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Abstract

Many power plants burning challenging fuels such as waste-derived fuels experience failures
of the superheaters and/or increased waterwall corrosion due to aggressive fuel components
already at low temperatures. To minimize corrosion problems in waste-fired boilers, the steam
temperature is currently kept at a relatively low level which drastically limits power
production efficiency.

The elements found in deposits of waste and waste-derived fuels burning boilers that are most
frequently associated with high-temperature corrosion are: Cl, S, and there are also
indications of Br; alkali metals, mainly K and Na, and heavy metals such as Pb and Zn. The
low steam pressure and temperature in waste-fired boilers also influence the temperature of
the waterwall steel which is nowadays kept in the range of 300 °C - 400 °C. Alkali chloride
(KCl, NaCl) induced high-temperature corrosion has not been reported to be particularly
relevant at such low material temperatures, but the presence of Zn and Pb compounds in the
deposits have been found to induce corrosion already in the 300 °C - 400 °C temperature
range. Upon combustion, Zn and Pb may react with Cl and S to form chlorides and sulphates
in the flue gases. These specific heavy metal compounds are of special concern due to the
formation of low melting salt mixtures. These low melting, gaseous or solid compounds are
entrained in the flue gases and may stick or condense on colder surfaces of furnace walls and
superheaters when passing the convective parts of the boiler, thereby forming an aggressive
deposit. A deposit rich in heavy metal (Zn, Pb) chlorides and sulphates increases the risk for
corrosion which can be additionally enhanced by the presence of a molten phase.

The objective of this study was to obtain better insight into high-temperature corrosion
induced by Zn and Pb and to estimate the behaviour and resistance of some boiler superheater
and waterwall materials in environments rich in those heavy metals, including at increased
temperatures of materials. Therefore, extensive laboratory, bench-scale and full-scale tests
were carried out. The results from these tests may be directly made use of in practical
applications, for example for screening steels from the materials selection, as well as in the
development of corrosion preventing tools by finding corrosion initiating triggers and
understanding their effect on high-temperature corrosion.

The laboratory study covered steel exposure tests with pure ZnCl,, ZnO, PbCl, and PbO as
well as with a number of salt mixtures: ZnCl,-K>SO4, PbCl,-K»>SO4, PbCl,-KCl and PbCl,-
ZnCl,-KClI. It was shown that pure PbCl, starts to be aggressive to the low-alloy steel
(10CrMo09-10) and also to the stainless steels (AISI 347) already at temperatures around
350 °C, below the melting temperature of PbCl, which is 501 °C. The protective Cr,O3 on the
AISI 347 was destroyed due to PbCrO, formation. The exposures to ZnCl, showed an
increased oxide layer growth on the 10CrMo09-10 already at 350 °C, but negligible oxide layer
growth on the AISI347 up to 450 °C. Above 350 °C, the fast evaporation of ZnCl,
suppressed the growth of the oxide layer.

The tests with ZnCl,- and PbCl,-containing mixtures (ZnCl,-K;SO4, PbCl,-K,SO4, PbCl,-KCl
and PbCl,-ZnCl,-KCl) showed that the ZnCl,-containing mixture (PbCl,-ZnCl,-KCl) was
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more aggressive and active at lower temperatures than the PbCl,-KCl mixture. It suggests,
therefore, that ZnCl, is more likely to cause problems at lower material temperatures, while
PbCl, is more stable and is expected to be problematic at both waterwall and superheater
temperatures. At 400 °C, the highest corrosion rates on both test materials were observed
when both PbCl, and ZnCl, were present in the salt. The PbCl,-ZnCl,-KCl mixture contained
the highest fraction of melt out of all tested salt mixtures but the corrosiveness of this mixture
was not the highest at all test temperatures. Thus, the amount of melt does not necessary
decide the extent of corrosion. At 500 °C and above the corrosion caused by all three mixtures
containing PbCl, was significant and both steels were damaged to a similar degree. The results
from the tests with the mixtures containing 5 wt-% PbCl, were similar to the results from the
tests with pure PbCl, showing its extremely corrosive character.

ZnO was shown not to be corrosive to the low-alloy steel (10CrMo09-10) and nor to the
stainless steel (AISI 347) at 550 °C. The oxide layer thickness was comparable to the test with
no salt present. However, tests with PbO at 550 °C caused a noticeable oxide layer growth on
10CrMo9-10 and fairly low on AISI 347.

To better understand the fate of Zn and its effect on high-temperature corrosion specifically in
waste-wood fired fluidized bed boilers, high-temperature corrosion/deposit probe tests were
performed in a 30 kWy, bubbling fluidized-bed reactor by firing wood pellets doped with
ZnCl, to simulate waste wood. Specific issues of interest in this study included the general
impact of firing waste wood containing higher amounts of Zn and Cl and the evaluation of the
role of ZnCl, in high-temperature corrosion. The tests showed that the presence of ZnCl, had
a clear impact on high-temperature corrosion of low-alloy steel. When compared to the
combustion of pure wood pellet, corrosion increased at temperatures above 450 °C (probe
cooling temperature). The K,ZnCly which was found in the deposit was concluded to be the
main corrosive agent.

During the planning stage of further experiments there were strong indications of bromide
induced high-temperature corrosion of the waterwalls. In consequence, a measurement
campaign in a BFB co-combusting SRF was performed to determine the occurrence of
corrosive Cl-, Br-, Zn- and Pb-compounds in the fuel, in the furnace vapours and in the
waterwall deposits. The relative corrosiveness of chlorides and bromides was further
established by means of laboratory experiments. A ZnBr,-K,SOj salt mixture was tested and
compared with a corresponding ZnCl,-K,SOj salt mixture. The mixture with ZnBr, was found
to be more aggressive at 400 °C in oxidising conditions than the corresponding mixture with
ZnCl,. A measurement campaign showed that vapours in the furnace were enriched with Cl
and small amounts of Br, Zn and Pb. The chemical thermodynamic calculations indicated that
possible forms of those compounds at the waterwall deposit temperatures (400 °C) were Na-,
K-bromides and chlorides and Zn- and Pb-sulphides or sulphates in reducing and oxidizing
conditions, respectively. The thermodynamic calculations correlated with the deposit analysis.
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Svensk sammanfattning

Manga forbranningsanldggningar som brianner utmanande brinslen sdsom restfraktioner och
avfall rékar ut for problem med 6kad korrosion pa dverhettare och/eller vattenvéiggar pga.
komponenter i brinslena som dr korrosiva redan vid ldga temperaturer. For att minimera
problemen i avfallseldade pannor hélls angparametrarna pa en relativt 1ag niva, vilket drastiskt
minskar energiproduktionen.

Belédggningarna i avfallseldade pannor bestar till storsta delen av element som é&r forknippade
med hogtemperaturkorrosion: Cl, S, alkalimetaller, fraimst K och Na, och tungmetaller som Pb
och Zn, och det finns ocksa indikationer av Br-forekomst. Det laga angtrycket i avfallseldade
pannor paverkar ocksa stalrérens temperatur i pannvéiggarna i eldstaden. I dagens ldge halls
temperaturen normalt vid 300 - 400°C. Alkalikloridorsakad (KCl, NaCl)
hdgtemperaturkorrosion har inte rapporterats vara relevant vid sapass ldga temperaturer, men
ndrvaro av Zn- och Pb-komponenter i beldggningarna har pavisats fororsaka 6kad korrosion
redan vid 300-400 °C. Vid forbranning kan Zn och Pb reagera med S och Cl och bilda
klorider och sulfater i rokgaserna. Dessa tungmetallféreningar &r speciellt problematiska pga.
de bildar lagsmiltande saltblandningar. Dessa lagsmaéltande gasformiga eller fasta foreningar
foljer rokgasen och kan sedan fastna eller kondensera pé kallare ytor pa pannviggar eller
Overhettare for att sedan bilda aggressiva beldggningar. Tungmetallrika (Pb, Zn) klorider och
sulfater okar risken for korrosion, och effekten forstarks ytterligare vid nirvaro av smalta.

Motivet med den hér studien var att fa en béttre insikt i hogtemperaturkorrosion foérorsakad av
Zn och Pb, samt att undersdka och prediktera beteendet och motstandskraften hos négra
stalkvaliteter som anvénds i Overhettare och pannviggar i tungmetallrika forhallanden och
héga materialtemperaturer. Omfattande laboratorie-, sméskale- och fullskaletester utfordes.
Resultaten kan direkt utnyttjas i praktiska applikationer, t.ex. vid materialval, eller vid
utveckling av korrosionsmotverkande verktyg for att hitta initierande faktorer och forsta deras
effekt pa hogtemperaturkorrosion.

Laboratoriestudien innefattar test dar stalbitar utsattes for ren ZnCl,, ZnO, PbCl, och PbO.
Utover dessa rena salter testades ocksa saltblandningarna ZnCl,-K;,SO4, PbCl,-K,SO4, PbCly-
KCI och PbCl,-ZnCl,-KCl. Resultaten visar att ren PbCl, borjar bli aggressiv redan fran
350 °C vilket dr under smaélttemperaturen (501 °C) pa laglegerat stal (10CrMo09-10) och pa
rostfritt stal (AISI 347). Det skyddande Cr,Os-skiktet pa det rostfria stélet forstordes pga.
PbCrOs-bildning. Da det laglegerade stalet utsattes for ZnCl, pavisades en oOkad
oxidskiktsbildning redan vid 350 °C, men endast en obetydlig oxidskiktsbildning pa det
rostfria stalet upp till 450 °C. Vid temperaturer 6ver 350 °C minskade oxidskiktsbildningen
pga. accelererad forangning av ZnCl,.

Testen med ZnCly,- och PbCls-blandningar (ZnCl,-K;SO4, PbCl,-K;SO4, PbCl-KCl och
PbCl,-ZnCl,-KCl) visade att PbCl,-ZnCl,-KCl1 var mest aggressiv och reaktiv vid lagre
temperaturer d4n de blandningar som inneholl PbCl,-KCl. Dérfor antas ZnCl, har storre
tendens att fororsaka problem vid ldgre materialtemperaturer, medan PbCl, forvintas vara
problematisk vid de temperaturer som forekommer i1 pannans vdggar och dverhettare. Vid



400 °C uppmittes den hogsta korrosionshastigheten pa bada testmaterialen da bade PbCl, och
ZnCl, fanns i saltblandningen. PbCl,-ZnCl,-KCl-blandningen hade den hdgsta andelen smélta
av alla testade blandningar, men uppvisade inte den hogsta korrosiviteten vid alla
temperaturer. Det hér visar att korrosionshastigheten inte ar direkt beroende av andelen
smélta. Vid temperaturer ver 500 °C orsakade alla tre PbCly-innehéllande saltblandningar
signifikant korrosion och béda stalkvaliteterna var lika skadade. Resultaten fran experimenten
med saltblandningar som innehdll 5 vikts-% PbCl, liknade resultaten fran experimenten med
ren PbCl,. I bégge fallen hade salten orsakat extrem korrosion.

ZnO var varken korrosiv pa det laglegerade stalet eller pa det rostfria stalen vid 550 °C.
Oxidskiktets tjocklek kunde vél jimforas med det skikt som &stadkommits utan nagot som
helst salt. P4 10CrMo09-10 fororsakade emellertid PbO ett mérkbart oxidskikt vid 550 °C, och
ett tunnare oxidskikt pa AISI 347.

For att battre forstd vad som hdnder med Zn samt dess roll i hogtemperaturkorrosion, speciellt
i returtrdeldade fluidbdddpannor, gjordes sondexperiment i en 30 kW bubblande
fluidbaddpanna. I pannan briandes trépellets som dopats med ZnCl,. Bade beldggningar och
korrosion undersoktes fran sondringarna efter experimenten. Specifika fragestdllningar i den
hér studien var de generella effekterna av hoga halter Zn och Cl dd man eldar returtrd, samt
utvirderingen av hogtemperaturkorrosion fororsakad av ZnCl,. Resultaten fran experimenten
visade att ZnCl, spelar en stor roll vid hdgtemperaturkorrosion av laglegerade stdl. Da man
jamfor med motsvarande experiment dd endast trdpellets har eldats kan man konstatera att
korrosion i fallet med ZnCl, redan forekommer vid 450 °C (den luftkylda sondens
temperatur). K,ZnCl, hittades i beldggningen och konstaterades vara den huvudsakliga
korrosiva komponenten.

Under planeringen av fortsatta experiment stdtte man pa starka indikationer pa att
hogtemperaturkorrosion av eldstadens véggar fororsakats av brom. Dérfor gjordes en
métkampanj i en bubblande fluidbdddpanna dér SRF samforbrindes med trépellets. Bade
rokgaserna och beldggningarna analyserades for att undersoka forekomsten av korrosiva Cl-,
Br-, Zn- och Pb-foreningar i brénslet. Kloridernas och bromidernas relativa korrosivitet
studerades med hjélp av laboratorie-experiment. En ZnBr,-K,SO4—saltblandning testades och
jamfordes med motsvarande ZnCl,-K,SO4-saltblandning. Blandningen med ZnBr, var mera
aggressiv vid 400 °C under oxiderande forhéllanden &n motsvarande blandning med ZnCl,.
En miétkampanj visade att rokgasen i pannan var berikade med Cl tillsammans med sma
méngder Br, samt Zn och Pb. Termodynamiska jamviktberdkningar indikerade att mdjliga
foreningar pa pannviggarna (400 °C) dr Na- och K-bromider och -klorider, i oxiderande
atmosfiar samt dessutom Zn- och Pb-sulfider i reducerande atmosfar. Jimviktsberdkningarna
korrelerade vél med resultaten fran beldggningsanalyserna.
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SEM/EDX Scanning electron microscope/energy dispersive x-ray
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1. INTRODUCTION

The utilization of waste materials through combustion and co-combustion increases their
contribution to the energy requirements of many countries. With rising fossil fuel prices, the
attractiveness of waste fuels increases. Waste fuels are abundant and cost-competitive energy
sources. Renewable Energy (RE) from waste is claimed to be a much cheaper source of
Renewable Energy than from most other RE sources (solar, wind, biomass) [1]. The steam
generated from waste combustion or co-combustion is utilized either for electricity production
or for district heating or for both in combined heat and power plants (CHP). Combustion/co-
combustion of waste and waste-derived fuels has other significant advantages apart from
energy recovery. It diverts material from landfills and avoids disposal costs, it reduces CO,
emissions via replacement of fossil fuels, it reduces the emissions of methane coming from
landfills and it has low environmental impact thereby conforming to strict directives [2, 3].

