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Abstract

The flash smelting process is used widely around the world to extract primary copper. Smelting
of sulphidic copper ores produces flue dust containing SO2-rich exhaust gas, causing corrosion
problems in the gas cleaning equipment of the process, especially in the heat recovery boiler. The
aim of this thesis was to understand the corrosion mechanisms of the boiler steels and to determine
what kind of steel would provide the best corrosion protection. Especially the flue dust causes
corrosion problems due to formation of dust accretions on the boiler walls. Within these presence
heavy metal chlorides results in formation of molten salt deposits causing rapid corrosion.

In order to understand the corrosion behaviour of the boiler steels, conditions of the heat recovery
boiler were simulated in laboratory. Corrosion reactions of carbon steel and three high alloy steels
(AISI 304, AISI 316 and Sanicro 28) were studied, focusing on corrosion protection properties of
chromium, molybdenum and nickel alloying. In addition, thermogravimetric measurements of
oxidation behaviour of a stainless steel (TP347H) with two different grain sizes were studied to
determine the effect of grain size on the quality and formation of the steel's protective oxide scale.
Melting of the dust accretions was identified as the initiator of series of corrosion reactions between
the steels and the environment inside the heat recovery boiler. To verify the possibility of formation
of molten salt deposits, phase diagrams of few of the possible chloride systems present in the dust
accretions were studied experimentally by equilibration-quenching, scanning electron microscopy
and energy-dispersive spectrometry in order to evaluate the melting behaviour of these chlorides.
Different binaries of the CuCl-CuCl2-ZnCl2-PbCl2-FeCl3-FeCl2-system were optimized using the
CALPHAD-method.

In this thesis, a description of the sequence of corrosion reactions is given between steel and the
chemical environment of the heat recovery boiler. Understanding the corrosion mechanism of the
boiler should help to improve its lifetime by selection of suitable steels or by adjusting the
operational parameters. Thus, the effectiveness of copper production can be improved
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Liekkisulatus on yleisimpid maailmanlaajuisessa kaytossé olevia kuparintuotantomenetelmia.
Sulfidisten kuparimalmien sulatus tuottaa suuria maaria lentopolya ja runsaasti rikkidioksidia
sisaltavaa poistokaasua, joka aiheuttaa korroosio-ongelmia liekkisulatusprosessin
kaasunpuhdistuslaitteistossa, erityisesti laimmontalteenottokattilassa. Taman tyon tarkoituksena
on selvittda lammontalteenottokattilan korroosiomekanismi sekd méaarittdd minkalainen terds
soveltuu parhaiten kattilan materiaaliksi. Poistokaasun sisidltama lentopoly aiheuttaa erityisesti
korroosio-ongelmia, silld se muodostaa raskasmetallisuoloja siséltéviad kerrostumia kattilan
teraspinnoille. Niissa polykerrostumissa esiintyvat kloridit laskevat polyn sulamispistetta siten,
ettd kattilan terdpinnoille muodostuu paikoittain suolasulia, joiden alla oleva terds syGpyy nopeasti.

Lammontalteenottokattilan terdsten korroosiomekanismin ymmartamiseksi, kattilan olosuhteita
simuloitiin laboratorio-olosuhteissa. Hiiliteras ja kolme erilaista ruostumatonta terasta (AISI 304,
AISI 316 ja Sanicro 28) valittiin ndytemateriaaleiksi, silld kromi-, molybdeeni- ja nikkeliseostuksen
valisid eroja haluttiin tutkia terdksen korroosionkeston kannalta. Myos terdksen (TP347H) raekoon
vaikutusta sen pinnalle muodostuvan, suojaavan oksidikerroksen muodostumiseen ja
ominaisuuksiin tutkittiin termogravimetrian avulla. Pélykerrostumien sulamisen todettiin olevan
paaasiallinen korroosiovaurion mahdollistava tekiji. Suolasulien muodostumisen mahdollisuuden
todistamiseksi, joidenkin polyssa todennikaisesti esiintyvien kloridisysteemien faasitasapainoja
mitattiin tasapainotus- sammutus-menetelmalld. Erindisia CuCl-CuCl2-ZnCl2-PbCl2-FeCl3-FeCl2-
systeemin bin#érisia faasitasapainoja optimoitiin CALPHAD-tekniikalla.
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korroosiomekanismi. Kattilan terasten ja sen olosuhteiden vélisten vuorovaikutusten
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vaikuttaa kattilassa vallitseviin olosuhteisiin korroosion keston kannalta optimaalisella tavalla.
Nain kuparin tuotannon tehokkuutta voidaan parantaa.
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1. Introduction

1.1 Research Background

Smelting of sulphidic ores during the copper flash smelting process produces large
quantities of SO.-rich off-gas containing flue dust, which requires treatment due to its
content of valuable metals, as well as due to its environmentally harmful properties. In
the copper flash smelting process the flue dust containing gas is directed to a gas train,
which purpose is to separate the dust from the process off-gas. The first step of the gas
cleaning process is to separate most of the dust from the gas in a heat recovery boiler,
which is also designed to recover the process heat for energy saving.

The process heat is recovered by radiation and convection to steel tube walls of the
boiler, in which pressurized water circulates and absorbs the process heat, which is
recovered as steam. The chemical environment inside the heat recovery boiler is likely
too demanding for the use of typical carbon steel tubes, and more expensive clad-struc-
tured Cr-Ni alloyed steel tubes may be required. Material choices should not be made
purely based on their price, because the possible damage and maintenance of the boiler
may become more expensive in the long term than expected if the corrosion mecha-
nisms are not well understood.

Finding optimal alloy composition for the steels used in the heat recovery boiler is
challenging due to the chemically complex environment. It is also challenging to deter-
mine the optimal operation conditions for reducing the extent of corrosion of the heat
recovery boiler. Some of the oxides, sulphates and chlorides of various heavy metals
such as copper, iron, zinc, lead and arsenic composing the flue dust may together have
low enough melting points to produce molten dust deposits inside boiler surfaces in
the temperature range of the boiler walls (250 °C — 350 °C). Hot SO.-gas may also
react with moisture and oxygen to form sulphuric acid that may condense on the steel
surfaces of the boiler at the operating temperature range of the boiler walls. Although,
SO, exists in other typical boilers in energy technology, e.g. waste burning boilers, the
process off-gas of the heat recovery boiler contains unusually high SO, concentrations
and chemically complex flue dust. In this respect, understanding of the chemical envi-
ronment exposing the heat recovery boiler to corrosion damage and the corrosion
mechanisms helps to improve the efficiency of the copper production.



Introduction

1.2 Objective of the thesis

Various heavy metal compounds and aggressive gas environment inside the heat re-
covery boiler cause corrosion, but the mechanism of it has been unclear due the syner-
gistic effects of the complex chemical environment. Understanding the corrosion phe-
nomena enables improved engineering and selection of corrosion resistant steels in
terms of the steel’s microstructure and chemistry. It is also important to investigate the
phase equilibria and thermodynamics of the most central compounds found from the
dust deposits, since little information concerning the melting behaviour of those com-
pounds exists in literature. The research questions of this thesis are therefore:

e  What are the hot corrosion mechanisms of the heat recovery boiler?

e Is molten salt corrosion possible in the environment of the heat recovery
boiler?

e What is the influence of alloying elements on corrosion resistance of boiler
steels in the chemical environment inside the heat recovery boiler?

e How to engineer an optimal corrosion resistant steel for the heat recovery
boiler in terms of its microstructure?

1.3 New Scientific contribution

Hot corrosion induced by alkali salts for example NaCl, KCl, Na.SO,, K.SO,, as well as
PbCl. and ZnCl. have been studied in different boiler applications such as waste burn-
ing, power plants etc. The corrosion environment of the heat recovery boiler contains
oxides and sulphate and chloride salts of mainly Cu, Fe, Zn, Pb and As composing the
flue dust. The synergistic effects of the complex dust in an especially aggressive gas
atmosphere has not been studied much. The research has produced new information
regarding hot corrosion caused by these compounds in an environment containing un-
usually high SO, concentrations and some new information regarding thermodynam-
ics of some of the chlorides likely to exist in the copper smelter flue dust.

1.4 Thesis outline

This thesis is composed of four peer-reviewed journal articles, which are appended to
this compendium (publications I - IV). Chapters 2 and 3 provide background infor-
mation to this research in more detail. Chapter 2 describes the chemical conditions of
the heat recovery boiler and Chapter 3 provides a short literature review of the corro-
sive properties of the various chemical compounds in the boiler. Chapters 4 and 5 de-
scribe the research methodologies used in this thesis. The experimental procedures are
described in Chapter 4 and thermodynamic modelling in Chapter 5. The results and
their discussion are presented in chapter 6 and finally, the conclusions are given in
Chapter 7.
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Heat recovery boiler of copper flash smelting process

2. Heat recovery boiler of copper flash
smelting process

The copper flash smelting process accounts for the world’s largest production technol-
ogy of primary sulphide-based copper [1]. Sulphidic minerals and oxygen react in the
process to produce molten matte and slag releasing SO., when dried chalcopyrite
(CuFeS:.) concentrate, silica flux and recycle materials (flue dust) are ignited with oxy-
gen of the blast in a hearth furnace. This results in controlled oxidation of the concen-
trates iron and sulphur, large evolution of heat and melting of the solids as the temper-
ature of the furnace reaches around 1300 °C. Most of the energy for heating and melt-
ing is derived from oxidation of iron and sulphur and the process is continuous and
nearly autothermal. Copper is recovered as molten droplets of copper rich matte that
settles at the bottom of the flash smelting furnace. 1 - 2 % of copper ends up in molten
iron-silicate slag and as a result of copper vaporization during smelting the flue dust
contains around 25 % of copper and other impurities from the ore. [1-3]

Between 3 and 10% of the feed material does not settle at the bottom of the furnace
and is entrained in the process off-gas. This hot dust-laden SO.-containing (30 to 70
volume% SO.) off-gas formed during smelting cannot be released into the atmosphere
and it is therefore transferred into a gas cleaning process before it is used in the man-
ufacture of sulphuric acid. The gas leaves the flash furnace at about 1400 °C - 1300 °C
and the first step in the smelter off-gas treatment is cooling the gas for electrostatic
precipitation of its dust. Gas cooling is done in a heat recovery boiler where the process
heat is transferred by radiation and convection to the steel surface of the boiler’s tube
walls, in which pressurized water is circulated through 4 cm diameter tubes in the roofs
and walls of the boiler and baffles on tube banks suspended in the path of the gas. The
process heat is recovered as steam. [1-3]

The boiler consists of a radiation section (e.g. 25 m long x 15 m high x 5m wide rec-
tangular chamber) and convection section (e.g. 20 m long x 10 m high x 3m wide). The
size of the heat recovery boiler is designed to reduce the process off-gas temperature
from around 1300 °C as it enters the radiation section from the furnace to around 350
°C at the exit of the convection section. [1, 2]

About 70% of the flash furnace dust is recovered in the cooling system when it falls
out of the waste heat boiler gases due to its low velocity in the large boiler chambers.
The dust is collected and usually recycled to the smelting furnace for improved copper
recovery. It is occasionally treated hydrometallurgically, which avoids recycling impu-
rities back to the smelting furnace and allows the furnace to smelt more concentrate.
The remaining 30 % of the process dust is caught in the electrostatic precipitators be-
fore the SO.-rich process off-gas enters the sulphuric acid plant. [1] Figure 1 shows the
structure of the flash furnace and the heat recovery boiler [4].

11
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Figure 1. Structure of the flash smelting furnace and the heat recovery boiler [4].

The dust particles that enter the boiler with the gas consist mainly of metallic oxides,
such as Cu.O and Fe;0,. In the radiation part, the temperature of the dust and off-gas
mixture cools down to 700-500°C and oxide dust particles begin to react with SO,
forming sulphates. These reactions are highly exothermic causing an increase in parti-
cle temperatures softening them. Sulphate bridges found between the flue dust parti-
cles in the accretions suggest that the sulphate phase is the binding component that
results in the formation of dust accretions on the heat recovery boiler walls. When sul-
phated particles are close to their sintering temperature, they may stick to the heat
transfer surfaces of the boiler. For this reason, it is desirable that the sulphation reac-
tions take place in the radiation section of the boiler, before the dust particles come in
contact with the boiler walls. [3]

Generally, two types of dusts are present in the copper flash smelter off-gas. Mechan-
ically formed dust forms as a result of the entrainment of small solid and/or liquid
particles from the concentrate into the process off-gas. Chemical dust formation is
caused by the vaporisation of components in the concentrate, followed by their con-
densation as dust particles at lower temperatures in the heat recovery boiler. [2]

Mechanically formed flue dust consists mainly of copper and iron oxide particles,
which are surrounded by sulphate surface. This type of dust has a coarser particle size.
Elements having low melting temperatures and their oxides and sulphides, often have
high vapour pressures and tend to vaporise during flash smelting, forming chemical
dust. Chemical dust has a very fine particle size because of the nucleation and growth
processes occurring as the process off-gas cools down. An example of the structure and
differences of copper smelter flue dust particles is shown in Figure 2. These small par-
ticles may also condense on the surface of larger, mechanically entrained particles. In
copper smelting processes, easily volatile components include Ag, As, Pb, Sb, and Zn.
Copper also vaporises in the hot combustion zone of the furnace. Oxygen enrichment
increases the combustion temperature in the flash furnace reaction shaft and, as a re-
sult, more copper is vaporised. The vaporised copper particles are very fine and easily
drift out of the furnace with the off-gas. [2]

12
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Figure 2. A scanning electron microscope image of a cross section of copper smelter flue dust sam-
ple. The mechanically formed dust is composed of the large particles, while the chemically
formed dust is composed of the small particles.

The dust build-ups on the boiler walls are formed partly by a direct impact of particles
and partly by vapour condensation. According to Miettinen et al. [2] the initial deposi-
tion takes place by the condensation of vapours that contain zinc, lead, arsenic and
other substances having high vapour pressures. Also, low melting point eutectics of
alkali salts such as chlorides and sulphates can act as sticky cohesive particles attaching
to the boiler walls. The fine particles landing on the surface of the porous dust deposit
react in the SO,-rich atmosphere at boiler wall temperatures to sulphates. The process
gas within the boiler contains SO., 0., SO;, H.O, H.SO,4 and N. that diffuse into the
porous accretions to form a stagnant gas layer within the dust deposit. The composition
of this gas layer may differ greatly from the composition of the process gas flow on the
surface of the accretion layer. Locally HCl and H.SO, may form within the dust deposit,
and even reducing atmosphere may exist locally, allowing new reactions of acid (wet)
corrosion to take place. The atmosphere within the deposit may enable metal sulphates
to be reduced to secondary sulphides and even metallic components. Within the dust
accretion layer, compounds may form that would not be stable in the bulk atmosphere
of the boiler. [2] This may be a possible mechanism by which chlorides of Cu, Fe, Pb
and Zn form within the deposit. These dust deposits can cause severe operational prob-
lems, such as reduced heat transfer efficiency and corrosion.

