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Abstract
Various environmental problems, such as global warming, are related to
the extensive use of fossil fuels. To solve these environmental problems,
several renewable energy resources (RES) to substitute fossil fuels have
drawn much attention. The renewable energy resource biomass has been
widely used as an energy source via combustion to produce heat due to
its CO2-neutrality, availability, and various regulatory benefits. However,
biomass typically contains considerable amounts of corrosive
compounds, which can be released into the flue gas during the
combustion process. These corrosive gaseous species may directly cause
gas phase-induced corrosion, or condense and deposit on the
superheater tubes in the boiler, which then causes deposit corrosion and
decreases the lifespan of the superheaters. Among the corrosive
compounds, alkali salts have been cited to be the most influential
corrosive species, because they exist naturally and extensively in various
biomasses. Alkali induced high-temperature corrosion has been
extensively studied. However, little work has been done to illustrate the
mechanisms of the very initial stage corrosion reactions.
In this work, a novel combinatory analysis method combining
chronoamperometry (CA), X-ray photoelectron spectroscopy (XPS) and
scanning electron microscopy (SEM) is proposed. In this method, CA has
been utilized to detect variations in the current flow due to
oxidation/reduction reactions, allowing for time-separation of different
stages at the onset of the corrosion process, whereas XPS and SEM have
been used for studying morphology, thickness, and composition of the
formed oxide layers. In Papers I-III, this method was developed by
studying the effect of three alkali salts (KCl, NaCl and K2CO3) on the
initial corrosion mechanism of a typical superheater tube material
(Sanicro 28 (Fe31Cr27Ni)). By utilizing this combinatory method, the
effect of the cations (K+ and Na+) and anions (Cl− and CO32−) on the initial
stage of the corrosion process has been studied. In addition to the
corrosive salts, the water content in the biomass fuel is usually high, thus
the effect of water vapor cannot be ignored when studying corrosion
during the real biomass combustion process. To interpret the role of the
water vapor in the corrosion mechanism, flowing dry and humid
conditions were utilized in the experiment setup in Paper IV. Since the
role of water was found to be essential in the Paper IV, the role of
different sources of oxygen (water and air) in the corrosion mechanism
was studied more thoroughly. Thus, in Paper V, an additional technique
v

in which Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
and water with the stable oxygen-18 (18O) isotope as a tracer of the
oxygen source were utilized to track the detailed reaction mechanisms
involved in the oxidation/corrosion process.
From several series of laboratory tests, it was found that at both 450 and
535 °C, all three alkali salts affected the steel and initiated alkali chromate
formation within the exposure time of 2 hours. The rates of the overall
corrosion reaction with all studied salts were much lower at 450 °C than
at 535 °C. At the higher temperature, 535 °C, the formed chromate
reacted further to chromium oxide with a significantly higher reaction
rate than at 450 °C, as expected.
There were clear differences regarding the impact of cations (Na+, K+) and
anions (Cl−, CO32−) on the initial corrosion reaction. When comparing the
effect of the two cations, the two chloride salts (KCl and NaCl) had a similar
influence on the overall elemental distribution in the oxide layer. Both salts
led to the formation of alkali chromate, which depleted the protective oxide
layer in chromium and made the stainless steel more vulnerable to high
temperature corrosion. Under dry conditions, the exposure to NaCl resulted
in a higher amount of sodium chromate (Na2CrO4) and a thicker chromiumrich layer compared to the sample exposed to KCl. Under humid conditions,
the exposure to NaCl resulted in a lower amount of Na2CrO4 and a thicker
oxide layer with a higher concentration of iron than the corresponding
layers formed during the KCl exposure.
When comparing the anions (Cl-, CO32-), the exposure to K2CO3 resulted
in a much higher amount of K2CrO4 than the exposure to KCl under dry
conditions. Under humid conditions, K2CO3 gave rise to a much thicker
and more homogeneous iron-rich oxide layer than KCl. K2CO3 can
decompose and react with iron to form multiple intermediate products,
such as iron bicarbonate (Fe(HCO3)2).
The results of this work can be utilized by material designers and boiler
operators to predict material behavior under different challenging
conditions in biomass combustion process.
Keywords: Stainless steel, High-temperature corrosion, Alkali salts, SEM,
XPS, ToF-SIMS
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Sammanfattning
Global uppvärmning och andra miljöproblem är kopplade till en utbredd
användning av fossila bränslen. För att lösa vissa miljöproblem riktas nu
mycket uppmärksamhet mot förnyelsebara energikällor att ersätta fossila
bränslen med. Olika typer av biomassa används därför ofta som energikälla
i förbränning på grund av att de är koldioxidneutrala, tillgängliga och
uppfyller olika hållbarhetskriterier. En nackdel med biomassa är dock att
det innehåller ansenliga mängder föroreningar i form av mineraler som kan
frigöras till rökgaserna under förbränning. Frigjorda gaskomponenter kan
vara direkt korrosiva via gasfaskorrosion, eller bilda avlagringar på
värmeväxlarytor i värmepannans överhettare via kondensation och orsaka
avlagringskorrosion. Detta har en negativ effekt på överhettarens livslängd.
Alkaliska salter förekommer naturligt och rikligt i biomassa och anses
därför ha högst betydelse bland de olika korrosiva föreningarna. Många
studier har tidigare gjorts för att förstå mekanismerna i alkali-inducerad
korrosion vid höga temperaturer. Dock saknas fortfarande studier för att
säkerställa de initiala stegen i korrosionsreaktionen.
I detta arbete presenteras en ny analysmetod som kombinerar
kronoamperometri (CA), röntgenfotoelektronspektroskopi (XPS) och
svepelektronmikroskopi (SEM). CA har använts för att skapa en tidslinje
med korrosionsprocessens inledande mekanismer genom att detektera
variationer i elektrisk ström orsakade av redox-reaktioner. XPS och SEM
har använts för att studera det bildade oxidskiktets morfologi, tjocklek
och sammansättning.
I publikation I-III beskrivs arbetet med att utveckla metoden genom att
studera hur de initiala korrosionsmekanismerna påverkas av tre olika
alkaliska salter (KCl, NaCl och K2CO3). Tester gjordes på Sanicro28
(Fe31Cr27Ni) som är ett vanligt förekommande material i överhettare. Den
kombinerade analysmetoden användes för att studera hur katjonerna (K+
och Na+) och anjonerna (Cl- och CO32-) påverkar det initiala steget i
korrosionsprocessen. Biomassa innehåller, förutom korrosiva salter, även en
riklig mängd vatten. Vattenångans inverkan är därför också viktig att ta
hänsyn till när man studerar korrosion i förbränning av biomassa, vilket
behandlas i publikation IV. För att förstå vattenångans roll i
korrosionsmekanismen jämfördes resultat från experiment med fuktig luft
och torr luft. I dessa studier observerades att fuktigheten hade en stor
inverkan på korrosionen, och därför fokuserade följande delarbete
(publikation V) på att mer utförligt studera hur korrosionsmekanismen
påverkas av olika syrekällor (vatten/luft). I publikation V användes därför
vii

ytterligare en experimentell metod för att bestämma den detaljerade
mekanismen i oxidations-/korrosions-reaktionen; syret i vattnet markerades
med den stabila syreisotopen 18O och flygtidssmasspektrometri (Time-ofFlight Secondary Ion Mass Spectrometry – ToF-SIMS) användes för att
bestämma källan på syrejonerna i oxidationsreaktionen.
En rad laboratorietester gjordes vid 450 och 535°C där stålet exponerades
för alkaliska salter under 2 timmars exponeringstid. Vid båda
temperaturerna gjordes observationen att alla tre alkaliska salter
påverkade stålet och initierade bildandet av alkalikromat. Den totala
korrosionsreaktionens hastighet var betydligt lägre vid 450°C än vid
535°C. Detta stämde för alla tre salter. De bildade kromaterna reagerade
vidare till kromoxid med en avsevärt högre reaktionshastighet vid 535°C
än vid 450°C, enligt förväntningar.
Det fanns tydliga skillnader mellan katjonernas (K+ och Na+) och
anjonernas (Cl- och CO32-) påverkan på det initiala steget i
korrosionsprocessen. Jämförelse mellan de två katjonerna visade att båda
kloridsalterna (KCl och NaCl) hade liknande effekt på
ämnesdistributionen i oxidskiktet. Båda salter bidrog till bildandet av
alkalikromat, vilket leder till en utarmning av det kromoxidskikt som
skyddar det rostfria stålet mot högtemperatur-korrosion. När materialet
exponerades för antingen NaCl eller KCl i torr atmosfär gjordes
observationen att närvaro av NaCl ledde till en större mängd bildad
natriumkromat (Na2CrO4) och ett tjockare skikt rikt på krom. Liknande
tester i fuktig atmosfär gjordes och jämförelse mellan NaCl och KCl
visade att närvaron av NaCl resulterade i en lägre mängd bildad
Na2CrO4 och att det oxidskikt som bildades var tjockare och mer rikt på
järn än det korresponderande skikt som bildades i tester med KCl.
Jämförelse mellan anjonerna (Cl- och CO32-) visade att exponering för
K2CO3 resulterade i en avsevärt större mängd bildad K2CrO4 jämfört med
exponering för KCl vid tester i torr atmosfär. Tester med K2CO3 och KCl i
fuktig atmosfär visade att närvaro av K2CO3 ledde till bildandet av ett
avsevärt tjockare och mer homogent järnoxid-skikt. K2CO3 kan
sönderfalla och bilda en rad olika intermediära produkter via reaktion
med järn, såsom järnbikarbonat (Fe(HCO3)2).
Resultaten från detta arbete är tänkta att användas i utformning av
värmepannor; vid val av material och processparametrar. God förståelse för
korrosionsmekanismer behövs för att bättre kunna förutsäga hur material
påverkas av de svåra miljöer som uppstår vid förbränning av biomassa.
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1.

Introduction

Fossil fuels such as coal, petroleum, and natural gas are non-renewable
energy resources, which have been extensively used since James Watt
invented the steam engine in 1759. However, various environmental
problems have arisen because of the extensive utilization of fossil fuels.
For example, burning fossil fuels produces air pollutants, such as
nitrogen oxides, sulfur dioxide, volatile organic compounds and gaseous
compounds containing heavy metals. In addition, the consumption of
fossil fuels has been considered as the primary reason for global
warming.
At present, global warming is considered to be one of the most serious
global issues. It is caused by the emission of greenhouse gasses (GHG),
as GHGs can absorb and emit infrared radiation and consequently they
have a warming effect on the climate. The GHGs in the Earth’s
atmosphere include water vapor (H2O), carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O) and ozone (O3). Among these GHGs, CO2 is
the primary GHG which is emitted through human activities1. Among
the sources of anthropogenic GHG emissions, the use of energy
represents by far the largest source of emissions that produce greenhouse
gases2. It has been reported that CO2 emissions have increased more
rapidly in recent years3. Since the Industrial Revolution, human activities
have produced an increase of 40% in the concentration of CO2 in the
atmosphere, and particularly the emissions of CO2 increased at an
average rate of 1.9% per year from 1970 to 20154.
To solve the challenge with fossil fuels and global warming, alternative
energy sources to substitute fossil fuels have drawn much attention. So
far, the alternative sources that have been found include nuclear fuels
and renewable energy resources (RES). Compared to traditional fossil
fuels, the use of RES can effectively decrease the environmental pollution
and GHG emissions, especially CO2 emissions5. Since the oil crisis in the
1970s, RES have become more and more popular in energy production.
Until 2015, RES contributed with 19.2% of the global final energy
consumption6. Finland has the 2nd highest share from renewable sources
in its gross final consumption of energy in the European Union, which
share accounted for 39.3% of the total energy demand in 20157.
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RES include biomass, hydropower, solar, wind, geothermal, and marine
energy sources. Due to the renewability, availability, and various
regulatory benefits, biomass represents 75% of the total RES. Currently,
biomass accounts for approximately 9% of the total global primary
energy demand6. The share is especially high in countries with large
forest and agricultural resources. Biomass has been considered as a CO2neutral fuel because the amount of the released CO2 during biomass
combustion can be accumulated through photosynthesis during plant
growth. Only a relatively small amount of fossil energy used in
cultivation and transportation of biomass contributes to a net
atmospheric CO2-increase. Biomass includes a large variety of fuels with
different chemical composition and combustion characteristics. The
components of biomass include cellulose, hemicelluloses, lignin,
extractives, lipids, proteins, simple sugars, starches, water, ash, and other
compounds8. Compared to coal, biomass contains less C, more H and O,
more Cl, Si and K, less S, Al and Fe. Further, it has lower heating value
(HV) and higher moisture content8.
Biomass has been widely used as an energy source either directly via
combustion to produce heat, or indirectly through conversion into
various forms of biofuel9. In Finland, biomass is used directly as a fuel
for burning or cofiring with traditional fossil fuels in electricity
generation, combined heat and power (CHP) plants and district heating.
In fact, Finland is among the world leaders in the use of CHP: the largest
user of biomass for energy production in Europe, and the second biggest
producer of CHP electricity in Europe (Denmark is the 1st)10. In addition,
the CHP plants in Finland have the best thermal efficiency of averagely
83%10. A schematic picture of a typical biomass boiler in a CHP plant is
shown in Figure 1. For the sustainable approach to forest/biomass
resources in Finland, Finnish managed forestry has maintained a
consistently growing biomass stock in the forests over the last 50 years.
Sustainable forest management in Finland has roots in the 17th century
and was first codified in the Forest Act of 1886. The principles of
ecological, social and economic sustainability are laid out in the Forest
Act of 1996. Nowadays, a planning tool, MELA, was used by the Natural
Resources Institute in Finland to calculate the maximum amount of
allowable woodcuts each year are established.
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Figure 1. A schematic picture of a biomass combustion boiler (Courtesy of
Valmet Technologies)