Until 2000, there was no legal ruling in the European Union (EU) obliging the recovery of
energy from the incineration or co-incineration process. In December 2000, the Directive
2000/76/EC [4] on the incineration of waste came into force. It stated that “any heat generated
by the incineration or the co-incineration process shall be recovered as far as practicable.” The
new Waste Framework Directive 2008/98/EC (WFD) [5] which came into force on 12
December 2008 allows highly efficient Waste to Energy Plants (WtE) to be classified as
energy recovery facilities rather than waste disposal, provides an important impetus for the
WE plants to acquire “energy recovery status”. To reach this status, however, a certain
energy efficiency factor needs to be achieved, requiring that WtE plants need to improve their
energy performance. The new Directives, that stipulate that the target of 20% renewable
energy set by EU in Directive 2009/28/EC [6] is reached, require an increase in power
production efficiency in steam boilers as well as in WtE plants. This requirement has brought
the challenges of optimizing the waste combustion process. One alternative to increase the
electricity (and heat) production efficiency is to increase the steam parameters. The rise of
steam temperature and pressure especially in waste-fired boilers significantly increases the
risk of fireside corrosion and thus exposes plants to unplanned shut-downs and costly
replacements of heat exchanger. A full bundle of superheaters for a 100 MW combined heat
and power boiler has been estimated to easily exceed the cost of 1 MEuro [7]. Many power
plants that burn challenging fuels experience failures of the boiler superheaters and/or
increased waterwall corrosion due to aggressive fuel components (already at low
temperatures). Therefore, in order to minimize problems in metal tube corrosion in waste-
fired boilers, the steam temperature is currently kept at a relatively low level. This factor,
however, limits power production efficiency to roughly 25% and such performance is not
satisfactory from the profitability point of view of the plant [8, 9].

The elements found in waste and waste-derived fuels that are commonly associated with high-
temperature corrosion are: chlorine (Cl), sulfur (S), there are also indications of bromine (Br);
alkali metals, mainly potassium (K) and sodium (Na) and heavy metals such as lead (Pb) and
(Zn). The two last may be present in the fuels at concentrations exceeding 1 wt-%, which may
result in significant amounts of heavy metals in the deposits [9-17].

1



Upon combustion, Zn and Pb may react with S and CI to form chlorides and sulphates in the
flue gases [18]. These specific heavy metal compounds are of special concern due to the
formation of low melting salt mixtures. Low-melting compounds entrained in the flue gases
pass the convective parts of the boiler and may stick to colder surfaces of furnace walls and
superheaters forming aggressive deposit that increases the risk of corrosion (additionally)
enhanced by the presence of molten salts [17, 19].

In waste-fired boilers the waterwall steel temperatures typically range from 300 °C to 400 °C
[20]. Alkali chloride (KCI, NaCl) induced high-temperature corrosion has not been reported
to be particularly relevant at such low material temperatures but rather at temperatures close
to 500 °C and higher [21]. However, the presence of Zn and Pb chlorides in the deposits that
leads to the formation of low temperature melts has been found to induce corrosion already in
the 300-400 °C temperature range [20, 22-24].

In order to predict the behaviour and resistance of boiler superheater and waterwall materials
during the combustion of demanding fuels, including at increased steam parameters, it is of
considerable importance that there should be extensive research on that subject. The boiler
owners tend to move towards increasingly complicated fuels and fuel mixtures. This is also a
big challenge for the boiler manufacturers and since it is difficult and sometimes expensive to
make full-scale corrosion tests over longer periods of time, it also provides a motive to
develop and perform corrosion tests in both the laboratory and in small-scale units where
testing of different boiler steels in simulated combustion atmospheres is carried out. The
laboratory tests give indications in a relatively short time about the corrosiveness of the tested
conditions, and they are relatively inexpensive. The results can usually be used in practice, for
example in the initial selection of the materials. The results of the laboratory tests help to find
triggers initiating corrosion, and they help in understanding the role of certain elements and
their effect on high-temperature corrosion, and that often results in the development of
preventive tools.

The temperature range of waterwall and superheater materials in biomass and waste fired
boilers is typically between 260-540 °C. In this thesis, the term high-temperature corrosion
refers to corrosion in the 250-600 °C temperature range.

1.1 Objectives

This work focuses on high-temperature corrosion of boiler tube materials induced by Zn and
Pb. The available literature deals to some extent with Zn related corrosion problems, but very
little attention has been paid to the role of Pb compounds. The mechanisms of high-
temperature corrosion in the Zn and Pb rich environments are not yet fully understood. The
objective of this work was to get better insight into high-temperature corrosion induced by Zn
and Pb, to estimate the relative corrosiveness of Zn and Pb containing compounds as a
function of temperature, and to try to establish mechanisms by which metal wastage in
environments containing these heavy metal compounds occur.



1.2 Approach

This thesis consists of six papers in which experimental work and measurements related to
high-temperature corrosion were carried out in laboratory, bench-scale and full-scale tests.
Firstly, pure ZnCl,, ZnO, PbCl, and PbO were tested on low-alloy and stainless steel to study
the difference in the corrosiveness of Zn and Pb chlorides and oxides as a function of
temperature (Paper I). As a continuation of the research, further laboratory tests with salt
mixtures containing ZnCl, and PbCl, were carried out (Papers II & III). To better understand
the fate of Zn and its role and effect on high-temperature corrosion specifically in waste-wood
fired fluidized bed boilers, high-temperature corrosion/deposit probe tests were performed in
a 30 kWy, bubbling fluidized-bed (BFB) reactor firing wood pellets doped with ZnCl, to
simulate waste wood. Specific issues of interest in this study included the general impact of
firing waste wood containing higher amounts of Zn and Cl and evaluation of the role of ZnCl,
in high-temperature corrosion (Paper IV). During the planning stage of further experiments
there were strong indications of bromides induced high-temperature corrosion of the
waterwalls. In consequence, a measurement campaign in a BFB co-combusting solid
recovered fuel (SRF) was performed to determine the occurrence of corrosive Cl-, Br-, Zn-
and Pb-compounds in the fuel, in the furnace vapours and in the waterwall deposits. Since
both Cl and Br were found in the corrosion front, the second part of the work was focused on
determining the relative corrosiveness of chlorides and bromides by means of laboratory
experiments. ZnBr,-K,SO,4 containing salt mixtures were chosen for testing because further
comparison with corresponding ZnCl, containing mixtures used in previous tests was then
possible (Papers V & VI).

2. BACKGROUND

The most common technologies for heat and electricity production from waste are nowadays
incineration in grate fired boilers in WtE plants and in fluidized-bed boilers [25]. The
following chapter gives a brief description of fluidized-bed (FB) technology and emphasizes
the bubbling fluidized-bed type since this type of boiler was used in two experimental studies
performed in this work. Further, BFBs boilers are more commonly used when biomass, or
other highly reactive, low-grade fuels are used [26]. The chapter also describes typical groups
of commercially available boiler tube materials used in power plants, focusing on the
materials that were selected for testing in this work. This part gives also an overview of the
waste fuels rich in Zn and Pb. The chapter contains also a thorough literature review on
available research concerning Zn and Pb related corrosion problems in industrial boilers.

2.1 Fluidized Bed technology

The studies on fluidized-bed technology for power generation evolved at the end of 50’s and
the beginning of the 60’s, when research on coal combustion in fluidized-beds was initiated
by the British Coal Utilization Research Association and the National Coal Board of the UK.
The idea of burning coal in FB instead of gasifying was promoted by Douglas Elliot from the
early 60’s [27]. At the beginning of the 80’s it was affirmed that the development of FB
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boilers had reached the commercial phase for both heat and electrical energy production [28,
29].

A fluidized-bed boiler is a type of steam generator where fuel is burnt in a fluidized state. The
fluidized bed is based on the even distribution of air or gas upward through fine bed material
e.g. sand. The fuel constitutes only a minor fraction of the total bed material (1-3%). The bed
is said to be fluidized when the individual particles are suspended in the air stream.

There are two principal types of fluidized bed boilers:

— Bubbling fluidized bed (BFB) - with increase in air velocity the bed of solid particles
behaves like a boiling liquid — it fluidizes.

— Circulating fluidized bed (CFB) - at higher air velocities than in the BFB bubbles
disappear and the bed particles fill the whole freeboard and are recirculated via
cyclones to the bed.

Both types can be designed to operate under either atmospheric pressure (for steam
generation) or under high pressure (in combined-cycle applications).

2.1.1 Bubbling Fluidized Bed boiler

Bubbling fluidized bed boilers are quite common for the combustion of fuels characterized by
low heating value, high moisture, high volatiles and low char content such as biofuels, and for
low grade fuels such as (waste) recycled fuels. CFB boilers are mainly used for combustion of
coals [26, 28]. The fuel flexibility in BFB boilers is possible since the combustion
temperature is kept at a relatively low level, about 800-900 °C, thereby reducing risk of
fouling and slagging. The possibility of combustion or co-combustion of diverse fuels is one
of the biggest advantages of BFB boilers. Typical parameters of BFB units [25, 28] are:

a) capacity
- 1-50 MWy, but there are also larger units with installed capacity up to 300 MWy,
b) working fluid

- water in the economizers 130-350 °C

- water in the furnace walls 250-350 °C

- saturated/superheated steam up to 170 bar/540 °C (the surface temperatures of superheaters
are usually 35-50 °C higher than the steam temperature in the tubes)

c) steam capacity

- 2-160 t/h and more
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Figure 1. Schematic picture of Stora Enso Anjalankoski co-incinerating BFB boiler [10]. 1. Lower furnace, 2.
Freeboard, 3. Convective section (tertiary, secondary and primary superheaters), 3a. Convective section (economizers
and air preheaters).

A typical bubbling fluidized-bed boiler is shown in Figure 1. This specific boiler is described
in more detail in Section 3.3.1. A BFB boiler can be divided into three major sections:

1.

2.

Lower furnace — the bottom of the furnace is composed of a grate with nozzles
through which primary combustion air is distributed into the fluidizing bed, which
commonly consists of sand and ash. The fuel can be fed into the boiler, depending on
the fuel, in two ways: over-bed or below the bed surface. The fuel constitutes only a
small fraction of the bed material, around 1-3% and its combustion takes place mostly
in the bed. The walls of the lower furnace hold the bed material and are made of
refractory material which minimizes heat loss from the bed and protects waterwalls
from erosion.

Freeboard — is the space above the bed. In this section there are the secondary and
tertiary air ports. In the freeboard combustion of the finer particles and volatiles
continues. The furnace walls are usually composed of tubes forming membrane
waterwalls. The water enters the waterwall tubes at the bottom of the furnace and the
heat from the combustion turns it into a water/steam mixture which rises due to the
density difference and leaves the waterwall tubes at the top and enters the steam drum.

Convective section — steam from the steam drum is directed to the superheaters which
are part of the convective section where steam is superheated above the steam



saturation point. Typically, a BFB consists of primary, secondary and tertiary
superheaters. Out of all parts of the boiler’s convective section, the tertiary and
secondary superheaters are the hottest, so the most susceptible to corrosion.
Economizers and air preheaters are placed further in the flue gas duct where the flue
gases and material temperatures are much lower but the conditions, though less
harmful, are often still corrosive [25, 29].

2.2 Selection of boiler tube materials

To ensure efficient and economical performance and availability of the boiler proper materials
for the superheaters, preheaters and membrane waterwalls must be selected. The desired
mechanical and physical properties of materials for boiler heat transfer surfaces are
predominantly: corrosion resistance (also resistance to steam-side oxidation); yield strength
(part of the boiler tubes is in the temperature range where yield strength is crucial and is used
as the dominating design criterion); creep rupture strength (the stress which, at a given
temperature and in a given time will cause a material to rupture); ductility (determining the
suitability of a material for a given application); and weldability (ability of the materials to be
welded). Important aspects in selecting materials suitable to the particular application include
the information of the target, maximum operation temperature (this affects also tube wall
temperature), flue gas temperature and composition, local atmosphere, and fuel composition.
Beside the mechanical requirements, the price of the materials also plays an important role, so
the selection of boiler tube materials starts from the cheapest carbon steel, moving to low-
alloy steels, to high-alloy steels, and then to the most expensive stainless steel/austenitic
stainless steels etc. to meet the critical demands of the combustion environment [30, 78]. The
costs of superheater materials are large and the length of the steel tubes needed for the
manufacture of heat transfer parts can be counted in kilometers. As indicated by Enestam [25]
the cost of one tertiary superheater for a large-scale BFB can vary between 100,000 and
500,000 € depending on whether a low-alloy or a high chromium steel is chosen.

The materials chosen for testing in this work were selected to represent different the groups of
the steels: non-alloy steel (St.45.8/111), low-alloy steel (10CrMo-9-10), and austenitic stainless
steels (AISI 347 and Sanicro 28). Those steel groups are briefly described in this section.

The most interesting materials based on resistance and costs are non-alloy (carbon steel) and
low-alloy steels to which very little of alloying elements are added. Carbon steel is made of
iron and carbon, the latter responsible for steel’s properties. Low carbon content (<0.2%)
influences the elasticity of iron. With increasing carbon content (up to 1%) the steel becomes
harder and stronger but more difficult to weld [31]. The low-alloy steels are alloys of iron and
<5% of other alloying elements such as Cr, C, Mn, Mo, Si and P. The minor alloying
elements have the role of improving steel’s mechanical properties and resistance to
corrosion/oxidation. Some of the elements that improve steel’s properties may even, in certain
corrosion environments, have a harmful effect on the corrosion resistance [32]. For example
Mo increases oxidation resistance but alloys containing 3-4% Mo are basically designed to
withstand reducing, acid conditions and are not well suited for oxidizing conditions [33]. On
the other hand Mn improves weldability and increases the strength of metal, but is not a
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desired element when resistance against sulfidation is required [34]. Thus when choosing an
application for a material its composition, including minor alloying elements, must be well
studied. The low-alloy materials are popular due to their low cost, versatile properties, and
wide range of available grades. The maximum temperature range allowed for the use of low-
alloy steels (depending on alloying elements) is estimated to be 500-570 °C [78]. However,
low-alloy steels may not always provide the desirable resistance against high-temperature
corrosion, especially in aggressive environments. So, in order to withstand more demanding
environments and elevated temperatures steels with higher Cr content are the next choice. The
Fe-Cr steels with 5-12.5% Cr are called high-alloy steels while the iron-based steels with
more than 13% Cr, 0-22% Ni and minor amounts of C, Nb, Cu, Mo, Se, Ta, and Ti are in
general called stainless steels. These materials have high corrosion and heat resistance and are
easily fabricated. The corrosion resistance of stainless steels relies on passive Cr,O; layer
formation which provides protection from further oxidation of the metal. The increasing Cr
content improves corrosion resistance in more severe environments, including at elevated
temperatures. Fluctuating temperatures, however, cause the expansion of metal/oxide leading
to spalling and/or cracking of the protective scale, exposing unprotected metal to further
oxidation. In the absence of oxygen the formation of protective oxide is retarded and metal is
exposed to direct attack. The stainless steels can be divided according to their metallurgical
structure (for example): ferritic (with a body-centred cubic crystallographic structure),
martensitic (distorted tetragonal structure), austenitic (face-centred cubic structure) and
duplex (containing roughly 50% of austenite and 50% of ferrite). Pure iron has a body-centred
crystallographic structure (ferrite). However, when certain elements (also called austenite
formers) are added to stainless steel, notably Ni but also C, N, Mn and Co, the structure
changes from body-centered to face-centered and austenite is formed. These small changes
noticeably influence the properties of the steel, and therefore the austenitic stainless steels
have the widest usage of all stainless steels due to their beneficial corrosion resistance, good
mechanical properties and ease of fabrication. To achieve benefits in the form of increased
resistance to corrosion, the austenitic stainless steels usually contain more Cr. But to induce
the transition from ferritic to austenitic, the addition of Ni is required along with increasing Cr
content in the steel. The price of Ni significantly exceeds that of Cr, so the relative price of
austenitic stainless steels can be as much as 25 times higher than the price of low-alloy steels
(as indicated in Table 1) [25, 35]. Many alloys demonstrate excellent corrosion resistance but
those materials may have poor strength at high temperature and pressure that significantly
limits the utilisation of such alloys. Composite tubes consist of two different materials which
are metallurgically bonded together. An internal layer, which is composed of non-alloy or
low-alloyed steel is clad with a highly alloyed stainless steel or nickel based material.
Cladding not only improves the corrosion resistance but also adds strength to the tube [36,
78].

