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Abstract

Metallic materials intended for high temperature applications must resist both mechan-
ical and environmental degradation. The ability to withstand corrosion is an important
aspect of high temperature materials and is of major concern in, for example, heat and
power production. Nevertheless, corrosion is often a limiting factor in the lifetime of
boiler components and it reduces the electrical efficiency and hinders the development of
more economical and environmentally sustainable processes. The challenge of high tem-
perature corrosion is often addressed by the use of high-alloyed steels, such as stainless
steels and FeCrAl alloys. The corrosion resistance of stainless steels and FeCrAl alloys
rely on the formation of a slow-growing, chromium- and/or aluminium-rich, corundum
type oxide. However, in harsh corrosive environments these oxides are known to break
down (i.e. ’breakaway corrosion’) and a less protective, multi-layered, Fe-rich oxide is
formed. One such example is in biomass- and waste-fired boilers, where the combustion
process produces a corrosive environment, often resulting in breakaway corrosion in an
early stage of operation. Thus, the corrosion propagation and lifetime of many key parts
of the boilers, depend on the oxide scale formed after breakaway. This oxide scale is
often considered non-protective and studies on the oxidation mechanisms controlling the
corrosion propagation after breakaway are scarce.

In order to address, and systematically investigate the corrosion behaviour after break-
away, this thesis introduces the concept of primary and secondary corrosion protection for
the oxide scales formed before and after breakaway, respectively. The concept is considered
to be important for the development and selection of materials to be used in applications
where the breakaway event cannot be prevented, e.g. in biomass- and waste-fired boil-
ers, as well as for the development of lifetime predictive modelling tools for corrosion. A
systematic study of the secondary corrosion regime is performed by well-controlled break-
down of the primary corrosion protection of Fe-based model alloys. The resulting oxide
scales are subjected to detailed microstructural investigation to study the general aspects
of the secondary corrosion protection and how its properties and microstructure changes
e.g. by altered alloy composition.

The results show that the oxide scales formed after breakaway exhibit similar microstruc-
tural features on all the exposed FeCr(Ni/Al) model alloys and that the growth of the
secondary corrosion protection is mainly diffusion-controlled. Thus, lifetime predictive
tools using diffusion-based simulations, such as DICTRA, could be developed to predict
corrosion both before and after breakaway. However, it is also shown that corrosive species
(e.g. KCI) may affect the mechanical integrity of the oxide scale, resulting in growth pro-
cesses that requires other types of models. Furthermore, the results show that the growth
rate in the secondary corrosion regime may be influenced by the alloy composition, for
example by adding Ni or a combination of Al/Cr. This behaviour is not directly connected
to how well the primary corrosion protection withstands the exposure environment (i.e.
the incubation time to breakaway). Thus, these findings indicate that research on the
secondary corrosion protection has a large potential to improve the selection and develop-
ment of alloys for use in corrosive environments, such as biomass- and waste-fired boilers.

Keywords: High temperature corrosion, Breakaway oxidation, Fe-based alloys
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Introduction

High temperature corrosion represents a major challenge in many high temperature ap-
plications and results in increased material and maintenance costs. The challenge is often
addressed by the use of high-alloyed steels, such as stainless steels at intermediately high
temperatures (<900 °C) and FeCrAl alloys at higher temperatures (>900 °C). The corro-
sion resistance of stainless steels and FeCrAl alloys are well known to rely on the formation
of a slow-growing, chromium (Cr)- and/or aluminium (Al)-rich, corundum type (M20O3)
oxide scale formed in mildly corrosive environments [1-3].

However, the presence of corrosive species such as, e.g. water vapour and alkali may
result in breakdown of the M;O3 oxide scales (i.e. 'breakaway corrosion’) and the forma-
tion of a less protective, multi-layered, Fe-rich oxide scale (see e.g. [4-27]). This is the
typical situation for e.g. superheaters in biomass- and waste-fired boilers, where break-
away corrosion is often observed in an early stage of operation [28-36]. Thus, the corrosion
propagation in the superheaters must rely on the oxide scale formed after breakaway.