Burning or cofiring biomass is not free of challenges. Compared to coal
combustion, the use of biomass as a fuel has turned out to be challenging
due to its high moisture and the composition of the ash11,12. For instance,
some types of biomass like wood have a very little ash fraction and
seldom cause any trouble in boilers, whereas some other biomasses such
as straw, grass and wood residues contain problematic elements, mainly
alkali metals (K and Na) and chlorine (Cl), in such a form that they form
deposits and ashes with low eutectic temperatures during the
combustion process13–18. If the temperature at the material surface is
higher than the melting point of these deposits, the formed molten phase
has an accelerating effect on the corrosion of the superheater tube
materials. The molten phase formed may provide an electrolyte or ionic
transfer pathway for the electrochemical attack. The corrosion is thus
promoted in the molten phase, rendering it particularly hazardous for
the superheater tubes19. In commercial biomass combustion plants, a
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common way to avoid the molten phase corrosion and to decrease the
rate of the high temperature corrosion is to limit the material surface
temperature below the melting point of the corrosive salts by lowering
the steam temperature. However, although limiting the steam
temperature decreases the corrosion rate, it also decreases the power
generation efficiency. Furthermore, alkali chloride-induced corrosion can
accelerate the corrosion process also at temperatures well below 400 °C20.
In order to find better solutions for the corrosion problems, a thorough
understanding of the corrosion mechanism and factors that affect the
corrosion process is vital. Among the corrosive salts, potassium chloride
(KCl) is commonly considered as the most challenging corrosive species
because it exists naturally and extensively in various biomasses13. KClinduced high-temperature corrosion has been extensively studied, and
several hypotheses for the corrosion mechanism have been proposed11,13–
15,17. Another corrosive alkali chloride salt, NaCl, exists in some special
fuel fractions, such as in recovered waste wood and in floated logs,
which have absorbed sea water21. When cofiring coal and biomass, a
small quantity of NaCl also forms together with the formation of sulfates.
The corrosive effect of NaCl has been compared with KCl by several
research groups21–24. Compared with chloride salts, carbonate salts have a
much lower concentration in the biomass ash deposit. K2CO3 has been
found as a corrosive compound in fly ash in the biomass combustion
process25. Similar to KCl, K2CO3 can also react with the passivation oxide
layer of the superheater tubes and forms potassium chromate, leading to
the degradation of the tube materials. The hypotheses of the corrosion
mechanisms by these three alkali salts will be summarized and discussed
in the next chapter.
To minimize the corrosion damage during the combustion of biomass,
the boiler material is a very important factor to take into account. In
particular, the choice of superheater tube material is important as the
superheater are subjected to the highest temperatures tubes inside a
biomass boiler26. The performance of a metal at elevated temperatures is
typically controlled by the protective qualities of the oxide that forms on
the surface of the metal. The most common method to prevent or slow
down corrosion is to use chromium-rich stainless steels as a superheater
material. Chromium forms a protective layer consisting of pure
chromium oxide, corundum-type binary oxide ((Fe,Cr)2O3), or iron
chromium spinel-type oxide (FeCr2O4) on the surface of the steel
4

depending on alloying elements and their relative ratios in the steel27–29.
The protective oxide layer prevents surface corrosion by hindering
oxygen and other corrosive species from diffusing further into the bulk
steel, given that the protective layer remains intact. In previous research,
several chromium containing commercial stainless steel types have been
studied in corrosive environments. These steels include 10CrMo9-10,
steel T91, 304L steel, Sanicro 28 and Alloy 62529–31. It is generally known
that only increasing the chromium content in the steel is not always a
remedy against alkali salt-induced corrosion. At temperatures relevant to
biomass combustion (400 °C–600 °C), the protective oxide layer can be
affected by the alkali salts present in the flue gases. These alkali salts
react with the chromium oxide and hence destroy the protective layer.
Consequently, it is anticipated that these interactions might result in
accelerated corrosion of the underlying alloy. To further improve
corrosion resistance, some other corrosion resistant alloy elements such
as nickel, molybdenum could be added in the steel. Nickel helps to form
austenitic crystal structures, which improve the properties such as
plasticity, weldability, strength and toughness. Nickel also greatly
improves resistance to oxidation and corrosion. Molybdenum increases
the high-temperature strength of the steel, such as long-lasting and creep
properties, and also improves resistance to pitting and crevice corrosion
especially in chloride and sulfur containing environments27. Sanicro 28, a
high alloy stainless steel, has high chromium contents, high nickel
contents and 3.5% molybdenum. It has been widely studied and used as
superheater material in Europe due to its high resistance to corrosion
and relatively good ductility32. The high chromium content of Sanicro 28
contributes to high gas corrosion resistance. Sanicro 28 is typically used
as superheater tube material in various steam boiler applications such as
black liquor recovery, municipal refuse and biomass boilers. Sanicro 28
has a homogenous passivation oxide layer on the surface, which mainly
consists of corundum-type binary oxide ((Fe,Cr)2O3). Some iron
chromium spinel-type oxide (FeCr2O4) may also exist as defects in the
passivation layer. This spinel-type oxide has the low activation energy
and easily reacts with corrosive species33,34. In this work, Sanicro 28 has
been chosen as the main material to be investigated in papers I-V. In
paper V, a low alloy stainless steel 10CrMo9-10 and a nickel-based
austenitic stainless Alloy 625 were investigated in addition to Sanicro 28.
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1.1

Purpose of this work

This thesis focuses on using new tools to measure and understand the
mechanism of the initial stages of the alkali salts induced corrosion of the
superheater materials. In this work, Sanicro 28 was used as the main
substrate. In particular, the following topics were addressed:
1.

To give an increasing understanding of the high temperature
corrosion mechanisms in stagnant conditions, a novel combinatory
method of chronoamperometry (CA), X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM) were
used to give an insight into the early stages of the oxide layer
degradation of Sanicro 28 in the presence of KCl. The results of this
topic were presented in Paper I.

2.

The corrosion effects of three alkali salts, KCl, NaCl and K2CO3,
were studied by the combinatory method to analyze the onset
corrosion mechanisms of Sanicro 28. The role of the cations (K+ and
Na+) and anions (Cl− and CO32−) on the onset of the corrosion
process were compared under stagnant conditions. The results of
this topic were presented in Papers II and III.

3.

The combinatory method was modified to illustrate the roles of the
cations (K+ and Na+) and anions (Cl− and CO32−) in the onset of
corrosion mechanism of Sanicro 28 in the presence of humidity.
The role of the water vapor in the onset of the corrosion process
was also discussed. The results of this topic were presented in
Papers IV.

4.

As the effect of the water vapor is discussed and highlighted, the
stable oxygen 16O and 18O isotopes were introduced in combination
with ToF-SIMS to increase the understanding of the corrosion
mechanism under conditions where multiple oxygen sources
(atmospheric oxygen and water vapor) were present. In this topic,
low alloy stainless steel 10CrMo9-10 and nickel-based alloy 625 in
comparisons with Sanicro 28 were discussed. The results of this
topic were presented in Papers V.
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2.

Literature review

In the literature review, KCl, NaCl and K2CO3 induced corrosion
mechanisms proposed by the previous research are summarized and
discussed. This chapter is divided into three subchapters. Chapter 2.1
describes the previous research on the alkali chlorides induced corrosion
and Chapter 2.2 describes the effect of K2CO3. Chapter 2.3 summarizes
previous experimental methods including some surface analysis
methods in 2.3.1 and electrochemical methods in 2.3.2.

2.1

Corrosion induced by alkali chloride salts

In the biomass combustion process, alkali chloride salts in the sticky
deposits are aggressive species that cause severe corrosion of the
superheater tubes. Molten salts in the deposit cause the most severe
corrosion attack20.
Many research groups have investigated the mechanisms involved in
alkali chloride induced high temperature corrosion, and several
hypotheses have been proposed. One hypothesis called ‘active oxidation’
was used to explain the long-term corrosion process35,36. However, this
hypothesis does not fully explain the fast reactions at the initial stage of
the corrosion process especially at lower temperatures where only
solid/solid interactions are available. Recently, a two-stage corrosion
mechanism hypothesis has been proposed, intended to explain the initial
corrosion reaction31.
2.1.1 Active oxidation
The term ‘active oxidation’ was first proposed by Lee and McNallan in
198735, who studied the corrosion reaction between pure nickel and NaCl.
Nowadays, this term refers to the direct acceleration of the oxidation of
the metal alloys by the gases or deposits containing Cl2, HCl, NaCl, KCl,
etc. Based on the thermodynamic fundamentals and experimental
observations, Grabke et al.36 have given the basic understanding of the
active oxidation mechanism of low alloy steel by describing the chemical
reactions involved in the process. The main reactions involved in the
active oxidation mechanism have been summarized as follows (Eqs. 1–
7)36. The equations were presented without specifying the state symbols.
The present author has inferred them to the best of his ability:
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2HCl (g) + 1/2 O2 (g) → Cl2 (g) + H2O (g)

(1)

2NaCl (s) + Fe2O3 (s) + 1/2 O2 (g) → Na2Fe2O4 (s) + Cl2 (g)

(2)

4NaCl (s) + Cr2O3 (s) + 5/2 O2 (g) → 2Na2CrO4 (s) + 2Cl2 (g)

(3)

Fe (s) + Cl2 (g) → FeCl2 (s)

(4)

FeCl2 (s) → FeCl2 (g)

(5)

3FeCl2 (g) + 2O2 (g) → Fe3O4 (s) + 3Cl2 (g)

(6)

2FeCl2 (g) + 3/2 O2 (g) → Fe2O3 (s) + 2Cl2 (g)

(7)

The active oxidation starts with the formation of molecular chlorine from
the oxidation of HCl (Eq. 1) or from condensed chlorides (Eqs. 2, 3). The
formed chlorine can penetrate the oxide layer through pores or cracks
and reacts with the bulk material to form gaseous transition iron
chlorides, where the partial pressure of oxygen is low. At the elevated
temperatures in the (biomass) boilers, a continuous evaporation of these
iron chlorides will take place and leads to a considerable vapor pressure
at the metal/oxide interface (Eq. 4, 5). Consequently, these volatile
chlorides will diffuse outward through cracks and pores of the oxide
layer to the areas with higher partial pressures of oxygen, where they
may react with oxygen, forming Fe3O4 and/or Fe2O3 while releasing
molecular chlorine (Eqs. 6, 7). Part of the released molecular chlorine can
again diffuse towards the metal surface, and thus sustain the oxidation of
the metallic surface beneath the non-protective oxide layer. Eventually,
the net reactions (Eqs. 4–7) form a cycle where a continuous transport of
metal occurs at the metal/oxide interface toward the higher oxygen
partial pressure in the bulk gas. These reactions can collectively be
defined as the ‘chlorine cycle’ mechanism, where Cl2 plays a seminal role
by acting as a catalyst in the corrosion process. This process depletes the
protective layer of chromium and tends to convert it to a poorly
protective iron oxide layer which provides no passivating protection
against further corrosion36.
The validity of the active oxidation mechanism has been experimentally
verified in several studies14,18,31,37–44. In particular, the corrosion of iron,
chromium, nickel and their alloys in the presence of Cl2, HCl, NaCl, or
KCl has been examined at temperatures ranging from 400 °C to 700 °C.
The KCl-induced corrosion of stainless steel has been evaluated mostly
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in conditions typical for the superheater tube materials. These studies
have been conducted both in lab-scale and in large scale via variable
temperature and humidity conditions to summarize the corrosion
reactions of high alloy FeCrNi stainless steels. Under dry conditions and
at temperatures above 450 °C, KCl initially reacts with the protective
oxide layer on the surface of the stainless steel to form potassium
chromate and chlorine gas (Eq. 8), resulting in a chromium-depleted
non-protective oxide layer31. After this initial reaction, chlorine can
penetrate through the oxide layer and react with the bulk material to
form volatile metal chlorides (Eqs. 9, 10). These volatile metal chlorides
then convert to oxides and form Cl2 when they diffuse back to the steel
surface where the partial pressure of oxygen is higher (Eq. 11). Part of the
released Cl2 can diffuse back towards the metal surface, reinforcing the
process and recycling the reactions (Eqs. 9‒11)14. Through the series of
reactions, a porous non-protective oxide is formed at the alloy surface,
and further material degradation will occur.
Cr2O3 (s) + 4KCl (s) + (5/2)O2 (g) → 2K2CrO4 (s) + 2Cl2 (g)
M (s) + Cl2 (g) → MCl2 (s)

(8)
(9)

MCl2 (s) → MCl2 (g)

(10)

4MCl2 (g) + 3O2 (g) → 2M2O3 (s) + 4Cl2 (g)

(11)

where M = Fe, Cr, Ni.