The detailed composition of common boiler tube materials, which were exposed to high-
temperature corrosion tests and further investigation within this work are listed in Table 1.



Table 1. Common boiler tube materials tested within this work.

Name Categor, Relative Application DLl S
gory price/kg* PP Fe _Cr Ni__C_ Mo Mn Si_Nb PsS

St.45.8/111 Non-alloy steel 1.5 membrane walls 95,8 0,2 - 2,85 - 0.8 0.3 - <0.2
10CrMo9-10 Low-alloy steel 3 superheaters® 95,9 2,2 - 0,07 1.0 0.4 0.2 - <0.2
AISI 347 Austenitic 85 superheaters® 687 181 109 004 - 09 05 08 <02

stainless steel

High-alloy
Sanicro 28 austenitic 28° superheaters 36,1 274 319 0,11 3.5 1.1 0.5 - <0.2

stainless steel

“March 2012," price for composite tube, ° taken from Enestam, S [25], ¢ analysed with SEM
2.3 Waste fuels containing Zn and Pb

Since Zn and Pb have been found in considerable amounts in deposits in waste-fired boilers
[20, 37] some waste-fuels that contain these elements are presented in this chapter.

2.3.1 Recovered waste wood (RWW)

Recovered waste wood (RWW) includes all kinds of wood material that is available at the end
of its use as a wood product and originates mainly from construction and demolition activities
and from commercial and industrial sources. However, it usually also contains non-wood
components such as metal parts (nails, handles, screws, hinges, wires, fittings), plastics
(flooring, wallboards, sheeting, electrical wires), paints and surface treatments (siccatives,
binders, preservatives) [38]. The price of RWW makes it a more attractive fuel compared to
pure wood. As indicated by the Swedish Energy Agency, the prices of RWW during the last
few years were 40-60% lower than those of various types of virgin wood [39]. Krook et al.
[40] published the average amounts of the contaminating materials present in RWW:

- Surface-treated wood 15 wt-%

- Preservative-treated wood 3.5 wt-%
- Soil 0.6 wt-%

- Plastics 0.1 wt-%

- Iron/steel 0.5 wt-%

- Concrete 0.05 wt-%

An estimation of the amount of waste wood in 20 of the 22 European Union (EU) member
countries (Austria, Belgium, Bulgaria, Croatia, Denmark, Finland, Germany, Greece,
Hungary, Ireland, Italy, Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovenia,
Spain, Sweden, and U.K.) showed that about 30 million tons are produced annually, which
corresponds to about 13% of the annual round wood consumption of 227 million tons and
about 444 PJ/a or 0.7% of the total energy consumption of 67 000 PJ/a. Another source says
that around 10 million tons of waste wood is produced yearly only in the U.K., most of which
goes to landfills [38]. Currently within the EU 34% of waste wood is used for power
generation, 38% is being recycled; and 28% is being composted or put into landfills [41].



2.3.2 Municipal solid waste (MSW)

MSW is a heterogeneous fuel with no or little pre-processing originating from domestic and
industrial sources. Vainikka [42] compiled MSW composition data from different sources and
the main MSW fractions are as follow:

- Organics 30-40 wt-%

- Paper/Cardboard 15-25 wt-%

- Plastics 7-15 wt-%

- Metal, glass, textiles 1-7 wt-% (each)
- Other 18-30 wt-%

According to the Confederation of European Waste-to-Energy Plants (CEWEP), which covers
90% of the Waste-to-Energy Plants in Europe about 69 million tonnes of household and
similar waste that remains after waste prevention, reuse and recycling, was treated in WtE
plants in Europe in 2008. That is equivalent to 28 billion kWh of electricity and 69 billion
kWh of heat [43]. Overall incineration in EU-27 (with or without energy recovery) accounted
for 129 million tonnes of treated MSW in 2008. The amount of incinerated MSW and similar
waste has increased by 20% since 2004. The described growth results from continuously
increasing incineration of MSW and refuse-derived fuels for power production [44].

2.3.3 Solid recovered fuel (SRF)

Solid recovered fuels (SRF) has to be distinguished from other waste-derived fuels, often
called refuse derived fuels (RDF), which do not meet the requirements of the European CEN-
TC standard. SRF is a fuel derived from MSW and commercial & industrial waste through
industrial processes and can be considered as waste-derived fuel, the quality of which is
controlled, classified and certified according to the European Committee for Standardization —
CEN/TC 343 [45]. SRF contains mainly:

- Paper 40-50 wt-%
- Plastics 25-35 wt-%
- Textiles 10-14 wt-%

High amount of plastics contributes to high calorific value of the fuels, thus SRF’s derived
from MSW have lower heating value than when derived from selected commercial waste [46,
47]. SRF is divided into 5 classes which are determined by boundary values of specific fuel
properties which are relevant to economic factors (heating value), technological restrictions
(amount of Cl) and environmental aspects (Hg) [46].

2.3.4 Refuse derived fuel (RDF)

There is no standard definition of the term Refuse Derived Fuel and the term is interpreted
differently in different countries [48]. Generally speaking RDF is a processed, high calorific
fraction of MSW, meaning that the waste is shredded, sorted and fractions such as for
example metals and glass are separated. The separation process increases the organic material,



thereby also increasing the heating value [70]. Below is an example of the major components
in RDF produced in Attica/Greece [49].

- Printed paper 38 wt-%

- Packaging plastics 26 wt-%
- Packaging paper 16 wt-%

- Cloth 11 wt-%

- Other paper 5 wt-%

- Other plastics 1 wt-%

- Organics 1 wt-%

- Wood 0.5 wt-%

Although RDF has a similar composition as SRF, RDF does not meet CEN/TC 343 standards
[45].

The production of RDF from MSW grows fastest in EU member countries i.e. Austria,
Germany, Netherlands, with high levels of MSW source separation and recycling as the
recycling generates high calorific residues suitable for RDF. The total quantities of RDF
produced from MSW in the EU in 2003 have been estimated to amount to over 3 million tons
and are increasing [48].

2.4. Sources of Zn, Pb, Cl and Br in waste fuels
Zinc

Galvanizing is one of the largest industrial applications of Zn [50]. Galvanized fastening
systems are considered as a potential source of heavy metals, particularly of Zn. Another
common source of Zn in waste fractions is brass (Cu-Zn alloy) as well as other alloys. Tinted
glassware, apart from Si and Cu, also contains Zn [51]. Zn is also used in plastics as an acid
scavenger and filler in the form of ZnO [52]. In recovered waste wood mainly surface
treatments, such as white pigment in paints, contribute to an increase in the amounts of Zn
[40, 53]. Zn is also a plant nutrient and is naturally present in small amounts in wood [54].
Moreover Pb- and Zn-containing compounds are widely used in PVC as stabilizers [55].

Lead

Nakamura et al. [56] found that up to 90% of the Pb in waste originates from batteries,
glassware and electric appliances and light bulbs etc. If the highly contaminating items
(batteries, glass, light bulbs) are excluded from waste the main sources of Pb are most likely
to be plastics, textiles, rubber and leather, present as lead oxide (white pigment) and lead
stearate [56]. Also, as mentioned already above, Pb is a common metal stabiliser used in PVC
[52]. In RWW, Pb typically originates from different surface treatments such as siccatives and
colouring pigments [40, 53].
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Chlorine

It is generally known that the Cl present in waste originates mainly from chlorinated plastics,
mainly polyvinylchloride (PVC), or food residues which contain dietary salt. Approximately
70% of the Cl in MSW has been estimated to originate from plastics, particularly PVC [48,
57]. In addition to its use in PVC, chlorine is used in flame retardants [58]. Wood surface
treatments also contribute to increased levels of Cl. Those treatments may be paints and its
additives, adhesives, binders etc. [59]. Cl is also a plant micronutrient and is present naturally
in wood [60], so Cl present in RWW may originate to some extent from wood itself.

Bromine

Vainikka P., [42] compiled the major sources of bromine in solid waste fuels. It was reported
that bromine is widely used in brominated flame retardants (BFRs) and over 90% of all
electrical and electronic equipment is flame retarded. The SRF which is a fraction of MSW
typically comprises 35-50% textiles and plastics [47, 61]. In both of these fractions flame
retardancy is often required. Other important sources of Br resulting from the usage of BFRs
but present to a smaller extent in solid waste fuels are building and construction applications
in which construction board and extruded foams are utilize. Further, plastic parts used in the
transportation sector may be mentioned [42]. Therefore, the likely sources of bromine in solid
wastes are brominated flame retardants (BFRs) [62].

2.5 Corrosion in waste fuel fired boilers

In ambient atmosphere and temperature corrosion rates are determined by two essential
factors: water and oxygen. At this temperature stainless steel will not corrode in dry or low
humidity air, while an increasing temperature speeds up electrochemical and chemical
reactions and that significantly increases corrosion rates. High-temperature environments such
as the ones present in energy conversion systems where different fuels are burnt are complex.
The atmosphere, apart from the effects of elevated temperatures, may be oxidising or
reducing, containing gaseous, solid, semi-molten or molten, corrosive chemical compounds.
Thus the overall nature of such environments is determined by the amounts of specific gases,
vapours and molten chemical compounds [35].

High-temperature corrosion of superheaters in biomass boilers is frequently experienced and
was assumed to be induced to a considerable extent by alkali (Na, K) chlorides [77]. There are
hardly any reported waterwall corrosion experiences from the combustion of virgin biomass
(wood, crops or their residues). With the introduction of, for example, recovered waste wood
into biomass combustion, problems relating to deposit formation, aggravated superheater
corrosion and corrosion of waterwalls have been reported [63-66]. Similar observations have
been reported regarding municipal solid waste incineration as summarised by Wright and
Krause [67], and the combustion of solid recovered fuel [10]. In the case of waste-fired
boilers it was concluded that the NaCl and/or KC1 and HCI which are present in high amounts
could not have been the only cause of increased corrosion at lower (when comparing to
biomass-fired boilers) material temperatures [68]. The problem of a corrosive environment in
waste-fired facilities was already known in the mid-60’s but then it was believed to occur
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mainly due to reducing conditions [71]. Further investigations from the 70’s and 80’s showed
that in the deposits from such facilities, in addition to the typically found elements (Na, K, S,
Cl), elevated amounts of Zn and Pb were often identified. The problem of Zn and Pb rich
corrosive deposits was then determined and investigated and still persists to this day [7, 17,
20, 22, 69-74]. Lately, indications of bromides induced high-temperature corrosion have also
been reported [10].

2.5.1 (Alkali) Cl-induced corrosion

The available literature quite extensively covers problems of chloride related corrosion
occurring mainly but not exclusively in biofuel fired boilers [75-79]. The chlorine/chlorides are
described in literature to induce corrosion of superheaters in many ways. Generally it is
accepted that it is either due to the flue gases containing Cl, and HCl which may cause direct
corrosion or via deposition of alkali chlorides (NaCl, KCI) on superheater tubes. It was also
suggested that the Cl-containing species may interact with SO, and/or SO; forming sulphates
and enhancing corrosion by released Cl [80]. All those phenomena may be present and act
together resulting in a greater corrosion than would result from gases or deposit alone [77, 80].

In oxidising conditions a dense oxide layer grows on the metal surface which provides
protection from further oxidation and against other gaseous species. The high Cr steels rely on
a formation of a dense and protective Cr,O; layer, while iron oxides formed on iron-based
steels are porous, thus providing only limited protection. The accelerated corrosion of metals
due to the activity of the gaseous species Cl,/HCI was first described by McNallan [81] and
this phenomenon is often referred to as active oxidation. The active oxidation causes a linear
oxide layer growth producing a non-protective oxide layer. Grabke et al. [79] presented this
phenomenon later on by means of chemical reactions which are described further in the text.
In order for active oxidation to occur, Cl, or HCI must be present in the flue gas/deposit
which, if present, penetrates the oxide scale (present on each metal in an oxidizing
environment) through the pores and cracks down to the metal surface and the metal chlorides
(M=Fe, Cr, Ni) are formed according to reactions (1) and (2):

Me(s) + Clx(g) = MeCly(s,g) (1)
Me(s) + 2HCI(g) = MeCla(s,g) + Ha(g)  (2)

The formed metal chlorides evaporate continuously due to their significant vapour pressure
and diffuse outward (reaction (3)). Finally, in regions of higher oxygen partial pressure
conversion into oxides takes place, reactions (4) and (5) [78]:

MeCly(s) = MeClx(g) (3)
3MeCly(g) + 20,(g) = Me304(s) + 3Cly(g)  (4)
2MeCly(g) +3/2 Ox(g) = Me;0s(s) + 2Clx(g)  (5)
Salmenoja et al. [82] showed that in oxidizing conditions HCI] enhances degradation of Fe and

binary Fe-Cr steels but significant corrosion on high Cr alloys is observed only above 600 °C.
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In combustion conditions HCI is the dominant gaseous Cl species. Wright and Krause [67]
reported, however, that some elemental Cl, may possibly be formed in combustion products
by oxidation of HCI. The metal oxide is serving as a catalyst and the formation of Cl, should
be enhanced at low p(H,O) in the flue gases (Deacon Process), reaction (6). Hupa et al. [85]
indicated additionally that reaction (6) at higher temperatures with increased H,O and low O,
favours the formation of HCI. Therefore, according to Hupa et al. [85] the corrosion induced
by the presence of Cl, may be omitted in the lower furnace region in refuse-fired boilers, due
to the high flue gas temperatures (exceeding 600 °C):

2HCI(g) + 72 O2(g) = Clx(g) + H:0(g)  (6)

Alkali chlorides carried by flue gases may stick on the surface of boiler tubes forming
corrosive deposits. The interaction of alkali chlorides with steels leads to the formation of
non-protective chromates and ferrites and also to the release of Cl,/HCI through interactions
with the oxide scale [17, 78, 79, 83], e.g. reactions (7)-(9):

2(Na, K)CI(s) + Fe,05(s) + % Oa(g) = (Na, K),Fe;,04(s) + Cli(g)  (7)
4(Na, K)CI(s) + Cry05(s) + 5/2 Ox(g) = 2(Na, K),CrO4(s) + 2Cly(g)  (8)
or
4(Na, K)CI(s) + Cry05(s) + 2H,0(g) + 3/20(g) = 2(Na, K),CrO4(s) + 4HCI(2)  (9)

The Cl; released via reactions (4)-(8) is expected to be released mainly into the atmosphere,
but Grabke et al. [79] reported that part of the Cl, may diffuse back to the metal/oxide
interphase, repeating the chain of the described reactions, and as a result creating a cycle. The
penetration of Cl, through the pores and cracks of the oxide scale as well as its cycle is not
fully understood. According to Petterson et al. [84] and Lehmusto et al. [111] the significance
of reactions (8) and (9) in the corrosion of stainless steels lies not only in the release of the
Cl,/HCI but also in the destruction of protective Cr,Os by formation of alkali chromates,
which is the mechanisms that initiates rapid corrosion at high temperatures.