The oxide scales formed after breakaway have features similar to those of the Fe-rich
scales formed on low-alloyed steels, being composed of an outward-growing iron oxide
scale and a mixed inward-growing scale (see e.g. [4,9,10,12,25,27,37]). Thus, the corro-
sion properties of Fe-rich oxide scales are not only of interest with respect to classical iron
oxide formers, such as low-alloyed steels, but also for other Fe-based alloys, such as stain-
less steels and FeCrAl alloys after breakaway corrosion. In applications where breakaway
corrosion cannot be prevented, such as biomass- and waste-fired boilers, the protective
properties of this Fe-rich oxide scale are of great concern. The properties of the scale
formed on stainless steels and FeCrAl alloys after breakaway have not been extensively
studied. However, recent studies [25,37] have indicated that the oxide scale formed after
breakaway may be improved by varying the amounts of different alloying elements. Thus,
a better understanding of the oxidation properties of the oxide scale formed after break-
away could assist material developers in producing tailor-made materials with different
types of corrosion resistance based on the expected application conditions. In addition,
the development of lifetime predictive modelling tools for corrosion (see e.g. [38,39]), re-
quires appropriate input values as to which type of oxide scale should be modelled and
which processes are rate-limiting for the growth of this oxide scale.

This thesis introduces the concept of primary- and secondary corrosion regimes for the



1 Introduction

oxidation before and after breakdown of the slow-growing, Cr/Al-rich, M2Oj3 oxide scales
formed on stainless steels and FeCrAl alloys in mild environments (i.e. the primary cor-
rosion protection). The terminology is considered important for future material research
and development, as well as for the choice of materials to be used in applications where
breakaway corrosion cannot be prevented, e.g. in biomass- and waste-fired boilers.

The concept is implemented in this work by investigating how the oxide microstruc-
ture and oxidation properties of the multi-layered, Fe-rich oxide scale (i.e. the secondary
corrosion protection) are affected by the variation in alloy composition, as compared to
the primary corrosion protection, at an intermediately high temperature (600 °C). This
is done by investigating the oxide scales formed, before and after breakdown of the pri-
mary corrosion protection, on a wide set of Fe-based model alloys containing varying
concentrations of Cr, Ni and Al. The influences of different corrosive species on the sec-
ondary corrosion protection is also investigated briefly by studying the microstructural
changes in the oxide formed on a low-alloyed steel exposed in different chlorine- and/or
alkali-containing environments.
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High temperature corrosion

High temperature corrosion can entail several processes such as oxidation, chlorination,
alkaline corrosion, nitridation, metal dusting etc. This chapter focuses on oxidation and
includes a short summary of oxidation theory and descriptions of the oxides that typ-
ically form on three important material classes used in high temperature applications:
low-alloyed steels; stainless steels; and FeCrAl alloys. The focus of this work is on the
oxidation properties of the oxide scales formed on these materials in mild and harsh corro-
sive environments (i.e. before and after breakaway corrosion’), in particular with regard
to the Fe-rich oxide scales formed after breakaway.

2.1 Metal oxidation

Metal oxidation refers to the reaction of metals with oxygen according to Reaction 2.1:
b
aM(s) + §Og(g) — M,Oy(s) (2.1)

, where M represents the metal, O the oxygen, M,0O), the metal oxide, and a and b are
stoichiometric constants [1]. The metal oxides can be described as oxygen- and metal-
containing sub-lattices with the chemical formula M,Oy. It should be noted that the
chemical formula is stoichiometric which is not true for most metals. A more accurate
formula for non-stoichiometric oxides would be M,1+Op1y, wherein oxides with a metal
excess as well as metal and oxygen deficiencies exist. However, for the sake of simplicity,
in this work, all oxides are described with the stoichiometric formula.

