) showing the change in flue 
gas and deposit composition achieved with various test conditions.  
 
Since only short-term tests (3h) were conducted with different lambda values, the 
impact of air excess on corrosion rate is difficult to quantify. However, it is possible to 
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study the appearance of the initial corrosion attack and relate it to changes in deposit 
composition achieved by controlling the ammonium sulphate injection and air excess in 
the flue gas. Figure 43 confirms the hypothesis of a less aggressive environment when 
sulphate injection is combined with increased oxygen excess during firing. During the 
reference tests (REF), as well as during the exposures with low oxygen excess (λ=1.1), 
a rougher surface as well as significant oxide spallation could be observed. EDS 
analyses of the small bright nodules on the surface show that these are mainly oxide 
nodules, but occasionally also deposit compounds that have merged with the underlying 
oxide. Chlorine was observed among the corrosion products on these samples. Ring 
specimens exposed in conditions with high lambda values and high sulphate injection 
displayed smoother surfaces, no metal chloride formation and no oxide spallation.  
 
From a corrosion point of view it is important to understand which factor(s) cause 
accelerated attack. The present results indicate that a complete sulphation in the gas 
phase is desired to mitigate corrosion since the attack correlates more clearly to the 
KCl(g) concentration in the flue gas than to the chlorine content in the deposit. As a 
result deposit analyses may not be sufficient to predict an accelerated chloride-induced 
corrosion attack. 
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Figure 43: SEM images at 500X magnification showing the surface appearance of the different 
ring specimens after the deposit has been removed. 
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The observation of pronounced corrosion attack on the reference specimens with high 
chlorine concentrations in the deposit is not unexpected.  The fact that oxide spallation 
takes place during injection of high ammonium sulphate rates (ASH) at low lambda 
values (λ=1.1) may be considered more surprising as the Cl-concentration in the deposit 
is very low. However, at low air excess the transformation of alkali chloride into alkali 
sulphate takes place to a large extent on the tube surface. This means that although 
chlorine is not observed in the deposit after exposure, KCl(s) may initially be present on 
the tube surface. ThermoCalc [13] equilibrium calculations in Figure 44 show the 
expected corrosion products when having KCl(s) on top of a chromia-forming alloy 
during representative conditions (500°C, gas atmosphere of N2-25H2O-9CO2-5O2-
0.004HCl). Potassium chromate formation takes place at very low SO2(g) 
concentrations, while the chromate formation is suppressed and the development of a 
chromia scale is favoured when SO2(g) increases. The conversion of KCl(s) into 
K2SO4(s) is normally considered beneficial since it is associated with a suppression of 
chromate formation. Still, there are indications of an accelerated corrosion attack in the 
case when sulphation is deduced to occur mainly on the tube surface. Two possible 
reasons for this behaviour are: 
 

1) Poorly protective corrosion products, i.e. chromates, are formed as an 
intermediate during the initial stages. The reaction can occur both by solid and 
gaseous potassium chloride [7-10]. 

 
2) Chlorination caused by the alkali chloride accumulation on the tube surfaces. 

Even if the deposit is eventually transformed from chloride-rich to sulphate-
rich this will release chlorine. Although less corrosive than KCl, HCl-
containing atmospheres are also corrosive resulting in the formation of poorly 
protective oxide or chloride scales [33, 52-54]. 

 
The test campaign in Paper IV emphasizes how process parameters such as the air 
excess ratio (λ-value) can affect the corrosion behaviour of superheater tubes. It also 
indicates that the deposit composition alone cannot be used for predicting corrosion 
since a secondary sulphation affects the measured deposit chemistry. 
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Figure 44: Equilibrium calculations with the SSUB3 and TCFE6 databases using ThermoCalc R 
[23] showing the effect of SO2 on stability of deposit and corrosion products on the alloy surface. 
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In Paper V a test campaign was conducted in the Chalmers boiler to compare the effects 
of two different additives: mono ammonium phosphate, (NH4)H2PO4 and ammonium 
sulphate, (NH4)2SO4. These additives were injected to the flue gas while running the 
boiler on a mixture of wood chips, wood pellets and PVC to control the potassium 
chloride levels to a reference level of ~35 ppm KCl(g).  
 
Figure 45 shows the KCl-concentrations in the flue gas and chlorine-concentration in 
the deposit when injecting various amounts of ammonium sulphate and mono 
ammonium phosphate. The behaviour is similar for both additives in that increased 
injection rates give lower chloride content in the flue gas. It is seen that less phosphorus 
than sulphur is needed to lower the KCl(g) concentration to 20, 10 and 5 ppm 
respectively. For mono ammonium phosphate (MAP), the chlorine concentration in the 
deposit decreases in a similar manner as the KCl(g) concentration measured with 
IACM. The changes in deposit chemistry when using ammonium sulphate (AS) are 
different. For all test conditions very low chlorine concentrations are observed in the 
deposit when injecting ammonium sulphate to the flue gas.  
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Figure 45: KCl-concentrations in the flue gas measured with IACM and Cl-content in the deposit 
measured with IC and ICP-OES for the different injection rates of ammonium sulphate and mono 
ammonium phosphate. 
 