The heat recovery boiler of the copper flash smelter is a demanding corrosion envi-
ronment. In addition to the complex chemistry of the dust deposits containing heavy
metals in the form of sulphates, oxides and chlorides, sulphur may also cause low-tem-
perature corrosion. When SO; and H.O coexist in the boiler atmosphere, they react to
form sulphuric acid (H.SO,) according to reactions (1) — (2). Below the acid dew point
temperature, gaseous sulphuric acid condenses as small corrosive drops on boiler
walls. The rate of sulphuric acid condensation in addition to temperature is also de-
pendent on H.SO, concentration of the gas. The higher the H.SO, concentration in the
gas, more readily it condenses as liquid. The liquid H.SO, and H.O mixture forms an
azeotrope, meaning that the composition of the condensate contains more than 70
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mol% of H.SO,. [5] The dew point of H.SO, determines the lowest safe metal temper-
ature because liquid sulphuric acid causes acidic dissolution of the steel’s protective
oxide scale. [6-8]

$0,(g) +30,(g) « SO5(g) @
S03(g) + H,0 (g) © HyS04(g D) (2

Below 500 °C, oxidation of SO, to SO; is a thermodynamically favored reaction. How-
ever, SO; formation has slow reaction kinetics and only a small portion of SO is even-
tually oxidized to SO;. 1 - 3% of sulphur dioxide is estimated to react to SO5 within the
heat recovery boiler atmosphere, depending on the rate of gas cooling. Slow cooling
produces a higher amount of SO, since long residence time is needed to achieve the
maximum SO; concentrations [3, 9]. The rate of SO; formation is dependent on SO.
and O, partial pressures in the gas, temperature and the amount of catalysts available.
For example, oxides such as Fe.Os, CuO etc. in the copper smelter flue dust have strong
catalytic effect on SO, oxidation. According to Sarkar et al. [9], the oxidation rate of
SO. to SO; is highest at the temperature range of 570 °C — 640 °C and according to
Ranki-Kilpinen et al. [3] at 760 °C, after which the reaction becomes slower again. Ox-
ygen is fed to the gas for the purpose of enabling the oxide dust particles to form sul-
phates with the SO.. The amount of air must be correct, because too small concentra-
tion leads to incomplete sulphation of oxide particles. However, excess of O. and H.O
in the gas leads to an increase in the SO; concentration of the gas. H.O in the gas in-
creases the SO. oxidation rate via oxidation of the HOSO.- species. The sulphation of
the dust particles and oxidation of SO, are competing reactions and an oxygen concen-
tration that exceeds the necessary concentration for sulphate formation from the ox-
ides in the dust, leads to an increase in the SO; concentration of the gas. Due to the
complexity of the flue dust, an accurate prediction of SO; concentration in the heat
recovery boiler gas is difficult. [3, 5, 9, 10]

The sulphuric acid dew point temperature is very sensitive to the SO concentration
in the gas and increase of SO; concentration leads to increase in acid dew point tem-
perature at a given H.O concentration. [7] The amount of SO; in the heat recovery
boiler gas atmosphere can be adjusted by controlling the above-mentioned parameters.
However, inside the porous dust accretion layer, SO; concentration may differ from the
gas atmosphere of the boiler, due to reactions within the dust deposit.

In the next chapter, the corrosion mechanisms caused by the chemical components
present in the heat recovery boiler are discussed.
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3. Corrosion theories

3.1 High temperature oxidation

In the beginning of an oxidation process, oxygen reacts with the most reactive element
in the alloy and forms the most stable oxide. [11] The type of oxide formed on the steel
surface depends on the Gibbs energies of the oxidation reactions. The most stable oxide
formed is the one with the most negative Gibbs energy, requiring the smallest oxygen
partial pressure. [12, 13] Figure 3 shows that chromium oxide requires the lowest oxy-
gen partial pressure to form compared to the other major alloying elements in the
boiler steel (Fe and Ni) and thus Cr.O4 is formed before other oxides of the steels al-
loying elements, in a few minutes of exposure to oxidizing atmosphere. [11]
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Figure 3. Gibbs energies of the oxide formation reactions of the steel’s alloying metals calculated by
HSC version 8.1 with MainDB8 database.

Oxide growth rate is influenced by the dissociation rate of an oxidizing molecule such
as H.O or O: on the steel or oxide surface and by the diffusion properties of cations and
anions through the oxide scale. Dissociation rate of the oxidizing molecules is depend-
ent on the catalytic activity of the steel or oxide surface, which is affected by structure
of lattice defects and alloying elements of the steel. Cationic sites in the oxide lattice
react with electron donors such as O, and H.O and oxygen sites react with electron
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receiving ions. In general, stoichiometric oxide surfaces are less reactive, because gas
absorption becomes easier due to surface defects and uneven oxide surfaces. [14]

Oxide scales are semiconductors, in which the transport of metal ions takes place
through lattice defects towards the oxide/gas interface, where they react with oxygen,
forming oxide. Electrons are transported through electron holes towards the oxide sur-
face where they react with absorbed oxygen molecules, which then react to form oxygen
anions (02). As electrons move from the steel surface through the oxide to the ox-
ide/gas interface, cation vacancies and electron holes move from the oxide/gas inter-
face towards the oxide/steel interface where they coalesce together, forming pores. [15]
Metal and oxygen ions move in opposite directions through the oxide scale and the
oxide thickens inwards and outwards from the original oxidation surface [16, 17].

Optimal corrosion resistance is achieved when the formation of a protective scale has
low porosity, good adherence, high mechanical and thermodynamic stability and slow
growth rate. [12] Oxides containing high number of lattice defects result in fast oxida-
tion rates of steel. Cr,03, Al,O5 and SiO, contain the least amount of lattice defects and
are thus the most protective types of oxides providing best insulation for the steel from
the surrounding atmosphere. [13] SiO- is an excellent diffusion barrier, which in addi-
tion to low amount of lattice defects is also attributed to the absence of grain bounda-
ries in vitreous silica. SiO. also forms intrusions along the alloy grain boundaries and
improves oxide adhesion by mechanical keying. [18-20]

During oxidation the steel surface beneath the oxide becomes depleted of chromium
and iron starts to diffuse into the chromium oxide transforming it into a FeCr.O, spinel
structure. The spinel contains more lattice defects than stoichiometric Cr.O5 and dif-
fusion of the other alloying elements such as manganese, iron and nickel through the
oxide becomes easier. Also, oxygen diffusion from the oxide towards the steel surface
becomes faster and the oxidation rate increases. [13, 21] The alloying elements of steel
diffuse in the chromium oxide along Cr3* lattice sites. Manganese diffuses fastest in the
oxide and dissolves in it when the steel surface beneath the oxide is depleted of chro-
mium, which is why it is found on the top layers of the oxide scale. Eventually MnCr.O,
spinel is developed on top of the chromium oxide with manganese alloyed steels. Iron
and nickel have approximately the same lattice diffusion rates, but from these two ele-
ments nickel diffuses slower along the grain boundaries. The diffusion coefficients of
steel’s alloying elements in Cr,O; become smaller in the following order:
Duin>Dre>Dni>Der. [22]

Oxidation resistant steels must contain large enough percentage of chromium (>18
wt%) so that the chromium flux towards the steel surface is large enough to provide
material for chromium oxide formation on the steel surface, since chromium diffusion
in the steel matrix towards the oxygen potential is faster than oxygen diffusion into the
steel matrix. However, this concentration depends on the diffusion properties of chro-
mium in the steel. [11] As oxygen anion diffuses through the oxide scale, the chromium
concentration at the steel surface needs to be large enough so that the uniform Cr.O,
scale can be maintained. [23] To prevent oxidation damage, it is necessary to make the
supply of chromium from the steel to the oxide/steel interface high enough to compen-
sate for the chromium consumption by oxidation. Adding more chromium is a normal
solution to improve the steel’s oxidation resistance. However, increasing the chromium
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content is always accompanied with increased precipitation of embrittling Cr-rich
phases and a reduction of creep resistance. [24]

For ferritic and austenitic high-alloyed steels used in high temperature environ-
ments, the formation of a dense, well adherent, slow-growing Cr.O, layer provides op-
timum protection against oxidation and sulphation by gas atmospheres and against
attack by corrosive deposits. It is most advantageous if such a layer is formed in the
very first operation run of a plant or even better if it is generated by a controlled pre-
oxidation done at a low oxygen partial pressure, for example in a wet N.-H, atmosphere
so that iron or nickel oxides are not formed. Steels covered by a dense Cr.O; layer are
most resistant to every type of corrosion. However, if the layer does not grow rapidly
enough, there will be considerable absorption of corrosive elements into the alloy,
which affects negatively the oxide formation. [25]

Ions diffuse in the steel and through oxide scales by different mechanisms in addition
to vacancy diffusion. Dislocations, pores, surfaces and grain boundaries provide fast
diffusion routes for steels alloying elements compared to diffusion via lattice vacancies.
[20] In the initial oxidation stage, Cr.O5; formation is promoted by the fast outer flux
of chromium along the steel grain boundaries which serve as a “short-circuit” for chro-
mium supply to the oxidation front. This protective oxide layer begins to spread from
the grain boundaries towards the grain surfaces. Short lateral diffusion distances on
the fine-grain steel allow a rapid spreading of protective external Cr,Os scale over the
entire steel surface. If Cr.0; oxide layer does not densely cover the entire surface, the
intra-grain regions of the oxide scale far enough from the grain boundary are depend-
ent on chromium supply by lattice diffusion. These areas cannot maintain sufficiently
high chromium concentration and the oxide begins to convert to the iron-rich oxides
by the outward iron diffusion leading to the formation of Fe.O5 nodules top of the oxide
and inward oxygen transport results in formation of FeCr.O, spinel. Thus, grain re-
finement is another approach to improve oxidation resistance without additional ele-
ments or increasing the chromium content of the steel. [18, 24-28]

3.2 Sulphur induced corrosion

3.2.1  Molten sulphates

Hot corrosion by molten sulphates is a dissolution and reprecipitation process, in
which acid/base nature of a sulphate salt causes dissolution of steels protective oxide
scale. [17, 29] Oxide ions in sulphate melts are formed by dissociation of the sulphate
ion according to reaction (3).

S0%~ - SO; + 0%~ (3)
Molten sulphates dissociate on the steel’s surface oxides according to reaction (4).
MSO, — MO + SO5, M = Zn, Pb, Fe, Cu @)

The basicity of the melt is a function of the O or MO activity. The higher the MO
activity, the more basic the melt becomes. At low MO activities, the sulphate melt is
more acidic. Activity of the MO species depends on the SO; partial pressure of the gas.
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Generally, in an atmosphere containing a low concentration of SO5;, molten salt is more
basic, whereas in an atmosphere containing high concentration of SO; acidic condi-
tions are established. [30]

Besides the effect of gas composition, the basicity of a molten sulphate also depends
on the melt components. Sulphate melts containing ZnSO,, PbSO, or other heavy
metal sulphates are more basic than alkali sulphate melts. The solubility of steel’s oxide
scales in molten sulphates is the most important factor of corrosion rate. [30]

Oxides that dissolve in sulphate melts break down as well to basic and acidic solutes
and their concentrations in the molten sulphate layer depend on the melt basicity [29].
Oxide scale dissolution under molten sulphates happens either by basic or acidic flux-
ing. Basic fluxing takes place when the steel’s oxide reacts with O2 ions in basic melts
producing soluble basic oxide species according to reactions (5) and (6). [30]

M,0; + 02~ > 2MOj, M = Cr, Fe 5)

MO + 0%~ - M0%~, M = Ni (6)

Acidic fluxing occurs in acidic melts when the steel’s oxide reacts with dissolved SO;
according to reactions (7) and (8). [30] Acidic solutes create a positive solubility gra-
dient resulting in slower corrosion rates, whereas negative solubility gradient resulting
in rapid corrosion rates is created by the formation of basic corrosion products. [29]

M,0; + 3505 —» 2M3* + 350%~, M = Cr,Fe @)
MO + SO; —» M?* +S0%~, M = Ni (©))

The important oxides of steel all have low solubilities in sulphate melts. However, the
hot corrosion reactions often proceed very rapidly. This is a result of continuous mass
transport within the melt when an activity gradient is established. The driving force of
basic fluxing of the steel’s oxide film is maintained by the creation of an MO/O? gradi-
ent in the molten sulphate film. Oxide ion activity increases towards the melt/oxide
boundary by the oxidation of metal and the formation of sulphide MS according to re-
actions (9) and (10).

S0%2~ - S0, + %02 +0% (9)
M,0; + 250, - 2MS + 30, (10)

MO/02 activity gradient exists if the solubility decreases monotonically with increas-
ing distance into the sulphate layer. Thus, the thickness of the melt film in combination
with the gas phase composition are of significance to the hot corrosion rate. The chem-
istry of thick salt films is mainly determined by the reactions taking place at the oxide
melt interface, whereas the chemistry of thin salt films strongly depend on the compo-
sition of the gas atmosphere. [30] Precipitation increases when the distance from the
steel/melt interface increases, leaving less metal in the melt and resulting in diffusion
flux due to activity gradient. High SO5 concentrations near the melt/gas interface sta-
bilize basic fluxing into the molten sulphate by maintaining acidic conditions. This
way, the activity gradient of the basic component is established. [17, 29]
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The consumption of SO, and O, at the oxide/steel boundary results in increase of O2
activity. The concentration of dissolved oxide scale species MO,2 is highest at the
melt/oxide boundary and lowest at the melt/gas boundary. As a result, dissolved oxide
species diffuse through the melt film towards the gas atmosphere where the O con-
centration is lower and where they precipitate as sulphates, according to reaction (11).
The scales formed by basic fluxing mechanism grow fast, are porous and non-protec-
tive. [30]

2MO%™ + 3505 + 202~ — M, (S0,)3 (11)

As molten salt penetrates the oxide scale at some locations, steel surface comes to
contact with low oxygen partial pressure and high sulphur activity resulting in sulphide
formation according to reaction (12). At the cathodic reduction site, the local basicity
increases as a result of the formation of sulphides beneath the oxide, since MO is a
reaction product. Sulphidation changes the salt chemistry because it produces basic
corrosion products (MO,2). Sulphur activity decreases as it is bound in the sulphide
resulting in the increase in basicity of the melt according to reaction (13). [17, 29]

4MR* + My SO, — 3M,0 + M,S + M,0, M, = Cr,Ni,Fe, My, = Cu,Zn, Pb, Fe (12)
2M;0 + My0 + 02~ - My* + 2M, 057, M, = Cr, Ni, Fe, My, = Cu, Zn, Pb, Fe (13)

In the case of an oxide film consisting of two different oxides, the more basic oxide
should release oxide ions as a corrosion product thus exhibiting acidic dissolution.
Meanwhile the acidic oxide reacts with those oxide ions, which results in the basic dis-
solution of the more acidic oxide in the molten sulphate. The dissolution behaviour of
the two oxides supports each other and consequently the fluxing of the oxide scale pro-
ceeds faster compared to the situation where the oxide scale is composed of only one
oxide. The dissolution kinetics of acidic Cr.O5; becomes faster when combined with
Fe,04 and much higher kinetics is established in the presence of very basic oxides such
as NiO. The acidic oxide providing the oxide ions causes the acidic solubility of an oth-
erwise protective oxide to increase. [29]

3.2.2 Sulphuric acid induced corrosion

Condensation of liquid sulphuric acid film on the oxide surface below its dew point
temperature causes acidic fluxing of the steel’s oxide scales. Sulphuric acid dissociates
on the oxide surface according to reaction (14). In acidic fluxing, dissolution of the
steel’s oxide takes place by the formation of M"+-ions and SO,2-ions, which produces
unprotective sulphate scales according to reactions (15) and (16). [6]

H,S0, — SO5 + H,0 (14)
M,03 + 3505 — 2M™ + 3503~ (15)
M,05; + 3H,S0, = M,(S0,); + 3H,0 (16)
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Water produced by the dissociation of sulphuric acid when coming in contact with
the oxide scale, may lead in addition to formation of OH- and H* ions when H>O mol-
ecule dissociates on the oxide surface. H* can cause protonic defects in the oxide lattice,
changing the microstructure of the scale and its diffusion properties. OH- ion is much
smaller compared to O, which leads to a higher diffusion rate of oxygen through the
oxide scale, increasing the oxidation rate. [14, 31]

3.2.3 Corrosion by SO2

Metal sulphides are formed as corrosion products by molten sulphate induced corro-
sion by fluxing of the oxide, or by penetration of SO, gas through the scale, enabling it
to react with the steel surface. SO. molecules can migrate through the scale via cracks
and pores. As SO- reaches the steel surface, it dissociates to S, and O. according to
reaction (17). Sulphur can diffuse into the steel along grain boundaries and the ther-
modynamically most stable metal sulphide will form when sulphur activity increases
high enough. Sulphur activity reaches high values, because below the oxide scale, oxy-
gen activity is small, as oxygen has been consumed in the oxide formation [32, 33]. The
difference between sulphur and oxygen anion sizes leads to M-S bond lengths longer
than the corresponding M-O distances. In ionic crystals, this leads to smaller lattice
energies for the sulphides and in lower Gibbs energies for the sulphide formation. [17]
Continuing sulphide precipitation removes steels alloying metals from the surface in-
hibiting protective oxide scale growth. [33, 34]