2.1.1 Thermodynamics

In general, metals are thermodynamically unstable in the presence of oxygen and will
spontaneously form oxides if the oxygen partial pressure, po,, exceeds the dissociation
pressure of that specific oxide [1]. This is represented by the Gibbs free energy, plotted
as a function of e.g. po,, in the Ellingham diagram shown in Figure 2.1. The Ellingham
diagram can be used to compare the stabilities of oxides at different temperatures and
po, values, to predict which oxides that are expected to form at different po, levels, e.g.
at different depths of a growing oxide scale.
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Figure 2.1: Ellingham diagram, reconstructed from data in [1], for a few selected oxides that
are relevant to this work. The dissociation pressure (i.e. the lowest possible po, level required
for the ozide to form) can be determined graphically for the temperature and oxide of interest. A
straight line is drawn from the 'O’ point on the left margin, through the point at which a vertical
temperature line crosses the free energy curve of the oxide of interest. The dissociation pressure
s determined at the point where the straight line crosses the po,-axis.

2.1.2 Oxide formation and growth

The oxidation process is initiated by the adsorption and reduction of oxygen anions at
the metal surface, which then react with metal cations to form oxide nuclei that grow
laterally to cover the entire metal surface. When the surface is completely covered the
formed oxide scale will continue to increase in thickness as long as the reacting species
are allowed to pass through the scale. The formed oxide scale may act as a protec-
tive barrier between the metal and the surrounding atmosphere, provided that the oxide
scale is slow-growing, continuous, dense, intact, well-adherent, and inert to reactions such
as evaporation and melting, thereby hindering migration of charged species, and conse-
quently the oxide growth from proceeding [1]. Thus, the oxidation propagation, and the
corrosion resistance, is determined by how efficiently this barrier obstructs the diffusion
of charged species through the scale.

The charged species can move through the oxide through bulk diffusion or short-circuit
diffusion. Bulk diffusion is determined by the defect structure of the oxide lattice, whereas

4



2 High temperature corrosion

short-circuit diffusion occurs along microscopic defects, such as cracks, voids and grain
boundaries [1,40] (see Figure 2.2). Thus, the defect structure and influences of microstruc-
tural changes of different oxides must be understood in order to make the barrier more
efficient, so as to improve the corrosion protection of the formed oxide scale.
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Figure 2.2: Schematic of the process of oxide scale growth through migration of reacting species
through the oxide scale, as described by [1]. Migration through the scale occurs via: a) bulk
diffusion, b) microstructural defects (e.g. micro-cracks, voids and grain boundaries); and c)
macro-cracks and pores.

The oxide may grow by either outward diffusion of metal cations (outward-growing scale)
or by inward diffusion of anions (inward-growing scale). The outward-growing scale
is formed at the gas/scale interface while the inward-growing scale is formed at the
scale/metal interface (see Figure 2.3b). Many oxide scales grow through both inward
and outward diffusion, and the two different types of scales can be determined by marker
experiments. In this work, the presence of Cr in the spinel oxide is used as an indirect
marker to distinguish inward- and outward-growing spinel oxides. This is possible since
the diffusion of Cr*" (and AI*') in the spinel structure is known to be much slower than
that of Fe?t (see Figure 2.3a) [41,42]. Therefore, as soon as the spinel has formed, the
Cr ions will remain fixed, resulting in an outward-growing scale that is almost completely
free of Cr.
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Figure 2.3: a) Diffusivities of cations (Fe, Cr, Al, Ni) in FesOy4 at 1200 °C. Data for recon-
structing the figure were reported by Dieckmann and Schmalzried [43] and summarised by Van

Orman and Crispin [42]. b)



2 High temperature corrosion

2.1.3 Oxidation kinetics

The rate of which the oxide scale grows, i.e. the oxidation kinetics, can be determined by
recording mass changes at different exposure times. This can be done either by continuous
thermogravimetric analysis or by several regular furnace exposures conducted for different
durations. However, the recorded mass changes may also be influenced by other reactions
that are not directly linked to the oxide scale growth. Therefore, measurement of oxide
scale thickness is a more accurate (although more time-consuming) way to determine the
growth rate of oxide scales.