In contrast to the dry ambient conditions described above, the water
content in the biomass fuel is usually high, and consequently, the effect
of water vapor cannot be ignored when studying the corrosion process
during biomass combustion. The major difference between reactions in
dry conditions and wet conditions lies in the formation of
thermodynamically stable HCl under wet conditions rather than Cl2,
which forms under dry conditions at the initial stage. HCl, in turn,
contributes to the synergistic corrosion accelerating the effect of water
vapor31. The initial reaction can be simplified to Eq. 1231:
Cr2O3 (s) + 4KCl (s) + 2H2O (g) + (3/2)O2 (g) → 2K2CrO4 (s) + 4HCl (g)

(12)

After this initial reaction, the formed HCl is also able to diffuse and
chlorinate the alloying metal from bulk material, resulting in the
formation of volatile metal chlorides. These metal chlorides may diffuse
9

back to the metal/oxide interface and react with oxygen and water vapor,
yielding a porous oxide and regenerating HCl, which reinitiates the
chlorination reaction in a cyclic manner (Eqs. 13, 14)14:
M (s) + 2HCl (g) → MCl2 (g) + H2 (g)

(13)

4MCl2 (g) + 4H2O (g) + O2 (g) → 2M2O3 (s) + 8HCl (g)

(14)

where M = Fe, Cr, Ni.

2.1.2 Two-stage corrosion mechanism
Although the ‘active oxidation’ has been proven to describe the longterm corrosion process fairly well, there are still a lot of doubts about
whether this oxidation mechanism is also valid for the initial corrosion
stage. One key question is how the molecular chlorine diffuses or
penetrates into the metal/oxide interface in the initial reaction stage14.
According to Grabke et al.36, the chlorine itself pushes its way through
the oxide by cracking, grain boundary grooving or fissuring. However, it
is under debate if these mechanisms are rapid enough to explain the
immediate start of corrosion reactions after the introduction of the
chloride component. Moreover, regarding active oxidation, molecular
chlorine is expected to diffuse inward forming metal chlorides when the
oxygen partial pressure is low. These formed metal chlorides are volatile
and can diffuse outward through the oxide layer until they get in contact
with molecular oxygen and form an oxide and chlorine. The follow-up
questions are then: Why not the smaller molecular oxygen but only
chlorine diffuses through the oxide layer? What is the driving force for
the diffusion of the formed chloride species14?
With these issues, Pettersson et al. proposed a new two-stage corrosion
mechanism to explain the initial corrosion stage31,45,46. This mechanism
divided the initial corrosion reaction into two continuous stages. Firstly,
alkali cations react and break down the protective passivation layer. The
alkali chromate crystals and gaseous chloride species (Cl2 or HCl) form in
this reaction. Secondly, the chloride species (mainly chloride ions) can
penetrate or diffuse into the oxide layer and react with the metal
underneath. This two-stage corrosion mechanism hypothesis will be
discussed below.
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According to the two-stage corrosion mechanism hypothesis, alkali
cations in alkali chlorides play a fundamental role in the initial corrosion
process. In the first stage, potassium or sodium cations react with the
protective passivation oxide layer to form alkali chromate crystals and
release hydrogen chloride or molecular chlorine. The chemical reaction
of this stage is schematically similar to the one in active oxidation
mechanism in Eqs. 8 and 12. However, the theory behind these two
mechanisms is different. In the first step of the active oxidation
mechanism, the emphasis is put on the formation of chloride species,
which further react with the steel and take part in the chlorine cycle. In
the two-stage corrosion mechanism, the emphasis is put on the formation
of the alkali chromate crystals, which can be considered as a sink for the
chromium oxide passivation layer. Potassium chromate formation
destroys the protective oxide by depleting it in chromium and resulting
in breakaway corrosion. Accordingly, the protective layer of chromium is
converted to a less protective iron oxide layer, which provides a suitable
pathway for the second stage to proceed.
The formation of alkali chromate crystals has been proposed in previous
research. Shinata et al. first proposed the formation of sodium chromate
by studying the effect of NaCl on pure chromium, Cr–Ni alloys and
stainless steel23. In their results, it was found that the presence of NaCl
accelerated the oxidation of stainless steels, especially the high alloy
stainless steel containing a high content of chromium. Shinata et al. also
proposed that NaCl reacts with the stainless steel, resulting in a nonprotective Cr2O3 film containing Na2CrO4. Further, a eutectic melt
between NaCl and Na2CrO4 formed when the quantity of NaCl was
high23. However, the formation of Na2CrO4 did not get attention as an
important intermediate but was at that time only considered as a species
participating in the reaction23.
The role of cations has been discussed in several articles as well. Shinata
et al.23 compared several chloride salts to study the role of different
cations such as Na+, NH4+ and Ni2+. According to their findings, Cl− anion
plays a primary role in the corrosion process, and the studied cations
only affect the magnitude of the acceleration rate. Lehmusto et al.47
attempted to elaborate the impacts of chlorides in the corrosion
mechanisms by investigating the effect of eight different chlorides (BaCl2,
CaCl2, KCl, LiCl, MgCl2, NaCl, PbCl2 and ZnCl2) with pure metallic
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chromium powder under dry conditions in four different temperatures
(400, 500, 550, and 600 °C) in the two-hour reaction time. According to
their findings, BaCl2, CaCl2 and MgCl2 did not react with chromium even
at 600 °C, whereas ZnCl2 evaporated already before the reaction started.
KCl, NaCl and PbCl2 reacted at 500 °C and higher temperatures, and LiCl
reacted only at 600 °C. They concluded that the presence of chlorine does
not sufficiently explain the accelerated initiation of oxidation, and thus
their work supported the role of the cations in the initial corrosion stage.
According to the two-stage corrosion mechanism, the formation of alkali
chromates first destroys the protective chromium oxide layer on stainless
steels, after which gaseous chloride species (Cl2 or HCl) will diffuse
through the oxide and react with metal at the metal/oxide interface. One
fundamental problem in the active oxidation mechanism theory is that
the corrosion reaction rate is limited by the diffusion of molecular
chlorine or hydrogen chloride through the oxide layer. As an explanation,
Pettersson et al. suggested that chlorine penetrates the layer as grain
boundary diffusion of chloride ions in the initial corrosion stage32.
Several research groups have thereafter focused on explaining the
diffusion of the chloride species45,48,49.
Firstly, Jonsson et al. presented an ESEM in situ investigations of initial
stages of the KCl-induced high temperature corrosion of low alloy steel
(Fe-2.25Cr-1Mo) at 400 °C45. In their work, it was found that a large area
of the sample surface was covered by much thicker corrosion products
after only one hour of exposure to KCl than in the absence of KCl. The
authors claimed that the fast reaction in the first hour is attributed to the
diffusion of Cl− anions.
Then, Folkeson et al. repeated the experiments by Jonsson et al. but in the
ambient gas flow at 400 °C and 500 °C48. In the flow gas condition, the
formed HCl or Cl2 was supposed to be sufficiently diluted and
transported away from the sample. Thus, the gaseous HCl and Cl2 can be
eliminated from the main sources of the chloride containing species.
They found that the oxidation rate was still accelerated and iron chloride
accumulated at the metal/oxide interface after short exposure times, in
the absence of gaseous chlorine species. The observation of the formed
iron chloride indicates that chlorine transported through the oxide layer
in the form of chloride ions rather than molecular chlorine. The reason
for the diffusion of chlorine species rather than molecular oxygen was
12

assumed to depend on the lower charge/radius of chloride ion than
oxygen ion, thus providing a higher mobility on an oxide surface and in
the grain boundary region of the oxide layer. Based on the experimental
observations, Folkeson et al. proposed a new electrochemical mechanism
to explain the diffusion of chloride anions and their interactions with the
metal at the initial corrosion stage, which is summarized below (Eqs. 15‒
18)48.
Fe → Fe2+ + 2e−

(15)

O2 + 4e− → 2O2−

(16)

2KCl + 1/2O2 + H2O + 2e− → 2KOH(ads) + 2Cl− (ads)

(17)

Fe2+ + 2Cl− → FeCl2(s)

(18)

In the absence of KCl, iron is oxidized to Fe2+ ions at the metal/oxide
interface, and oxygen is reduced on the surface (Eqs. 15, 16). There is an
electric current running from the alloy to the oxide surface and a
corresponding ionic current, resulting in the growth of the oxide layer. In
the presence of KCl and water vapor, iron is still oxidized to Fe2+ ions at
the metal/oxide interface (Eq. 15), whereas oxygen is reduced on the
oxide layer surface resulting in potassium hydroxide and chloride ions
(Eq. 17). The chloride ions are apt to diffuse towards the metal due to the
chloride concentration gradient. Oxide grain boundaries provide feasible
paths for the diffusion of chloride ions to the metal surface. Iron chloride
forms when the chloride ions encounter iron ions (Eq. 18). The fact that
iron chloride is found at the bulk metal/oxide layer interface suggests
that the inward diffusion of chloride ions is fast.
Another series of studies have been done by Israelsson et al., who
studied KCl-induced corrosion of a FeCrAl alloy (Kanthal)38,49–51. In their
work, the initial reaction was defined as a cathodic process on the layer
surface, generating ‘free’ chloride ions and incorporating potassium in a
stable form. The authors claimed that the reaction is validated both in the
case of FeCrNi and FeCrAl alloys in the presence of KCl, O2 and H2O,
which shows that potassium chromate formed on the corroding metal
surface according to Eq. 15 and 19:
2KCl + 5/4O2 + 1/2Cr2O3 + 2e− → K2CrO4 +2Cl−
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(19)

Israelsson’s findings support the results by Folkeson et al.48 and thereby
give basis for an electrochemical mechanism, which contributes to the
understanding of the fast chloride diffusion process in the initial alkali
chloride-induced corrosion of high alloy steels.
2.1.3 Difference between KCl and NaCl-induced corrosion
Both KCl and NaCl have been reported in the literature to remarkably
accelerate the oxidation of stainless steels21. KCl or NaCl can trigger the
breakdown of the protective oxide layer by the formation of K2CrO4 or
Na2CrO4 and result in a thick layer consisting of an outer hematite layer
and an underlying spinel-type oxide on the stainless steel surface. In this
chapter, previous studies about the corrosion effect of KCl and NaCl are
summarized.
Enestam et al. compared the corrosion effect of KCl and NaCl on several
stainless steels under the experimental conditions at 400–650 °C in the
ambient air21. They found out that even though there were some
differences between these two salts regarding their corrosive effect in the
grain boundaries, they were considered equally corrosive on the tested
stainless steels (10CrMo9-10, AISI347). The major differences in the
corrosive effects of NaCl and KCl were observed on Sanicro 28 steel. In
the presence of NaCl, the corrosion product layer on Sanicro 28 was
roughly twice as thick as that formed in the presence of KCl for 168h (1
week) exposure time.
In contrast, Lehmusto et al.25 showed that both NaCl and KCl increase
the oxidation of metallic chromium and form porous Cr2O3 consisting of
separate crystals at temperatures above 500 °C. Nevertheless, the
oxidation rate of chromium at 600 °C was higher in the presence of KCl
than in the presence of NaCl regarding the relative mass change and the
average size of the formed crystal.
According to the work by Karlsson et al.22, the rate of corrosion attack is
different for samples exposed to NaCl and KCl. It was observed that the
amount of Na2CrO4 formed was higher than K2CrO4, as K2CrO4 was not
stable and decomposed with time. Additionally, the samples exposed to
NaCl contained not only Na2CrO4 but also a corrosion product
containing Na, Fe and O, possibly Na2Fe2O4. In contrast, the samples
exposed to KCl contained only K2CrO4. The authors claimed that the
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differences in the corrosion process are attributed to the greater volatility
of KOH than that of NaOH.
Recently, six chloride salts were compared by Liu et al. to elucidate the
impacts of chlorides at 500 °C for 1000 h52. The authors suggested that,
based on the mass-loss data, the corrosivity of the studied metal
chlorides increase in the order CaCl2 < NaCl < KCl < ZnCl2 < PbCl2 <
FeCl2. They claimed that the reason for the different corrosion behavior is
because materials exposed to chloride salts corrode through vicious
cycles, in which a shorter path of the cycle leads to a higher corrosion
rate. By the investigation of the corrosion effect of KCl and NaCl on six
superheater tube materials, they claimed that the corrosivity of KCl is
higher than that of NaCl due to the higher volatilization rate of KCl.
Based on the previous work, it can be concluded that both KCl and NaCl
are corrosive in the typical condition of a biomass boiler, and that there
are some differences between the corrosion effects.