S0, - 0, + %sZ 17)

Formation of sulphide will reduce the sulphur activity at the steel surface to the value
equal to the dissociation pressure of the sulphide in question. The formation of oxide
and sulphide continues as long as the sulphide forming metal activity in the scale be-
tween gas and the steel surface is high enough to keep the equilibrium of the reaction
(17) on the right side. If sulphur transport from the atmosphere continues, eventually
the next most stable sulphide will start to precipitate. [33, 34] Oxidation of MS releases
SO., which can migrate further towards the steel/scale interface reacting again to MS
according to reaction (18). [34]

5M + 250, = M50, + 2MS (18)

The activity of the metal forming sulphide is dependent on the diffusivity of metal
cations in the steel and through the scale. When the conditions of reaction (18) are no
longer satisfied, only oxide is formed. A mixed oxide/sulphide scale is eventually over-
grown by oxide. Oxidizing species in the SO. atmosphere (H-O and O.) promote oxide
formation. Metal cation diffusion is slowed down by oxide scale and metal activity de-
creases towards the oxide surface. [34]

Most metal sulphides grow according to parabolic kinetics, controlled by solid state
diffusion. However, the growth rates of most sulphides are much faster than the corre-
sponding metal oxidation rates. Especially the transition metal sulphides of Fe, Cr and
Ni display large deviations from stoichiometry having high point defect densities, pre-
dominantly cationic vacancies. The high defect densities of the simple metal sulphides
result in high diffusion rates and rapid sulphide growth. [17]
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Due to its higher negative value of Gibbs energy, chromium sulphide will precipitate
before iron and nickel sulphides can form [34]. Increased sulphur activity below the
scale and simultaneous chromium depletion of the steel surface by the formation of
CrS or volatile chromium compounds may result in the formation of highly defective
nickel sulphides, efficiently preventing the formation of a protective oxide scale. [35,
361

The growth of a sulphide scale takes place as metal cation diffuses towards the ox-
ide/sulphate interface while vacancies migrate simultaneously towards the oxide/steel
interface. Vacancy injections eventually result in void formation. MS dissociates on the
surfaces of these voids to produce sulphur vapour, which again reacts with the steel,
forming an inner layer of MS. The continuing growth of the sulphide scale proceeds
inwards from the steel surface. [36]

3.3 Chlorine induced hot corrosion

At elevated temperatures, chlorine compounds trigger a corrosion mechanism referred
to as active oxidation, in which molecular chlorine released from these compounds acts
as a catalyst for the uncontrolled oxidation of the steel. Oxidation of metal chlorides
such as ZnCl,, CuCl,, FeCl, etc. to oxides and consequent release of molecular chlorine
results in a self-sustaining cycle of chlorine induced corrosion. Chlorine is released ac-
cording to reactions (19) - (21). [32, 35, 37 — 47]

4FeCl, + 30, — 2Fe, 05 + 4Cl, (19)
2CuCl, + 0, - 2Cu0 + 2Cl, (20)
ZnCl, + 0, - Zn0 + Cl, (21)

Chlorine is able to penetrate the protective oxide scale at the steel surface through
pores and cracks and reach the scale/steel interface. The penetration of chlorine spe-
cies through the oxide scale is still not fully understood. It seems that neither solid state
diffusion, grain boundary diffusion, nor molecular diffusion through cracks and pores
of the scale are fast enough to explain the high oxidation rates of steels. It is concluded,
that somehow the chlorine itself must affect the creation of fast diffusion paths, possi-
bly by creating grooves and fissures at the steel grain boundaries. [32, 35, 37 — 471

At the scale/steel interface, oxygen is consumed by the formation of metal oxides
resulting in conditions of high Cl. partial pressure and low O. partial pressure. In these
circumstances, metal chlorides become stable. Chloride formation according to reac-
tion (22) is a spontaneous reaction typically having a large negative Gibbs energy of
formation. [32, 35, 37 — 47] Metal chlorides tend have high vapour pressures even at
low temperatures resulting in vaporization (23) and rapid loss of metal from the steel

surface.
M(s) + Cl,(g) < MCl,(s), M = Fe, Cr, Ni (22)
MCl,(s) = MCl;(g) (23)

Metal chlorides diffuse towards the scale/gas interface through the oxide scale. The
oxygen partial pressure increases in the scale towards the scale/gas interface and at
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areas of higher oxygen activities the metal chlorides precipitate as oxides according to
reactions (24) — (25) contributing to further scale growth and thus accelerated corro-
sion. As a result, the oxide scales formed according to this mechanism are loose and
highly porous enabling fast material transport away from the corroding steel. [32, 35,
37— 471

3MCl;(g) + 20,(g) = M304(s) + 3Cl,(g) (24)

2MCl,(g) +30,(g) - M,05(s) + 3Cl,(g) (25)

By reactions (24) — (25) free chlorine is again released and part of it diffuses to the
gas phase and part of it diffuses to the steel surface. This way, a cycle is formed. The
chlorine cycle provides a continuous transport of steel’s alloying metals away from the
metal surface toward higher oxygen partial pressures in the scale. The total consump-
tion of chlorine is small, which is why it can be considered as a catalyst for the oxidation
of steel. The net reaction is (26). [32, 35, 37 — 47]

4M(s) + 30,(g) — 2M,05(s) (26)

The second important effect of chlorides causing significantly accelerated corrosion
attack is their ability to lower the initial melting temperatures of the salt deposits in
which they occur. Chlorides such as ZnCl,, PbCl,, CuCl, FeCl; etc. have been shown to
lower the melting temperatures of the salt mixtures considerably [39 — 42, 48]. The
lowering of the melting temperature of a salt mixture increases further when more
heavy metal salt compounds such as chlorides or sulphates are present in the mixture.
These deposits flux the steel’s oxide scale [32, 38, 40]. The rate at which the sulphate
and chloride ions dissociate on the steel’s oxide surface determines the corrosion rate
[36].

The detrimental effect of molten salt phase is based on the better contact between
the salt particles and the steel surface. When a molten salt layer is formed above the
oxide, the salt can easily wet the oxide surface and penetrate through the pores and
cracks. Molten salt provides a medium for fast migration of oxidants inwards towards
the steel surface and dissolved metal ions outwards towards the scale/gas interface. A
liquid salt mixture provides an electrolyte, a pathway for ionic charge transfer, result-
ing in fast electrochemical corrosion attack. [32, 35, 38, 40, 45]

The third detrimental influence of chlorine containing species occurs via dissolution
of the steel’s protective oxide scale by the formation of chromates according to reac-
tions (27) — (28). Chromate formation effectively prevents the formation of a contin-
uous oxide scale. This type of oxide scale breakage opens a path for Cl, to cause chlo-
rination of the steel surface since chromates are not protective corrosion products due
to the depletion the oxide of chromium. Consequently, chromia can be replaced by less
protective iron oxides. [29, 35, 38, 40-44, 48]

2MCl, + Cr,05 +50, — 2MCr0, + 2Cl,, M = Cu, Pb, Zn (27)
2KCl +2Cr,05 +20, - K,Cr0, + Cly (28)
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4. Experimental methods

4.1 Thermogravimetry for measuring oxidation kinetics

The effect of grain size on the oxidation behaviour of steel was studied by comparing
the oxidation behaviour of the same austenitic stainless steel TP347H with two differ-
ent grain sizes. The samples were cut from a commercial superheater tube material
into approximately 6 mm x 6 mm x 60 mm bars. Chemical analyses of the steels are
given in Table 1. Before the oxidation experiments, the samples were polished with SiC-
papers P240, P400, P800 and P1200. After polishing, the samples were washed in eth-
anol in an ultrasonic bath for 10 minutes.

Table 1. Chemical compositions of the studied steels.

Weight% Cr Ni Si Cc Mn Nb P S Ta Fe Grain
size/ASTM

TP347H 17.34 11.07 056 0.053 1.58 0.73 0.024 0.0007 0.005 bal. 55

TP347THFG 18.3 115 043 0.09 1.5 0.88 0.024 0 0.002 bal. 9.1

The oxidation was carried out at 600 °C, 650 °C, 700 °C and 750 °C by placing the
steels in a Lenton UAF 16/10 chamber furnace (Hope Valley, UK) were they were hung
above a calibrated S-type thermocouple. The steels where weighed twice a day in the
beginning of the experiment and once a day for the rest of each experiment with a cal-
ibrated Mettler Toledo AB204-S semi-microbalance (measurement accuracy + 0.1
mg). The steels were weighed three times in order to get an average mass at each meas-
urement point. The weight change of the steels was measured with this method, be-
cause the oxidation rate of the steels was small, requiring the best possible recording
accuracy. The duration of the gravimetric experiments was more than 200 hours at
each experimental temperature and each run was repeated three times. Also an exper-
iment was done, during which the steels were left in the furnace at 650 °C without
removing them for the weight change measurements in order to check whether tem-
perature cycling has an effect on the oxidation behaviour. The extent of temperature
cycling was so small that it had no effect on the obtained mass gains or the structure of
the oxide scales formed. Air dried with silica gel was led to the chamber furnace at the
rate of 320 mL/min in order to eliminate the effect of moisture and the external at-
mosphere.

The obtained oxidation rates were calculated with the rate equation (29)

(o) =, @
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where n is an index characteristic to the oxidation mechanism of the steel, k is the rate
constant, Am/A is the observed weight change per unit area and t is oxidation time
[49]. Activation energy of the oxide scale formation Q can be calculated from lineari-
zation of the Arrhenius equation (30) according to (31)

k = Ae~Q/RT (30)

- _ Q
—Ink = —Ind + ——, (31)

where R is the gas constant, T is temperature in Kelvins and A is a constant. [49] The
results of these measurements and calculations are presented in more detail in Article
1.

4.2 Laboratory simulation of the heat recovery boiler

In order to investigate the corrosion phenomena occurring in the heat recovery boiler
of the copper flash smelting process, typically used steels, one low alloy steel and three
high alloy steels were chosen as test materials. The heat recovery boiler’s walls are
made of carbon steel tubes coated by more corrosion resistant stainless steel. The
chemical compositions of the used steels are shown in Table 2.

Table 2. Chemical compositions of the steels used in heat recovery boiler.

Steellwt% C Si Mn P S Cr Mo Ni Cu Al Ti Fe

P235GH 0.09 021 047 0.005 0005 0.09 0.02 0.08 0.15 0.022 0.027 98.83
AISI304 <0.08 0.54 1.81 <0.045 <0.030 1821 O 9.66 67.24
Sanicro 28 <0.03 0.54 1.80 <0.03 2545 437 30.05 0.53 33.89
AISI316 <0.08 0.55 1.61 <0.045 <0.030 17.4 3.12  10.37 67.14

The steels were exposed to an atmosphere that simulates the conditions of the heat
recovery boiler. The steel samples were placed in a horizontal tube furnace (Lenton
CSC 12/--600H, controller by Eurotherm) that has a quartz glass work tube, in which
a gas mixture of composition 43 vol% SO., 39 vol% N, 9 vol% O. and 9 vol % H.O was
led. The air was dried beforehand with silica gel. Water was introduced to the furnace
space using a peristaltic pump (ISM596 Reglo digital; Ismatec Oak Harbor, Washing-
ton) by which tap water was pumped through a long alumina capillary in the hot sec-
tion. This way, small amount of water could be dosed accurately into the furnace, since
the water flow is dependent on the capillary tube diameter used in the pump.

Temperature of the furnace hot section was measured by calibrated PT100 resistance
sensors that have a measurement accuracy of +0.1 °C. The resistance sensors were con-
nected to Keithley 2010 DMM multimeters. The temperature was measured from the
middle and from the edge of the sample holder. The maximum temperature difference
between the samples was 8 °C at 250 °C, 6 °C at 300 °C and 4 °C at 350 °C.

Isothermal corrosion experiments were done at 250 °C, 300 °C and 350 °C to simu-
late the temperature variations taking place on the heat recovery boiler walls. The
steels were covered by deposit containing 65 wt% of copper smelter flue dust, 5 wt%
potassium chloride (KCl) and 30 wt% of zinc chloride (ZnCl.). In the reference condi-
tion, the steels were covered by a deposit containing 95 wt% copper smelter flue dust

24



Experimental methods

and 5 wt% of KCl. The total amount of dust and chloride deposition on the steel sam-
ples was approximately 0.3 g/cmz2. In the flash smelting furnace at 1300 °C, chlorine
in the ore vaporises and is found in varying amounts in the copper smelter flue dust.
When chlorides gather in the deposits over the years they result in fast corrosion. ZnCl.
was added to the copper flash smelter dust to study its effect and to accelerate the cor-
rosion rate to simulate years of boiler operation. A small amount of KCl is also typically
present in the dust [2].

The deposits were mixed carefully and put on the grinded and cleaned boiler steels,
cut in 10 mm x 10 mm sized pieces, and annealed in the furnace for two weeks. The
mixtures were not homogenized by melting before the corrosion experiments. Particle
sizes of the deposit components were measured by laser diffraction (Malvern Instru-
ments, UK). Chemically formed dust in the copper smelter flue dust had an average
particle size of 2,4 ym and the mechanically formed dust had an average particle size
of 239 um. Average particle sizes of ZnCl. and KCl were 825 um and 220 pm, respec-
tively. The chemical composition of the copper smelter flue dust is shown in Table 3.

Table 3. Chemical compositions of the copper smelter flue dust. The flue dust was analysed by ICP
(Inductively coupled plasma spectrometry) and XRD (X-ray diffraction).

Copper smelter As Bi Ccd Cu Fe Ni Ca0O MgO Pb Zn Al;0; K:0 SiO; S
flue dust

Oxygen is not 31 062 095 184 172 041 133 044 3.6 5.2 0.9 069 3.8 10.3
analysed

Phases identi- Fe304, CuSOs, CuosZnosFez204, Cu?*2(AsOs)(OH), FeAsS, Cu2AsO4(OH)s, Fex(S0a4)s, PbSO4-PbO, CuFe:Ss,
fied by XRD FeixS, ZnSO4

Prior to the corrosion experiments, the steel samples were polished with SiC-papers
P240, P400, P800 and P1200 and washed in ethanol in an ultrasonic bath for 10
minutes. After the corrosion test, the steel specimens were cooled to room temperature
in a nitrogen atmosphere.

The SO, and SO; gases from the furnace outlet were led to a gas washing system. The
gas flowed through hydrogen peroxide (33 %) and sodium hydroxide (13 mol/l) solu-
tions, because under pressure was created in the gas train by an under pressure pump
(Lab vac H40, Piab Sweden). The gas was cleaned by washing reactions (32) - (36).

$0,(g) +30,(8) - S03(g) (32)
$03(g) + Ho0(1)  H,80,(1) (33)
S0,(g) + H,0,(1) = H,80,(1) (34)
S0,(g) + 2NaOH(aq) — Na,S03(aq,s) + H,0(D) (35)
S05(g) + 2NaOH(aq) — Na,S0,4(aq,s) + H,0(D) (36)

The hydrogen peroxide is stabilized by acid formation, but on the other hand, its dis-
sociation to water and oxygen becomes faster as temperature increases due to the exo-
thermic reaction (34), and due to the exposure to light. Because of these uncertainties
in the estimation of the consumption of hydrogen peroxide, NaOH solution was used
as a backup for the gas cleaning. To be sure that SO« gases cannot get past the gas
washing system after exiting the furnace, the exhaust gas was led through a strong so-
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dium hydroxide solution. The solution was dyed blue using bromotymol blue as an in-
dicator. Bromotymol blue changes its colour to green at pH 6.0 — 7.6, indicating when
the sodium hydroxide in the solution has been consumed. The danger in this method
is that the pipes in the gas washing bottles get easily blocked due to the formation of
sulphate crystals. During the maintenance of the first gas washing line, a similar par-
allel gas washing train was used, and the gas flow was guided through it using valves.
A schematic flow diagram of the experimental set up is presented in Figure 4.