In reducing conditions, the protective oxides do not develop or are discontinuous. The Cl-
species can then react directly with the metal surface to form metal chlorides and the
corrosion rates were shown to be higher in reducing than in oxidizing conditions [85].

2.5.2. Speciation of Zn and Pb during combustion of waste-derived fuels

Combustion of waste fuels in BFBs may cause that the flue gases will be enriched with zinc
and lead compounds [86]. The Zn and Pb are found mostly in the form of oxides and salt of
chlorine and sulfur in the ash but the dominating forms of those elements change
continuously due to fluctuations in gas composition, temperature and ash composition [80].
There are also significant differences in the behaviour and volatility of Zn and Pb in reducing
and oxidizing conditions [86]. The atmosphere in boilers firing waste-derived fuels is usually
rich in HCI that promotes the formation of ZnCl,, in addition to the more stable ZnO and
PbCl,. The Zn and Pb chlorides are mostly present in low-temperature zones, and are
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characterised by higher volatility at higher temperature [87]. However the eutectic mixtures
containing ZnCl, form a melt at waterwall temperatures, while mixtures with PbCl, (with
some exceptions) are most likely to form melt at superheater temperatures [67]. When the
conditions are reducing, both elements will be present as monoatomic gases. According to
Backman et al. [86], formation of gaseous chlorides of Zn and Pb will be suppressed when
alkalis (K, Na) are present in the system, since the latter two are the more stable chlorides.
Again the situation changes when S is present. The stable form of S in oxidising conditions is
S0O,/SO3 which reacts with alkali and heavy metal chlorides to form sulphates releasing HCI.
This in turn, will induce formation of ZnCl, and PbCl,. The reduced form of S (H,S)
prevailing in reducing conditions was shown to have no influence on the volatility of the
discussed heavy metals. Backman et al. [86] indicated further that the formation of Zn and Pb
chlorides may be controlled by alkali and sulfur (ratios). The global equilibrium calculation
showed that, in the case of refuse-fired boilers when alkalis, S, Cl and heavy metals are
usually present, Zn and Pb will most likely condense first as sulphates and then as chlorides
(on tube surface <400 °C) while in reducing conditions the corresponding compounds are
ZnO and PbS. This situation leads to the formation of a sticky, partly molten, corrosive
deposit [18, 86]. Fluctuating conditions and continuously changing fuel composition may lead
to aggressive conditions in waste-fired boilers.

2.5.3 Corrosion by Zn and Pb containing deposits

Zn and Pb corrosion has often been related to the formation of low-temperature melts that in
combination with other elements from the deposit may act as a fluxing agent, leading to the
dissolving of the protective oxide and resulting in severe corrosion [68, 88]. The presence of
Pb and Zn chlorides was reported to decrease the first melting temperature of the deposit
down to 200 °C - 300 °C, a factor which has been considered to have a significant influence
on corrosion rates [9, 17, 20, 23, 24]. There have been very few studies handling the
individual roles of Zn and Pb in the corrosion of boiler tube materials so the detailed
corrosion mechanisms caused by those heavy metals have not yet been fully understood.

One of the first laboratory studies that investigated corrosion mechanisms in refuse-fired
boilers was by Daniel et al. [68] and took place in the late 80’s. In the experiments carbon and
high-alloy steels were exposed to a 84ZnCl,-16NaCl wt-% mixture at 316 °C temperature
which approximated to the maximum surface temperature of the furnace wall tubes in one of
the refuse fired boiler. The tested carbon steel corroded severely under the test conditions and
the corrosion was estimated to be of several hundred mpy (milli inch per year, 1 mpy=0.025
mm/y). Based on the test results, the severe corrosion of the boiler materials by ZnCl,
containing deposits were estimated to be mainly due to the presence of a liquid phase in the
deposits and the fluxing (dissolving) of the protective oxide layer by the ZnCl, containing
deposits. Also, the fluctuating conditions between reducing and oxidising were assumed to
facilitate oxidation of formed FeCl, that could have resulted in the release of free Cl which
could then be available for further reactions. In the following series of laboratory studies
Daniel et al. [72] tried to identify particularly the corrosive constituents in deposits from
refuse-fired boilers. Several salt mixtures composed of alkali chlorides, -sulphates, metal
chlorides and Zn- and Pb chlorides and sulphates were prepared and tested at temperatures
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representing the lower range of furnace wall surface temperature - (260 °C) and the upper
range of superheater material temperatures - (566 °C). At 260 °C the heaviest attack was
observed on carbon steel exposed to chloride mixtures containing also ZnCl,, while the
presence of PbCl, was found to have no evident effect on the corrosion rates at 260 °C. The
important result was observed in tests at 566 °C, when the coupons of stainless steel TP304
were totally consumed by all the tested salt mixtures which contained PbCl, or PbCl,/PbSOs.
Further, Miller and Krause [73] showed in their work that stainless steel corroded severely
when exposed to PbCl, at 537 °C and to a somewhat lesser extent when exposed to ZnCl,.

Lately, more detailed corrosion mechanisms describing the degradation of steels exposed to
Zn- and Pb-compounds have been suggested. These studies were focused, however, mainly on
salt mixtures containing ZnCl, (often KCI-ZnCly) [17, 22, 89-94], while only a little work has
been done with PbCl,[17, 95, 96].

Spiegel [17] reported that experiments with pure ZnCl, and PbCl, at 500 °C and 600 °C (He-
5%0,, H,0<10™bar) resulted in an enhanced degradation of 10CrMo09-10 and AC66 steels,
while insignificant corrosion rates were measured at 400 °C. Exposures of low-alloy steel to
molten ZnCl, resulted in a formation of oxide layer consisting mainly of Fe;O4 and a ZnFe,04
spinel. No fluxing of the scale was indicated. Similarly, also on an austenitic stainless steel
(AC66) a Zn-rich spinel, (Fe, Zn)Cr,O; was suggested to be a corrosion product. The
suggested mechanism of formation was direct oxidation of ZnCl, and further reaction of ZnO
with Fe;Oj; (in the case of 10CrMo09-10 steel) or Cr,O3 (AC66) (reaction (10)):

ZnCly(1, s) + 1/20,(g) = ZnO(s) + Clx(g) (10)

The enhanced corrosion of 10CrMo09-10 after exposures to PbCl, at 500 °C and 600 °C was
described as occurring due to the presence of molten chloride. Precipitated Fe,O; was
observed in the corrosion products, so fluxing of the oxide scale by the PbCl, melt was
suggested as a mechanism. On AC66 steel Fe,Os; and PbCrO, were listed as detected
corrosion products. The formation of PbCrO,4 was described by reaction (11):

2PbCly(1) + CraOs(s) + 5/204(g) = 2PbCrO4(s) + 2CL(g)  (11)

Li et al. [89] tested pure Fe, Cr, Ni and Fe-based (with different Cr content) alloys with a
55ZnCl,-45KCl1 (mol%) mixture at 400-450 °C in pure O, which resulted in a heavy corrosion
and the formation of a thick and porous oxide scale. The overall mechanism was the same as
that stated by Spiegel [17] with the distinction that the reaction of oxidation of ZnCl, (reaction
(10)) will produce a molten salt mixture enriched with KCI which was indicated to react with
the Fe- and Cr-oxides present on the steels as in reactions (12) and (13).

4KCI(I) + 2Fe,05(s) + Oa(g) = 2K,Fe,04(s) + 2Cla(g)  (12)
24KCI(1) + 10Cr,05(s) + 905(g) = 12K>CrO4(s) + 8CrCly(l)  (13)

The Cl, produced by reactions (11) and (12) dissolves into the salt and acts as an oxidant for
Fe in all Fe-based materials; at the low oxygen partial pressure at the steel/salt interface Fe is
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dissolved into the Cl containing melt and FeCl; (indicated by Spiegel [17] and Li et al. [89,
90, 93]) or FeCl, (Ruh et al. [97]) is formed (reactions (14) and (15)):

Fe(s) + 3Cly(g) = 2FeCls(diss)  (14)
Fe(s) + Cly(g) = FeCly(1) (15)

Then the outward diffusion of the dissolved FeCls or FeCl, with the subsequent oxidation
occurs (reactions (16) and (17)). The outward diffusion of CrCl; and NiCl, is more restricted
when compared to that of FeCl;/FeCl, due to the limited solubility in the ZnCl,-KCI melt.
Therefore, according to Ruh and Spiegel [97], the solubility of metal chlorides in molten salts
determines the extent of corrosion degradation of certain metals.

2FeCly(diss) + 3/20, = Fe,05(s) + 3Cly(g)  (16)
2FeCly(l) + 1/20, = Fe,05(s) + 2CL(g)  (17)

The Cl, produced in reactions (16) and (17) was suggested to diffuse back to the metal/salt
interface and to continue further chlorination of the metal [93, 97].

Further studies by Li et al. [90] with the same salt mixture (48ZnCl,-52KCl, wt-%) at 400 °C
and 450 °C (static air), but with the FeAl and NiAl alloys, showed that the corrosion
resistance of the materials could be improved for high Al steels. The corrosion degradation for
Al-bearing alloys in a ZnCl, containing environment was described as differing from Al-free
alloys and to be due to the removal of Al by replacing it with ZnCl,. The Zn*" from the
ZnCl-melt rather than Cl, or O, was indicated as the oxidant of Al.

Pan et al. [91] and Lu et al. [92] used the same salt mixtures as Li et al. [90] but the
experiments were performed in a reducing atmosphere in the presence of HCI and H,S gases.
The scale developed in the atmosphere containing H,S was thicker than the one developed in
H,S-free gases, but the composition of both scales was similar. The same mechanism as
described by Spiegel [17] and Li et al. [89, 93] was proposed also in this case. Little was said
about the corrosion products formed and about the direct influence of H,S.

Otero et al. [95, 96] described the corrosion behaviour caused by a salt mixture containing
PbCl; (52-48 mol% PbCl,-KCl). They reported that the degradation rate of a 12CrMoV steel
was so fast that the test specimens “disappeared” completely after 120 hr at 450 °C and after
24 hr at 550 °C. The corrosion rate of the superalloy IN-800 was shown to be remarkably
lower at all tested temperatures (450-550 °C).

Spiegel [88, 98] reported that the sulphates of Zn and Pb are less corrosive than their
chlorides, though they have a strong influence on corrosion rates. The Zn and Pb sulphates
were also found to decrease the melting point of the deposit in waste-fired boilers. He showed
also that a mixture of Zn and Pb sulphates and sulphates of Ca, K and Na caused corrosion at
600 °C (in N»-5%0,) and that a sulphate melt containing the heavy metals was more
corrosive than a mixture of only Ca, K, Na sulphates. The basic fluxing which causes
dissolution of oxides into the sulphate melt was the proposed corrosion mechanism. The
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analysis showed that most probably ZnCr,O4 was formed on a high Cr steel in the inner layer
of the corrosion products demonstrating protection against further attack by sulphate melt.
Inversely, on the iron-based steels the formation of highly soluble iron-oxides was observed.
The formation of chromates was not observed. Also Fukusumi & Okanda [23] indicated that
Zn sulphate may be equally or more corrosive than the corresponding alkali sulphates. It was
shown that at 600 °C, for example, pure ZnSO; is equally corrosive as a mixture of Na,SOs-
NaCl, and a mixture comprising of ZnSO4-KCl caused more severe corrosion to carbon steel
than a corresponding mixture of K,SO4-KCl.

The presence of Zn- and Pb-oxides in the salt mixtures/deposits has been discussed very
briefly by Nakagawa & Matsunaga [99]. They investigated the effects of additions of ZnO
and PbO to mixtures of NaCIl-KCl and NaCl-KCI-Na,S04-K,SO4 on corrosion at 550 °C.
Both metal oxides caused accelerated corrosion of the tested alloys. It was suggested that if
Zn and Pb oxides are present close to the metal surface they may be converted into their
chlorides by free Cl, (the gas mixture contained 1000 ppm HCI). The presence of Zn- and Pb-
chlorides caused an increase of the amount of melt in the salt mixture which enhanced the
corrosion.