The oxidation kinetics are often discussed in terms of ideal rate laws, as to understand
the properties of the oxide scale [1] (see Figure 2.4). Oxide scales formed at high temper-
atures are commonly assumed to grow according to parabolic kinetics (x* oc t, where x is
the oxide thickness and t, time), which means that the growth is diffusion-controlled and
limited by the transport of charged species through the scale, such that it slows down as
the oxide scale grows thicker. The parabolic rate law was derived by Tammann in the
1920’s [44] and refined by Wagner in 1933 [45]. Thus, parabolic kinetics is explained by
that the oxide scale acts as a diffusion barrier. However, when the diffusion barrier is not
sufficient, the growth kinetics may become more or less linear, being limited e.g. by the
rate of reaction, instead of the diffusion of charged species (see Figure 2.4).

If a protective oxide scale loses its ability to act as a protective barrier, a transition
from slow, parabolic kinetics to a more rapid (commonly assumed linear) kinetics is of-
ten observed, a process referred to as 'breakaway corrosion’ (see Figure 2.4). The oxide
scale formed after breakaway is considered non-protective and the breakaway event often
results in rapid degradation and catastrophic failure of the material. However, in practice
the scale formed after breakaway may also act as a diffusion barrier, with initial linear
kinetics that levels off after a certain time. This work investigates the oxide scales formed
both before and after breakaway to increase our understanding as to how to improve the
corrosion protection also after breakaway:.

Q.
Nt
S
s 3
A\ R

Scale thickness, x

breakaway /./'

Time, t

Figure 2.4: Schematic of the ideal rate laws for oxide scale growth at high temperatures: linear
growth , parabolic growth, and breakaway oxidation.



2 High temperature corrosion

2.2 Corrosion protection of Fe-based alloys

2.2.1 Stainless steels and FeCrAl alloys

Stainless steels and FeCrAl alloys exposed to mildly corrosive environments rely on the
formation of a continuous, slow-growing, Cr- and/or Al-rich, corundum-type (M5O3) oxide
scale [1-3]. Hematite (Fe;Og3) is another corundum-type oxide that can form solid solu-
tions with CryO3 (chromia) and Al,O3 (alumina) oxide scales, resulting in mixed MsO3
oxides, such as those formed on stainless steels ((Cr,,Fe;_,)203)). The corundum type of
crystal structure consists of a hexagonal sub-lattice of oxygen ions with trivalent cations
(M3T) positioned in two-thirds of the octahedral holes, as illustrated in Figure 2.5 [1].

Both the Cr- and Al-rich M5O3 oxides are comparatively stable at high temperatures
(see Ellingham diagram in Figure 2.1), and are considered slow-growing oxides due to
their low ion mobility and defect concentration [1]. Provided that the oxide scales are
well-adherent and form continuously over the metal surface, the growth kinetics of both
the Cr-rich and Al-rich M5O3 oxides are often slow and parabolic, typical for a diffusion-
controlled growth process, as described in section 2.1.3.

Thus, the Cr-rich MyO3 oxide scale formed on stainless steels ((Cr,,Fe;_,)203) exhibits ex-
cellent corrosion protection at intermediately high temperatures (<900 °C) while FeCrAl
alloys are designed to provide an improved corrosion protection at higher temperatures
(>900 °C). The designed corrosion protection of FeCrAl alloys involves the formation of
a-Aly O3, which mainly exists at temperatures above 900 °C [1,5,46]. However, at lower
temperatures (<900 °C) the corrosion protection may be attributed to transient aluminas
or Cr-rich oxides, with properties similar to the oxide formed on stainless steels [1,47].