—| Underpressure pump [

’

Mass Mass

flow flow

meter meter SO,
N2 502

Furnace

T

Temperature
measurement
(resistance sensor)

Peristaltic pump for
water

Pressure

7 3 > Silica gel Rotameter
Pressurized air reducing el (air)

box

Figure 4. Flow chart representing the experimental set up used in the hot corrosion experiments.

After the corrosion experiment, a chlorine free resin (Glass clear polyester resin by
Eli chem resins, UK) was used to cover the dust embedded samples. This resin was
chosen, because epoxy was found to react with chlorides in the deposit. After the resin
had cured, extra resin was cut off and the samples were cast in epoxy in order to pre-
pare metallographic cross sections for the SEM-EDS analysis. The cross sections were
polished with SiC-papers P80, P240, P400, P800, P1200, P2000 and P4000. The pol-
ishing process was water-free in order to avoid dissolution of chlorides and a mineral
oil (Shell Ondina) was used as a lubricant. The oil was removed by washing the samples
in petroleum ether in an ultrasonic bath after which the cross sections were coated with
carbon for better conductivity during electron microscopy. Due to hygroscopic nature
of the samples, they were stored in an exicator containing silica gel.

4.3 The quenching technique for phase diagram determination

Few of the chlorides detected in the deposits covering the samples obtained by the cor-
rosion experiments, when simulating the conditions of the heat recovery boiler, were
chosen for studying their melting behaviour. The phase boundary compositions of the
binary CuCl-ZnCl,, CuCl-FeCl; and FeCl;-ZnCl. systems were measured by an equili-
bration and quenching method. This involved equilibration in isothermal conditions,
a rapid quenching, and direct measurement of equilibrium phase compositions with a
scanning electron microscopy. [50, 51] The thermodynamic constraints of measuring
the phase diagrams are based on the Gibbs phase rule (37):
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f=c—p+2, (37)

where the variable f is called the degree of freedom, c is the number of components of
the system and p is the number of phases. The binary systems were measured at the
constant pressure of 1 atm, thus the constant 2, representing alterable intensive varia-
bles such as temperature and pressure, is reduced to one. When the number of compo-
nents (CuCl, ZnCl, and FeCl,) is two in the binary systems, the phase rule shows that
within a single-phase region of the phase diagram, there are two degrees of freedom.
Then, temperature and composition may be varied independently and in a two-phase
region, the temperature may be varied, but at any temperature, the compositions of the
coexisting two phases are fixed. [52]

The experiments were conducted at isothermal conditions, reducing the f by one and
resulting in a fully defined system (f=0). This means that changing the system compo-
sition changes only the relative amounts of the two phases, but the phase compositions
of the two coexisting phases remain unchanged. The compositions of all phases in equi-
librium can be determined, such as the compositions of solid phases coexisting with
the liquid. [52]

f=c-p+1=3-p (38)

The anhydrous powders of CuCl, ZnCl. and FeCl; were used as starting materials.
The samples were prepared by weighing the chloride powders before each experiment
with a calibrated Mettler Toledo AB204-S semi-microbalance, that has a measurement
accuracy of + 0.1 mg, and mixing them according to predetermined starting composi-
tions. The starting compositions were selected so that two phases could be obtained
during equilibration. The sample size was small (0.4 g) in order to enhance the achieve-
ment of equilibrium and to reach higher quenching rates. The list of chemicals used
and their purities are shown in Table 4.

Table 4. Starting materials used during the equilibration experiments.

Material Manufacturer Purity

Zinc chloride ZnCl> SIGMA ALDRICH Reagent grade > 98 %
Cuprous Chloride CuCl SIGMA ALDRICH Reagent grade > 97 %
Ferric Chloride FeCls SIGMA ALDRICH Reagent grade > 97 %
Ammonium Chloride NH4Cl SIGMA ALDRICH 99.99 %

Argon Ar AGA 99.99 %

Despite the fact that anhydrous chlorides were used as starting materials, the anhy-
drous form of ZnCl, is highly hygroscopic, absorbing moisture rapidly from the ambi-
ent air and turning into one of five hydrates [53, 54]. It is difficult to work with anhy-
drous ZnCl. fast enough in ambient air in order to avoid hydration and if the hydrated
zinc chloride is attempted to be dried by evaporating the crystalline water, oxychloride
is first formed according to reactions (39) — (40). [55] FeCl; is highly hygroscopic as
well and in exposure to air forms a series of hydrates with 2, 5 and 6 water molecules
[56]. Also, when hydrated FeCl; is dried by heating, oxychloride is formed instead of
anhydrous FeCl; according to reaction (41). CuCl on the other hand is fairly stable with
exposure to air [57].

ZnCl, - 2H,0 — Zn(OH)Cl + HCI T +H,0 1 (39)
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250°C

N

2Zn(OH)C

ZnCl, + ZnO + H,0 + HCI (40)
FeCl, - H,0 — Fe(OH)2Cl + HCl (41)

The sample mixtures were equilibrated in pyrex glass crucibles. In order to dry the
hygroscopic chlorides, ammonium chloride was added in the bottom of the crucibles.
The sample mixtures were added on top of the ammonium chloride layer so that HCI
and NH; gases rinse the chloride powders according to reactions (42) — (44). The cru-
cibles were covered by a lid that does not completely seal the crucible, but rather slows
the rate of gas exchange with the environment so that water vapour and NH; gases can
exit the system.

338°C

NH,Cl=——NH;(g) + HCl(g) (42)
Zn(OH)Cl + NH,Cl - ZnCl, + NH;(g) + H,0(g) (43)
Fe(OH)2Cl + NH,Cl > FeCl; + NHs(g) + H,0(g). (44)

In order for ammonium chloride to dry the samples, they were first kept at 340 °C
for half an hour after which the temperature was dropped to the equilibration temper-
ature. Most chlorides are difficult to melt, because they have high vapour pressures and
they volatilize at relatively low temperatures, except for the alkali and alkaline earth
chlorides. For this reason, the samples were not premelted above the liquidus line.

The samples were equilibrated in a vertical electrical resistance tube furnace (Lenton
CSC12/-/450V, controller by Eurotherm 3216CC) at isothermal conditions. The sam-
ples were suspended on a wire within a fused quartz work tube in the hot zone of the
furnace. The location of the hot section within the work tube was located by measuring
a temperature profile at 300 °C. A calibrated PT100 resistance sensor, connected to
Keithley 2010 DMM multimeter (Cleveland, OH, USA), having measurement accuracy
of +0.1 °C, was placed next to the sample for recording the sample temperature. The
temperature of the hot section was measured and logged during equilibration with an
NI LabVIEW temperature logging program. According to the temperature profile
measurement, the uncertainty of the sample temperature was estimated to be +1 °C
within the length of the hot zone of 8 cm. Argon was led to the furnace through a rota-
meter and the furnace was flushed with argon before lifting the sample to the target
temperature in order to avoid oxidation. The sample was pulled to the hot section of
the furnace from the bottom by pulling it on a wire from the top of the furnace. A sche-
matic diagram of the furnace setup used for the equilibration is presented in figure 5.
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Figure 5. Schematic diagram of the furnace setup used for equilibration annealing at isothermal, iso-
baric experimental conditions, and for quenching.

Whether equilibrium is achieved during the annealing affects the accuracy and relia-
bility of the results. Equilibrium conditions were confirmed by conducting equilibra-
tion experiments at the same temperature with the same sample materials, but with
different equilibration times. This was done to confirm homogeneity of the phases and
that no further changes occur in the sample composition as the equilibration time in-
creases. The experimental conditions are shown in Table 5. After a sufficient time of
equilibration, the samples were quenched in cooled mineral oil (Shell Ondina) due to
their highly hygroscopic nature and mounted in epoxy. The sample preparation pro-
cess for the SEM-EDS analysis was water-free in order to avoid contamination of the
samples with moisture. The samples were polished with SiC papers P80, P240, P400,
P800, P2000 and P4000, using mineral oil as lubricant to expose a suitable cross sec-
tion for SEM-EDS analysis. After polishing, the oil was removed by washing in petro-
leum ether in an ultrasonic bath, after which they were coated with carbon (Leica EM
SCDo50 Coater, Leica Mikrosysteme, GmbH, Vienna).

Table 5. The experimental equilibration temperatures, starting compositions and times sufficient to
reach equilibrium for the systems CuCI-ZnCl2, FeCl3-ZnCl2 and CuClI-FeCls.

T/°C Equilibration composition Sufficient equili-
in wt% bration time /h

CuCl-ZnCl2

230 70 CuClI 30 ZnCl2 20

240 70 CuClI 30 ZnCl2 20

250 70 CuClI 30 ZnCl2 20

300 75 CuCl 25 ZnCl; 6

350 75 CuCl 25 ZnCl; 6

FeCls-ZnCl2

190 80 FeCls 20 ZnCl2 20

214 80 FeCls 20 ZnCl2 20

230 80 FeCls 20 ZnCl2 20

214 10 FeCl; 90 ZnCl> 20

230 10 FeCl; 90 ZnCl, 20

250 80 FeCls 20 ZnCl 6

CuCl-FeCl3

307 90 CuCl 10 FeCls 6

307 55 CuCl 45 FeCls 6

350 90 CuClI 10 FeCls 4
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4.4 Scanning electron microscopy and electron dispersive spec-
trometry

In all the above experiments, the corroded steel samples and the compositions of
phases from cross sections of quenched chloride samples, were analyzed using scan-
ning electron microscopy and electron dispersive spectrometry (SEM-EDS). The ob-
tained samples were analysed with a SEM LEO 1450 scanning electron microscope
(Carl Zeiss Microscopy GmbH, Oberkochen, Germany) which includes an X-Max type
EDS (energy dispersive spectrometer) by Oxford Instruments (Abingdon, UK). The re-
sults of the element analysis were obtained with an INCA-Energy software by Oxford
Instruments. Mineral standards by Astimex Scientific limited (Toronto, Canada) were
used for the EDS-analysis. INCA Energy uses the XPP matrix correction algorithm,
which is a Phi-Rho-Z approach [58].
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5. Thermodynamic modelling

Prediction of the chemical behaviour of multicomponent multiphase systems requires
computational methods to calculate chemical equilibria between phases. When sys-
tems contain solid phases, liquid phases and gases with varying chemical composi-
tions, the mathematical models require experimental data to fit the model to represent
the real system. Often data for complex systems does not exist and a good description
of the chemical behaviour in simplified systems is important for predicting systems
that are more complicated.

Theoretical thermodynamic models are the basis of the CALPHAD-method (calcula-
tion of phase diagrams). In computational thermodynamics, the equilibrium state is
described using thermodynamic functions that depend on temperature, pressure and
composition. These computational methods are mainly based on Gibbs energy mini-
mization of all phases. [59] The total molar Gibbs energy of a solution consists of three
parts according the equation (45) [59-61].

G = Giix + AGRE + AGRICe™® (45)

In which G,,;, represents Gibbs energy of mechanical, unreacted mixture of pure com-
ponents of the system, AGI9¢3! is the Gibbs energy of ideal mixing of the system and
GEXcess ig the excess Gibbs energy of mixing, which includes every other type of contri-
bution to the Gibbs energy that is not part of mixing of the pure components, and the

ideal mixing model. G, is given by equation (46): [59, 60, 62]
G:nix = Z XiGio s (46)

where G; are the Gibbs energies of pure components and x;, defined by equation (47),
are the mole fractions of the components of the phase:

Xi = % > (47)
where N; is the number of moles of component i and N is the total number of moles of
the system. [59-61]

The atomic sites within a crystal are arranged in a regular pattern called a lattice.
However, the different atoms are randomly distributed. The Gibbs energy of a phase
consists to two main factors, the bonding between the atoms and their configuration
[61]. The ideal model for Gibbs energy of mixing, described by equations (48) - (52), is
based on the assumption of random mixing referred as configurational disorder. [60]
For an ideal substitutional solution the enthalpy of mixing (AHiﬂﬁf‘l) is zero because no

change in bonding energy or volume during mixing is thought to occur [59, 60, 62]
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AGldeal — AHldeal TASldeal (48)

mix mix mix

where AS19¢al is the configurational entropy of a phase. The contribution of the config-
urational part is the driving force for mixing of unlike atoms. The configurational en-
tropy of a phase originates from random arrangement of atoms, derived from the Boltz-
mann’s equation and is given by equation (49) [59, 60]

S =k In(W) = k-In (7)) » (49)

where k = R/N, is Boltzmann’s constant (N4 is the Avogadro’s number and R is the gas
constant) and W is the number of different configurations of species A and B randomly
mixed at N=N,+Nj, places. Entropy for ideal mixing can now be written as (50)

5= (5,)* [N“In(N) = Ny In(N;) = Ny - In(Ny)] = ~R[x In(s) + xp1n(55)] (50)

Identifying Na/N and Ng/N with the mole fractions x, and x, we get the configurational
entropy of a phase according to equation (51) and therefore the ideal Gibbs energy of
mixing according to equation (52). [59-61]

ASideal = —R Y x;Inx; (51)
AG;&S?I— —RT ¥ x;Inx; (52)

There is no enthalpy contribution in the ideal Gibbs energy of mixing, because com-
plete random mixing is assumed. In an ideal solution, the energy of A-B interaction
equals the average of the A-A and B-B interactions. The disorder will be incomplete
when internal variables describing short- and long-range order are introduced. [60]
The excess Gibbs energy of a multicomponent substitutional solution, expressed by
equation (53), describes what remains of the real Gibbs energy of a phase when the two
first terms of the equation (45) are subtracted from the total Gibbs energy of a phase.
These contributions include for instance excess vibrational energy, excess configura-
tional entropy, such as long- or short-range order, and excess enthalpy, since all en-
thalpy of mixing is in excess of the ideal solution behaviour etc. These contributions
are used in the modelling of the real Gibbs energy of a phase by finding the best fit
between the experimental results and the chosen model, through determining the suit-
able empirical interaction parameters of the excess part of the total molar Gibbs en-
ergy, as in [59-61]

Excess _ Excess Excess _ yn-1yn
Gle - AHmlx TASmlx Zi:i j=i+1xiijij ’ (53)

where L;; is the interaction parameter between the components of the system. The
binary solution term can be extended in the composition using the differences between
the site fractions of i and j according to Equation (54), which is known as the Redlich-
Kister power series. [59-61]

i =2k o(yi —yp) LY (54)
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The interaction parameter used to fit the Gibbs energy model to the experimental
results, is described by the power series according to equation (55). The parameters Lj;
can be temperature dependent. Normally a linear temperature dependence is enough.
[60]

LB = all +biT (55)

In equation (55), the composition dependence of excess enthalpy is described by aj;
and the excess entropy by b{} [60]. Combining equations (46), (52) and (53)-(55) gives
the expression for the total molar Gibbs energy of a solution according to equation (56),
in which a and b are the terms of the model to be optimized to fit the experimental
data.

. k
Gm = 2 ¥iG; + RT Xy Iny; + yiy; Zi-o(@ff + bID* (v — y;) (56)

The equation (56) describes a regular solution model where mixing is random in all
directions. For more complicated applications, some mathematical alterations to terms
Gmix» AGId23l and AGEXCess have been developed to better describe the physical proper-
ties of the molar Gibbs energy of more specific chemistries. In the following chapters,
models used to describe the studied chlorides are explained.

5.1 Compound energy formalism

The compound energy formalism (CEF) is commonly used for describing the thermo-
dynamic properties of solutions that are modelled with sublattice solution models [60,
62, 63]. Chlorides with different valences typically do not form solid solutions with one
another. However, within the CuCl-ZnCl,-FeCl;-system solid solubilities have been de-
tected and they were modelled using the CEF.