2.2

Corrosion induced by potassium carbonate

Potassium carbonate (K2CO3), which is frequently found in the fly ash,
has also been recognized as a corrosive substance in biomass
combustion53. In this chapter, differences in the corrosion effect of KCl
and K2CO3 are summarized.
Pettersson et al. studied the corrosion effect of KCl and K2CO3 on 304type (Fe18Cr10Ni) austenitic stainless steel. They found that both KCl
and K2CO3 can cause chromium depletion of the protective oxide which
results in the formation of a thick duplex layer containing an outer
hematite layer and an inner layer consisting of FeCrNi spinel-type
oxide54. For longer exposure times (>24 h), the oxide layers, which form
in the presence of K2CO3 and KCl are different. In the presence of K2CO3,
the formed oxide layer is homogeneous and firmly adhered to the
sample surface, whereas in the presence of KCl, the formed oxide layer is
thicker and consists of multiple layers which are apt to be detached from
the sample surface. The different corrosion effect of K2CO3 compared to
KCl might be due to the lack of mobile intermediates like metal chlorides,
which only formed in the alkali chloride-induced corrosion55.
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In a series of articles by Lehmusto et al., the corrosivity of K2CO3 was
compared with KCl by utilizing pure chromium and three stainless
steels25,53,56. K2CO3 did not react with pure chromium but could react with
chromium oxide and Cr2O3-protected stainless steels to form potassium
chromate. They proposed that, ideally, the K2CO3-induced corrosion
reaction is initiated by the destruction of this passive layer upon the
activity of potassium ion with the formation of K2CrO4 and/or potassium
dichromate (K2Cr2O7). They suggested the corrosion reaction in the
presence of K2CO3 as follows (Eqs. 20‒21):
K2CO3 (s) + Cr2O3 (s) + 3/2 O2 (g) → K2Cr2O7 (l) + CO2 (g)

(20)

4K2CO3 (s) + 2Cr2O3 (s) + 3 O2 (g) → 4K2CrO4 (s) + CO2 (g)

(21)

After the initial reaction, the oxidation reaction does not proceed further,
and the authors claimed that the reason might be due to the lack of
mobile intermediates25. This is in accordance with the statement of
Pettersson et al.54
Lehmusto et al. also discussed the effect of water vapor on the potassium
carbonate induced corrosion to simulate a realistic environment for
biomass combustion processes25. They claimed that the main impact of
humidity was an increase in the oxide layer thickness in comparison
with the case under dry conditions, whereas the oxide structure was not
significantly affected.

2.3

Experimental methods used to study corrosion

2.3.1 Surface analysis measurements
In the previous chapters, the mechanisms of alkali salts-induced
corrosion under dry and wet conditions were summerised14,15,17,55-59. In
these studies, various analytical methods have been utilized to
implement the tests57. For instance, steel coupon exposure tests and
thermogravimetry have been used to study reaction kinetics58,59. X-ray
diffraction (XRD) and mass change measurements have been used to
analyze the crystalline corrosion products and consequently to study the
oxide layer conversion56. Ion chromatography (IC) has been used to
detect the formation of chromate46. Spectroscopic characterization
techniques, such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) combined with energy16

dispersive X-ray analysis (EDX), have been used to study the surface
morphology and to identify the crystalline components38,60. Atomic
emission spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS)
have been used to identify and measure the chemical state of the
elements within the oxide layer45,49. Secondary ion mass spectrometry
(SIMS) has been used to analyze the composition of solid surfaces and
thin films to identify the isotopes of certain elements within surface
layer61. Most of these methods have been tested in this work. However,
due to the short exposure time studied for the initial stage mechanisms
and relative low amount of the corrosion products formed during the
tests, only SEM-EDX, XPS, ToF-SIMS were selected to be combined with
online electrochemical measurement and detection of the corrosion
reactions.
2.3.2 Electrochemical measurements
As corrosion is an electrochemical process, a number of electrochemical
techniques have been employed to analyze the corrosion mechanism at
both room temperature and high temperatures. The majority of the
electrochemical experiments have been conducted at room temperature
in the range of 20–25 °C. In these low temperatures experiments, several
different electrochemical parameters have been utilized to study the
corrosion mechanisms. These parameters include standard electrode
potentials, activity coefficients, conductance measurements, equilibrium
constants, diffusion activation constants, electrodeposition of metals and
alloys, a variation of electrocapillary maxima and points of zero charge62–
66. Several electrochemistry studies of molten salt corrosion have been
published of the corrosion at elevated temperatures. Methods that have
been used include electrochemical noise (EN), electrochemical
impedance spectroscopy (EIS), free corrosion potential, scanning
polarization, cyclic voltammetry, potentiostatic polarization, and linear
polarization24,67–75.
Among these techniques, EIS and EN are the most popular methods for
the understanding of the corrosion process at elevated temperature. EIS
has been widely used in the study of aqueous corrosion and it has
proved to be effective in understanding reaction mechanisms and
kinetics70–72. The advantage of EIS is that it provides information on the
kinetics of the reaction process and changes in the state of the electrode
surface. Thus, EIS has been utilized to the research of corrosion inhibitor
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adsorption on the surface of corroded metal electrodes under high
temperature and high pressure76, and the study of the surface film or
coating of high temperature materials77. EN could reflect the potential
and the externally measured current in an electrochemical system, which
has been employed for providing fundamental information of corrosion
processed and for evaluating the performance of the coatings against
corrosion73–75. However, the signal levels obtained with EIS and EN are
very low and prone to interference from induction currents due to
heating elements switch on/off when measurements are conducted in
oven surroundings. In order to obtain the electrochemical information
from the corrosion reaction apart from the surroundings, a tailored 2electrode chronoamperometry (CA) method has been proposed and
utilized in this work.
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3.

Experimental

This chapter is a summary of the experimental part of Papers I – V. All
the experimental parameters are described in detail in the attached
original papers. Paper I introduced the novel experimental setup to
study the corrosion effect of KCl, and Papers II to IV utilized this novel
experimental setup to study the corrosion mechanism induced by
different alkali salts. Paper V utilized Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) to identify the stable oxygen isotopes (16O and
18O) used to label the oxygen sources in the high-temperature corrosion
tests.

3.1

Sample preparation

3.1.1 Steel sample preparation
Austenitic stainless steel Sanicro 28 (Table 1) samples cut into rectangular
pieces (20 × 20 × 10 mm3) were used as working electrode (Paper I-IV)
and counter/reference electrode (Paper IV), whereas Sanicro 28
cylindrical pieces (diameter 12 mm, thickness 10 mm) were used as
counter/reference electrode (Paper I-III). Stainless steel wires were
welded to the steel samples to provide an electric contact with the
potentiostat for the chronoamperometry (CA) measurements. In Paper V,
10CrMo9-10, Sanicro 28 and Alloy 625 were cut into rectangular pieces of
the size (20 × 20 × 10 mm3) (Table 1). Before the experiments, all the
samples were polished with Grit500/ P1000 SiC grinding paper to
remove the scratches and to obtain a reproducible even surface
roughness. After polishing, the samples were cleaned with ethanol, and
pre-oxidized for 24 hours at 200 °C in stagnant ambient air to ensure a
reproducible oxide layer at the surface.
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Table 1. The nominal chemical compositions of the studied alloys in wt%.
(Papers I-V)
Alloy
Cr
Fe
Ni
Mn
Mo
Si
C
Cu
P
S
Co
Nb+Tb
Al
Ti

10CrMo9-10
2.0-2.5
Balance
-0.4-0.8
0.9-1.1
≤ 0.5
0.08-0.14
≤ 0.3
≤ 0.03
≤ 0.025
-----

Sanicro 28
27.0
Balance
31.0
≤ 2.0
3.5
≤ 0.6
≤ 0.02
1.0
≤ 0.025
≤ 0.01
-----

Alloy 625
20.0-23.0
5.0
Balance
0.5
8.0-10.0
≤ 0.5
≤ 0.1
-≤ 0.015
≤ 0.015
≤ 1.0
3.15-4.15
≤ 0.4
≤ 0.4

3.1.2 Salt pellet preparation
The salts under investigation were pro analysis-grade potassium
chloride, potassium carbonate, potassium sulfate and sodium chloride
[Merck]. Before the measurements, the salts were dried at 120 °C, ground
and sieved. The size fraction 50–100 µm particles were used to
manufacture the salt pellets used for the corrosion tests. The salt pellets
were pressed to give pellets with the diameter 8 mm and thickness 2 mm
by applying a pressure of 2000 kg/cm2. After pressing, the pellets were
stored in a desiccator to minimize the risk of moisture contamination
before the measurements. Steel sample pre-treatment, density and
thickness of the salt pellets, as well as reaction quenching were
standardized to ensure high reproducibility in both the CA
measurements and surface analyses.

3.2

Chronoamperometry (CA) method

CA measurements have commonly been used to determine conversion
rate and the amount of material converted in electrochemical reactions at
room temperature. This approach does not render itself useful in cases
where substantial simultaneous oxidation and reduction reactions occur.
As only the net current from these reactions can be detected, the value of
CA as a quantitative method is severely limited. However, the relative
magnitude, shape and growth rate of the CA current gives qualitative
information of the onset and reaction transitions in different conditions.
These characterizations were used to identify the onset of the corrosion
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process in this work. The traditional 3-electrode CA approach was not
suitable for accurate analysis of the solid-solid reaction, where oxidation
and reduction reactions occur simultaneously at the high temperature.
Therefore, a 2-electrode chronoamperometric setup was utilized (Papers
I to IV) in this work. A bias voltage of 200 mV was used to provide
sufficient cathodic protection to the counter electrode steel piece to avoid
alteration of its surface during the measurement, thereby offsetting the
reference level and ensuring that the source of the measured current
mainly originated from corrosion processes on the working electrode.
This CA measurement setup detects excess electrons being produced on
the working electrode (sample piece) and records this electron flow
(oxidation current) signal in order to give the net result of all processes
occurring at the working electrode surface. Hence, from an
electrochemical viewpoint, this method does not enable quantitative
determination such as the identification of all reactions taking place at
the metal surface or determination of the amount of material converted
in the reactions. However, the relative magnitude of the current as a
function of time allows identifying the reaction onset or reaction rate in
the overall process. For this purpose, the CA results of the oxidation
currents were normalized for the qualitative comparison of the oxidation
process induced by different salts. In this work, all the CA measurements
have repeated at least 3 times for every salt under both conditions. The
oxidation currents varied to a certain extent since the contact area was
not identical in every experiment. However, after the normalization
process, highly reproducible results in terms of the magnitude and trend
of oxidation current were observed.