© o

© Crv AR/ Fes

Figure 2.5: Illustration of the atomic distribution in the corundum crystal structures of chromia
(Cry03), alumina (Al Osz) and hematite (FeaOs) as described by [1].
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2.2.2 Low-alloyed steels

Low-alloyed steels do not contain enough Cr to form a Cr-rich M;O3 oxide scale. As a
consequence, the corrosion protection of low-alloyed steels is conferred by an Fe-rich oxide
scale that is similar to the scale formed on pure iron. Corrosion of iron and low-alloyed
steels have previously been studied extensively and are summarised e.g. by Chen and
Yuen [48]. The oxide scales formed on iron and low-alloyed steels are multi-layered and
consist of inward- and outward-growing Fe-rich oxides (see the example in Figure 2.6). The
inward-growing scale is a spinel-type oxide [Fe3Oy for pure iron and (Fe;_,_,,Cr,;M,)304,
z+y = 1 for low-alloyed steels] while the outward-growing oxide is composed of hematite
(Fex03) on top of magnetite Fe3Oy4) (and wustite, Fe;_, O, at temperatures >570 °C.

The layered structure (see Figure 2.6) can be explained by the thermodynamic stabil-
ities of the different oxides and the chemical gradient of oxygen throughout the scale.
Thus, the different oxides can be predicted by the Ellingham diagram (see Figure 2.1)
if defects such as voids and cracks are not taken into account [1]. Thus, hematite forms
in the top layer of the multi-layered oxide scale (high po,) while magnetite (and mixed
spinel) often forms below a layer of hematite (lower po,), as can be seen in Figure 2.1.

Magnetite

(Fe,Cr)-spinel

1pym

Figure 2.6: Characteristic microstructure of the multi-layered, Fe-rich oxide scale formed on a
low-alloyed steel.

Hematite (Fe;O3) has a corundum-type crystal structure, similar to those of chromia and
alumina, in which the oxygen anions are arranged in a hexagonal array with trivalent iron
ions (Fe3") in two-thirds of the octahedral holes [49,50] (see Figure 2.7).

Magnetite has an inverse spinel structure [Fe*" (Fe?*Fe*" )03 7], illustrated in Figure 2.7,
in which the oxygen anions form a face centre cubic (FCC) lattice and the metal cations
are positioned in one-eighth of the tetrahedral (Fe*') holes and half of the octahedral
holes (Fe®* shared with Fe®t) [1,49].



2 High temperature corrosion

The mixed inward-growing spinel, present at the scale/metal interface in Figure 2.6,
has a similar crystal structure to magnetite, although with differences in the distribu-
tions of divalent and trivalent cations in the octahedral and tetrahedral holes (normal
spinel) [1,49,50]. The structure of the mixed spinel (M*"M**M?3*+0,) limits the amount
of divalent and trivalent ions. While Fe?* and Fe3* are both present in, for example,
magnetite, the oxidation states of Cr, Al and Ni are more restricted (Cr3*, AI** and
Ni?*) [51]. Thus, the different alloying elements do not compete equally for all the sites
in the spinel. Assuming the oxidation states mentioned above, the Fe3™, Cr?T and AI**
all compete for the trivalent sites (maximum of 67.7 at%) while Fe?™ and Ni** compete
for the divalent (maximum of 33.3 at%).

Waustite also forms on iron and low-alloyed steels at temperatures above 570 °C [49].
However, wustite is not thermodynamically stable at lower temperatures, and the pres-
ence of alloying elements such as Cr shifts the equilibrium conditions for this oxide scale
to higher temperatures [52]. Thus, wustite is not expected to be observed in this work.

© o
© Fe*(or Cro4)
© Fe* (orFe™)

Figure 2.7: Illustration of the atomic distribution in the crystal structures of: a) hematite
(corundum); and b) magnetite/spinel. For the mized Fe,Cr,M-spinel, up to 67% of the Fe-sites
could be replaced by, for example, Cr** (corresponding to FeCryOy).