The majority of the solid crystalline phases have an ordered arrangement of different
atoms described by a lattice. Each element prefers a particular type of lattice site. It is
convenient to describe this situation by dividing the lattice into interlocking sublat-
tices. [63] Ionic compounds such as salts consist of electrically charged components,
anions and cations. Ions having the same charge repel one another while ions having
opposite charges attract one another. As a result, ionic crystals exhibit strong ordering
so that anions are surrounded by cations and cations are surrounded by anions in the
crystal lattice. Salts can be modelled according to example lattice structure (57) where
anions reside on an anionic sublattice, cations being the nearest neighbouring ions and
cations reside on a cationic sublattice surrounded by anions. [62, 63]

(A, B)i (C,D)R? (57)

In equation (57), A, B, C and D are different elements, superscripts s1 and s2 represent
different sublattices and subscripts m and n give the ratio of sites on the two sublat-
tices. [60-63]

By selecting one constituent in each sublattice, one has a stoichiometric compound
with a fixed composition. The Gibbs energy of formation of that compound contains
the most important part of the bond energies. These compounds are called the end-
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members of the solution phase. [61] The Gibbs energies of the end members are the
main parameters of the sublattice model. [60, 63]

Let us consider the sublattice structure (57). The composition of the phase can be
considered to be limited by four end-member compounds. The phase can be described
by the compositions between the four end-members. [59] The end-members define the
limit of solubility, but the model may have end members with a composition inside the
composition range of the phase. [61] The composition surface can be represented by
the equation (58), representing the Gibbs energy reference state for pure components
when only the pure components exist on the sublattice. [59, 63]

Gmix = YA Y Gac + YA YD Gap + Y5 ¥ Gpc + V3 Y5 Gpp (58)

In equation (58) G.c, Ga.p> Gg.c and Gg.p are the Gibbs energies of the pure components
AC, AD, BC and BD. To work with the sublattice model, it is necessary to define what
we know as site fractions y. These are the fractional site occupations of each of the
components on the various sublattices defined by equation (59)

yi=1, (59)

where N} is the number of lattice sites occupied by component i on a sublattice and N
is the total number of lattice sites. [60, 61, 63]

Sublattices represent a long-range order, which will modify both the entropy expres-
sion and the excess Gibbs energy. [61] Within a lattice, the distribution of different
kinds of atoms on the sites is generally determined by chance to some extent. The sit-
uation is often described as chemical disorder or configurational disorder. The charac-
teristic feature of the model is that ideal random mixing of atoms is assumed within
each sublattice. This ideal configurational entropy within a sublattice is weighed with
respect to the number of sites (m and n) on each sublattice. [63] Since entropy is an
extensive property, which obeys the law of additivity, one could add the contributions
from the individual lattices [60]. The ideal mixing contribution to the total molar Gibbs
energy according to the sublattice model is given by equation (60). [59]

AGri! = mRT(y3' Iny3' +yg' Inyg') + nRT(y Inyg? + y3* Inyp?)  (60)

The excess Gibbs energy of mixing the compounds AC, BC, AD and BD of the sublat-
tice structure (57) is controlled by A-C, A-D, B-C and B-D interactions. Mixing on sub-
lattices controls the A-B and C-D interaction. The interactions are compositionally de-
pendent on the site occupation. The excess Gibbs energy of mixing is given by equation
(61) [59]

AGEXeess = Ry Bty Lag.c + Ya Vi Vb Lagp + YA ey Laco + Yo ye yb Leco +
YAV YYD Lagcp » (61)

where the four first terms are interaction parameters of the four binary subsystems,
and the last term is a reciprocal interaction parameter. The L interaction coefficients
can be temperature and composition dependent, most commonly given as Redlich-
Kister terms as a function of the site fractions. The total molar Gibbs energy of a phase
(G = Gryix + AGIdea! 4+ AGEXCess) according to CEF-model is thus given by equation
(62). [60, 63]
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Gm = YA ¥ Gac + Ya v Gan + V3 ¥ Gp.c + ¥3'vo Gpp + (mRT(y3 Inya' +

yi'Iny3") + nRT(yZ? Iny& + y32 Inyi?) + ya'va've-Lap.c + ya'ye vd Lapp +

VA yE2yiilaco + Yo' yelyitleco + YA ya YerysiLag.co (62)

5.1.1 CuCl-ZnCl2 solid solution

Cu* and Zn2?* have a different charge, which brings some complications to the require-
ment of electroneutrality. Replacement of two Cu* ions in the solid CuCl results in the
formation of cationic vacancy. In order to compensate for the charge differences be-
tween the cations, vacant cation sites were introduced to the CEF-model. The CuCl-
rich solid solution of the CuCl-ZnCl.-phase diagram was modelled according to the
sublattice structure (63). [60, 63, 64]

(Cut,Zn?*,Va), (Cl7), (63)

The Gibbs energies of the end members are marked as (64) — (60).

o(CuCl)

(Cu™)1(CI7)1 = G cutiar- (64)
° 1

(ZnZ*),(C7); = G Sy (65)

(Va), (CI7); = G Vag (66)

(Cu*)(Cl), is a solid electroneutral compound CuCl dissolving ZnCl. in its crystal lat-
tice. Its Gibbs energy of formation is given by equation (67).

o(Cucl) «(Solid)
G cutci- = G cua (67)

(Zn2*),(CI"), and (Va),(Cl), are the charged end-members. The requirement for elec-
troneutrality is fulfilled if the site fractions of the two end-members are equal accord-
ing to relation (68).

(Zn2%),(C17), + (Va),(Cl7), = Zn?*Va(Cl7), (68)

The Gibbs energies of these end-members were chosen to be expressed by equations
(69) and (70)

o(CuCl) 1 ~o(gas)

Gvac =5Ga, (69)
o(CuCl) o(Solid) «(Cucl) «(Cuch)

G zncl, =G zncl,” +a+bT =G zp2+.0- + G vaa©, (70)

where a+bT is a modelling function representing the excess Gibbs energy of the end-
member. [59, 62, 63]

The excess enthalpy term a and the excess entropy term b were optimized with
FactSage 7.2 thermochemical software and the following function (71) was obtained to
describe the thermodynamic properties of CuCl-ZnCl. solid solution.

o 1 ° i °
Ghria- = Gmary) — 26 + (3165 — 29T) (70)
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5.1.2 FeCl3-ZnCl2 solid solution

The solid solution on the FeCl;-rich side of the FeCl;-ZnCl.-phase diagram represents
an opposite case to the previous copper rich solid solution of the CuCl-ZnCl.-system.
When the Fe3+ ions are replaced by Zn2* ions, dissolving in the lattice of FeCls, a va-
cancy is formed in the anion lattice. The requirement of electroneutrality can be satis-
fied by the addition of vacant sites on the anion sublattice instead of the cation sublat-
tice. The iron rich solid solution of the FeCl;-ZnCl.-phase diagram was modelled ac-
cording to the following sublattice structure (72): [60, 63, 64]

(Fe3*,Zn%*),(Va,Cl7), (72)

The Gibbs energies of this sublattice structure are marked as (773)-(76):

o(FeCly)

(Fe*),(Cl7);3 = vl 73)
(Fe™);(Va)s = G foservn (74)
(Zn?%)1(C17)s = G gpaecar- (75)
(Zn?*),(Va)s = Ggpzen (76)

(Fe3+),(Cl"); represents the solid electroneutral compound FeCl; and its Gibbs energy
is defined by equation (77).

o(FeCly) +(Solid)
G pert1- = G Fecl, 77)

The rest of the end-members are charged species. Gibbs energy for the charged end-
member (Zn2*),(Va); was chosen to be defined according to equation (78).

o(FeCl3) o(Solid) o(gas)
G'znztva = G zncl, — G el (78)

The requirement for electroneutrality is satisfied by the expression (79).

2 (Zn?*); (CI7);3 + 5 (Zn?*), (Va); = ZnZ*Va(Cl), (79)

Thus, the Gibbs energy of the end-member (Zn2+),(Cl-); can be obtained by equation
(80).

o(FeCly)  ~o(Solid) 2 o(FeCly) 1 .o(FeCly) 2, 72\ 1, (1
G ch]23 =G ZnCl, +a+bT = 3 G an+:i:]— + EG Zn“:i/a + 3RT [5 In (g) + 511’1 (E)](SO)

Optimized parameters for excess enthalpy a and the excess entropy b are given by equa-
tion (81).

° 1 ° i °
oo = Gomary +36° G0 +2(7455 - 171) = 3RT [2In (2) + 21 (3)] (81)

Gibbs energy for the last charged end-member (Fe3+),(Va); can now be solved from the
reciprocal reaction (82) by inserting the Gibbs energies of the already solved Gibbs
energies of the rest of the end-members (77), (78) and (80). [60, 63, 64]

o(FeCl o(FeCl o(FeCl o(FeCl
G ;e§+:$/)a +G (Zne;+:3C)l_ =G ;'eez"':z)l_ +G énez"':i/)a (82)
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Solving equation (82) gives the Gibbs energy of the end-member (Fe3+),(Va); according
to equation (83).

G'resrva = Grocty. — 268 =2 (7455 - 171) + 3RT [2In () + 21 (3)] (83)

5.1.3 ZnCl2-FeCl3 solid solution

The solid solution on the ZnCl,-rich side of the FeCl;-ZnCl.-phase diagram was mod-
elled according to sublattice structure (84): [60, 63, 64]

(Zn**,Fe**,Va),(Cl7),, (84)

in which the end-member compounds and their Gibbs energies are marked according
to (85)-(87):

o(ZnCl
(ZnZ*),(C17), = G o) (85)
+(ZnCl,
(Fe3*),(CI7), = G°as2). (86)
_ o(ZnCl,
(Va); (C17), = G*Vag? (87)

The end-member (Zn2+),(Cl"), is the solid electroneutral compound ZnCl, and its Gibbs
energy of formation is given by equation (88).

o(ZnCl,) o(Solid)
G Zn2+:él— =G ZnCl, (88)

(Fe3+):(CI")2 and (Va);(Cl). are charged end-members, for which the requirement of
electroneutrality is satisfied by relation (89).

(Fe3*)1(CI); + 5 (Va), (CI7), = Fe3* 2Va(Cl)s (89)
Thus, Gibbs energies for the end-members (Va),(Cl-). and (Fe3+),(Cl-). are defined by
equations (90) and (91). [60, 63, 64]

(ZnCly) _ Ga(glas)
Cl,

GcVa:Cl_ - (90)

o(ZnCly) «(Solid) o(ZnCly) 1 .o(ZnCly) 1, (1
G'Fecly” = G'recty +a+bT = G parg- +3 G paeys + RT3 ()] (on)

The optimized excess enthalpy and entropy parameters for the Gibbs energy of for-
mation of the (Fe3*),(Cl-). end-member are given by equation (92).
Gl =Gty —26°EY + (6746 — 121) — RT[1In (3)] (92)

5.2 Quasi-chemical model

Molten salts typically have a tendency for strong chemical ordering, where the cations
tend to surround themselves with anions and vice versa due to the Coulomb forces. In
addition, many ionic systems show strong short-range ordering, where cation-cation
and anion-anion pairs are second nearest neighbours. The quasi-chemical model takes
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into account non-random mixing between A and B atoms, forming AA, BB and AB
pairs. The formation of the bonds is described by a simple chemical reaction formula
that can be written as the Gibbs energy change of the reaction for the molecules AA,
BB and AB. The model is based upon the assumption that the energy of the whole sys-
tem is the sum of the bond energies between neighbouring atoms. The formation of a
chloride solution from the pure components can be regarded as a chemical reaction
between different kinds of bonds, similar to the reaction between molecules according
to equation (93)

(A-Cl- A)pair +B-C- B)pair =2(A-C- B)pair AgAB/Cl ) (93)

where Agag/c) is a modelling parameter representing the non-configurational Gibbs
energy change of the cation-cation pair formation. [60, 61, 65—71]

The liquid has a strong tendency to order around specific compositions. The extent
of short-range ordering of the solution is determined by calculating the equilibrium
amount of the second-nearest-neighbour (cation-cation) pairs formed according to re-
action (93). [65—71] In the case of chloride systems, the anion sublattice only contains
chlorine, which is why the model only considers formations and mixing of cation-cat-

ion pairs on the cation sublattice [64].
A positive Agag ) value indicates that AA and BB pairs are dominant in the solution.

A negative Agag /¢ value on the other hand would favour the formation of AB pairs,
meaning that the system has a tendency of forming compounds and becoming more
ordered. Ag,g ) of equation (93) is given by equation (94) [60, 65-68]

Agagc1 = AgRp + Vi1 8ABYA + Xjo1 anYs » (94)

in which gjp, g% and gng are the model parameters expressed in a polynomial form
(a+bT) so that a and b are optimized to fit the experimental data. [65-68] If the molar
enthalpy and entropy change of this reaction, denoted by a and b in a+bT, is zero, the
solution is ideal. However, if a+bT is negative then there will be ordering of the mixture
at around the 50:50 composition and the enthalpy and entropy of mixing will show a
distinct minimum at the AB composition. As ordering does not always occur at AB it is
desirable to allow other compositions to be chosen for the position of the minima,
which is done by replacing mole fractions with equivalent site fractions Y, and Yg ex-
pressed by equations (95)-(96) [59]

Yo = ZpYa/(ZaXa + ZpXp) , (95)
Yg = ZgYp/(ZaXa + ZpX3) , (96)

where Z, and Zg are coordination numbers of cations A and B, and X4 and X3 are the
site fractions in the sublattice. [64-71]

The total molar Gibbs energy of a solution phase according to the quasi-chemical
model Gy, = Gy + AGIIEA! + AGEXCESS {5 given by equation (97) [65-68]

Gm = (naGp +npGy) — TAS!eal 4 28 Ag, (97)

where n,G, and ngGy are the molar Gibbs energies of the pure components. AS'd¢3 is
the configurational entropy of mixing given by randomly distributing the (A-A), (B-B),
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and (A-B) pairs, expressed by equation (98), and % Agap is the excess Gibbs energy of

mixing, in which nag is the number of pairs between cations A and B.

X X X
Asldeal = —R(nA In XA + ng In XB) —-R [nAA lnYi{ + ngg lnYleaB + npp In 2Y:33] (98)
where, naa, ngs and nag are the total number of pairs in the solution. [65-68]

To model the liquid binary solutions of the CuCl-CuCl.-FeCl.-FeCl;-ZnCl.-PbCl,-sys-
tem the following coordination numbers for Z and Zg were chosen according to the
relations (99)-(101).

X=6,7%5=3 (99)
Zi=6 2= (100)
=6, 75 =2 (101)

X = MCl,,Y = MCL,Z = MCl,

A = Zn** Fe?*, Cu?*,Pb?** B = Cu*,C = Fe3*

The ratio between the second nearest neighbours Ngny and the first nearest neighbours
Ny for each component was assumed to be constant. This ratio ¢ was described by
equation (102) and was given a value 2.4. [62]

Nsyn _ ¢
—SNN _ 2 102
Npnn 2 ( )

The excess Gibbs energies describing the liquid binary solutions of the CuCl-CuCl.-
FeCl,-FeCl;-ZnCl.-PbCl. system are presented in Table 6.

Table 6. Optimized interaction parameters for the liquid phase of the CuCI-CuCl2-ZnClz-FeClz-FeCls-
PbClz-system.