2.6 Concluding remarks on the literature

The combustion and co-combustion of waste-derived fuels has been reported to cause
corrosion of boiler tube materials already at low waterwall temperatures. The corrosion was
found to be related to the presence of Zn and Pb compounds in the deposits. The presence of
Pb- and Zn-chlorides was reported to decrease the melting temperature of the deposit down to
200-300 °C, a temperature range which has been considered to have a significant influence on
the corrosion rates. In order to efficiently prevent corrosion or to be prepared for the failures it
may cause, it is crucial to know how corrosive the elements present in the deposit and their
compounds are. The corrosion induced by alkali chlorides (KCI, NaCl) which are usually
present in significant amounts in waste fuels has been investigated in the literature quite
extensively. However there is not so much literature available on high-temperature corrosion
caused by the chlorides, sulphates or oxides of Zn and Pb. The problem of Pb and Zn rich
corrosive deposit was brought up in several reports. The mechanisms suggested in the
literature of corrosion caused by Zn- and Pb-chlorides containing ashes indicate that the main
mechanism is the fluxing of the oxide scale by molten heavy metal chlorides. The subsequent
chlorination of metal by the released chlorine continues the degradation of the steel. The Zn-
and Pb-sulphates also decrease the melting point of the deposits and are equally corrosive as
or more corrosive than the corresponding alkali sulphates. The fluxing of the oxide scale was
also suggested to occur. The sulphates were shown, however, to start to become aggressive at
higher temperatures than chlorides. Also, the oxides of Zn and Pb have been shown to cause
corrosion. Exposures to salts containing ZnCl, and ZnSO; lead to the formation of Zn-Fe and
Zn-Cr spinels, while the presence of Pb in a form PbCl, or PbSOy4 resulted in a Pb-Fe spinel
and Pb-chromate. The presence of Pb was found to be especially aggressive against high
chromium containing steels.
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3. EXPERIMENTAL METHODS

In this section, the experimental methods and equipment used within this thesis are described.
3.1 Laboratory method for high-temperature corrosion tests

The thesis includes four papers in which a laboratory scale high-temperature corrosion test
method has been used (Papers I, 11, III and VI). The laboratory tests were performed to
investigate the potential influence of Zn and Pb containing compounds/salt mixtures on high-
temperature corrosion of typical boiler materials. Different superheater materials were
selected and used in the experiments. The detailed compositions of steels are presented in
Section 4. The test specimens were machined to a size of approximately 20x20 mm and a
thickness of 5 mm. Before the experiments, all steel specimens were polished in ethanol using
first a 600 and then a 1000 grit SiC paper, then cleaned in an ultrasound bath and covered
halfway or around the edges with a protective paste. The covering with the protective paste
was incorporated in order to be able to determine the original surface after the corrosion tests
and/or to prevent molten salt from flowing off from the sample’s surface. Before the tests, the
specimens were also pre-oxidised in a furnace for 24 h at 200 °C and then covered with a
certain salt mixture (0.25g/specimen), which also can be thought to represent a simplified ash
deposit (synthetic ash). After this the material samples (up to 5 at a time) were exposed at
temperatures 250-600 °C in a horizontal tube furnace for 168 h (7 days), in an ambient or
reducing atmosphere. The gas composition under reducing conditions was 5 vol-% CO and 95
vol-% N, with a total gas flow of 2.0 /min at normal temperature and pressure (NTP). The
chemical compositions of the salt mixtures used in the experiments are presented in Section 4.
The corrosion furnace and the sample holder are presented in Figure 2. The salt mixtures were
prepared by mixing together all the components, then the mixture was heated up until it fully
or partially melted and cooled down to room temperature, when it was crushed and sieved to a
size of 53-250 pm.

Figure 2. a) sample holder for exposure up to 5 samples at a time, b) horizontal tube furnace (courtesy Mr L.
Silvander).

After the preparation process, the salt was analysed to check the influence of the heat pre-
treatment on the salt composition. The aim of the pre-treatment was to homogenize the mixture.
After the corrosion tests in an ambient atmosphere, the specimens were allowed to cool down to
room temperature outside the furnace. The samples from tests in reducing atmosphere were
cooled down to room temperature in a flowing N, gas. The samples were then placed in a
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mould and cast in epoxy, then cut off in the middle to reveal the specimen’s cross-section. The
cross-section surfaces were further polished in kerosene, using 1000 and 1200 grit SiC paper,
cleaned with petroleum ether in an ultrasound bath. Kerosene was used as a polishing lubricant
in order to avoid dissolution of chlorine containing compounds. The samples were then
analysed with Scanning Electron Microscope/Energy Dispersive X-ray (SEM/EDX) using
backscatter electron mode to identify various chemical elements. The corrosion products were
identified using X-ray images. The corrosion layer thickness was determined using SEM
backscatter images. Several SEM images were combined into one panorama picture. The
panorama pictures were then digitally treated by using contrast differences. An example of the
treatment stages of a typical SEM panoramic picture is shown in Figure 3.

Steel specimen

ash (salt) panibles

steel specimen

steel specimen

Figure 3. A steel sample cross-section and a schematic view of SEM pictures coloring stages in order to determine
oxide layer thickness (Paper II).

After the panoramic images have been coloured, the thickness of the corrosion layer was
determined for each vertical line of pixels and recalculated into um [21,100]. The corrosion
layer was defined as the thickness of the oxide layer, corrosion products (other than oxides) or
degraded material for each line. In Figure 4a a schematic picture of a sample cross-section
after a corrosion test with different types of corrosion is presented. Figure 4b shows the
principle of thickness measurements of each of the corrosion layers. The final result was
reported, depending on the type of the corrosion attack, either as the mean thickness of the
individual layer or the total thickness (mean value) of affected region. To facilitate the
analysis and the comparison of the results the certain ranges of the corrosion layer thickness
were specified. The thickness ranges, however, should not be taken as exact but rather as
indicative numbers:

- <1 um - insignificant corrosion

- 1-20 pm — detectable/low corrosion

- >20 um - significant corrosion

- >60 um — very high corrosion
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Figure 5. The oxide layer thickness distribution curves for 10CrMo09-10 steel exposed with ZnCl, and PbCl, at 450 °C
(Paper I).

In Figure 5 the corrosion test results are presented as oxide layer thickness distribution curves.
The curves show the distribution of the oxide layer thickness expressed as a percentage across
the ~4 mm of the sample length. The shapes of the oxide layer distribution curve might be
used to estimate the type of corrosion attack. For example the distribution curve achieved
from the tests with ZnCl, (Figure 5, on the left) tends to fit to a relatively narrow, normal
distribution curve. This indicates a relatively uniform corrosion attack. The distribution curve
from the test with PbCl, (Figure 5, on the right) is flat and the data points are distributed

widely. This results in a very uneven scale thickness and implies a strongly localized
corrosion attack.
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3.1.1 SEM-EDX

The metallographic cross-sections (Papers I, 11, III, VI) as well as the cross-sections of the
deposit samples (Paper V) were characterized with the use of a SEM - LEO Gemini 1530
with a Thermo Scientific UltraDry Silicon Drift Detector manufactured by Leo (2001) and
EDX — ThermoNORAN Vantage X-ray analysing system manufactured by Thermo Scientific
(2009). The SEM-EDX is an advanced analytical technique to characterize the elemental
composition and surface structure of samples. The image of the sample is produced by
scanning it with a high-energy beam of electrons in high vacuum. A highly focused beam of
electrons emitted from an electron gun is accelerated towards the specimen. When electrons
come into contact with the samples a complex series of interactions occurs. The sample-
electrons interactions result in a variety of signals. These signals include secondary electrons
(SE) that produce SEM images, backscattered electrons (BSE), characteristic X-rays (used for
elemental analysis), visible light (cathodoluminescence - CL) and heat. Secondary electrons
and backscattered electrons are commonly used for imaging samples. SE show the
morphology and the topography of the samples, while BSE are most useful for illustrating
contrasts in composition of the sample. In the backscattered electron mode, different elements
are displayed with different darkness in the image; the heavier the element the lighter the
colour [101]. The SEM images used in this work are mostly in a backscattered electron mode.
Further, a new method (provided by Thermo Scientific) of identifying and visualizing sample
areas of the same composition within a sample was used in Papers III and V. Using a
collection of element maps for input — which may be elemental count maps, elemental
quantitative maps, or component maps the software accurately identifies areas of about the
same composition within the samples [102]. The oxide layer thickness and the thickness
distribution on each specimen were evaluated based on the panorama SEM technique.

3.2 Bench-scale measurements

In Paper IV, high-temperature corrosion/deposit probe tests were carried out in a 30 kWy,
BFB reactor firing wood pellets doped with ZnCl, in order to estimate the effect of Zn on
high-temperature corrosion in waste wood fired boilers.

3.2.1 Bench-scale BFB reactor

The facility setup is shown in Figure 6. The reactor had a cylindrical shape with an inner
diameter of 190 mm and a height of 550 mm. The freeboard section had a diameter of 310
mm and a height of 450 mm. At the bottom of the fluidization column a perforated plate
(91 holes; diameter = 1.8 mm) was used for the distribution of fluidizing air. Sand (0.7-1.2
mm) was used as a bed material. The bed material was replaced with fresh sand before
every new test. The fuel was fed from the top by means of a screw feeder together with the
secondary air. During start-up, the bed was first heated to about 570 °C by electrical
heaters which are lined around the reactor. The fuel feeding rate and the fluidization air
were kept constant at 3 kg/h and 15 Nm®/h respectively. The aim was to obtain a constant
value of lambda (air-to-fuel ratio) of about A=1.2. When the bed temperature reached
570 °C, the fuel feeding was started. Once the bed temperature reached a steady value and
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the conditions were stable, the corrosion probe was introduced into the freeboard. The
freeboard temperature was roughly 740-770 °C. The combustion conditions were kept
constant for 7 h and then the probe was removed from the reactor. The gas velocity in the
freeboard was about 0.5 m/s. The particulate matter was separated from the flue gases in
the cyclone. After the cyclone before the stack, the flue gas was passed through a filter.
The reactor temperatures, pressure drops in the bed, and air flows were monitored and
recorded continuously during the experiments.
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Figure 6. Setup of the 30 kWth fluidized bed reactor (Paper IV).

An air-cooled corrosion probe was used in the experiments. Temperature controlled probe
techniques and examples of results that can be achieved with this kind of instrument have
been described in detail by Laurén [103]. A schematic picture is shown in Figure 7. The probe
was provided with two removable rings made of different steels. The temperature of one of
the test rings on the probe was regulated with a PID-controller, adjusting the flow of the
cooling air.
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Figure 7. Outline of the corrosion/deposit probe (Paper IV).

The temperature of the other test ring was monitored and logged during the test run. Before
the experiments, all steel rings were cleaned in ethanol using an ultrasound bath. After, the
material rings (2 at a time) were fixed on the probe. The probe was preheated, prior to
installation with a heating tape, to ~200 °C and introduced into the freeboard when the
temperature in the freeboard exceeded 700 °C. Different probe cooling temperatures were
set for each test (450 °C, 500 °C and 550 °C). After exposure, the test rings were cooled
down to room temperature outside the furnace. The rings were then placed on a plate with a
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small amount of resin thinned with acetone. The aim of thinning was to let the resin slowly
penetrate the very thin layer of collected deposit, thus avoiding loosening the deposit into
the resin. After drying, the rings were fully cast in resin and cut off in the middle, cleaned
and polished. The treatment of the rings after the casting was followed-up by the same
procedure as used in the laboratory-scale method (described in Section 3.1). The samples
were then ready to be studied and analysed by SEM/EDX in order to identify the elemental
composition of the deposit and to estimate the oxide layer thickness as a measure of
corrosion.

3.3 Full-scale measurements

A measurement campaign discussed in Paper V was carried out at Stora Enso Anjalankoski
co-incineration plant, in a BFB boiler co-firing solid recovered fuel with bark and waste-water
sludge. The measurement campaign was carried out to determine the occurrence of Cl, Br, Zn
and Pb in the fuel, in the combustion gases, as well as in the deposits on the boiler waterwalls.
The results from the measurements campaign were complemented by thermodynamic
calculations and laboratory tests (Paper VI).

3.3.1 BFB boiler

The capacity of Anjalankoski BFB boiler was 140 MWy, The boiler’s steam values were
80 bar/500 °C. The waterwall temperature in this boiler was estimated to be close to 350 °C.
The boiler was utilising on energy basis 56% SRF - 37% bark - 7% sludge. The fuels were
introduced into the boiler in separate streams. A schematic picture of the boiler with the
feeding chutes, aerosol and deposit sampling locations and areas of highest corrosion
(determined by Krautkramer USM 35X ultrasonic flaw detector) is shown in Figure 8.

3.3.2 Waterwall deposit sampling

Samples of deposits were collected by scratching from seven levels of the front (F1-F7) and
the back (B1-B7) waterwalls. The sampling locations covered the corroded parts of both
walls as well as the areas below and above and are marked by X in Figure 8. The collected
samples (deposit flakes) were cast in epoxy and cut in the middle in order to reveal the
deposits’ cross-sections and to analyse the composition across the depth of the flakes. The
distribution of the elements in the deposits was studied by SEM images and EDX analyses.
The purpose of the deposit analyses was to identify the corrosive Cl-, Br-, Zn and Pb-
compounds and to recognize eventual differences in the deposit compositions at different
wall heights.
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Figure 8. A schematic picture of the aerosol and deposit sampling locations (B1-B7 and F1-F7). The figure shows the
four fuel feeding chutes on the left and right walls (4.5 m elevation), the sludge feeding through the back wall (4.5 m)
and the eight air ports on the back and front wall (6 and 13 m elevations for secondary and tertiary air, respectively).
The areas with the highest measured corrosion rates are marked with red dashed squares (Papers V & VI).

3.3.3 Aerosol sampling

Aerosol sampling was carried out with a combination of an air-cooled gas permeable tube
probe and two consecutive ejector diluters. The gas sample was sucked into the probe,
immediately diluted and quenched within a 200 mm long gas permeable tube diluter. The
sample gas was taken from the probe to a second dilution stage and then divided between two
parallel impactors: a Dekati-type Low Pressure Impactor (DLPI) and an Electric Low-
Pressure Impactor (ELPI). A third gas stream was taken to an FTIR gas analyser. The setup
also incorporated the use of a gas chromatograph (GC). Gas sample bags were filled with the
gases ejected from the Fourier Transform Infra-Red (FTIR) analyser. The aerosol sampling
setup is illustrated in Figure 9. The DLPI and gas sampling were carried out on the front and
left walls of the BFB boiler. The purpose was to measure the conditions on the heavily
corroding front wall and, for reference purposes, the non-corroding left wall area. These
measurements were complemented by measurements at a third location at a distance of 1.5 m
perpendicularly from the left wall towards the boiler centre (Figure 8).
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Figure 9. Schematic picture of the aerosol sampling installation (Paper V).
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3.3.3.1 IC and ICP-MS (DLPI)

By means of the DLPI the aerosols (usually referred to in the literature as the particles with an
aerodynamic diameter of approximately d,<lpum) present in the combustion gases can be
collected, and chemically analysed. DLPI is a cascade low-pressure impactor for classifying
airborne particles into size fractions with evenly distributed impactor stages. The particles are
collected on 25 mm collection membranes that are weighed before and after the measurement
to obtain gravimetric size distribution of the particles [104]. The collection membranes were
Nuclepore made of polycarbonate and greased with Apiezon L to facilitate particles adhesion
[42]. The fine mode cut size in the DLPIs used in this work was d, = 1.6 pm. The membranes
with the collected particles (with d, = 1.6 um) were first extracted with water to determine
water soluble elements. The SO,”, Br and Cl were analysed by means of ion
chromatography (IC) and the other water soluble elements by means of Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). As there were two DLPIs connected in parallel, the
second DLPI membranes were extracted with HNOs—HF and the solution was then analysed
by means of ICP-MS for the total concentration of the elements.