2.2.3 Breakdown mechanisms and corrosion after breakaway

The corrosion protection formed on stainless steels and FeCrAl alloys in mildly corro-
sive environments may, for several reasons, not be sustained in harsher corrosive envi-
ronments (e.g. at higher temperatures [4,22,53]) or in the presence of water vapour
[6-17,23-25,37,54], alkali and/or chlorine containing species [18-21,26,27,37,55-59]. If
this Cr/Al-rich M5Os-type of corrosion protection breaks down, the oxidation proceeds
through the formation of a faster-growing, Fe-rich oxide, similar to those formed on low-
alloyed steels and iron. This event is often referred to as breakaway corrosion. However,
previous studies have indicated that the oxide scale formed after breakaway of stain-
less steels and FeCrAl alloys may act partly protective (see e.g. [25,37]). Thus, in this
work, the event of breakaway corrosion is not treated as a stage of failure, but rather
as a transition from one type of corrosion regime, i.e. primary corrosion protection
(before breakaway) to another, i.e. secondary corrosion protection (after breakaway).

The breakdown mechanisms of the primary corrosion protection may be mechanically
induced, e.g. by cracks or spallation, or chemically induced. The chemically induced
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breakdown is often caused by Cr-depletion of the oxide scale, as a result of Cr-evaporation
or other reactions, in combination with an insufficient supply of Cr from the alloy sub-
strate.

The chemically induced breakdown mechanisms of the Cr/Al-rich M;O3 oxide scale (i.e.
the primary corrosion protection of stainless steels and FeCrAl alloys) have previously
been studied by several groups (see e.g [4-7,9-27,37,53,54, 56, 58,59]).

One type of breakdown mechanism is by Cr-evaporation, occurring either at higher
temperatures (>900 °C) through the formation of volatile CrO3 [60,61] or e.g. in the
presence of water vapour through the formation of CrO2(OH), (see reaction 2.2) [6]. The
effects of water vapour on the corrosion of Fe-based alloys have previously been studied
extensively and are summarised e.g by Saunders et al. [8].

1 3
5 Cra03(5) + 1 Oq(g) + HaO(g) == CrO,(OH)1(g) (2.2)

Another type of breakdown mechanism is Cr-depletion caused by the formation of alkali
chromates ((K/Na),CrO,) in the presence of different alkali-containing species [18, 56|
(see reactions 2.3 and 2.4).

1 3

5 CI‘QOg(s) + Z 02(9) + KQCOg(S) S KQCTO4(S) + COQ(g) (23)
1 3
5 Cl”QOg(S) + Z Og(g) + HQO(g) + 2 KCI(S) S KQCI"O4(S) + 2 HCl(g) (2.4)

Pettersson et al. [18], Lehmusto et al. [19], and Jonsson et al. [26], among others, have
observed that the breakdown of the Cr-rich oxide is induced in the presence of all of the
studied alkali-containing species. A similar type of oxide scale was formed after break-
away, regardless of how the oxide scale broke down (similar to the scale formed in the
presence of water vapour or after evaporation of CrOsz). However, the growth rates as
well as the compositions of the formed oxide scales were not identical [26,37]. Therefore,
it is possibly that the compositions (and/or microstructures of the alloy and oxide scale)
may influence the protective properties of the Fe-rich oxide scale, and the capacity to
withstand various corrosive species, such as e.g alkali or chlorine. Systematic studies on
the protective properties of the oxide scale formed after breakaway, i.e. the secondary
corrosion protection are scarce.

Thus, the focus of this thesis, is on the general aspects of the oxide scales formed af-
ter breakaway, i.e. the oxidation properties of the secondary corrosion protection. Less
attention is paid to the causes behind the breakdown of the primary corrosion protection.
The influences of corrosive species, such as chlorine and alkali, on the secondary corrosion
protection represent a topic for future research, although this will be touched on briefly
regarding how microstructural changes can influence the oxidation properties.
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Experimental

3.1 Materials

The materials investigated in this study were Fe-based model alloys, delivered by AB
Sandvik Materials Technology, as well as the commercial low-alloyed steel Fe2.25Cr1Mo.
The material matrices and compositions of the alloys are presented in Table 3.1, including
composition and the expected crystal structure (calculated by H. Larsson from KTH
Royal Institute of Technology with the Thermocalc software at equilibrium, 600 °C). The
amounts of Cr, Al and Ni were varied separately for all the model alloys, in order to study
the influences of alloying elements on the primary- and secondary corrosion protection of
FeCr, FeCrNi and FeCrAl.