Agcu(s)znizs)/cl (ﬁ) = (3960.7 — 3.7732T) — 2018.3y,., — (4457.2 — 0.783T)y,,,

J
Agre3+)zn(z+)/al (m) = —3865+ 634 y,, — 5687y,
L) = 4364 + (2940 + 3.24T)y, — 1534,

mol

L) = —4855 + 4.19T

mol

Agcu()Fe+)/al (
Agre(3+)Fe(24+)/Cl (
Agre(2+)cu(z+)/cl (ﬁ) =-2191

]
Agcuchpbasy/al (o) = ~360.8 = 798.8%py 00

mol
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6. Results and discussion

6.1 Corrosion mechanism within the heat recovery boiler

Based on the hot corrosion experiments simulating the conditions of the heat recovery
boiler, the key factor enabling corrosion damage of high alloy steels in the operating
temperature range (250 °C-350 °C) of the boiler steel walls, was considered to be melt-
ing of the copper smelter flue dust deposit. Corrosion products of the steels alloying
elements were found in the scale/dust deposit at those locations, where the dust de-
posit seemed to have been melted and contacted the steel. Where the steel surface was
not covered by the molten deposit, no corrosion damage was observed. Addition of
7ZnCl, to the copper smelter flue dust (composed mainly of sulphates and oxides of Cu,
Fe, Zn and Pb) resulted in melting of the copper smelter flue dust deposit at the tem-
perature range of 250 °C — 350 °C based on visual observations, an example of which
is given in Figure 6. The reference deposit of copper smelter flue dust without ZnCl.
addition, did not have contact with the steel surface and the dust particles were clearly
separated from each other as shown in Figure 6b.

2

4 -4

u0, FeJO

A o g

10um fe i . ' ; 10um

Figure 6. Figure a represents a scanning electron microscope image of a cross section of the surface
of P235GH carbon steel covered by copper smelter flue dust deposit containing added ZnClz
after two weeks of exposure at 250 °C in SO2-N2-O2-H20 atmosphere. Figure b represents a
cross section of the same steel in the same experimental conditions without addition of ZnClo.

Corrosion by molten salts is much more aggressive than compared to the solid state
corrosion due to larger contact area between the molten salt mixture and the steels
oxide scale [32, 35, 38 39, 72,73]. When the deposit of oxides, chlorides and sulphates
melts, the ionic components (SO4*, Cl-, 0>, Cu2*, Zn2* etc.) composing the salts be-
come more mobile resulting fast diffusion rates, since molten salts are good ionic con-
ductors. [32, 36, 38, 39, 45]
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HSC 8.1 calculations comparing the Gibbs energies of sulphating reactions of chlo-
rides and chlorination reactions of oxides shown in Figure 7, suggest the following se-
quence of reactions within the dust deposit: During the corrosion experiments, chlo-
rine originating from the ZnCl. in the copper smelter flue dust deposit, reacted with
Cu.O forming CuCl. Absence of large amounts of ZnCl, in the deposit suggests that
S0, 0,, SO; and H.SO, gases in the furnace atmosphere reacted with the ZnCl, con-
verting it to ZnSO, and releasing chlorine according to reactions (103) and (104), which
then reacted with the copper oxide according to reaction (105). SO; is more stable at
the temperature range of this study, but SO. and O, are more abundant.

ZnCly(s) + SO2(g) + 02(g) = ZnS0,(s) + Cly(g) (103)
ZnCl,(s) + H,S0,4(g,1) —» ZnS0,(s) + 2HCI(g) (104)
Cu,0(s) + Cly(g) = 2CuCl(s, 1) +3 0,(g) (105)

The chlorine released by sulphation of ZnCl. should react with the Cu.O rather than
with CuSO, because the Gibbs energy of copper sulphate reacting with chlorine to CuCl
is positive. However, reactions of copper oxides with chlorine to CuCl have negative
Gibbs energies. Sulphation of chlorides are energetically favoured reactions, and chlo-
rine is released within the deposit to react with oxides of Cu, Pb and Zn, to form chlo-
rides.
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——CuCl+50+0,=CuS04+0.5Cl>
PbCl2#502+0,=PbS0.+Cly Cu04C1,=2CuCl+0.50; Cu042C1,=2CuCl,+0.50,
2FeCl5+350,+30,=Fe,(S04)s+3Cl2 ——Fes04+3Cl,=3FeCl,+20; ——Fe304+4.5Cl4=3FeCl5+20,

——2FeCl;+350,+30;=Fe,(S04)5+2Cl,

— 2KCI+50,40,2K,S04+Cly ——PbO+ Cls = PbCl,+0.50, ——Zn0+Cl,=2nCl,+0.50,

Figure 7. Gibbs energies of sulphation reactions of chlorides and chlorination reactions of oxides
calculated by HSC version 8.1 using database MainDB8.

CuCl was found most abundantly in the copper smelter flue dust deposit compared
to other chlorides. In addition to CuCl, varying chlorine concentrations were measured
everywhere in the deposit, where melt seemed to have formed. The process gas within
the boiler contains SO, O, SOs, H.O and H.SO, gases that diffuse into the accretion
layer. Within the dust deposit, chlorides of the dust react to sulphates and locally HCI
and Cl. gases are likely to be formed as a result of the sulphation reactions of chlorides
in the dust. According to Miettinen [2] et al. the source of chlorine in the deposit orig-
inates from condensing vapours that form a sticky coating on the boiler walls at tem-
peratures of around 500 °C, near the melting point of eutectics of the NaCl-KCl-

41



Results and discussion

Na.S0,-K.S0,-system. Most common metals in the copper smelter flue dust are Cu,
Fe, Zn and Pb. When the copper ores contain chlorine, the oxides of these metals within
the flue dust deposit may react with the chlorine released by sulphation of the alkali
chlorides and form chlorides of CuCl, ZnCl., PbCl, etc., which would dramatically re-
duce the melting point of the deposit.

In order to study the effect of heavy metal chlorides on the melting behaviour of the
copper smelter flue dust, binary phase diagrams of the CuCl-CuCl,-FeCl,-FeCl;-ZnCl,-
PbCl.-system were studied experimentally by equilibration-quenching method and
scanning electron microscopy. The phase diagrams were optimized using the CAL-
PHAD-technique incorporating and evaluating all available phase diagram data con-
cerning these systems [74-80]. The liquid salt solutions were modelled according to
the modified quasi-chemical model and the solid solutions were modelled according to
the compound energy formalism described in chapter 5. The measured and optimized
phase diagrams are presented in Figures 8 - 11. A detailed description of the analysis
of the results is presented in Article 4.
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Figure 8. The calculated equilibrium phase diagram of the CuCI-ZnClz-system compared with the
experimental data. Experimental data are from Hermann et al [74] (o), Palkin et al [75] (A) and
this study (e).
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Figure 9. The calculated equilibrium phase diagram of the FeCl3-ZnClz-system compared with ex-
perimental results. Experimental data are from Hermann et al [74] (o) and this study (e).
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Figure 10. The calculated equilibrium phase diagram of the CuCI-PbClz-system compared with ex-
perimental results. Experimental data are from Hermann et al. [74] (e) and from Coleman et al.

[76] (o) with error bars included.
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Figure 11. The calculated equilibrium phase diagrams of the CuCl2-CuCl, FeCl2-FeCls, CuCl2-FeCl2
and CuCl-FeCls-systems compared with experimental data. Experimental data in figure a are
from Biltz et al. [77] (o) and Safonov et al. [78] (o). Experimental data in figure b are from Schéfer
at al. [79] (e). Experimental data in figure ¢ are from Korzhukov et al. [80] (e). Experimental data
in figure d are from this study (e) and from Herrmann et al. [74] (o).
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Figures 6 and 7 show that if ZnCl., CuCl, and FeCl; chlorides are formed within the
dust deposits and if these chlorides come in contact with each other, a molten phase is
formed even at the lowest operating temperatures, around 250 °C, of the heat recovery
boiler walls resulting in hot corrosion.

6.2 Hot corrosion of carbon steel in the conditions of the heat re-
covery boiler

A part of the heat recovery boiler walls of Boliden Harjavalta copper smelter are made
of carbon steel tubes cladded by stainless steel for corrosion resistance. Damage to the
stainless steel coating would result in fast corrosion rate of the boiler. The corrosion
damage of the carbon steel reveals the fundamental hot corrosion mechanism of the
steel surface in SO.-SO5-H.S0,4-H.0-0.-N. atmosphere under the copper smelter flue
dust deposit without interference of the steels alloying elements that provide protec-
tion against corrosion.

As a result of the corrosion experiments, a layered scale structure grew on the carbon
steel surface under the sulphate and chloride deposit. FeCl./FeCl; scale was detected
on the steel surface and beneath it as pitting corrosion damage. In addition, oxides of
iron were found at the steel surface together with chlorides and in pitting corrosion
areas. With rising temperature the mixed FeCl, and Fe,O4 layer covering the steel sur-
face grows thicker, and at 350 °C the chloride pits disappear most likely due to for-
mation of gaseous (FeCls).. Typically, a Fe.O; layer was found top of the oxide and
chloride scale. On top of the hematite layer, sulphate scale composed of Fe.(SO,4);
formed adjacent to the gas phase. In addition, sulphates of zinc and copper were found
among the iron sulphate. With rising temperature, the hematite layer in the middle of
the scale begins to disappear by reacting to sulphate and eventually the scale consists
of a thick mixed oxide and chloride layer covered by sulphate scale. Figure 12 shows
the development of the scales grown on the carbon steel between temperatures of 250
°C - 350 °C with and without ZnCl, addition to the deposit.
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Figure 12. Development of the scale structure of P235GH carbon-steel as a function of temperature.
The steel surface was exposed to deposit containing 65 wt% of copper smelter flue dust with
added 5 wt% KCI and 30 wt% ZnCl: after two weeks of exposure at 250 °C - 350 °C in 43 vol%
SO2, 39 vol% N2, 9 vol% O2 and 9 vol % H20 atmosphere. In the reference condition, the steel
surface was exposed to deposit composition of 95 wt% copper smelter flue dust and 5 wt% KCI
in otherwise the same test conditions.

Based on the above observations a general corrosion mechanism of steel beneath the
chloride and sulphate deposit can be proposed: Hot corrosion of steel starts by disso-
ciation of the sulphate anion to acidic and basic component when coming into contact
with the oxide surface. Bases are O2- donors while acids are O% acceptors. During melt-
ing of the deposit, sulphate ion SO,2- dissociates according to reactions (106) and (107).
Basicity of the melt is defined by its oxygen ion activity. Oxygen from the surrounding
atmosphere also dissolves in the melt and reduces according to reaction (108). [81]
Electrons for the cathodic reduction of oxyanions are provided by anodic metal disso-
lution on the steel surface according to reaction (109) and their conduction through
the oxide scale towards the melt [82].
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S03™ 4 2e~ - SO%™ + 0%~ (106)
SO +8e™ — S2™ + 402~ (107)
20, +2e” > 0% (108)
M - M™ + ne” (109)

Increasing O2- activity of the melt at the oxide surface results in oxide dissolution
according to reaction (110) [81]. The concentration gradient between acidic SO32-rich
melt surface and the basic MO,2-rich oxide surface pulls these components towards
each other forming sulphates according to reaction (111) [17]. For this reason, sulphate
scale forms above the oxide scale. Disappearance of the middle oxide layer of the scale
with rising temperature indicates that the oxide scale is dissolved by the sulphate melt
by basic fluxing mechanism at 350 °C when the reaction rates become faster.

M,0,, + 02~ - nMO%, (110)

2MO0%™ + 3503 - M,(S0,); +30, (111)

Since sulphur dioxide and oxygen were present in the system with chloride com-
pounds, sulphur dioxide acted as an initiator for chloride induced corrosion, by react-
ing with ZnCl. and KCl in the dust deposit transforming them into sulphates. At the
same time, chlorine was released for the reactions with the steel and the oxides in the
copper smelter flue dust. Released Cl. and HCl dissociate to ions according to reactions
(112) and (113). Chlorides of the steels alloying metals were always formed close to the
steel surface and below it, which means that chemical potential difference between the
oxide surface and steel surface pulls Cl- ions towards the steel surface through oxide
defects [48, 83].

2HCl +30, + 2™ - H,0 + 2CI° (112)
Cl, + 2e~ - 2CI~ (113)

On the oxide/steel interface, oxygen has been consumed by oxide formation resulting
in a low oxygen partial pressure on the steel surface. As Cl- ions gather at the ox-
ide/steel interface, high partial pressures of chlorine are created on the steel surface.
Low partial pressures of oxygen and high partial pressures of chlorine enables for-
mation of chlorides according to reaction (114). [32, 34, 35, 37-39, 43, 45-48, 84]

M™ + 2C1~ & MCl, (114)

Chlorides as well as oxides were discovered together in the scale structure adjacent
to the steel surface. According to Jonsson et al. [82] chloride precipitation is connected
to formation of voids in the steel. Pore formation takes place above the steel grain
boundaries, where chlorides nucleate. Transition metal chlorides are poor electronic
conductors and the chlorination of the steel surface would stop if, a continuous chlo-
ride scale was formed. Iron oxides grow inwards and outwards from the steel surface
in areas where chloride precipitates are not present and where the steel has electronic
contact with the oxide scale. [82] The growth of the oxides and chlorides in the corro-
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sion pit may be possible by basic dissolution of the chlorides followed by oxide for-
mation, which releases chlorine inside the pit enabling its growth according to reaction
(115) [30].

nMCl, + m02~ - M, 0, + §c12 (115)

The chlorides diffuse easily towards the scale surface due to their high vapour pres-
sures even at low temperatures, resulting in rapid metal loss from the steel surface.
Sulphur and oxygen partial pressures increase with increasing distance from the steel
surface, leading to sulphation and oxidation of the chlorides, contributing to further
scale growth. The resulting sulphates and oxides formed through reactions (116) —
(118) form a porous and loose scale, providing no protective properties against oxida-
tion. [32, 34, 35, 37-39, 43, 45-48, 84] The pores provide fast diffusion pathways for
chlorides towards higher SO, and O, partial pressures in the scale.

MCI, + SO3%~ + 02~ - MSO, + §c12 (116)
2MSO, + S0%™ 4 02~ - M,(S0,); (117)
nMCl, + m0?~ - MOy, +Cl, (118)

By the above reactions, gaseous chlorine is released again and it diffuses to the bulk
gas forming HCI or back to the metal surface establishing a chlorine cycle [32, 34, 35,
37-40, 43, 45-48, 84]. A diagram illustrating the corrosion mechanism based on the
cycles of chlorine and sulphur is shown in Figure 13.
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Figure 13. Schematic pattern of the corrosion mechanism of steel in the environment of heat recov-
ery boiler of copper flash smelting process based on the cycles of sulphur and chlorine in the
dust deposit and oxide scale beneath.

When the high alloy boiler steels were exposed to the experimental conditions, pro-
tective Cr20; scale did not form on the steel surface. Instead, a corrosion layer com-
posed of oxides and chlorides of iron, chromium and nickel formed above the steel
surface, which was covered by the sulphate deposit. Only small concentrations (few
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wt%) of chromium and nickel were generally found in the molten sulphate layer indi-
cating that CrCl; and NiCl, are not very soluble in the heavy metal sulphate melt. In
the following chapters, chromium, nickel and molybdenum alloying of the steel in
terms of their role as building the corrosion resistance of the steel are discussed when
exposed to copper smelter flue dust accretions. High chromium stainless steel AISI 304
was studied to learn about the hot corrosion resistance by chromium alloying, Sanicro
28 was studied to test the effects high nickel and chromium alloying and AISI 316 to
differentiate the effect of molybdenum alloying.

Due to the chemical complexity of the copper smelter flue dust, identification of
chemical compositions of corrosion products and the dust was difficult. The interpre-
tations of the corrosion products and dust components are based on FactSage calcula-
tions of the elements obtained from the EDS-spectra. Elements occurring over 10 wt%
concentrations in the spectra are included in the interpretation of the corrosion prod-
ucts. In general, the samples were challenging to analyze. They were porous, hygro-
scopic, and fragile under the electron beam. For this reason, their quantitative analysis
was not possible and FactSage was also utilized to help with the interpretation of the
EDS-analysis by calculating which phases composed of the identified elements would
be thermodynamically stable and most likely to form in the circumstances of the ex-
periments.