3.3

Experimental procedures

3.3.1 Measurements under stagnant conditions
In Papers I-III, the CA measurements were performed in a furnacehoused glass-rig containing stainless steel wires to provide the contact
between the electrodes and the potentiostat (Palm Instruments EM-Stat)
(Figure 2). The experimental setup was placed in a cold furnace covered
by a custom-made lid with a heat-resistant window, which allows visual
control of proper contact between the rectangular sample piece and the
cylindrical counter/reference electrode piece. Initially, the cylindrical
piece was raised and separated from the salt pellet, while a thin glass
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piece separated the salt pellet from the sample piece. The temperature of
the furnace was increased to the target temperature and stabilized. Then,
the glass piece was removed, and the cylindrical piece was put down to
create a closed circuit for the CA measurements. A 200 mV potential
difference was applied to the test pieces for 3 minutes (Paper I) and 120
minutes (Papers I – III). The CA measurements were performed at two
temperatures: 450 °C as a reference temperature, and 535 °C as a typical
temperature of a superheater surface in a biomass-fired boiler. The
temperature within the furnace was monitored by an external thermal
probe, which was in direct contact with the sample holder. All these
measurements were carried out in stagnant air. The reaction quenching
and sampling times were deducted from CA data, as the current signal
reflects the changes in reaction type and rate at a given time. After the
CA measurements, the furnace was cooled down to room temperature
with pure nitrogen. After this, the sample piece was taken out, and the
salt pellet was removed from the surface of the sample. Then, the sample
was studied by SEM and XPS. In addition, samples without salt were
treated under the same experimental conditions and used as references
in the XPS and SEM studies.
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Figure 2. A schematic representation of the stagnant condition experimental
setup. [Papers I, III]

3.3.2 Measurements under flowing conditions
In Paper IV, the exposures were conducted in a temperature-controlled
horizontal tube furnace with a specially designed sample holder (Figure
3). The exposure temperature 535 °C was measured with a thermocouple
installed at the end of the sample holder. The heating process was carried
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out under flowing nitrogen with the flow rate of 1 L·min-1 for 120 min
until the temperature was stable. After that, the CA measurements were
continued at 535 °C for 120 min in two studied atmospheres: i) dry air,
and ii) dry air with 30% H2O introduced with a flow rate of 1 L·min-1.
After two hours, the gas flow was switched to nitrogen flow with 1
L·min-1 in order to stop possible oxidation reactions, and the furnace was
cooled down to room temperature. The salt pellets were carefully
removed from the cooled sample surfaces. The surface morphology of
the samples was studied using SEM-EDX while the thickness and
composition of the oxide layer were analyzed with XPS.

Figure 3. A schematic representation of the sample holder: side view (left) and
top view (right). [Papers IV]

3.3.3 Measurements with different oxygen sources
In Paper V, the high-temperature exposures were conducted in a
temperature-controlled tube furnace (Figure 4), where the samples were
positioned horizontally and parallel to the gas flow direction inside a
quartz reactor. The exposure temperature 540 °C was measured with
thermocouples installed in the middle and at both ends of the sample
holder. The heating was carried out in flowing nitrogen at a heating rate
of 5 °C min−1 and the test atmosphere was introduced at the target
temperature through a flow of 2 dm2min−1 for 15 min, after which the
reactor was sealed tightly. In these measurements, two different stagnant
atmospheres were studied: i) synthetic air (20% 16O2 and 80% N2) and ii)
synthetic air (16O2 and N2) with over 30% isotope-enriched water H218O
containing the 18O isotope (18O content>98%, GMP quality, Rotem
Industries Ltd., Israel). In addition to these two atmospheres, as a
reference, the samples exposed in the synthetic air in the absence of the
KCl pellet were studied. With the furnace at the target temperature, the
18O-enriched water was injected into the reactor, where it was
immediately vaporized. Therefore, the created overpressure was vented
out, making a determination of the exact humidity level difficult.
However, the presence of labeled oxygen in the humidity and the
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humidity levels are sufficient to provide qualitative information to the
ToF-SIMS analysis.

Figure 4. A schematic representation of the flowing condition experimental
setup. [Paper V]

After each exposure, the furnace was cooled down to room temperature
while purging the reactor with pure nitrogen to avoid the continuation of
any potential oxygen-involving reaction. Then, the cylindrical salt pellets
were removed from the sample surfaces. After the exposure, SEM-EDX
was used for the surface morphology analysis, XPS was used for oxide
thickness and composition analyses while ToF-SIMS was used to
distinguish 16O from 18O. In this experiment, the presence of the two
oxygen isotopes in the corrosion products gives information on the
origin of oxygen, i.e. oxygen in the air 16O, or oxygen in the water 18O.

3.4

Methods for analyzing the produced reaction layer

3.4.1 X-ray photoelectron spectroscopy (XPS) measurements
After the exposures, the samples were analyzed using XPS. XPS provides
quantitative and chemical state information from the surface of the
studied material. XPS is accomplished by exciting the surface of a sample
with mono-energetic Al kα X-rays which causes photoelectrons to be
emitted from the sample surface. The energy of the emitted
photoelectrons is determined by an electron energy analyzer. From the
binding energy and photoelectron peak’s intensity, the elemental identity,
chemical state, and quantity of a detected element can be measured.
Spatial distribution information can be obtained by scanning the microfocused X-ray beam across the sample surface and depth distribution
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information can be obtained by combining XPS measurements with
sputtering to characterize thin film structures.
In this work, XPS measurements were carried out with a Physical
Electronics Quantum 2000 Instrument combined with a monochromatic
Al Kα X-ray excitation, operated at 22.8W, and charge compensation by
using an electron filament and an electron gun. The analysis area was 1 x
1 mm2, and the take-off angle was 45° to the sample surface. The
sputtering was performed by using the pass energy of 117.40 eV for 6
min for each analysis point. Curve-fitting Multipak 9.5 software was
used to analyze the oxide layer composition. XPS provided information
of the elemental distribution on the metal surface. It also detected the
individual chemical states of each element. XPS data were utilized to
measure the chemical states of chromium and the ratio of hexavalent
chromium (Cr6+) to trivalent chromium (Cr3+) to interpret the influence of
salts on the alkali chromate formation. The ratio of Cr6+/Cr3+ was used to
reflect the amount of alkali chromate formed in the sample surface. In the
Cr spectra, three separate peaks were observed at binding energies (BE)
579.20, 576.83, and 575.58 eV. The peaks at 576.83 and 575.58 eV were
assigned to Cr3+, most likely originating from Cr2O3, while the peak
located at 579.20 eV was assigned to CrO42− 78, indicating the presence of
alkali chromate. Additionally, during the sputtering process, the oxide
layer penetration time was measured. The oxide layer thickness was
calculated from the layer penetration by using calibration data and
standard equations79.
It should be noticed that the XPS technique has limitations concerning
surface sputtering. After the exposure, the sample surface was uneven as
it was covered by some alkali chromate crystals of different sizes. Under
these crystals, the surface was covered by a dense and thin oxide layer.
The sputtering time of the thin oxide layer was shorter than that of the
thicker alkali chromate crystals. Thus, the thin oxide layers were
sputtered down to the bulk metal much faster than the thicker crystals.
The depth profiles of the oxides were shown in the XPS graphs, where
the resulting signal was both from the alkali chromate crystals and from
the metal oxide between the crystals. Hence, the slow decrease of the
oxygen concentration in the depth profiles made it difficult to interpret
the exact thickness of the formed oxide. Therefore, the approximate
reaction layer thickness was defined instead of an exact value for the
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alkali chromate crystal thickness or the oxide layer thickness. The
reaction layer was considered to be sputtered through when the oxygen
atomic concentration had decreased to 50% of its initial concentration.
3.4.2 Scanning electron microscope (SEM) measurements
SEM is a frequently used technique to detect the surface morphology and
to analyze the average composition of corroded surfaces. SEM is a type
of electron microscope which uses a focused beam of electrons to provide
a magnified image by scanning the sample. The electrons interact with
atoms in the sample, producing various signals which contain
information about the surface topography and composition of the sample.
The electron beam is scanned in a raster scan pattern, and the position of
the beam is combined with the intensity of the detected signal to produce
an image. In this thesis, an SEM-EDX (SEM – LEO Gemini 1530 with a
ThermoNORAN Vantage X-ray analyzing system manufactured by
Thermo Scientific) was used in Papers I – III. The SEM was operated in
the secondary electron mode at an accelerating voltage of 15 kV for
imaging with an aperture size of 60µm. SEM micrographs were recorded
with 30x to 10kx magnifications.
3.4.3 Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
measurements
ToF-SIMS provides elemental, chemical state, and molecular information
from surfaces of solid materials. The surface of a sample is exited with a
finely focused ion beam which causes secondary ions and ion clusters to
be emitted from the surface of the sample. A time-of-flight analyzer is
used to measure the exact mass of the emitted ions and clusters. The
identity of an element or molecular fragments can be obtained from the
exact mass and intensity of the SIMS peak. Spatial distribution
information is obtained by scanning a micro-focused ion beam across the
sample surface.
The samples exposed to the atmosphere containing the 18O isotope were
analyzed by means of Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) (PHI TRIFT II, ULVAC-PHI Inc.) to distinguish 16O
originality from the synthetic air and 18O originality from the isotope
labeled water. The measurements were carried out by using 25 kV Ga+
ions and an analysis spot with a diameter of one micrometer and an
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analysis depth of around five nanometers. The gallium ions sever atoms
and/or atom groups from the sample surface, after which the severed
species can be distinguished and identified by their masses.
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4.

Results and discussion

This section presented the visual observation of the salts induced sample
surfaces and the CA results (Papers I–V) after the two-hour exposure.
XPS results (Paper III and IV) for the exposure test of Sanicro 28 in the
presence of the three alkali salts under stagnant and flowing conditions
were summarized, and three comprehensive tables overviewed the
elemental distribution results and the Cr6+/Cr3+-ratio results in XPS
measurements. After these results, the corrosion effect of the three
individual alkali salts was discussed based on the SEM images of
exposed samples based on Papers I-V.

4.1

Visual observation

All the Sanicro 28 samples exposed to KCl, K2CO3 and NaCl at 450 °C
and 535 °C (Paper I-V) had a similar visual appearance. The changes in
the surface morphology of the steel surface after the two-hour exposure
at the test temperature are schematically illustrated in Figure 5. The
metal surface directly below the salt pellet showed the most severe attack
and the ring-shaped area surrounding the pellet showed limited changes
while the remaining surface showed only minor effects. The main
difference between the samples exposed at 450 °C and 535 °C was that
the edges of the salt-influenced area were clear at 535 °C.
In order to study the mechanisms of the salt-induced oxidation under
stagnant conditions, three locations were selected from every sample
exposed at 450 °C: the surface under the salt pellet with presumably low
oxygen partial pressure (location a), the affected surface area just outside
the salt pellet with higher oxygen partial pressure availability (location b),
and the surface unaffected by the salts (location c), Figure 5A. Compared
with the case at 450 °C, one more analysis location on the edge of the salt
pellet was selected at 535 °C under stagnant conditions. At this
temperature, four locations were analyzed from every sample: the
sample surface under the salt pellet (location a); the sample surface on
the edge of the salt pellet at high oxygen partial pressure (location b); the
sample surface area around the salt pellet, where the surface was affected
by salts based on visual observation (location c); and the surface
unaffected by salts (location d), Figure 5B. Under flowing conditions,
three locations were analyzed from every sample: the sample surface
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under the salt pellet (location a in Figure 5B); the sample surface area
around the salt pellet, where the surface was affected by salts based on
visual observation (location c in Figure 5B); and the surface unaffected by
salts (location d in Figure 5B).
B

A

C

Figure 5. The analysis locations: A. 450 °C a) the sample surface under the salt
pellet, b) the sample surface around the salt pellet, c) the unaffected surface; B.
535 °C. a) the sample surface under the salt pellet, b) the sample surface on the
edge of the salt pellet, c) the sample surface around the salt pellet, d) the
unaffected surface; C. One real sample surface image after exposure to K2CO3 at
535 °C. [Paper III, IV]

4.2

CA results

4.2.1 Corrosion current under stagnant conditions
Under stagnant conditions, highly reproducible results in terms of the
magnitude and trend of oxidation current were obtained at 0 ‒ 2 hours of
the corrosion process in the presence of all three salts at 450 °C and
535 °C (Figure 6). There was some background noise coming from the
intermittent heating of the furnace, causing the CA results to fluctuate
but not affecting the overall trend. Measurements with K2SO4 under the
same conditions were chosen as reference, because it has been reported
to have only a minor effect on the corrosion rate and morphology of the
corroded surface54. All the other studied salts exhibited relatively high
oxidation current levels, which confirmed that the signals originated
from the oxidation reactions rather than from the experimental setup.
Comparing the overall current signals at 450 °C and 535 °C, the rates of
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the oxidation reactions with all salts but K2SO4 were much higher at
535 °C, as expected.
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Figure 6. CA results for the oxidation reaction at 450 °C (left) and 535 °C (right)
in the presence of KCl, NaCl, K2CO3 and K2SO4 (reference). The salt pellets were
contacted with the sample at t = 1 minute. [Paper III]