3.3.4 Thermodynamic modelling procedure

In the thermodynamic equilibrium modelling a two-stage calculation procedure was applied to
predict the forms of the ash forming elements. The conditions for the calculations were
chosen to be similar to those occurring in the investigated BFB, as given in [10]. The fuel
input is given in Table 2. The temperature of the combustion gases in the lower furnace
approximated to 1100 °C, while the deposits on the waterwall had a temperature of 400 °C.
The thermodynamic software package Factsage version 6.1 [105] was used for the modelling.
The FACTS53 database was used for the calculations of the stoichiometric condensed phases
and the gas phase, while the SGTE database [106, 107] was used in the calculations of some
gaseous heavy-metal compounds (e.g. SbCl, PbBr4) that are not present in the FACTS3
database. The only solution phases included were the rock salt-type alkali-halide solid
solution (Na, K)(Cl, Br), and a liquid solution for molten salts containing Na®, K', Ca®",
Mg*", Zn*, Pb*"//S*, SO4*, CO5™, CI".

The vapour pressure and stability of various metal bromides and chlorides was also
calculated. The chemical equilibrium at 1100 °C in both oxidising and reducing conditions
was calculated in the first step. The equilibrium gas phase at 1100 °C was used as input for
the second step (the condensed phases were removed from the input data for the second step)
where, to simulate the formation of ash phases condensed from the gas phase, the equilibrium
was calculated at 400 °C. The flow chart in Figure 10 describes the approach used.
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Table 2. Composition of the fuel mix used in the thermodynamic equilibrium modelling (Paper VI).

Moisture (wt-%, ar) 36.5
Ash (Wt-%, ds) 9.9
IN DRY SOLIDS (wt-%)

C 52.2
H 7.1

N 1.0

S 0.16
o 29.2
IN DRY SOLIDS (mg/kg)

Cl 5280
Br 80
Na 1 860
K 1470
Ca 16910
Mg 1260
P 500
Al 1900
Si 9090
Fe 2080
Ba 170
Sb 150
Cr 40
Cu 140
Pb 70
Mn 160
Ni 10
Zn 280
Sn 5
HEATING VALUE (MJ/kg)

LHV, db 21.1
LHV, ar 12.5

Fuel

composition

Air ratio, A

-

Figurel0. Flow chart describing the calculation procedure, A = air ratio, TE = thermodynamic equilibrium (Paper

VI).

Two main cases were considered:

2a:

2b:

TE 1100°C

Gaseous ash
forming species

|

N ==)
400°C m
TE
400°C IE(>

cooling of the 1a gas phase formed at reducing conditions (A=0.8) from 1100 °C

to 400 °C

cooling of the 1a gas phase formed at reducing conditions (A=0.8) from 1100 °C
to 400 °C and adding air to correspond to 3 vol-% O, in the equilibrium gas

phase
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2c: cooling of the oxidized gas 1b from 1100 °C to 400 °C

2d: cooling of the oxidized gas 1b from 1100 °C to 400 °C and setting activity of O,
to correspond to the reducing conditions in 2a

The results from cases 2¢ & 2d did not show any significant differences, and are not
discussed.

4. RESULTS AND DISCUSSION

The following chapter gives a summary of the main results on corrosion of boiler tube
materials in environments rich in Zn and Pb. It discusses the main findings on the subject
starting from the laboratory test results, through the bench-scale measurements and ends with
full-scale measurements complemented by thermodynamic modelling.

4.1 Corrosion laboratory tests with Zn- and Pb-containing synthetic deposits

Deposits in waste-fired boilers contain significant quantities of heavy metals such as Zn and
Pb [7, 9, 10, 12, 14, 17, 20, 25, 40, 63, 65]. Different forms of Zn and Pb may be found in
deposit from different areas of the boiler and of the convective sections. In this part well-
controlled laboratory tests were carried out (Papers I, II & III and partially Paper VI). The
aim of the laboratory tests was to get better understanding of the corrosion tendencies of Zn
and Pb containing compounds and to gain better knowledge of the corrosion mechanisms
under exposure to those compounds. The detailed compositions of all tested materials are
presented in Table 1 in Section 2.2.

4.1.1 Tests with single salts;, ZnCl,, PbCl,, ZnO and PbO

In Paper I the corrosiveness of:
- ZnCl, (melting temperature (T,)=318 °C)
- PbCly (Tw=501 °C)
- ZnO (T=1975°C)
- PbO (T,=888 °C)

was tested on one low-alloy (10CrMo9-10) and on one stainless steel (AISI 347). Simple
systems were used in order to investigate the corrosion tendency and mechanisms of these
specific heavy metals. Figure 11 shows the resulting mean oxide layer thicknesses in both
steels after exposure to the above-mentioned compounds at different temperatures. For heavy
metal chlorides the selected test temperatures were below and above their melting
temperatures. The oxides, due to their high melting temperature, were tested at just one
temperature, 550 °C. Additionally, results from tests without any salt compound were used as
a comparison.
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Figure 11. The oxide layer thickness measured on 10CrMo9-10 and AISI 347 after 168 h exposures to ZnCl,, PbCl,,
ZnO and PbO at 250-550 °C. The “»” sign stands for results from repetition tests (Paper I).

The exposures of 10CrMo09-10 steel to ZnCl,, resulted in a significant corrosion already at
350 °C (80 pm). At 450 °C the oxide layer on 10CrMo09-10 being slightly thinner than at
350 °C was explained as being caused by faster evaporation of ZnCl,. After the test, ZnCl,
was not detected on the steel sample at 450 °C. The stainless steel did not corrode in the
presence of molten ZnCl,, and the good resistance was assumed to be due to the protective
Cr,03 which acted as a shield against chlorides.

In the tests with PbCl, extreme corrosion was observed on both the low-alloy and the stainless
steel already below the melting temperature of PbCl,. This significant damage was observed
at 450 °C. The significant corrosion on the stainless steel exposed to PbCl, was assigned to
the formation of PbCrO4. The formation of PbCrO4 destroys the integrity of Cr,Os enabling
the formation of metal chlorides and further destruction of the metal surface. The described
reaction is considered to resemble the reaction between KCl and Cr,0; resulting in a K,CrO4
formation described earlier by Li et al. [108], Petterson et al. [109] and Lehmusto et al. [110].
The different situation was observed when high Cr steels were exposed to ZnCl,. Zn did not
form chromate and thus the protective abilities of Cr,0O; were maintained.

The SEM-EDX analyses showed that exposure to both chlorides caused formation of metal
chlorides (FeCl,, CrCly) on the steel surfaces. Apart from that, it was observed that the main
corrosion products on 10CrMo9-10 were Fe,Oy and ZnFe,;O4 in contact with ZnCl, and Fe,Oy,
and PbFe,;0; in contact with PbCl,. While on AISI 347, the Fe,Oy and PbCrO,4 were found to
be the prevailing corrosion products of the steel/PbCl, reaction. These compounds were
assumed to be present based on atomic ratios.

The oxide layer developed on 10CrMo9-10 after exposures to ZnO at 550 °C was of the same
thickness as after exposure with no salt and was of just few um thick. It means that the ZnO
had not interacted with the steel at the tested conditions of 550 °C and the developed oxide
layer results from the normal oxidation in air. The oxide layer on AISI 347 was under the
detection limit of the method used. The tests with PbO were also performed only at 550 °C
and resulted in heavy corrosion on the 10CrMo09-10 and just a moderate oxide layer growth
on the AISI 347. It was assumed that during the exposures to PbO the stainless steel
experienced formation of PbCrO4 (based on atomic ratios). In order to confirm also the
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formation of lead chromate via the reaction of Cr,O3; with metallic Pb, a mixture of Cr,Os and
Pb (50/50 wt-%) was heat treated at 450 °C for 96 h. The products identified by the XRD (X-
ray diffraction) contained unreacted Pb and Cr,O3 and also some PbCrO4 and PbO. The same
test was performed with a Cr,Os;+PbCl, mixture. The XRD identified products contained
mainly PbCrO,4 and small amounts of Cr,O3 and PbCl,.

The damage of Cr,O3; by Pb-compounds (e.g. PbCl,, Pb, PbO) is considered to be the first
step in the corrosion process under PbCl, and proceeds according to reaction (11) presented in
Section 2.5.3, described also by Spiegel [17].

While in the tests with ZnCl,, fast evaporation occurred at the tested temperatures and only
limited amount of ZnCl, had time to react. The earlier described corrosion products formed
via the contact of ZnCl, with low-alloy steel surface could have resulted from the following
chain of reactions: relatively fast oxidation of molten ZnCl, (reaction (10), Section 2.5.3)
[111] and simultaneous reaction with Fe;O4 (which covers the steel surface) resulting in a
ZnFe;04 and FeCl, formation (reaction (18)). The Fe;O4 layer destroyed by reaction (18)
opens a path for free Cl, from reaction (10):

ZnCly(1) + Fe304(s) — ZnFe,04(s) + FeCly(s) (18)

In a real case, the Cl, formed in reactions (1) and (2) is expected to be partially converted to
HCI due to the presence of some H,O in the combustion gases and released to the gas phase.
However, some amount of Cl, is regarded as being available for subsequent chlorination of
the metal which took place as described earlier.

Thermodynamic equilibrium calculations were made in order to support the empirical data
achieved from the laboratory test, and especially those concerning the volatility of ZnCl, and
PbCl,. Figure 12 presents the saturation pressure for both chlorides at tested temperatures.
The saturation pressure of ZnCl, at 350 °C is 85 ppm while at 450 °C it is already almost
3000 ppm at the test conditions. This corresponds well with the situation observed during the
tests where only very small amounts of ZnCl, could be detected after the treatment at 350 °C.
A similar conclusion can be applied to PbCl, where a corresponding behaviour was observed
at temperatures of about 100 °C higher meaning that at 450 °C the saturation pressure of
PbCl, was significantly lower (50 ppm) than at 550 °C (1300 ppm). Further, no PbCl, was
detected on the steel samples after the test at 550 °C.
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Figure 12. Saturation pressure curves for ZnCl, and PbCl, at 250, 350, 450 and 550 °C (Paper I).

Oxide layer distribution curves were used to suggest the type of corrosion attack. Figure 13
shows two examples after exposing AISI 347 to ZnCl, and PbCl; at 450 °C. The distribution
curve obtained from the test with ZnCl, tends to fit to a relatively narrow normal distribution
curve, indicating a relatively uniform corrosion attack. The distribution curve of the PbCl, test
is flat and the data points were distributed widely. This is the result of a very uneven scale
thickness and implies localized corrosion (Figure 13).

Oxide layer thickness distribution
450 °C

——AISI347,ZnCI2
—e—AISI347,PbC12
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0 50 100 150 200 250 20 pm
Oxide layer thickness, pm S— Internal attack 7 steel

Figure 13. The oxide layer thickness distribution curves for AISI 347 steels exposed to ZnCl, and PbCl, at 450 °C and
the localized, internal attack on the AISI 347 steel after 168 h exposure with PbCl, 550 °C (Paper I).

4.1.2 ZnCl, and PbClI, containing mixtures

The aim of testing pure Zn and Pb chlorides and oxides was to obtain better understanding of
the corrosion mechanisms and to determine how (synthetic) deposits containing the
mentioned compounds may affect the performance of the boiler tube materials. Papers II &
III describe results from tests with salt mixtures containing Zn and Pb chlorides. The detailed
compositions of tested salts and the salt mixtures are shown in Table 3.
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Table 3. The compositions of the salts and the salt mixtures (wt-%) (Paper III).

ZnCl, PbCl, KCl K,SO, Melt fraction*
400 °C 500°C 600 °C

Salts from paper III 5 5 90 O 18 19 22

0 5 95 0 0 7 8

0 5 0 95 0 5 6

0 100 0 0 0 0-100** 100
Salts from paper I () 0 0 100 0 0 0

5 0 0 95 13 15 17
Salt from paper XIII () 0 100 O 0 0 0

*- At designated temperatures and at test conditions
** - Due to the very small difference between the melting temperature of PbCl, and the test temperature (longitudinal temperature gradient in
the oven) the melt fraction cannot be indicated precisely

Figures 14a, 14b & 14c show the resulting mean corrosion layer thickness of both steels after
exposures to the single salts of PbCl,, KCl and K,SO,4 and to the PbCl,- and ZnCl,-containing
salt mixtures at 400 °C, 500 °C and 600 °C. At the lowest test temperature (400 °C), the
highest corrosion was observed on both test materials when both PbCl, and ZnCl, were
present in the mixture with KCI. Such a strong attack on the low-alloy steel and fairly high
degradation of the austenitic stainless steel may be due to the presence of the molten phase
which comprised nearly 20% of the salt mixture at 400 °C. The PbCl,-ZnCl,-KCI mixture
contained the highest fraction of melt out of all tested salt mixtures at all test temperatures,
but the degradation of the steel by this salt mixture was not the highest at all test temperatures.
This observation demonstrates that, in these tests, the amount of melt does not necessary
decide the corrosion level. All salts containing PbCl, caused extreme corrosion at 500 °C and
above, reaching in the case of 10CrM09-10 a corrosion layer thickness of 250 pm. The results
obtained are dramatic, taking into account that the PbCl, content was only 5 wt-% of the salt
mixture. Both materials were severely corroded and the extent of damage observed on AISI
347 was surprisingly near to the levels measured on low-alloy steel (10CrMo09-10). The extent
of corrosion from the tests with ZnCl,-K,SO4 was below 50 um for both tested materials,
which already is a significant result. The AISI 347, though not free from defects, showed
much better resistance in the presence of ZnCl,-containing mixtures. At 600 °C, the corrosion
caused by the salts containing PbCl, was severe and the levels of degradation were very
similar. In addition, only very small differences were observed in the corrosion layer
thicknesses on both materials. In the majority of other tests the difference between the
corrosion layer thicknesses of 10CrMo9-10 and AISI 347 was rather evident. The ZnCl,
containing salts were less aggressive with the AISI 347 in comparison to PbCl, salt mixtures.
Thus, it can be pointed out that at temperatures >500 °C in an environment containing PbCl,
the austenitic stainless steel AISI 347 (with 18 wt-% of Cr) may not be suitable.
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Figure 14. The corrosion layer thickness measured on 10CrMo9-10 and AISI 347 steels after 168h exposures to salts
containing different amounts of PbCl,-ZnCL-KCI-K,SO, at 400 °C - 600 °C. *nt — not tested. The calculated melt
fraction for the tested salt mixtures is also included in the graph (Paper III).
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Analysis of the steel samples exposed to ZnCl, containing mixtures revealed that already at
400 °C the areas on the alloy/oxide scale interface were rich in Cl and Fe in case of low-alloy
steel, and Cl and Cr rich when high Cr steel was exposed. Smaller amounts of S, Zn, and K
were also detected. These results indicate that the volatile metal chlorides (particularly FeCl,)
play a key role already at 400 °C. The literature [17, 79, 81] describes the chlorination of iron
and/or chromium taking place on the steel surface, the formed FeCl, and CrCl; volatilizing
(due to their high vapour pressure) towards the oxide scale/gas interphase where higher
concentration of oxygen causes oxidation of the metal chlorides to metal oxides. The oxide
layer formed via oxidation of the metal chlorides is porous and provides no protection to the
metal.