6.3 Corrosion resistance of AlSI 304: The effect of Chromium alloy-
ing in the conditions of the heat recovery boiler

Chromium is considered the most effective alloying element to prevent hot corrosion
under molten sulphates, which was demonstrated by the fact that only small concen-
trations of chromium were detected uniformly in the molten sulphate deposit. Good
hot corrosion protection of Cr.O5 is based on its good stability under molten sulphates.
Even though Cr.O; undergoes basic dissolution under molten sulphate deposit accord-
ing to reaction (119) producing chromate anions to the melt, Cr,O; starts forming at
much lower oxygen partial pressures compared to the other oxides of the steels alloying
metals. [29, 85]

Cr,05 + 2027 +20, - 2Cr03~ (119)

The chromate anions may be reduced in preference to sulphate anions according to
reactions (120) - (122), because their reduction takes place at much lower reducing
potentials than required for reduction of sulphate anions according to reactions (106)
and (107). [29, 85]

2Cr0%” + 0%~ - 2Cr03” +0, (120)
CrO3~ + e~ - Cr0%™ + 0%~ (121)
2Cr0%” > 2Cr0; +-0, + 02" (122)

Formation of chromate anions shifts the melt basicity and oxygen partial pressure to
the Cr.Oj stability range, which results in precipitation of chromate anions as Cr.Os.
Due to the wide stability range of Cr.O; as a function of oxygen partial pressure, chro-
mite anions also precipitate as Cr,O; at higher SO, partial pressures compared to other
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alloying elements of steel, but also at locally reducing sites such as grain boundaries,
where oxygen partial pressure is low, according to reactions (123) - (125). If the extent
of Cr.O; precipitation is adequate, the steel surface can be protected from the molten
salt. [29, 85] The wide stability range of Cr.O; as a function of SO, O. and Cl. is shown
in Figure 14.

2Cr03™ + 2503 — Cr,0; + 2503™ +20, (123)
2Cr03” > Cry0; + 202~ +20, (124)
2Cr0; - Cr,05 + 0%~ (125)
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Figure 14. Predominance area phase diagrams of the Cr-S-O, Fe-S-O, Ni-S-O, Cr-CI-O, Fe-CI-O
and Ni-CI-O systems at 300 °C calculated by FactSage software version 7.3 using FactPS data-
base.

During the corrosion experiments a mixed Cr,O5 + CrCl; scale was formed adjacent
to the steel surface by reactions (126) and (1277) below the Cr.Os oxide at the tempera-
ture range of 300 °C — 350 °C.

2Cr3* 4302 - Cr,04 (126)
Cr3* + 3Cl~ - CrCl, (127)

At 250 °C, where the thick sulphate scale of iron, zinc and copper did not cover the
steel surface, iron rich (Fe,Cr).0O5 oxide was often formed. Even large internal corro-
sion damage composed of FeCl./FeCl; was detected. Otherwise, chlorides of chromium
or nickel were not observed on the steel surface at 250 °C. The Gibbs energy change of
CrCl; formation at 300 °C is -424,6 kJ/mol whereas for FeCl, it is -271,2 kJ /mol [86].
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This means that chromium chloride should form in preference to iron chloride. How-
ever, CrCl; was not found near the iron chloride pitting corrosion. This in addition to
low concentrations of chromium in the (Fe,Cr).O; scale suggests that some chromium
may have been lost in the form of gaseous chromium oxychlorides that could have
formed according to reactions (127) and (128).

CrCls +50, - CrOCl;(g) (127)
Cr,05 + Cly + 50, = 2Cr0,Cly(g) (128)

The atmosphere inside the furnace containing SO., SO; and H.SO,, stabilizes the sul-
phate scale consisting of ZnSO,, CuSO,, PbSO, and Fe,(SO,); covering the mixed oxide
and chloride scales on the steel surface, which successfully prevented formation of
chromates (ZnCrO,, CuCrO, etc.), a highly destructive fluxing of Cr.Oj scales. [35, 38,
40, 41, 43, 48, 73, 87] Where the sulphate scale was thick and dense, it also prevented
chromium vaporisation and instead, CrCl;/Cr.O; scale was found beneath the sulphate
scale.

Chromium was not typically found in high concentrations within the sulphate layer
covering the scale. However, as an exception to this, sometimes concentrations of over
10 wt% of chromium were detected together with the localized oxide structures con-
taining high arsenic concentrations, possibly FeAsO,/Fe;(AsQ,).. Due to the small size
of these arsenic enriched oxide areas, it is difficult to know which compounds they con-
sist of, but according to FactSage calculations, they may be FeAsO,/Fe;(AsO,4). and
CrAsO, or (Fe,Cr)AsO,.

Since arsenic does not form sulphate in the temperature range of this study, the fol-
lowing assumption could be made regarding how chromium has ended up in the arse-
nic enriched oxide structure. If arsenic oxide would exhibit basic dissolution, similar
to oxides of chromium and iron according to reaction (129), negative chromate solu-
bility gradient could be formed due to local change in melt acidity. Arsenic chromate
may be formed according to reaction (130) by reduction of chromate ions and oxidation
arsenite ions. Arsenic oxides in the molten dust layer would have negative effect for the
corrosion resistance of the stainless steels due to depleting the steel from chromium.

As,03 + 027 - 2As0; (129)

Cr0}™ + AsO; +50%" — CrAs0, +-0, (130)

It is less likely that chromium would have been transported to react with the arsenic
oxide in the sulphate layer of the scale in the form of CrCl; or Cr.0.Cl. since the solu-
bility of chromium chloride in the sulphate melt was small in general. Development of

the scale formed on the AISI 304 surface at 250 °C - 350 °C under copper smelter flue
dust deposit is shown in Figure 15.
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Figure 15. Pictures a-d represent scanning electron microscope images of cross-sections of the cor-
roded surface of AISI 304 steel covered by deposit containing 65 wt% of copper smelter flue
dust with 5 wt% KCI and 30 wt% ZnCl2 after two weeks of exposure in 43 vol% SOz, 39 vol% N2,
9 vol% O2 and 9 vol % H20 atmosphere. Figure a represents corrosion reactions at 250 °C, b at
300 °C and c and d at 350 °C.

6.4 Corrosion resistance of AlSI 316: The effect of Molybdenum al-
loying in the conditions of the heat recovery boiler

AISI 316 steel has similar chromium and nickel concentrations as AISI 304, but it also
contains molybdenum as an alloying element. At 250 °C, the steel surface was unaf-
fected by the molten deposit contrary to AISI 304, which suffered from internal corro-
sion. Only small concentration of steel’s alloying elements were measured within the
molten sulphate and no oxide formation or pitting corrosion was found anywhere in
the sample. After rising of temperature to 300 °C, chlorides composed of the steels
alloying metals started to form on the steel surface and the chloride scale grew in thick-
ness rapidly when temperature was raised to 350 °C. Development of the scale formed
on the AISI 316 surface at 250 °C — 350 °C under copper smelter flue dust deposit is
shown in Figure 16.
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Figure 16. Pictures a-d represent scanning electron microscope images of cross-sections of the cor-
roded surface of AISI 316 steel covered by deposit containing 65 wt% of copper smelter flue
dust with 5 wt% KCI and 30 wt% ZnCl: after two weeks of exposure in 43 vol% SOz, 39 vol% N2,
9 vol% O2 and 9 vol % H20 atmosphere. Figure a represents corrosion reactions at 250 °C, b at
300 °C and c and d at 350 °C.

The beneficial effect of molybdenum alloying of stainless steels exposed to molten
salt deposits has been reported in several occasions [35, 40, 41, 45]. Chromium, nickel
and molybdenum accumulate on the steel surface beneath the oxide scale during high
temperature exposure. Good corrosion protection of molybdenum alloyed steels is
based on formation of a continuous protective MoO- oxide layer beneath the steels ox-
ide scale lowering the dissolution rate of iron and other alloying elements in the oxide
scale, thus maintaining the integrity of the protective Cr.Os. [35, 40, 41, 45, 84]

Steels containing 3 - 4 % molybdenum are designed to withstand oxygen-free or re-
ducing acid conditions [88]. The refractory metals, such as molybdenum, appear to
have superior sulphidation resistance. The refractory metal sulphides are anion diffus-
ers. For example, molybdenum sulphide has been shown to grow by inward sulphur
transport. This means that, the large size of the sulphide anion has low mobility in the
sulphide structure. Contrary to refractory metal sulphides, iron and nickel sulphides
grow by outward cation transport resulting in fast sulphidation rates, since these tran-
sition metal sulphides have high cationic defect densities. The molybdenum sulphide
is also closely stoichiometric, which acts as a barrier to outward diffusion of other alloy
components. Even though the molybdenum sulphide slows the diffusion of other al-
loying elements through it, the alloy base metals are able to penetrate the molybdenum
rich sulphides. The performance of molybdenum alloyed steels can be improved by ad-
dition of aluminum and manganese due to formation of double AlyMo,S, and Mn(Fe)S
as part of the inner scale layer, because aluminum and manganese sulphides are more
stable than sulphides of Cr, Fe and Ni. Unfortunately, excessively high alloying levels
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of Mo, Al, and Mn are required for practical engineering materials to achieve good pro-
tection against high sulphur potentials and even then, the benefit is limited by the ex-
tent to which the inner sulphide scale layers transmit other alloying metals, allowing
growth of highly defective iron and nickel rich sulphides. [17]

The beneficial effect of molybdenum under chloride salts is based on the low vapour
pressure of MoCl,, since the material loss is dependent on the vapour pressures of vol-
atile species formed between the steels alloying metals and the corrosive environment.
The difference between nickel and molybdenum is that nickel binds with two chlorine
atoms whereas molybdenum reacts with chlorine to form higher coordinated com-
pounds (MoCl;) before it is stable enough to disengage from the steel surface. This re-
quires higher chlorine partial pressures. [41]

6.5 Corrosion resistance of Sanicro 28: The effect of nickel alloying
in the conditions of the heat recovery boiler

Superior oxidation resistance of high nickel stainless steels is partly due to low solubil-
ity of nickel in Cr.Os. Iron has much larger solubility than nickel in Cr.Os, which results
in formation of a continuous, less protective FeCr.O, scale. In order for MCr.O, spinel
structure to develop, metal cations (M™*+) need to diffuse outward in the Cr.O;. Com-
parison of grain boundary diffusion coefficients of iron, chromium and nickel in Cr.O4
shows that the diffusion rate of nickel is the smallest, whereas iron and chromium have
approximately the same diffusion rates [22]. Thus, increasing the Ni/Fe ratio decreases
the steel’s iron activity, which reduces iron solubility in Cr.Os, retarding the FeCr.O,
formation. [29] Nickel may also decrease oxygen solubility or diffusivity in the steel.
Decreasing oxygen solubility would have a similar effect as increasing chromium activ-
ity at the steel surface. [23]

Nickel alloying in stainless steels is also used to improve the steel’s resistance to chlo-
rination. The improved chlorination resistance of nickel containing alloys is based on
the Gibbs energies of formation of chlorides. Chromium forms the most stable chloride
of the steel’s alloying metals and is for this reason most heavily attacked, whereas
nickel chloride should start forming after iron and chromium are consumed, due to its
smaller negative Gibbs energy of formation. The Gibbs energy changes of formation of
chlorides, calculated by HSC version 8.1 are shown in Figure 17.
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Figure 17. Gibbs energies of the chloride formation reactions of the steel’s alloying metals calculated
by HSC version 8.1 with MainDB8 database.

Based on visual observations, Sanicro 28 seemed to resist chlorination of the steel
surface better compared to AISI 304 and AISI 316. At 250 °C, similar to AISI 304 and
AISI 316, chlorides of the steel’s alloying metals were not observed on the steel surface
and at 300 °C, the extent of steel surface chlorination was modest. Only at 350 °C,
thick chloride scales covered the steel surface in many locations.

Contrary to other stainless steels tested, high chromium and nickel concentrations
were often found in the sulphate deposit of Sanicro 28 at the temperature range of 250
°C — 350 °C. Also, NiO precipitates were occasionally found within the molten dust
deposit. NiSOy, Cr2(SO,); and NiO formation within the molten sulphate deposit may
be a result of basic dissolution of NiCl. in the melt according to reactions (131) - (135)
[30].

NiCl, + 0% +20, - Ni03™ +Cl, (131)
Ni0%~ - NiO + 0%~ (132)
NiO3~ + S03~ — NiSO, +3 0, (133)
CrCly + 02~ - Cr03™ +2Cl, (134)
2Cr0%” + 3503 - Cr,(S0,); +30, (135)

However, the fact that the same sulphate deposit containing mainly ZnSO,, CuSOy,,
FeSO, and PbSO, covered also AIST 304 and AISI 316 steels and all the studied steels
developed similar chloride and oxide scales of chromium, iron and nickel below the
sulphates, indicates that there is something different in the dissolution behaviour of
the oxide scale of Sanicro 28. This was the only steel with extensive NiSO, and
Cr»(S0,4); formation as corrosion products. Based on this, it is more likely that nickel
and chromium sulphates have been formed by basic fluxing mechanism by molten sul-
phates involving NiO.?>" and CrO,*> formation and their precipitation as Cra(SO,)s,
NiSO, and NiO according to reactions (136) — (139).

NiO + 02~ - Ni03~ (136)
Cr,05 + 2027 +20, - 2Cr03~ (137)
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NiO3 + S03~ — NiSO, +3 0, (138)
2Cr03” + 3503 > Cry(S04); +30, (139)

Oxide dissolution rate, solubility in the melt and properties of the dissolution prod-
ucts determine the corrosion resistance of steels. Molten sulphates are reported to be
especially aggressive towards high-nickel steels [89] due to synergistic dissolution be-
haviour of NiO and Cr.0s. In case of oxide film consisting of two different oxides, the
more basic oxide should release oxide ions as a corrosion product thus exhibiting acidic
dissolution according to reaction (140). Meanwhile, the acidic oxide reacts with those
oxide ions resulting in basic dissolution in the salt layer according to reaction (141).
The dissolution behaviour of the two oxides supports each other and consequently flux-
ing of the oxide scale proceeds faster compared to the situation where only either one
of the oxides would be present. The dissolution kinetics of Cr.O; becomes faster when
combined with Fe.O3; and even higher kinetics is established in the presence of very
basic oxides such as NiO combined with acidic oxide such as Cr.Os. [29] Development
of the scale formed on the Sanicro 28 surface under copper smelter flue dust deposit is
shown in Figure 18.

NiO3~ - NiO + 0%~ (140)
Cr,0; 4+ 0%~ - 2Cr0%~ (141)

Figure 18. Pictures a-d represent scanning electron microscope images of cross-sections of the cor-
roded surface of Sanicro 28 steel covered by deposit containing 65 wt% of copper smelter flue
dust with 5 wt% KCI and 30 wt% ZnCl2 after two weeks of exposure in 43 vol% SOz, 39 vol% Nz,
9 vol% Oz and 9 vol % H20 atmosphere. Figure a represents corrosion reactions at 250 °C, b at
300 °C and c and d at 350 °C.
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6.6 Sulphuric acid induced corrosion

The heat recovery boiler stainless steels used for cladding the carbon steel tubes were
also exposed to the copper smelter off gas and the flue dust deposit without the addi-
tion of ZnCl, in the temperature range 250 °C — 350 °C. These samples were used as
references to compare the effect of heavy metal chlorides on the corrosion reactions of
steel. The steel surfaces did not seem to react with the deposit or with the gas atmos-
phere except for the few locations where K;Fe(SO,); was found on the steel surface.
These areas were found on the surfaces of all of the studied steels at 250 °C — 300 °C,
but not at the highest experimental temperature. The steels showed no signs of corro-
sion at 350 °C. It seems KCl in the deposit is reactive with the steel surface and reacts
to K»SO, according to reaction (142). Chlorine was not measured anywhere on the steel
surface. In absence of molten sulphate scale chlorine may have been lost to the flowing
gas. K3Fe(SO,4); may have been formed according to reactions (143) — (144).