3.1.1 Production of model alloys

The model alloys were produced at Kanthal AB by induction heating and casting in a Cu-
mold under an argon atmosphere. The cast cylindrical ingots were machined, prior to hot
rolling, to remove surface defects. The cylinders were heated at 1150 °C and subsequently
hot rolled into strip samples (13x3 mm) and reheated approximately four times during
the process. The samples were heat-treated after hot rolling, so as to achieve a suitable
grain size. The heat treatments were performed at 950 °C (for 1 hour) for the ferritic
alloys and 1050 °C (for 30 min) for the austenitic alloys.

3.2 Sample preparation (pre-exposure)

The delivered model alloys were cut into coupons with sample dimensions that ranged
from 8x10x2 mm to 15x15x2 mm. The grain sizes of the alloys were investigated by
light optical microscopy (LOM) of chemically etched samples. The chemical etching of
the FeCr and FeCrAl model alloys was performed at 60 °C in a solution of HCl/HyO
(50:50), while the etching of the FeCrNi model alloys was performed slightly above 60 °C
in a solution of HCI/HNO3/H,0 (45:45:10).

Prior to exposure the, non-etched, metal coupons were ground on SiC paper (P4000),
and polished with 3-um and 1-pum diamond suspensions to a mirror-like appearance. The
samples were subsequently de-greased in acetone and ethanol using ultrasonic agitation.
Two different types of studies are included in this work (Paper I and Paper II). Paper I
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investigates the influence of KCl(s) on the corrosion of a low-alloyed steel (Fe2.25Cr1Mo)
while Paper II mainly studies the secondary corrosion protection of FeCr, FeCrNi and
FeCrAl model alloys. For these two investigations, two different alkaline salts were sprayed
onto the samples prior to exposure. The Fe2.25Cr1Mo steel coupons were sprayed with
potassium chloride (KCl(s), 0.1 mg/cm?) dissolved in ethanol and water (80:20), while
the model alloys were sprayed by potassium carbonate (K,COjz, 1 mg/cm?), dissolved in
water, to induce break down the primary corrosion protection through the formation of
alkali chromates (see reaction 2.3).

FeCr alloys (model alloys) Exposure gas: 5% Oz + 95% Ny (bal.)

Alloy Cr Ni Al Fe Crystal structure* Temp. [°C ] Salt

Fe2.25Cr | 2.25 - - 98  Ferrite (BCC) 600 1 mg/cm? KyCO3(s)
Fel0Cr 10 - - 90  Ferrite (BCC) 600 1 mg/cm? KyCO3(s)
Fel8Cr 18 - - 82  Ferrite (BCC) 600 -/1 mg/cm? KyCO3(s)
Fe25Cr 25 - - 75 Ferrite (BCC) 600 1 mg/em? K2CO3(s)

FeCrNi alloys (model alloys) Exposure gas: 5% Oz + 95% Ny

Alloy Cr Ni Al Fe  Crystal structure* Temp. [°C]  Salt

Fel8Cr 18 0 - 82  Ferrite (BCC) 600 -/1 mg/cm? KyCO3(s)
Fel8Cr2Ni 18 2 - 80  Ferrite (BCC) 600 -/1 mg/cm? KoCO3(s)
Fel8Cr3Ni 18 3 - - Ferrite (BCC) 600 -/1 mg/cm? KyCO3(s)
Fel8Cr5Ni | 18 5 - 77 90:10 (BCC/FCC) 600 _/1 mg/cm?® KoCOs(s)
Fel8CrlONi | 18 10 - 72 50:50 (BCC/FCC) 600 ~/1 mg/cm? K5COs(s)
Fel8Crl16Ni | 18 16 - - Austenite (FCC) 600 -/1 mg/cm? KyCO3(s)
Fel8Cr20Ni | 18 20 - 62  Austenite (FCC) 600 -/1 mg/cm? KoCO3(s)
Fel8Cr34Ni | 18 34 - 48  Austenite (FCC) 600 -/1 mg/cm? KyCO3(s)
18Cr81Ni 18 81 - 1 Austenite (FCC) 600 -/1 mg/cm? KoCO3(s)