Figure 15 shows SEM panorama pictures of 10CrMo09-10 steel after exposures to PbCl,-
ZnCl,-KCl, PbCl,-KCl, and PbCl,-K,SO, salt mixtures at 500 °C. The addition of ZnCl, to
the PbCl,-KCI mixture decreased the solidus temperature (Ty) of the salt mixture but also the
amount of melt (Figure 14 b). The salt particles were clearly fused. It was not observed in the
cases with the two other mixtures without the presence of ZnCl,, even though the lowest
solidus temperature for a PbCl,-KCl mixture and a PbCl,-K,SO,4 mixture according to the
literature are 411 °C [112] and 403 °C [113] respectively. The addition of ZnCl, to the PbCl,-
KCI mixture caused the highest degradation of the materials at 400 °C most likely also due to
the presence of higher amount of melt.

Figure 16 presents a SEM picture of 10CrMo9-10 steel after exposure to a PbCl,-KCl mixture
at 500 °C and the areas (also called phases) with about the same elemental composition as
identified by applying Xphase spectral imaging software. The top most part of phase a was
composed entirely of Fe and O. The lower parts (phase b) of this Fe,Oy contained additionally
traces of Cr, Cl and K, which were not observed in the top most part of the layered Fe,Oy. The
lack of elements originating from the salt in the top most part of the scale suggests that oxide
was formed via the oxidation of metal chlorides which were formed during the exposure.

Figure 15. SEM pictures of 10CrMo9-10 after 168 h exposure with SPbCl,-5ZnCl,-KCl, SPbCl,-KCl, 5PbCL-K,SO,
(wt-%) at 500 °C (Paper III).

The formation of FeCl, that was observed on the steel surface is supported by the composition
of phase d. FeCl, was present on the low-alloy steel surface at all three tested temperatures.
But also after exposures with PbCl,-ZnCl,-KCI mixture, the surface of the metal was rich in
Cl and Fe. The upper part of the middle oxide (phase c) stands probably for the original
surface of the sample. The analysis showed that the layer is enriched with salt elements like K
and ClI and a smaller amount of Pb. The simultaneous presence of K and Pb together with Cr,
suggests that small amounts of KCrO4 and/or PbCrO,4 most probably were formed.
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Atomic % (0] Fe Cr Cl K Pb

Phase a 57 41 <1 <1 <1 -
Phase b 52 38 5 2 1 -
Phase ¢ 50 20 4 10 12 2
Phase d 52 32 2 19 - -

Figure 16. Individual Xphase maps and atomic % of the elements in the corrosion products on the 10CrMo9-10 steel
after 168 h exposures with PbCl,-KCl at 500 °C (Paper III).

The surface of the samples exposed to PbCl,-K,SO4 was apart from Cl and Fe enriched with
S. Additionally grain boundary corrosion was observed at all test temperatures.

4.1.3 ZnCl»-K>80, and ZnBr>-K>S0,

At the time of compiling the results of this thesis, experimental results on the differences in
the corrosiveness between heavy metal chlorides and bromides that can be part of ash deposits
in certain environments were not available. Further, the literature handling bromine-related
high-temperature corrosion was scarce. The possible influence of bromine on corrosion in
waste incinerators was brought up by Rademakers et al. [70] and later bromine-induced
corrosion was discussed by Vainikka et al. [10] and their work added impetus to the
performing of experiments in which instead of Cl, the effect of the presence of Br was
investigated. Paper VI reports, among other, the degree of corrosion of boiler steels exposed
to zinc bromide containing salt mixtures. The results were further compared to the
corresponding zinc chloride containing mixtures.

The detailed compositions of the tested materials are shown in Table 1 in Section 2.2. Since
the waterwalls of the boiler (in which the bromine corrosion was observed) were exposed to
fluctuating conditions, the laboratory tests were performed in both an oxidizing (ambient air)
and a reducing atmosphere (5CO-95N; vol-%; gas flow - 2.0 1/min, NTP). The waterwall
temperature was estimated to be around 350 °C so just two test temperatures, 350 °C and
400 °C, were chosen for detailed discussion here. The tests in oxidizing conditions were also
performed at 500 °C and 600 °C.
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The chemical composition of the salt mixtures used in tests was as follows:

- 6 mol% ZnBr; — 94 mol% K,SO4

- 6 mol% ZnCl, — 94 mol% K,SO4
Figure 17 presents the average corrosion layer thickness for the steels tested with the ZnBr,
and ZnCl, containing salt mixtures. At 350 °C, a thin oxide layer was developed on the low-
alloy steels while the oxide layer thickness on both austenitic steels was under the detection
limit. When the temperature was increased to 400 °C all the materials experienced similar
oxide layer thickness growth (12-16 um) at reducing conditions. The mixture with ZnBr, was
found to be more aggressive at 400 °C in oxidising conditions than the corresponding mixture
with ZnCl,. The heavy corrosion measured on 10CrMo09-10 exceeded significantly the attack
caused by the salt containing ZnCl,. Also, for AISI 347 resistance deteriorated in the presence
of zinc bromide.

120
E 100
£ 80
v
2
< 60
S
= 40
D
=
=
& 20
0 <l <1 <1<1I Dx X = <l
: =] l:f' ] ’: ] l:r 0 : ] l:r [ : =} g [ : =] ; <]
S 22452 2B 52285229522«
582 4822 Gg8g%2 ©g8gZ 48z
Tl= < S| < 3|~ < S| < I =<
2 ) 7 7 )
reducing oxidising reducing oxidising oxidising
ZnBr2-K2S04 ZnBr2-K2S04 ZnCI2-K2S04
350°C 400°C

Figure 17. Oxide layer thicknesses measured on tested steels after 168 h exposures in air and in reducing atmosphere
with 6 mol-% ZnBr,+K,SO,4 and 6 mol% ZnCl,+K,SO, mixtures at 350 °C and 450 °C. The x’s mean that the test was
not performed (Paper VI).

At 400 °C an internal degradation of 10CrMo09-10 together with an oxide layer growth was
observed. The steel surface was bromine rich indicating the formation of FeBr, (Figure 18).
At 500 °C, as described in details in Paper VI, a clear decomposition of ZnBr, and a
formation of KBr was observed.

It has been suggested [114] that at higher temperatures, similarly to chlorides, active oxidation
is a prevailing type of corrosion responsible for the degradation of metals in the Br-rich
environment. It is therefore expected that the reactions of metals such as Fe with Br species
will be analogous to those with Cl. HBr(g), or rather Bry(g), may diffuse through the oxide
scale to the metal surface. The analogous reactions with HCI and Cl, were described by
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Grabke et al. [79], Spiegel [17] and Zahs et al. [115]. Additionally, the metal surface can also
simultaneously undergo direct reaction with a Br containing salt/deposit. As a result, highly
volatile FeBr», destroying steel will be formed.

Figure 18. SEM image and X-ray maps of the 10CrMo9-10 steel after 168 h exposure with 6 mol-% ZnBr,+K,SO,,
400 °C (Paper VI).

Since FeBr, has a slightly higher vapour pressure than FeCl, and the partial pressure p(O,)
required to oxidize FeBr; to Fe,O3 at 400 °C is noticeably lower than for FeCl,, FeBr, will be
oxidized closer to the steel surface. This situation can be observed from the phase stability
diagrams for the Fe-Br,-O; and Fe-Cl,-O, systems at 400 °C (Figure 19). In practice this
means that Br, or HBr will be released close to the steel surface and a large fraction may still
be available for further reactions with the metal, thus causing more severe corrosion.

a b
. 400°C
0
N
_ 5 FeBr, ' s
E E
=3 ! k:A
@'10 : F8203 6“49
= -15 : 5)45
1
Fe Fe,O, H
-20 * -20
_40 10 0 _40 -30 -10 o

log.+(p(B2) (atm) 16g.o(p(B0)) (atm)

Figure 19. Phase stability diagrams for a) Fe-Br,-O; at 400 °C, b) Fe-Cl,-O, at 400 °C systems (Paper VI).

In contrast, FeCl, is more stable and will diffuse further out through the deposit before the
required amount of O, needed for oxidation is present. Such behaviour may lead to the
situation that a larger amount of Cl, than of Br, may be released from the deposit into the flue
gas.

In the tests in a reducing atmosphere, the formed corrosion layer was different in composition
when comparing to what was observed under oxidising conditions. The oxide layer was
composed mainly of Fe, Zn and S and was slightly thicker in places where the salt particles
were in a direct contact with the steel surface. Otherwise the corrosion layer was quite thin,
and even (Figure 20). These results correlate very well with the thermodynamic predictions
(presented in Section 4.3.3) which showed that in reducing conditions sulfur should mainly
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form Zn, Pb and Fe sulphides in the deposits. The formation of a Fe-Zn-S system with some
oxygen was clearly observed (Figure 20).

Figure 20. SEM image and X-ray maps of the St 45.8/I1I steel after 168h exposure with 6 mol-% ZnBr,+K,SO, at
350 °C in reducing atmosphere (Paper VI).

4.2 Corrosion during firing of wood pellets doped with ZnCl,

Waste wood is usually substantially contaminated with trace elements and heavy metals such
as Zn. It may cause slagging, fouling, and corrosion of the boiler’s heat exchanging surfaces.
Heavy metal compounds, such as ZnCl, decrease the first melting point of a deposit, and that
can induce corrosion, especially by molten salts [17].

To study the general impact of firing waste wood containing higher amounts of Zn and Cl,
and to evaluate the role of ZnCl, in high-temperature corrosion, a series of corrosion probe
tests were carried out in a 30 kWy, bench-scale fluidized-bed reactor firing doped wood pellets
(Paper 1V). Two types of wood pellets were burnt in the reactor: one doped with ZnCl, and
an untreated one as a reference. The solid ZnCl, was first dissolved in ion exchanged water
and the solution was then carefully sprayed on the wood pellets using a sprinkler and left to
dry. The wood pellets were then packed in tightly closed barrels. The amount of Zn in the
doped pellets (2170 mg/kg) corresponded to a high level of Zn in waste wood [40]. The
amount of CI added through the doping (1380 mg/kg) resulted in a higher level of CI than
usually found in waste wood, but waste wood fractions with higher Cl content are also often
present [116]. The performed tests are listed in Table 4..

Table 4. List of performed tests (Paper IV).

Experimental Part Fuel Exposure time (h) Steel Probe temp. (°C)

wood pellet doped with ZnCl, 7 10Cr-sl\2/[é)9-1 0 550

wood pellet doped with ZnCl, 7 10Cr-sl\24§>9-10 550

A wood pellet doped with ZnCl, 7 IOCT'SI\Z/Iéﬁ-lO 500

wood pellet doped with ZnCl, 7 10Cf'sl\2/[é)9-10 450

wood pellet 7 10Cr-sl\2/lé)9-1 0 550

B wood pellet 7 10Cr—sl\2/lé)9—10 500

wood pellet 7 IOCY-SI\Z/IE;)‘)—IO 450
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Tests were performed using pure wood pellets as a reference and wood pellets doped with
~0.5 wt-% ZnCl,. The probe exposures lasted for 7 h while the test ring temperatures were
450 °C, 500 °C and 550 °C.
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Figure 21. Oxide layer thickness of the rings analyzed and measured by means of SEM. Abbreviations on the X-axis
stand for test conditions: temperature of the rings, °C / dwp-doped wood pellet or wp-wood pellet) / probe exposure
time, h (Paper IV).

A summary of the corrosion layer thicknesses at 0°, +/- 45° and 180° angles (0°- windward
side i.c. the side against the flue gas stream, +/- 45° angle from the windward side, 180°-
leeward side) of the steel rings are presented in Figure 21.

The austenitic stainless steel Sanicro 28 showed good resistance under all test conditions and
the oxide layer was under the detection limit (<lpm). For 10CrMo09-10 the thickest oxide
layer was measured on the windward section (0° - 45°) of the probe. The results from the
experiments with pure wood pellet (Part B) showed only a few um thick oxide layers (0-6
pm) at all steel ring temperatures (450 °C — 550 °C). Also, when firing doped wood pellets
(Part A) at 450 °C the oxide layer was quite thin (3-7 um). The corrosion increased, however,
with increasing temperature, and the thickest oxide layer was measured at 10CrMo9-10 when
the ring temperature was set to 550 °C (> 70 um at 45°). The overall difference in the oxide
layer growth while burning pure and doped wood pellet is easy to notice and the contribution
of Zn and Cl in the corrosion process is quite clear. The corrosion of low-alloy steel when
combusting a Zn and Cl containing fuel may be substantial compared to a pure biomass fuel.

From the EDX analyses of the 10CrMo9-10 cross-sections it can be assumed, based on the
atomic ratios, that hematite (Fe,Os) together with magnetite (Fe;O4) formed layered corrosion
products on the steel. Closer to the scale/flue gas interphase, an enrichment of KCI was
observed. In some cases, the molar amount of Cl found on the top of the oxide scale was
more than twice the amount of K. Zn was also present. The atomic ratio of CI/K/Zn implied
the presence of K,ZnCls, together with some ZnO. This is in agreement with Robelin and
Chartrand [117], who showed that the formation of a K,ZnCly phase is possible in KCI-ZnCl,
mixtures. The surface of the 10CrMo9-10 steel after the combustion test with doped fuel was
Cl-rich and cracked. The cracks were filled with FeCl, (Figure 22). The low ash input (around
130 g/test with doped fuel) and short probe exposure times (7 h) resulted in a low rate of
deposit buildup (RBU) in all cases. The maximum RBU was 20 g m™ h”'. The EDX analysis
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of the windward side deposit showed enrichment in ZnO, which was the main compound,
elevated amounts of KCI, and small amounts of Ca and S. The leeward side contained
additionally small amounts of SiO,, Al,Os, and MgO.

Figure 22. BSE-SEM image of the cross-section of the 10CrMo9-10 steel ring after 7 h with doped fuel and a test ring
temperature of 450 °C (Paper IV).