In the presence of the chloride containing salts (KCl and NaCl), the
measured currents displayed a similar trend at both temperatures, which
indicated similar corrosion processes for these two salts. As shown in
Figure 6, after the contact with the NaCl salt pellet (t = 1 min), the current
signal grew slowly and gradually reached a steady state level (70 min at
450 °C and 50 min at 535 °C). At 450 °C, the current in the case of KCl
seemed higher than that of NaCl at the steady state. This suggested that
at least one or possibly several reactions occurred at a higher reaction
rate in the presence of KCl. In contrast, at the higher temperature
(535 °C), the current was higher in the case of NaCl than in the case of
KCl. This indicated that at least one or possibly several reactions
occurred with a higher reaction rate in the presence of NaCl at this
temperature or that a new reaction pathway was activated.
When comparing the two potassium-containing salts (KCl and K2CO3),
the measured currents showed different trends at both temperatures. At
450 °C, the oxidation current reached a high level immediately after
contact in the case of K2CO3. After the initial reaction stage, the current
gradually increased and reached a steady state at t = 40 min. The possible
explanations could be the oxidation reaction or reactions were activated
earlier for K2CO3 than for KCl, different ion mobilities, salt
decomposition or even different reaction pathways for KCl and K2CO3.
At 535 °C, the onset of the oxidation current was observed already at t =
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12 min in the presence of K2CO3, and after this, the current decreased and
reached a steady state at a similar level as with KCl at t = 38 min. This
suggested that an oxidation reaction or a set of oxidation reactions were
activated and progressing more easily in the presence of K2CO3.
However, after the initial conversion stage, the net oxidation rate was
decreased, which might be explained by a decreased rate of the oxidation
reaction or a simultaneous occurrence of some reduction reactions.
4.2.2 Corrosion current under flowing conditions
Similar to the CA results under stagnant conditions, highly reproducible
results in terms of the magnitude and the trend of the current were also
obtained under flowing conditions in dry and the humid air (Figures 7
and 8). Under dry conditions, the CA currents were quite stable from
room temperature (t = 0 h) to around 400 °C (t = 0.5 h). After that, the
oxidation current of the samples exposed to KCl and K2CO3 started to
increase. The oxidation current of the sample exposed to NaCl started to
increase at a slightly higher temperature, 450 °C at t = 0.55 h. In contrast,
the oxidation current of the sample exposed to K2SO4 started to increase
when the temperature had reached 500 °C at t = 1 h. Based on the
changes in the current signals during the two first hours in nitrogen, i.e.
before the introduction of air, residues of oxygen in the furnace were
assumed to induce oxidation of the material. The temperature difference
for the oxidation current trends between the salts suggested that the
reactions of the metal with KCl and K2CO3 started at lower temperatures
than the reactions with NaCl. In addition, all these three salts reacted
with the metal surface at much lower temperatures than K2SO4.
After the temperature had stabilized at 535 °C (t = 2 h), dry air was
introduced into the furnace. Compared to the case with K2SO4, all the
other studied salts (KCl, K2CO3, and NaCl) exhibited relatively high
oxidation current levels and thus high oxidation rates. In the presence of
the KCl and NaCl, the similar slow increase of the current signals
suggested oxidation of the metal after the air introduction at t = 2 h. The
current signal caused by KCl reached a steady state level at around t = 2.7
h, while for NaCl the current signal steadily increased during the
exposure at 535 °C. Again, when comparing KCl and K2CO3, different
shapes and magnitudes in the CA current curves were obtained. After
the dry air was introduced (t = 2 h), K2CO3 initiated a much higher
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oxidation current signal than KCl. However, after the initial conversion
stage, the CA current signal level for K2CO3 steadily decreased.
In general, the currents under humid conditions were relatively noisy
compared to those under dry conditions (Figure 8). However, the trends
of the current under humid conditions could still be clearly identified
and correlated with possible redox-reactions taking place between the
salts and the steel.
Compared with dry conditions, the most distinct differences in the
normalized current signals at humid conditions were observed in the
presence of NaCl and K2CO3. For NaCl, the current signal first stayed
relatively steady for a short time after the humidity and air were
introduced at t > 2h. If there were some initial reactions with the humid
air, they did not contribute to the net oxidation current signals. At about
t = 2.6 h, the current signal started to stepwise increase, due to one or
possibly several oxidation reactions. For K2CO3, the current signal under
humid conditions did not show a similar fast initial oxidation reaction as
under dry conditions. The CA current signal and thus the oxidation
reaction rate was significantly lower and of the same level as the current
signals measured for the steels exposed to KCl and NaCl.

Figure 7. Normalized CA results for the oxidation reactions at 535 °C in the
presence of KCl, NaCl, K2CO3 and K2SO4. The system was filled with nitrogen
when it was heated up. At t = 2 h the dry air was introduced into the system
with a flow rate of 1 L·min-1 and at t = 4 h the heating was terminated, air flow
was closed and nitrogen introduced.
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Figure 8. Normalized CA results for the oxidation reactions at 535 °C in the
presence of KCl, NaCl, K2CO3 and K2SO4. The system was filled with nitrogen
when it was heated up. At t = 2 h the air with 30% moisture was introduced into
the system with a flow rate of 1 L·min-1 and at t = 4 h the heating was
terminated, air flow was closed and nitrogen introduced.

4.3

XPS results

All the samples were analyzed with XPS after the CA measurements
(Papers I–IV). In the XPS measurements, the surface of the sample was
analyzed using an elemental spectra process and a depth profile
sputtering process. The depth profile gave the chemical composition and
the approximate reaction layer thickness, whereas the spectra of Cr
electron core levels showed the elemental composition of the sample
surface. Figure 9a shows the depth profile for the elements in the area
under the salt pellet (location a in Figure 5B) for the sample exposed to
KCl at 535 °C in stagnant air. The approximate thickness of the reaction
layer is given with the dashed line. The spectra of Cr electron core level
and the composition in the same location (location a in Figure 5B) is
shown in Figure 9b. The Cr6+/Cr3+-ratio could be obtained by calculating
the ratios of corresponding peak areas.
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Figure 9. Relative atomic concentrations in the steel surface exposed to KCl at
535 °C in stagnant air. The analysis is for the area under the salt pellet (location a
in Figure 5B). b) Chromium profile of the oxide layer after 120min at 535 °C.

In order to compare the XPS results, the approximate reaction layer
thicknesses based on the XPS depth profile at each location (locations a-c
in Figure 5A) are summarized in Table 2 (Paper III). Table 3 summarizes
the relative Cr6+/Cr3+ ratio at the same locations of the sample from
spectra of Cr electron core level results (Paper III). Table 4 summarizes
the approximate reaction layer thickness based on the XPS depth profile
at each location (Paper IV).
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Table 2. The approximate reaction layer thickness (nm) at locations a-c in Figure 5A and a-d in Figure 5B after 2-hour exposure to
KCl, NaCl and K2CO3 at 450 °C and 535 °C under stagnant conditions. The values are based on the reaction layer thickness
derived from the XPS depth profile (Paper III).
The approximate reaction layer thickness (nm)

No salt
KCl
K2CO3
NaCl

450°C
Under the salt pill Around the salt pill The unaffected surface
A
B
C
N.A.
N.A.
17
22
22
17
22
23
18
22
23
17

535°C
On the edge of the salt pill Around the salt pill
B
C
N.A.
N.A.
135
140
115
118
85
80

Under the salt pill
A
N.A.
90
115
70

The unaffected surface
D
48
48
48
47
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Table 3. The relative Cr6+/Cr3+ ratio at locations a-c in Figure 5A and a-d in Figure 5B after two hours of exposure to KCl, NaCl and
K2CO3 at 450 °C and 535 °C under stagnant conditions. The values are calculated based on Cr6+/Cr3+ ratio from the spectra of Cr
electron core level results (Paper III).
The relative Cr6+/Cr3+ ratio

No salt
KCl
K2CO3
NaCl

450°C
Under the salt pill Around the salt pill The unaffected surface
A
B
C
N.A.
N.A.
no Cr6+
3:7
9:1
2:3
1:4
9:1
3:7
7:3
2:3
3:7

Under the salt pill
A
N.A.
3:2
1:1
3:7

535°C
On the edge of the salt pill Around the salt pill
B
C
N.A.
N.A.
4:1
3:7
3:2
1:4
1:9
1:4

The unaffected surface
D
no Cr6+
1:9
1:9
1:9

Table 4. The approximate reaction layer thickness (nm) at locations a,c and d in Figure 5B after two hours of exposure to K2SO4,
KCl, NaCl and K2CO3 at 535 °C under flowing conditions. The values are based on the reaction layer thickness derived from the
XPS depth profile (Paper IV).

K2SO4
KCl
K2CO3
NaCl

The approximate reaction layer thickness (nm)
Under dry conditions
Under the salt pill Around the salt pill The unaffected surface
Under the salt pill
D
A
A
C
90
N.A.
90
110
95
100
80
120
300
90
90
500
200
220
130
200

Under wet conditions
Around the salt pill
C
N.A.
400
160
120

The unaffected surface
D
110
110
120
180

4.4

Potassium chloride induced corrosion

4.4.1 Dry conditions
This section discusses the results of KCl-induced corrosion of Sanicro 28
samples at 450 °C and 535 °C under dry condition (Papers I-V). The XPS
results indicated that the reaction layer thickness at the steel sample
increased when exposed to KCl and with increasing the temperature.
Figures 10 and 11 present the morphologies of the sample surfaces after
the exposure to KCl for 2 hours at 450 °C and 535 ºC. In the contact area
with the salt pellet (Fig. 10a and Fig. 11a, b), potassium chromate crystals
were identified on the surfaces. Data obtained using SEM correlated with
XPS-results, which suggested a high ratio of Cr6+/Cr3+ in the area under
the pellet. This verified that KCl reacted with the protective oxide layer
and formed potassium chromate crystals on Sanicro 28 steel sample.
Further, the potassium chromate crystals were much larger on the
sample exposed to 535 °C than at 450 °C. The potassium chromate crystal
formation was proposed to progress as follows: firstly, KCl reacts with
the protective chromium oxide forming small chromate crystals on the
oxide layer; as the chromate crystal formation continues, the small
crystals coalesce into larger ones at a higher temperature (535 °C). These
visible large chromate crystals increase the overall reaction layer
thickness.
The elemental distribution of the chromium-rich oxide layer was
homogeneous in the sample exposed to 450 °C. In contrast, an iron-rich
inner layer and a chromium-rich outer layer formed under the salt pellet
and around the salt pellet in the sample exposed to 535 °C (Paper III).
This observation correlated with the lower Cr6+/Cr3+ -ratio was given by
the XPS measurements of the sample exposed to 535 °C. Thus, the
conversion of the initial chromium oxide to potassium chromate was
dominant at 450 °C. At 535 °C, the initial thin chromium oxide reacted
with KCl, forming potassium chromate crystals on the surface.
Simultaneously, chloride ions diffused to the metal/oxide interface and
reacted with the bulk steel to form metal chlorides. Then, the volatile
metal chlorides diffused back to the surface via the voids in the oxide
layer to react with oxygen, forming metal oxides on the surface under the
potassium chromate crystals14,31.
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a)

b)

c)
Figure 10. Secondary electron images of Sanicro 28 surfaces exposed to KCl at
450 °C for 120 min under dry stagnant conditions. The images were taken from
a) the surface under the salt pellet (location a in Fig. 5A); b) the affected surface
around the salt pellet (location t b in Fig. 5A); c) the unaffected surface (location
c in Fig. 5A). [Paper III]
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a)

b)

c)

d)

Figure 11. Secondary electron images of Sanicro 28 surfaces exposed to KCl at
535 °C for 120 min under dry stagnant conditions. The images were taken from
a) the surface under the salt pellet (location a in Fig. 5B), b) the surface on the
edge of the salt pellet (location b in Fig. 5B), c) the affected surface around the
salt pellet (location c in Fig. 5B), d) the unaffected surface (location d in Fig. 5B).
[Paper III]