2KCl + SO, + 0, - K,S0, + Cl, (142)
3K,S04 + Fe 03 + S0, +3 0, — 2K;Fe(S0,); (143)
3Fe2(504)3 + 5 K504 = KsFe(S0,); (144)

As discussed previously, the higher the temperature of the walls of the heat recovery
boiler, the faster the corrosion rates. However, when SO; and H,O coexist in the boiler
atmosphere, liquid sulphuric acid (H.SO,4) may form and cause low temperature cor-
rosion by acidic fluxing of the steel’s oxide if the dew point temperature is reached. [5]
It is also possible that K;Fe(SO,4); formation on the steel surface can be explained by
sulphuric acid condensation according to reactions (145) and (146) and acidic fluxing
of Fe,03, where the Cr,04 has been broken by chlorine. When molten sulphates cov-
ered the steel surfaces, sulphuric acid condensation would have been difficult to differ-
entiate from the other sulphates.

Fe,05; + 3H,50, - Fe,(S0,); + 3H,0 (145)
~Fey(S04)3 +2K,50, - K3Fe(S0,)3 (146)

SO. to SO; conversion fractions of 1-3 % have been estimated in the heat recovery
boiler [3, 9]. The conversion rate of SO, to SO; is dependent on the partial pressures of
S0,, O and H.0 in the gas, the temperature and the chemical composition of flue dust,
which acts as a catalyst for the oxidation of SO. to SOs. Increasing SO, and O partial
pressures in the gas increases the conversion rate of SO. to SO; up to a certain point
after which the conversion rate decreases again. [10] The amount of SO, oxidized to
SO; is significant, because the SO; and H,O concentrations in the gas determine the
dew point temperature of the sulphuric acid. The relationship between the SO, and
H.O concentration on the dew point temperature of H.SO, is difficult to determine
accurately, since several empirical models exist in the literature in addition to neural
network modelling etc. Few of them are given by equations (147) - (149) [7, 8, 90, 91].

1000
T . =
dewpoint ™ 3 576-0.02943+In(pH,0)—0.0858+In(pS03)+0.0062+In(pH,0)+*In(pS03)

(147)
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Taewpoint = 365.6905 + 11.9864 x In(pH,0) + 4.70336 * In(pSO5) + (0.446 *
In(pS03) + 5.2572)%1°
(148)
Taewpoint = 150 + 11.664 = In(pS03) + 8.13281 * In(pH,0) — 0.383226 * In(pS03) *
In(pH,0)
(149)

The dew point temperature of H.SO, rises as SO; and H.O concentrations in the gas
increase [7, 8, 92, 93]. In the off-gas of the flash smelting furnace, the SO, and therefore
SO; concentrations of the gas are both an order of magnitude higher (10000s ppm)
compared to the SO; concentration ranges, for which the equations (147) - (149) are
designed (up to 1000 ppm). Therefore, the dew points calculated based on these equa-
tions should be considered with caution. Rather, a new model would be needed, which
considers high SO, concentrations.

Lehmusto et al. [94, 95] have measured the catalytic effects of copper smelter flue
dust on the oxidation of SO- to SO5. They also discovered that the impact of CuO as a
catalyst was remarkably greater compared to other catalytic oxides present in the cop-
per smelter flue dust. They also measured larger concentrations (5.8 vol%) of SO, con-
verted to SO; than the previously evaluated 1-3 vol% as a result of passing the copper
smelter off-gas through the flue dust. Based on the measurements of Lehmusto et al.
[94, 95] the calculated sulphuric acid dew point temperatures with equations (147) -
(149) would vary between 210 °C — 246 °C with the H.O concentration of 9 vol%. The
calculated result is close to the temperature of the heat recovery boiler wall. Since the
empirical equations of the sulphuric acid dew point temperature have not been opti-
mized to fit the SOs-levels in the heat recovery boiler, it is possible that liquid H.SO,
droplets condense on the boiler walls at the lowest operating temperature of 250 °C
depending on the pressure of water circulating in the boiler pipes.

6.7 Microstructural considerations in corrosion prevention

A slowly growing, thin and well adherent Cr.O, scale has been proven to provide opti-
mal high temperature corrosion resistance for steels exposed to atmospheres that are
either oxidizing, sulphidizing, water vapour containing, as well as steels under salt de-
posits. In addition to alloying, engineering an optimal microstructure can provide fur-
ther improvement to corrosion resistance. With high enough chromium alloying (18-
20 wt%) Cr:0; forms on the steel surface providing optimal corrosion protection. The
danger however lies with too slowly forming Cr.O; scale, which can lead to absorption
of corrosive elements into the steel, changing the oxide scale towards less protective
structures. To address this risk, the outward diffusion rate of chromium must be en-
hanced by providing fast diffusion paths. This is especially important at temperatures
below 800 °C, when the chromium diffusion rates via the lattice vacancies are much
slower than via short circuit diffusion paths, like grain boundaries, dislocation etc. [96,
97]. In this case, the rate of formation and the microstructure of a protective Cr.O4
scale becomes more dependent on the steels microstructure. This will be discussed in
more detail in this section.
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The purpose of the research, presented in more detail in Article 1, was to evaluate
whether by reducing the grain size of the steel, the high temperature oxidation re-
sistance of boilers, and formation of dense and intact Cr.O; scale can be improved by
reducing the steels grain size. Therefore, the oxidation behaviour of austenitic TP347H
steel with two grain sizes (9.1 ASTM and 5.1 ASTM) was studied.

In the initial stage of the oxidation process of TP347H steels, a thin protective Cr,04
oxide scale is formed on the alloy steel surface. Manganese oxide is soluble in Cr,O4
and Mn4* diffuses rapidly through the Cr.Oj; via lattice sites rather than along the grain
boundaries, and a chromium rich spinel with doped manganese oxide (MnCr.0,) is
eventually formed. [17, 22]

In the case of thin oxide films, growth stresses arise from an epitaxial misfit caused
by the differences between the lattice parameters of oxide and metal. As the oxide
thickens, the epitaxial stresses become less significant and the main source of growth
stresses is shifted towards the stresses formed by changes in the oxide composition.[13,
24] As Cr.05 undergoes a phase transition from pure chromia to a spinel structure, the
increase in molar volume is the main source of compressive stress in the scale. As a
result, micro cracks are induced through which gaseous oxygen comes in direct contact
with the chromium depleted steel surface. As the protective Cr.O5 oxide forms on the
steel surface, the steel surface adjacent to the oxide depletes of chromium and at the
same time enriches of iron. Oxygen that comes in contact with the steel surface beneath
the protective chromia scale through a micro crack nucleates an iron-rich oxide nodule
that grows rapidly. Oxygen diffuses easily through the iron rich oxide nodule and the
oxidation zone proceeds both inward and outward from the original steel surface, in-
creasing the risk of failure of the superheater tube. [13, 24]

Also niobium forms small oxide clusters on the (Cr,Mn).05 surface. It is likely that
during high temperature exposure, some of the NbC carbides oxidize, decomposing to
Nb and CO, enabling elemental niobium to diffuse along the oxide grain boundaries
and to form oxide clusters at the scale surface reducing its protectiveness. [98, 99] It
seems that these clusters enhance the formation of some breakaway nodules by induc-
ing cracks in the scale. Figure 19 shows the oxidized surface of TP347H steel. The crack-
ing of the oxide due to the growth stresses may not be avoided, but the key to achieving
good corrosion resistance is to ensure efficient maintenance of the growing oxide by
quick supply of chromium to the steel surface.

Figure 19. Iron enriched (Cr,Fe)203 nodules found on the surfaces of TP347H steel oxidized at 600
°C and a cross section of an example of a (Cr,Fe)203 nodule. The oxide surrounding the nodule
is (Cr,Mn)20s.
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Development of the oxidized coarse and fine-grained TP347H steel surface as a func-
tion of temperature (Figure 20) shows how significantly a higher grain boundary den-
sity speeds up the chromium supply, since the alloy grain boundaries serve as fast dif-
fusion paths [100, 27]. Due to faster chromium mobility at 700 °C, a considerably
smaller amount of nodules were formed on the steel surfaces. At 750 °C, the iron-rich
breakaway nodules disappeared completely. This means that the critical chromium
concentration tends to decrease with increasing temperature, because of the higher
mobility of chromium in the steel, enabling it to reach the surface, heal and recover the
uniform protective scale. When grain boundaries are further from each other, the chro-
mium supply towards the centre of the grain is slower and iron oxides have time to
grow before the healing Cr.0; scale can form. Usually the iron enriched nodules grow
in the middle of the grains. However, the nodules found together with niobium en-
riched oxide have probably grown on the grain boundary surface, since the NbC pre-
cipitates are located at the grain boundaries.
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Figure 20. General views of the TP347H and TP347HFG surfaces after oxidation at temperatures
600 -750 °C.

At 700 — 750 °C, chromium depletion of the steel surface becomes more pro-
nounced, because of thicker scale formation. The chromium concentration below the
scale at 750 °C was reduced to 11 wt% in the case of coarse-grained TP347H steel, which
is not enough to prevent iron oxidation through a microcrack. TP347H type steel con-
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tains 17 — 18 wt% of chromium which is considered as the minimum chromium con-
centration for protective continuous chromium oxide formation [11, 18]. In case of the
coarse grained steel, enhanced mobility of chromium at higher temperature towards
the steel surface was not fast enough to provide sufficient amount of chromium to pre-
vent the formation of breakaway nodules.

Kinetic restrictions of the chromium supply due to low temperature in combination
with cracking of the oxide scale at 600 — 650 °C result in too slow chromium flux from
the bulk alloy towards the steel surface. Therefore, iron-rich breakaway nodules are
formed also on the fine-grained steel surface at the lower experimental temperatures.
As oxygen comes in contact with the steel surface through a micro-crack, the chromium
will not reach the gas-steel boundary in time and an iron-rich oxide nodule nucleates
instead. However, at 600 — 650 °C the oxide scale was so thin that the chromium de-
pletion was not as severe as at higher temperatures. As a result, the Cr.O; healing layer
was formed after a while, stopping the oxidation process. This can be seen from the
weight gain curves of the TP347H steels obtained during the initial oxidation at 600 -
750 °C shown in Figure 21. Activation energy for chromium diffusion in coarse grained
steel was calculated to be 235 KJ/mol, while the activation energy for chromium diffu-
sion in fine grained steel was calculated to be 145 KJ/mol, demonstrating how much
more efficient diffusion along the grain boundaries is.
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Figure 21. Initial oxidation kinetics of the TP347H steel with grain sizes 5.5 and 9.1 ASTM at 600 —
750 °C.

The fine grain structure of steel enhances oxide scale plasticity, enabling it to relieve
high stresses and increase its adherence. Grain boundaries are known to act as nucle-
ation sites for chromia, and therefore they will also promote the formation of finer
grained and adherent scale thus reducing cracking. [25, 28]
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7. Conclusions

Production of copper in the flash smelting process produces exceptionally high quan-
tities of SO. gas, because copper is extracted by oxidizing sulphidic copper ores in a
1300 °C flash smelting furnace. In addition to the SO,-rich, oxidizing gas, the ores con-
tain various impurities, that vaporize and produce chemically complex dust. This ag-
gressive cocktail of gas and dust is cleaned in a gas train, which involves removing the
majority of dust from the off gas and collecting the process heat in the heat recovery
boiler. The heat recovery boiler is a demanding environment for its steel pipe walls and
the aim of this thesis was to discover the corrosion mechanism of the boiler among
various possible chemical reactions between the steels, copper smelter flue dust and
the off-gas.

Oxide particles from the ore end up in the heat recovery boiler in form of the dust,
which is made to react to sulphates in the radiation section of the boiler. If the sulpha-
tion reactions are not complete, the dust particles contain oxide cores that are sur-
rounded by sulphate surfaces. Often the dust also contains some chlorine originating
from the ore. We found that within these oxide-, sulphate- and chloride-compounds
that tend to stick on the boiler walls forming accretions the sulphation of the chlorides
releases chlorine gas. The chlorine reacts easily with ZnO, PbO and Cu.,O to ZnCl,,
PbCl, and CuCl. These reactions are detrimental, because the formation of these chlo-
rides causes the dust deposit to melt at the operating temperature range (250 °C — 350
°C) of the heat recovery boiler walls. Molten salts, whether they are chlorides or sul-
phates dissolve the steel’s protective oxide scales by fast electrochemical attack.

The extent of the melting of the dust deposit increases with increasing temperature
resulting in faster corrosion. However, lowering the temperature of the boiler walls
may not be optimal for the corrosion resistance either. H.O and SO; gases in the boiler
and within the dust deposit form H.SO,. The oxides in the copper smelter flue dust
have the strongest catalytic effect on the oxidation of SO. to SOs;. It is likely that the
extent of SO; formation is high enough to increase the sulphuric acid dew point tem-
perature to the lower operating temperatures of the boiler walls, to around 250 °C.

Finding an optimal steel for the boiler can help to increase the lifetime and cost effi-
ciency of the copper flash smelting process. Corrosion resistant steels are alloyed with
large enough concentrations of chromium, nickel, molybdenum and silicon. Thin,
dense, adherent and quickly healing Cr.O; scale formed on the steel surface provides
optimal protection to all types of corrosion in the heat recovery boiler. The role of other
alloying elements of steel is to maintain and promote the optimal Cr.O; formation. If
the alloying elements on the steel surface are consumed by the corrosive environment,
the structure of Cr.Oj; scale begins to deteriorate. Therefore, optimal stability of the
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steels alloying metals in the corrosive environment increases the lifetime of the Cr.O4
scale.

In this thesis, three high alloy steels were studied in terms of their corrosion re-
sistance in the conditions of the heat recovery boiler focusing on the role of chromium,
nickel and molybdenum as alloying elements. AIST 304 and AISI 316 are similar high
chromium steels, but AISI 316 is alloyed also with molybdenum. Sanicro 28 is a high
chromium and high nickel steel and was studied to determine the importance of nickel
alloying.

At 250 °C, chlorine induced corrosion of the studied steels was modest, despite the
partial melting of the copper smelter flue dust. CrCl;, NiCl,, FeCl, and FeCl; scales
started to develop on the steel surfaces at 300 °C and growing rapidly in thickness at
350 °C. Chlorine induced active oxidation of the steel surfaces was modest under the
thick and dense molten sulphate layers based on the low concentrations of chromium
and nickel in the molten sulphate deposit covering AISI 304 and AISI 316. Differences
between the corrosion resistance of AISI 316 and AISI 304 were observed at 250 °C. At
this temperature AISI 304 suffered rather extensive local internal corrosion damage,
while the molybdenum alloying protected AISI 316, which did not show extensive signs
of corrosion damage. High nickel Sanicro 28 was the only high alloy steel studied suf-
fering from hot corrosion damage by basic fluxing mechanism of its oxide scale under
molten sulphates, since high concentrations of nickel and chromium in the molten sul-
phate layer indicate formation of NiSO,, NiO and Cr.(SO,); as corrosion products.
Combination of Cr.O5 and NiO in the oxide scale results in increased oxide dissolution
rates in the molten sulphate due to synergistic effects that the dissolution of these ox-
ides have on each other during basic fluxing mechanism.

Chlorides are responsible for the corrosion damage of the heat recovery boiler be-
cause their presence in the dust deposit results in formation of molten salt mixtures
and causes the chlorination of the steels. Therefore, it is necessary to avoid them in the
feed mixture of the flash furnace. If chlorine contamination cannot be avoided, com-
plete sulphation of the oxide containing dust may help to reduce the extent of melting
when CuCl, ZnCl. and PbCl. formation from their oxides would be prevented. From
the studied steels, AISI 316 seemed to be the most corrosion resistant option to be used
in the conditions of the heat recovery boiler. In addition to alloying, reducing the steel
grain size may be beneficial for the corrosion resistance especially at low temperature
applications when diffusion of chromium in the steel takes place via short circuit dif-
fusion paths such as grain boundaries. Large grain boundary density promotes the for-
mation of fine grained and adherent Cr.O; scale thus reducing oxide cracking.
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