4.3 Waterwall corrosion & determination of the corrosive species during co-firing
of SRF

In waste-fired boilers, high-temperature corrosion has usually been attributed to the presence
of chlorides, which together with Zn and Pb form mixtures that melt at relatively low
temperatures [20, 22]. Additionally, the issue of high-temperature corrosion induced by
bromides has been raised lately [10].

In the Anjalankoski BFB boiler a significant corrosion in the lower furnace on the front and
back waterwalls was observed. Both Cl and Br were found on the corrosion front. The
waterwall temperature was estimated to be around 400 °C. At these temperatures Zn and Pb
chlorides play a more important role in the corrosion of boiler tube materials than alkali (K,
Na) chlorides. To shed more light on the reasons for such corrosion, and also to clarify the
occurrence of Cl, Br, Zn and Pb in the furnace vapours and in the deposit on the boiler
waterwalls, a measurement campaign was undertaken (Papers V & VI). To support and
evaluate the findings, a thermodynamic equilibrium analysis was also made. The
thermodynamic calculations helped to interpret in which forms the ash forming elements were
both in the combustion gases and in the deposits of the examined boiler. Laboratory tests were
also carried out to estimate the degree of corrosion of boiler steels under bromine and zinc
containing deposits. Since both chlorides and bromides were found to be corrosive, the tests
were also focused to determine their relative corrosiveness. The laboratory test results are part
of Section 4.1.

4.3.1 Vapours and gas composition

Figure 23 shows the concentrations of the water-soluble elements in the fine particle matter as
sampled from the combustion gases next to the left waterwall (neighbouring wall on the level
of the corroded areas). It was determined that approximately 40% of Pb, 50% of Zn and 35%
of Cu formed water soluble compounds. The corresponding numbers for Na and K were 80%
and 100%, respectively. Based on the analyses it was estimated that roughly 80% of the fine
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mode particles were composed of the elements mentioned above. The formation of sulphates
was negligible and the amount of sulphate anion was 1-2 ppm. The measurements on the front
wall showed that the concentration of fine particles was half of that measured on the left wall.

30 18
j— MZn |
LEFT 16 LEFT
BT oPb
14
20 12
e e 1
£ 45 o H
=] o
£ £ 087
Ly . . 06 T
04 T
PRI N —
02

t t t y [ t t t t t 1
<0.03 0.03-0.1 01-0.26 0.26-0.64 0.64-16 1.6-4.0 4.0-6.7 <0.03 0.03-01 01-026 0.26-0.64 0.64-1.6 1.6-4.0 40-6.7

particle diameter, um particle diameter, um

Figure 23. Concentration of fine particle forming matter in the combustion gases next to the left wall, based on water
soluble wet chemical analyses. SO, denotes the amount of sulfur in the form of sulphate calculated as elemental sulfur,
while S denotes elemental sulfur in a form other than sulphate (Paper V).

The concentrations of both Cl and Br correlated positively with the concentration of the Zn +
Pb + Cu. The atomic ratios showed that Zn, Pb, and Cu were able to bind approximately 10%
of the halogens. The rest are Na and K halides that were able to bind >85% of the halogens. It
was also an indication of a negligible formation of sulphates.

The gas analyses next to the front and the left wall showed that the walls were exposed to
conditions which were fluctuating in between oxidizing and reducing. The gas composition
was also changing. The GC analysis applied to the measurements on the left wall showed that
some 75% of of the gaseous S was present as SO, and rest as H,S. It was also shown that the
conditions at the front wall were predominantly oxidising while at the left wall they were
predominantly reducing.

4.3.2 Deposits

The analyses of the deposit samples from both corroding walls (front and back) showed no
significant differences between the walls. Substantial differences in the compositions were,
however, observed along the wall heights. The deposits from the lower parts of both walls
(levels F1-F3, Figure 24) were rich in alkali chlorides (KCl, NaCl) along with smaller
amounts of Br. Bromine was found frequently in combination with K and/or Na and thus it
was most likely present as KBr and/or NaBr (Figure 25). The deposit from the higher levels
(not corroding) composed almost entirely of K-, Na- and Ca- sulphates while the amounts of
Cl and Br were negligible.
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Figure 24. Concentrations of most abundant elements in the waterwall deposits sampled from different levels of the
front wall.
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Figure 25. BSE-SEM image of the cross-section of a deposit sampled from the bottom part of the heavily corroded
area of the back wall and the results of the EDX point analysis (Paper V).

Zn, Pb as well as some Cu were identified locally. Zn and Cu were often found together with
S and/or Cl. Based on the atomic ratios it was concluded that they were in the form of
sulphates and, very occasionally as chlorides. Spot analyses of Pb precipitates showed
enrichment of Cl indicating the presence of PbCl,, especially in the deposit sampled from the
corroded part of the front wall (Figure 26). The presence of PbCl, in the deposit may
significantly increase the corrosion as shown in Papers I & III. Pb was also found in the
deposit on the waterwalls where corrosion did not occur, but Cl was not present.
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Figure 26. BSE-SEM image of the cross-section of the deposit sampled from the bottom part of the heavily corroded
area of thefront wall (Paper V).

4.3.3 Thermodynamic equilibrium cal culations

Thermodynamic calculations were performed to predict the chemical forms of the ash
forming elements in the combustion gases and in the waterwall deposits in the examined
boiler with focus on Zn. Pb, Cl and Br.

Figure 27 shows the predicted forms of Zn and Pb at 1100 °C and 400 °C in reducing and
oxidising conditions. At 1100 °C, Pb is present in gaseous Ph(g) and PbS(g) at reducing and
as PbO(g) at oxidising conditions , while the analysis of the deposit indicated the presence of
PbCl,. This was the only discrepancy found between the modelled deposit composition and
the analysed composition concerned the Pb, and it suggests that local conditions were
different from the conditions considered in the modelling. Zinc seems to be present in the
form of Zn(g) at reducing conditions and as a solid silicate at oxidising conditions with a
minor fraction being gaseous ZnCl,(g). In the vapours sampled from the boiler, approximately
half of the Zn and Pb were found to be water soluble. This finding partialy supports, the
modelled speciation of Zn of which some part was estimated to be present also as ZnCl,(g).
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Figure 27. The predicted forms of a) Pb and Zn at 1100 °C and b) Pb and Zn at 400 °C in reducing (black) and
oxidising (white) conditionsin BFB bailer firing SRF. The proportionswith lessthan 1% are excluded from the charts
(Paper VI).
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Figure 28. The predicted forms of a) Br and Cl at 1100 °C and b) Br and Cl at and 400 °C in reducing (black) and
oxidising (white) conditions in BFB boiler firing SRF. The proportions with less than 1% are excluded from the charts
(Paper VI).

At 400 °C, the forms of the Pb and Zn were very similar to each other. They form solid
sulphides and sulphates under reducing and oxidising conditions, respectively. This agrees
with the findings that Zn in the deposit was present as sulphate, but the presence of ZnS,
however, cannot be excluded.

Figure 28 shows the predicted forms of Br and Cl in both combustion gases (at 1100 °C) and
in the deposits (at 400 °C) in reducing and oxidising conditions. At 1100 °C, Br is present in
oxidising and reducing conditions mainly as gaseous NaBr, KBr, with smaller amounts of
other Br-compounds such as HBr, CuBr; and Br. The predicted forms of CI were, apart from
HCI, mainly gaseous NaCl and KCl. At the deposit temperature (400 °C) in reducing
conditions Br seems to be present to a high extent as HBr but also as solid KBr and NaBr. In
oxidising conditions roughly 99% of Br is present as gasecous CuBrs. In reducing conditions
Cl is expected to be present as alkali chlorides (NaCl and KCI) and almost entirely as HCI in
oxidising conditions. The predicted forms are in agreement with the analysis of the deposit
samples. The deposit composed of mainly of KCI and NaCl along with small amounts of KBr.

5. CONCLUSIONS

The combustion of waste-derived fuels creates an aggressive combustion atmosphere due to
the presence of chlorides and heavy metals, particularly of Zn and Pb. The research showed
that chlorides of these metals may significantly decrease the first melting temperature of a
deposit and also influence on the amount of melt in the deposit, which in turn may accelerate
corrosion of the boiler’s heat exchanging materials. However, in some cases it was found that
the presence of melt was not necessary to cause severe corrosion. It was also shown that apart
from the presence of chlorides also bromides may cause corrosion. At low material
temperatures bromides were shown to be more corrosive than chlorides.
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The corrosiveness of different Zn- and Pb- compounds both as single salts and in mixtures
was investigated in the laboratory (Papers I-1I). It was shown that PbCl, caused severe
corrosion on the two test materials (10CrM09-10 and AISI 347) already below the melting
temperature of PbCl,, showing that the presence of melt in the case with PbCl, was not
necessary to cause severe corrosion. The PbCl,, was aggressive to the low-alloy (10CrMo9-
10) and also to the stainless steel (AISI347) at temperatures above 350 °C. The poor
resistance of AISI 347 was ascribed to PbCrO4 formation that significantly decreased the
protectiveness of Cr;03.

The PbCly-containing mixtures: PbCl-K,;SO4 PbCL-KCI and PbCl-ZnCl-KCl  caused
significant corrosion to the low-alloy steel (10CtMo09-10) at 400 °C and to AISI 347 at 500 °C
and above. The highest corrosion at 400 °C was observed when both PbCl, and ZnCl, were
present. The PbCl,-ZnCl,-KCl mixture contained the highest fraction of melt out of all tested
salt mixtures but the corrosiveness of this mixture was not the highest at all test temperatures.
Accordingly, the amount of melt does not necessarily decide the corrosion level. At 500 °C
and above, the corrosion caused by all three mixtures containing PbCl, was extreme and
similar on both materials. The results from the tests with the mixtures containing 5 wt-%
PbCl, were similar to the results from the tests with pure PbCl,, showing its highly corrosive
character.

The exposures to ZnCl, showed negligible oxide layer growth on AISI 347 in the temperature
range of 250-450 °C. The good resistance of AISI 347 was attributed to the protective Cr,0Os.
The Cr,05 did not form Zn-chromate thus its integrity was not destroyed. However, the low-
alloy steel 10CrMo09-10 suffered from an increased oxide layer growth already at 350 °C by
formation of ZnFe,O4 and FeCl,. Above 350 °C, the oxide layer growth was suppressed due to
the fast evaporation of ZnCl, with increasing temperature. In the tests with ZnCl, the harmful
influence of the presence of a melt was more obvious. The extent of corrosion increased
drastically when the test temperature was above the ZnCl, melting temperature of 318 °C.

The ZnCl,-containing mixture (ZnCl,-PbCl,-KCl) was shown to be more aggressive and
active at lower temperatures than PbCl,-KCl. It suggests that ZnCl, is thus more likely to
cause problems at lower material temperatures (waterwall/economiser). While PbCl, is less
volatile and, therefore, may be present in the deposit also at higher temperatures, it is
expected that PbCl, is most likely to be problematic at both waterwall and superheater
temperatures.

The exposures to Zn- and Pb-oxides at 550 °C showed that ZnO is neither corrosive to the
low-alloy steel (10CrMo09-10) nor to the stainless steel (AISI 347). The oxide layer thickness
was comparable to the test in which there was no salt present. The exposures of low-alloy
steel to PbO resulted in a noticeable oxide layer. The oxide layer on the stainless steel was
low and PbCrO4 was identified as one of the corrosion products.

The tests performed in a bench scale fluidized bed reactor firing wood pellets doped with
ZnCl, (Paper IV) confirmed the laboratory test results and showed that the presence of ZnCl,
has a readily noticeable impact on high-temperature corrosion of low-alloy steel. When
comparing to combustion of pure wood pellet, the corrosion was enhanced above 450 °C. The
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probe deposit was rich in K,ZnCls which was attributed to be the direct cause of corrosion.
The high-alloy steel (S28) showed a good resistance.

A full scale measurement campaign in an SRF fired bubbling fluidised bed boiler (Papers V
and VI) showed that the deposit from the corroded waterwall and that the ash forming vapours
in the furnace was enriched with Cl and little Br but also with Zn and Pb. Chemical
thermodynamic calculations indicated that Zn and Pb were present mainly as solid sulphides
or sulphates in reducing and oxidizing conditions, respectively, while Cl and Br most likely
formed alkali bromides and chlorides. The thermodynamic calculations were in correlation
with the deposit analysis. The fluctuating conditions and a deposit rich in alkali chlorides and
alkali bromides and some PbCl, was shown to cause serious corrosion in the SRF fired boiler.
Laboratory tests were also carried out to estimate the degree of corrosion of boiler steels
under bromine containing deposits. The ZnBr,-K,SO, salt mixture was tested in air and in a
reducing atmosphere and the results were compared with the tests with ZnCl,-K,SO4. The
mixture with ZnBr, was found to be more aggressive at 400 °C in oxidising conditions than
the corresponding mixture with ZnCl,. The oxide layer formed on non-alloy (St 45.8/I1I) and
low-alloy (10CrMo09-10) steels was low at 350 °C (5 and 10 pum, respectively) and a bit
higher but still quite low at 400 °C (~15 pm). The AISI 347 and S28 did not show any
detectable corrosion. The results indicate that 350 °C may be a safe level for waterwall
temperature when the deposit contains some ZnBr, in both oxidising and reducing conditions.
Above 350 °C, transformation of ZnBr, to KBr was observed.

In general it can be concluded that lead compounds, PbCl, and PbO, are quite corrosive if
they deposit on tubes or walls with surface temperatures over 350 °C in the case of PbCl,. To
avoid Pb-induced corrosion may be difficult. One way could be to try to transform the
corrosive compounds to PbSOs, since sulphates are known to be less corrosive than chlorides.
However, the corrosiveness of PbSO4 has not been investigated in this work, and it is not well
known how the compound behaves on metals. Another way would be to separate the Pb-
containing objects before combustion.

Also ZnCl, was found to be corrosive at fairly low temperatures (350 °C), while ZnO did not
cause any severe corrosion. Since the stable forms of Zn in combustion is ZnO and/or ZnSOy,,
the risk of Zn-induced corrosion is small as it was shown that ZnO 1is not corrosive. ZnSQO4
was not tested but as mentioned above sulphates are less corrosive than chlorides.
Nevertheless, ZnCl,, if it is introduced as such into the combustion process, may cause
corrosion if there is not enough time and/or oxygen to oxidise it to ZnO before deposition.

Future work

The results obtained within this work showed that Zn- and Pb-containing compounds cause
serious corrosion of boiler tube materials in waste-fired boilers in different temperature ranges
and to different extents on different materials. It is of considerable importance that there are
further studies investigating the corrosiveness of such compounds in the presence of gaseous
species present in waste-fired boilers and in relation to different materials. In addition, the
newly discovered but as yet not investigated problem of Br-induced corrosion requires further
work.
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