In the area outside the salt pellet (Fig. 10b and Fig. 11c), a relatively thick
oxide layer and high amounts of Cr6+ were detected, which suggested
that KCl diffuses via gas phase and along the surface to promote
potassium chromate formation. Compared to the area in direct contact
with the salt pellet, the potassium chromate crystals were less in number
and smaller in size while the chromium- and iron-containing oxide was
thicker. The reason was that the area outside the salt pellet had a higher
availability of oxygen, and thus the chromium and iron had higher
oxidation reaction rates to form metal oxides.
When comparing the unaffected area of the sample exposed to KCl (Fig.
10c and Fig. 11d) with the blank sample, the elemental distributions and
the reaction layer thickness were identical. The depth profiles showed
chromium and oxygen-rich signals, indicating the formation of a thin
protective chromium oxide layer on the surface at 450 °C. At 535 °C, a
much thicker reaction layer was observed in the same locations (Fig. 11d).
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Thus, a thicker protective chromium oxide formed on the sample
surfaces at the higher temperature.
Under dry flowing gas conditions (Paper IV), several small nodules of
K2CrO4 crystals together with tiny needles were identified on an
uneven/porous oxide layer beneath the salt pellet (Figure 12a). In
contrast, in the narrow ring-shaped area of the steel surface around the
salt pellet, similar but fewer and smaller K2CrO4 crystals formations
could be seen (Figure 12b). No clear indications of alkali chromate
crystals but some very small needlelike crystals were seen on the sample
surface further away from the area exposed to the salt pellets (Figure 12c).
The surface morphology was similar to that observed in the stagnant
conditions. However, the size and amount of the K2CrO4 crystals were
much less and smaller than under stagnant conditions.
It was assumed that the gas flow in the experimental setup might have
diluted the concentration of the evaporated gaseous alkali chlorides or
even flushed them away. This would affect the gas phase diffusion of
any evaporated salt to the steel surfaces not in direct contact with the salt
pellet (locations c, d in Figure 5B). In this work, the metal surfaces
around the salt pellets were affected (Figures 12b), thus suggesting that
KCl diffused from the pellet along the metal surface. Compared to the
results under stagnant conditions, the surface alteration indicated that
KCl diffuses both through the gas phase and the surface.
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Figure 12. Secondary electron images of Sanicro 28 surfaces exposed to KCl at
535 °C for 120 min under dry flowing conditions. The images were taken from a)
the surface under the salt pellet (location a in Figure 5B), b) the surface around
the salt pellet (location c in Figure 5B) and c) the surface far from the salt pellet
(location d in Figure 5B). [Paper IV]

4.4.2 Humid conditions
The morphology of the sample surface exposed to KCl under humid
conditions (Figure 13) was different to that formed under dry conditions
(Figure 12). A markedly larger amount of K2CrO4 crystals were formed
beneath the salt pellet (Figure 13a) and at the edge of the salt pellet
(Figure 13b). This result is in accordance with the previous results
suggesting that a greater thermodynamic driving force leads to a more
rapid formation of K2CrO4 in the humid environment46. Under humid
conditions, thermodynamically stable HCl might form during the initial
stage, which in turn contributes to the synergistic corrosion accelerated
by the effect of water vapor31. Thus, the initial reaction could be
correlated to Eq. 17. After this initial reaction, not only the chloride
anions but also the formed HCl were able to diffuse into the bulk
material and chlorinate the alloying metal inside, forming volatile metal
chlorides. The driving force of the chloride species to diffuse inwards
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was caused by the concentration gradient51. The metal chlorides might
diffuse back to the metal surface and react with oxygen and water vapor,
yielding a porous oxide and releasing the HCl that reinitiates the
chlorination reaction14.

Figure 13. Secondary electron images of Sanicro 28 surfaces exposed for 120 min
at 535 °C to KCl under humid flowing conditions. The images were taken from
a) the surface under the salt pellet (location a in Figure 5B), b) the surface around
the salt pellet (location c in Figure 5B) and c) the surface far from the salt pellet
(location d in Figure 5B). [Paper IV]

4.4.3 The role of different oxygen sources on the corrosion mechanism
Since the role of humidity on the KCl-induced corrosion process was
elusive, water labeled with the stable isotope of oxygen (18O), H218O, was
utilized to track the detailed reaction mechanisms involved in the
oxidation/corrosion process (Paper V). ToF-SIMS was utilized to
distinguish the two oxygen isotopes 16O and 18O in the oxide layer at the
metal surface. Since 16O originates mainly from the molecular oxygen
and 18O originates from the water molecule, the impact on the oxygen
origin on the corrosion reactions can be studied. According to the ToFSIMS results shown in Figure 14, the particles on the surface consisted of
potassium, chromium, and oxygen, i.e. K2CrO4 crystals. The two oxygen
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isotopes could be identified clearly. It appeared that the formed K2CrO4
crystals contained a higher amount of 16O from the air (65%) than 18O
from the water molecules (35%). In contrast, the chromium-rich oxide
layer on the sample surface contained almost equal amounts of 16O (52%)
and 18O (48%). These observations were explained as follows: during the
pre-treatment, a protective chromium oxide layer containing 16O isotope
atoms formed and covered the sample surface. This chromium oxide was
involved in the initial corrosion reaction with KCl, resulting in K2CrO4
crystals rich in 16O isotope atoms. Water vapor was most likely adsorbed
to the sample surface and involved in the oxidation reactions with iron
and chromium, as also reported by Lu and Hultquist80. The analyzed 18Oto-16O isotope ratio in the formed surface oxide was higher than the
calculated element ratio based on the adsorption of water molecules in
the oxide. This illustrated that water vapor has a higher reaction rate
than the oxygen molecules. In addition, the presence of 18O in the
chromate crystals indicated that the humidity also played a role in the
chromate formation.

a)

b)

Figure 14. ToF-SIMS images of Sanicro 28 steel surface exposed to KCl at 540 °C
for 120 minutes in synthetic air with H218O; a) 16O is red, 18O is green, and Cl is
blue, b) Fe is green and K is red. The scale bar equals 10 μm. The arrows in the
images show the same reference point. [Paper V]
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4.5

Sodium chloride induced corrosion

4.5.1 Dry conditions
In this section, the tests of Sanicro 28 samples exposed to NaCl for 2
hours at 450 °C and 535 °C under dry condition (Papers II-IV) are
discussed. In general, the oxide layer thickness of the NaCl exposed steel
samples had a thicker oxide layer than samples not exposed to the salt,
and the layer thickness increased with temperature. Figures 15 and 16
present the NaCl-induced surface morphologies of the sample surface
under stagnant conditions (Paper III). Figure 17 presents the NaClinduced surface morphologies of the samples under flowing conditions
(Paper IV). NaCl-exposed sample surface has a similar overall elemental
distribution and surface morphology as KCl-exposed sample both under
stagnant conditions and under dry flowing conditions. Alkali chromate
crystals are also present on the salt-affected area (Figs. 15a, b, Figs. 16a–c
and Figs. 17a, b) at both temperatures. The area far from the salt pellet
(Fig. 15c, Fig. 16d and Fig. 17c) is identical with the blank sample.

a)

b)

c)
Figure 15. Secondary electron images of Sanicro 28 surfaces exposed to NaCl at
450 °C for 120 min under dry stagnant conditions. The images were taken from
a) the surface under the salt pellet (location a in Fig. 5A); b) the affected surface
around the salt pellet (location b in Fig. 5A); c) the unaffected surface (location c
in Fig. 5A) [Paper III]
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a)

b)

c)

d)

Figure 16. Secondary electron images of Sanicro 28 surfaces exposed to NaCl at
535 °C for 120 min under dry stagnant conditions. The images were taken from
a) the surface under the salt pellet (location a in Fig. 5B), b) the surface on the
edge of the salt pellet (location b in Fig. 5B), c) the affected surface around the
salt pellet (location c in Fig. 5B), d) the unaffected surface (location d in Fig. 5B).
[Paper III]
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Figure 17. Secondary electron images of Sanicro 28 surfaces exposed to NaCl at
535 °C for 120 min under dry flowing conditions. The images were taken from a)
the surface under the salt pellet (location a in Figure 5B), b) the surface around
the salt pellet (location c in Figure 5B) and c) the surface far from the salt pellet
(location d in Figure 5B). [Papers IV]

Based on the similar surface morphologies of the samples and the
relatively high Cr6+/Cr3+ -ratio, NaCl had a similarly corrosive effect as
KCl. Both alkali chlorides led to the formation of alkali chromate and
oxidation of chromium and iron in the bulk material at 535 °C. Under
stagnant conditions, the amount and the size of the alkali chromate
crystals on the NaCl-exposed steel were slightly smaller compared with
the KCl-exposed sample. However, the amounts of formed chromium
and iron oxides were higher in the presence of NaCl than KCl. The
reason for the lower chromate formation rate for NaCl was assumed due
to the lower reactivity of the sodium ion in the initial protective layer
breakdown process. Besides the sodium chromate formation, a
substantial amount of iron and chromium (III) oxide formed earlier at a
significantly faster rate. The observed higher oxidation current at the
steady state in the CA measurements (Figure 6) supports this finding.
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Under flowing conditions, larger Na2CrO4 nodules together with a
network of tiny crystals were identified in the area beneath the salt pellet
(Figure 17a) compared to the sample exposed to KCl. In the ring-shaped
area around the salt pellet exposed surface (Figure 17b), the Na2CrO4
crystals were smaller than the K2CrO4 crystals. Since the exposure was
run under flowing conditions, the gaseous species were assumed be
affected by the gas flow. Thus, the results indicated that NaCl has a
higher diffusion rate along the surface than KCl, as was also suggested
by the relative high CA current signal in the presence of NaCl (Figure 7).
4.5.2 Humid conditions
The morphology of the sample surface exposed NaCl under humid
conditions was different to that under dry conditions (Figures 17 and 18).
Under humid conditions, the size of the alkali chromate crystals
observed beneath the salt pellet was much smaller and no Na2CrO4
crystals were seen at the edge of the salt pellet (Figure 18b). However,
the overall thickness of the chromium-rich oxide was higher. Similar to
the sample exposed to KCl, NaCl has been reported to be involved in the
alkali chromate formation under humid conditions22. NaCl was
preferably reacted with iron oxide in the presence of water vapor and
formed sodium ferrate (III) (Na2Fe2O4) and hydrogen chloride (Eq. 22),
whereas the reaction of KCl with iron oxide to potassium ferrate (Eq. 23)
was kinetically hindered22. As a consequence, the formed hydrogen
chloride reacted with the chromium and iron in the interface between
scale and bulk material to form chromium and iron chlorides, which
reacted further to chromium and iron oxides when sufficient amount of
oxygen was available. The formation of Na2Fe2O4 did not contribute the
oxidation or reduction currents, as there were no changes in the
oxidation state of the elements (Eq. 22). This suggests that in this work,
the relatively low and steady CA current signal (Figure 8) was related to
similar reactions taking place in the initial stage of the NaCl induced
corrosion.
2NaCl(s) + Fe2O3(s) + H2O(g) → Na2Fe2O4(s) + 2HCl(g)

(22)

2KCl(s) + Fe2O3(s) + H2O(g) → K2Fe2O4(s) + 2HCl(g)

(23)
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Figure 18. Secondary electron images of Sanicro 28 surfaces exposed for 120 min
at 535 °C to NaCl under humid flowing conditions. The images were taken from
a) the surface under the salt pellet (location a in Figure 5B), b) the surface around
the salt pellet (location c in Figure 5B) and c) the surface far from the salt pellet
(location d in Figure 5B). [Paper IV]

4.6

Potassium carbonate induced corrosion

4.6.1 Dry conditions
In this section, the results of Sanicro 28 samples exposed to K2CO3 for 2
hours at 450 °C and 535 °C under dry condition are discussed (Papers IIIV). In general, there was a clear oxide layer thickness growth and
relatively high Cr6+/Cr3+-ratio at the areas influenced by K2CO3 both
under stagnant and flowing conditions. This indicated that not only the
alkali chlorides but also K2CO3 can react with the protective passivation
layer to form potassium chromate crystals and thus contribute to the
increase of the oxide layer thickness.
Figure 19 illustrates the surface morphology of Sanicro 28 after exposer
to K2CO3 at 450 °C. The potassium chromate crystals on the surface under
the salt pellet were needle-like (Fig. 19a), and the number of the crystals
became less and their size smaller when moving out to the affected area
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around the salt pellet (Fig. 19b). This indicated that K2CO3 initiated the
potassium chromate formation when in direct contact with the steel, but
the diffusion rate of K2CO3 via the gas phase and along the surface was
much lower than that of KCl. The lower diffusivity of K2CO3 could be
due to the lower vapor pressure compared to KCl.