The deposit composition does not reflect the IACM measurements of KCl(g)-
concentration in the flue gas. In this case the capture of alkali has not been altered by 
variations in air excess, but is due to the different effects of the phosphate and sulphate 
additives. Only limited works are available on phosphorus containing additives [79-81], 
but it seems that the phosphate additive operates mainly in the gas phase (homogeneous 
reaction) and not by reactions on the tube surface. As shown in Paper IV and in the 
literature [83], sulphate additives can operate both in the gas phase and on the tube 
surface (heterogeneous reactions), thus explaining why flue gas and deposit analyses do 
not always correlate. With these results it can be questioned how well deposit 
measurements, and Cl-content in particular, correlate to the corrosion attack when e.g. 
secondary sulphation reactions take place on the tube surface.  
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6 SUMMARY AND OUTLOOK 

This thesis has investigated superheater corrosion in waste and biomass fired boilers, 
trying to combine the effort to understand underlying corrosion mechanisms with the 
development of methods to counteract the problems.  

The results from Paper I-III show that appropriate alloying can be used to lower the 
corrosion rate significantly. At temperatures of 400–500 °C the metal chloride 
formation is significant, and especially for the lower alloyed steels containing little or 
no chromium. Laboratory work showed that the metal chloride formation is more 
limited for the higher alloyed steels and in Paper I it was shown that chlorination could 
be avoided on stainless steels by preoxidation prior to exposure. Results from field 
exposures (Paper III) confirmed the benefit of using higher alloyed steels, but molten 
salts caused accelerated corrosion attack. Detailed characterisation of deposit and 
corrosion products showed the presence of zinc and lead chlorides, forming low-melting 
mixtures. Molten mixtures of corrosion products and deposit compounds, such as iron 
chloride-potassium chloride and sodium chloride-nickel chloride, were also detected. 
Oxide dissolution in molten salts clearly limits the performance of austenitic stainless 
steels and nickel-base alloys in waste-to-energy plants. 

An additional change in the chemical environment seems necessary to obtain acceptable 
corrosion rates. One of the main arguments for using additives for improved superheater 
performance is that commercial boilers change fuel qualities on a regular basis making 
alloy optimisation a rather difficult task. In field exposures (Paper IV-VI) it was shown 
that injection of additives as ammonium sulphate, (NH4)2SO4, and ammonium 
phosphate, (NH4)H2PO4, can be used to change the flue gas atmosphere in a favourable 
way. The major causes for accelerated corrosion attack (whether it be sodium, 
potassium, lead or zinc chloride) can in this way be limited or avoided in the deposits. 
In Paper IV the beneficial effect of injecting ammonium sulphate was further enhanced 
by increased air excess during combustion. At higher λ-values, a faster sulphation 
reaction in the gas phase is obtained, while a significant sulphation also takes place on 
the tube surface during conditions with lower λ-values. Metallography of exposed ring 
specimens indicates that a sulphation in the gas phase is favourable to lower the initial 
corrosion rate. A difference in the capture of alkali was also observed in a direct 
comparison of the sulphate and phosphate additives. Ammonium sulphate captures 
alkali both in the gas phase and in the solid phase and mono ammonium phosphate only 
in the gas phase. The findings explain why flue gas measurements and deposit 
measurements do not always correlate. 

Much work remains to be done regarding superheater corrosion in biomass and waste 
fired boilers, both on a fundamental and an engineering level. On a fundamental level 
the corrosion breakdown in chlorinating-oxidising atmospheres is still not fully 
understood. With controlled laboratory investigations combined with advanced 
analytical techniques for post-exposure analyses (e.g. Atom Probe Tomography (APT), 
Secondary Ion Mass Spectroscopy (SIMS) or Transmission Electron Microscopy 
(TEM)), it may be possible to finally understand the transport of chlorine across the 
oxide scale. Laboratory work may also be useful for more applied research, such as 
investigating alloying or atmosphere effects that mitigate problems with deposit-
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induced corrosion. Minimising oxide dissolution in molten chloride mixtures is one 
such topic that needs attention. At present there are no alloys on the market optimised 
for the harsh conditions prevailing in waste or biomass fired boilers.  
 
From an engineering point of view there is a need for further development of existing 
methods, or indeed new methods for corrosion control in the boilers. Our current 
knowledge about superheater corrosion, in combination with available additives and 
techniques for online measurements of the flue gas composition should enable the 
development of methods for correlating the corrosion rate to measurable parameters. A 
goal for the near future is to identify the correlation between the KCl(g)-content in the 
flue gas and the superheater corrosion rate, with and without a subsequent sulphation of 
the deposit. If this can be achieved, injection schemes for e.g. ammonium sulphate, or 
other additives that capture alkali, can be developed for online corrosion control with 
IACM. This would require extensive test campaigns in full-scale boilers with long-term 
exposures under various temperature and flue gas conditions. 
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