a)

b)

c)
Figure 19. Secondary electron images of Sanicro 28 surfaces exposed to K2CO3 at
450 °C for 120 min under dry stagnant conditions. The images were taken from
a) the surface under the salt pellet (location a in Fig. 5A); b) the affected surface
around the salt pellet (location b in Fig. 5A); c) the unaffected surface (location c
in Fig. 5A). [Paper III]

At 535 °C, larger chromate crystals formed on the surface under and the
edge of the K2CO3 pellet (Fig. 20 a and b) in stagnant conditions. Also,
the XPS results indicated a substantial increase in the reaction layer
thicknesses after the exposure to the two potassium salts (KCl and
K2CO3). In addition, under dry flowing conditions, numerous large
K2CrO4 crystals were observed on the sample surface under the salt
pellet (Figure 21a). Thus, K2CrO4 formed also in the absence of the
chloride anion. Based on the SEM, XPS and CA results, the following
reactions could be proposed at the metal surface in the presence of K2CO3.
Fast initial and ongoing oxidation reactions occurred in the presence of
K2CO3. These reactions were most likely induced by the presence of
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potassium ions and attributed to the higher content of Cr6+. Thus, K2CrO4
crystals formed and resulted in a relatively high initial CA current signal.
However, after this initial chromate formation, the oxidation reaction did
not proceed further, probably due to the lack of mobile intermediates25.
This could explain the decrease in the measured CA current (Figure 7).

a)

b)

c)

d)

Figure 20. Secondary electron images of Sanicro 28 surfaces exposed to K2CO3 at
535 °C for 120 min under dry stagnant conditions. The images were taken from
a) the surface under the salt pellet (location a in Fig. 5B), b) the surface on the
edge of the salt pellet (location b in Fig. 5B), c) the affected surface around the
salt pellet (location c in Fig. 5B), d) the unaffected surface (location d in Fig. 5B).
[Paper III]
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Figure 21. Secondary electron images of Sanicro 28 surfaces exposed for 120 min
at 535 °C to K2CO3 under dry flowing conditions. The images were taken from a)
the surface under the salt pellet (location a in Figure 5B), b) the surface around
the salt pellet (location c in Figure 5B) and c) the surface far from the salt pellet
(location d in Figure 5B). [Paper IV]

According to the CA results (Figures 6 and 7), the main difference
between KCl and K2CO3 induced corrosion was observed at the very
beginning of the reaction. In the presence of K2CO3, the immediate initial
oxidation current was attributed to the fast potassium chromate
formation. In the presence of KCl, the increasing on-going oxidation
current was attributed both to potassium and chloride. The higher iron
concentration of the reaction layer in the presence of KCl also supported
the idea that chloride played an important role in the subsequent
reactions, e.g. in the diffusion of iron from the bulk material.
4.6.2 Humid conditions
The surface morphologies of the samples exposed to K2CO3 under humid
conditions (Figure 22) differed from the morphology observed under dry
conditions (Figure 21) in terms of the crystal size and the oxide layer
thickness. For the sample exposed to K2CO3 under humid conditions, a
large amount of K2CrO4 crystals was identified. The surface below the
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salt pellet was packed with K2CrO4 crystals of the same size (Figure 22a).
In contrast, less but larger K2CrO4 crystals were observed on the steel
surface around the salt pellet (Figure 22b). The surface morphology and
elemental distribution indicated that the mechanisms of the corrosion
reaction with K2CO3 were different in the dry and wet conditions. A
possible reaction mechanism in the presence of water vapor is suggested:
In the presence of humidity, K2CO3 decompose to form KOH and carbon
dioxide at high temperatures (Eq. 24), as also reported in the Corrosion
Engineering and Cathodic Protection Handbook: With an Extensive Question
and Answer Section81. The released carbon dioxide molecules, or active
carbonate ions (CO32-) from the salt react with water vapor to produce
carbonic acid (H2CO3) (Eq. 25)81. H2CO3 might react further with iron to
iron bicarbonate (Fe(HCO3)2) (Eq. 26). Iron bicarbonate again reacts with
dissolved oxygen to form iron oxide, which results in a thick and
homogeneous oxide layer on the surface (Eq. 27)81. As the oxidation state
of each element in the reactions (Eqs. 24-25 and 27) does not change,
these reactions do not affect the CA oxidation current signal. In contrast,
the reactions involving chromium (Eqs. 20, 21) are associated with
changes in the oxidation state and thus are likely to induce changes in
the CA oxidation current signal. The formation of Fe(HCO3)2 explains
that in this work, a relatively low CA current signal in the initial stage
was measured when water vapor was introduced into the system.
K2CO3 (s) + H2O (g) = 2KOH (s) + CO2 (g)

(24)

CO2 (g) + H2O (g) = H2CO3 (g)

(25)

Fe (s) + 2H2CO3 (g) = 4 Fe(HCO3)2 (s) + H2 (g)

(26)

4 Fe(HCO3)2 (s) + O2 (g) = 2 Fe2O3 (s) + 8 CO2 (g) + 4 H2O (g)

(27)

It should be noted, however, that the corrosion behavior of the two
potassium salts was studied for a relatively short exposure time, two
hours. A greater difference in the corrosion behavior between the alkali
carbonate and the alkali chloride-induced corrosion has been reported in
experiments with a longer exposure time (e.g. >24 hours)53,54. According
to these longer experiments, chloride played an active role in the latter
reaction stages after formation of alkali chromate, as expected.
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Figure 22. Secondary electron images of Sanicro 28 surfaces exposed for 120 min
at 535 °C to K2CO3 under humid flowing conditions. The images were taken
from a) the surface under the salt pellet (location a in Figure 5B), b) the surface
around the salt pellet (location c in Figure 5B) and c) the surface far from the salt
pellet (location d in Figure 5B). [Paper IV]
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5.

Conclusions

In this work, chronoamperometry (CA) was developed utilized to study
the early stages of oxide layer degradation of Sanicro 28 steel in the
presence of KCl, NaCl and K2CO3 at 450 and 535 °C under stagnant
conditions and under flowing conditions. The signals from the CA were
verified with SEM and XPS analyses of the samples after the exposures.
The corrosion net currents measured with CA could be clearly
distinguished from the background noise. The relative magnitude of
these currents between samples exposed to the salts at different
temperatures correlated with the reactions occurring on the surface and
in the underlying material. According to the XPS and SEM
measurements, the changes observed in the current signals originated
from conversion and/or alteration of the passivation layer.
At both test temperatures, all three alkali salts clearly affected the steel
samples. High Cr6+/Cr3+ -ratios were detected in the area in direct contact
with the salt. This indicated that all salts initiated alkali chromate
formation when in contact with the sample. At 450 °C, the rates of the
oxidation reactions with all studied salts were much lower than at 535 °C,
which could be reflected by the much lower oxidation reaction current
signal observed. Also, a thinner chromium oxide with smaller alkali
chromate crystals formed on the sample surface at 450 °C. However, the
Cr6+/Cr3+ -ratio was higher at 450 °C than at 535 °C. This indicated that
the initial conversion of the chromium oxide to alkali chromate was
dominant at 450 °C, while at 535 °C, part of the formed alkali chromate
reacted further to chromium oxide, resulting in a higher chromium oxide
formation rate.
The roles of the cations (K+ and Na+) and anions (Cl−, CO32−) in the onset
of the corrosion process were also explored. When comparing KCl and
NaCl, similar overall elemental distributions in the oxide layer and a
similar surface morphology suggested that the chloride containing salts
had a similar corrosive effect on the steel. Both chlorides lead to the
formation of alkali chromate, which depletes chromium in the protective
oxide layer and thus makes the stainless steel more vulnerable to high
temperature corrosion. However, KCl caused higher rate of the initial
formation of alkali chromate compared to NaCl at 450 °C. This correlated
well with the higher observed oxidation current at the steady state in the
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CA measurements. Further, at 535 °C, the thickness of the formed alkali
chromate crystal layer was higher in the presence of KCl than in the
presence of NaCl. Further, the formed chromium and iron oxide layers
were thinner in the presence of KCl than NaCl. The tested steel, Sanicro
28 exhibited higher internal degradation during exposure to NaCl than
to KCl. Under the humid conditions, a greater thermodynamic driving
force led to a more rapid formation of K2CrO4 in the presence of KCl,
which due to the thermodynamically stable HCl formed during the
initial stage. It was assumed that NaCl might react with iron oxide and
water to form sodium ferrate (III) (Na2Fe2O4) and hydrogen chloride.
Thus, lower amount of Na2CrO4 and a thicker oxide layer with a higher
concentration of iron formed on NaCl-exposed samples.
When comparing KCl and K2CO3, an oxidation reaction or a set of
oxidation reactions appeared to be kinetically more favorable in the
presence of K2CO3. Also, K2CO3 initiated potassium chromate formation,
but the diffusion rate of K2CO3 was lower than that of KCl, presumably
due to the lower vapor pressure of K2CO3. The presence of K2CO3
resulted in a much larger amount of K2CrO4 under dry stagnant and
flowing conditions. The fast formation of K2CrO4 crystals was assumed
based on the fast initial and ongoing oxidation current. However, since a
suitable mobile intermediate for subsequent reactions was lacking, the
rate of the oxidation current decreased. Accordingly, less amount of
metal oxide formed. Under humid conditions, K2CO3 decomposed and
formed carbon dioxide, which then reacted with water vapor to produce
H2CO3. The formed H2CO3 was assumed to react with iron to iron
bicarbonate (Fe(HCO3)2). The produced iron bicarbonate then reacted
with the dissolved oxygen to a thick and homogeneous iron-rich oxide
layer on the surface.
In addition, water with radioactively labeled oxygen (18O) was used to
create a humid atmosphere in the furnace and to explore whether the
corrosion reactions are initiated with the oxygen in the air or oxygen in
the water vapor. The ToF-SIMS analysis of the surface after the exposure
to KCl and humid atmosphere suggested that the oxygen in the water
had a higher reaction rate than the oxygen molecules with the chromium
oxide layer. The presence of 18O in the chromate crystals indicated that
the humidity also played a role in the chromate formation.
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The combinatory methods enable online monitoring of high temperature
solid-solid reactions, providing information about the rate and the course
of the reactions. Combined with the previously proposed corrosion
mechanism, by studying the corrosion mechanism using the combinatory
methods can provide a novel sight of identifying the species within the
altered oxide layer as a function of time and temperature, thereby
increasing the understanding of the onset of corrosion of heat exchanger
materials. The information can give a better understanding of the onset
of formation of Cr6+ as a function of temperature, oxide layer thickness
and lateral distance from the initial area of exposure. The accessibility of
the oxygen atom from molecular O2 vs. H2O were investigated as a
function of temperature and thickness of the oxide layer.
In addition, from the industry viewpoint, this work can estimate safe
operating temperatures for different steel materials in power plant
environments. The suggested method is promising e.g. when estimating
the interactions between deposits and heat exchanger materials and
predicting the ability of these materials to resist corrosion. Thus, the
results may assist in designing biomass-fired boilers with improved
durability and also to optimize the operational costs.
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6.

Future work

Sanicro 28, a steel with a high content of chromium, was significantly
corroded when in contact with alkali salts, i.e. synthetic ashes typical for
biomass combustion, well below the melting points of the studied salts.
As several corrosive compounds might be present in the ashes during
biomass combustion, employing a high chromium material may not
always be a remedy for high temperature corrosion of the boiler
materials. Thus, careful consideration of fuels, the operating conditions,
and the boiler designs, especially novel materials and coatings, are
needed for a better corrosion resistance.
Moreover, using sulfur-containing fuel additives or co-combusting with
a sulfur-rich fuel has been proven as a successful way to decrease
corrosion rate of the superheater materials in the biomass boiler in the
presence of the alkali salts82–84. The reason is that SOx content in the flue
gas can alter the corrosive deposit composition and the mechanism of
ash formed, which leads to alkali salts being converted into less corrosive
alkali sulfates. However, the reaction mechanism of the sulfation process
of alkali salts in the biomass combustion is rather poorly understood. In
future, chronoamperometry together with the surface characterization
techniques could be employed for enhanced understanding of the role of
SOx in the corrosion mechanism.
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