FeCrAl alloys (model alloys) Exposure gas: 5% Og + 95% Ny

Alloy Cr Ni Al Fe Crystal structure* Temp. [°C| Salt

Fe5Cr3Al 5 - 3 92 Ferrite (BCC) 600 -/1 mg/cm? K,CO3(s)
Fel0Cr3Al 10 - 3 87  Ferrite (BCC) 600 -/1 mg/cm? KyCO3(s)
Fel8Cr3Al 18 - 3 79 Ferrite (BCC) 600 -/1 mg/cm? KyCO3(s)
Fel8Cr1Al | 18 - 1 81  Ferrite (BCC) 600 -/1 mg/cm? KoCO3(s)
Fel8Cr6Al | 18 - 6 76 Ferrite (BCC) 600 -/1 mg/cm? KyCO3(s)
Fe25Cr3Al | 25 - 3 72  Ferrite (BCC) 600 -/1 mg/cm? KoCO3(s)

Fe2.25Cr1Mo (commercial) Exposure gas: 5% Oz + 20% H20 + Ny (bal.)

Alloy Cr Mo Fe  Crystal structure  Temp. [°C] Corrosive species
Fe2.25Cr1Mo | 2.25 1 98  Ferrite (BCC) 400 Reference (no chlorine)
Fe2.25Cr1Mo | 2.25 1 98  Ferrite (BCC) 400 + HCl(g) (500vppm)
Fe2.25Cr1Mo | 2.25 1 98  Ferrite (BCC) 400 + KCI(s) (0.1 mg/cm? )
Fe2.25CrlMo | 2.25 1 98  Ferrite (BCC) 400 + KCl(s) + HCl(g)

Table 3.1: FEzxposure matrices and nominal compositions for all the investigated alloys,
and the crystal structures of the model alloys, * calculated at equilibrium (600 ° C=exposure
temperature) by H. Larsson (KTH) using the Thermocalc software (TC).
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3.3 Furnace exposures

The furnace exposures were carried out on metal coupons in a horizontal tube furnace,
as well as using thermogravimetric analysis (TGA). The TGA records the mass gain in-
situ, providing insights into the oxidation kinetics, as well as additional mechanisms such
as evaporation and crack formation. The TGA used in this work was a Setaram Setsys
thermobalance humidified with a Setaram Wetsys (for wet exposures). The samples were
positioned parallel to the direction of the gas flow in both furnace set-ups and all parts
of the systems were maintained above the dew-point of water (wet exposures), to prevent
condensation.

The Fe2.25Cr1Mo steel coupons were exposed for 24 hours at 400 °C in 5% Oy + 20%
HyO + Ny (bal.) with and without HCl(g) and/or KCl(s) in both the tube furnace and
the TGA. The model alloys were exposed at 600 °C in 5% Oy + 95% N, with and without
K5COj3. The exposures in the presence of KoCOj3 were performed in both the tube furnace
and the TGA. The exposure conditions are summarised in Table 3.1. All the alloys were
exposed both with and without the salt deposited onto the samples.

The gravimetric measurements were carried out using a Sartorius balance with micro-gram
resolution. All samples were stored in desiccators (drying agent P,Os) prior to exposure
and while awaiting analysis, to avoid atmospheric corrosion and potential hygroscopic
effects of chlorine-containing species and KsCO3. Estimated oxide scale thicknesses, x,
were calculated from the mass gain data (W [g/cm?]) for each alloy, so as to link the
mass gain study with the microstructural investigation (see Eq. 3.1). The calculation
was performed under the assumptions that the oxide scale was dense, composed of one
pre-defined oxide (M,Oy) with density p, and that the measured mass gain accounted for
only oxygen uptake that resulted in oxide formation.

W

aMo
aMo +bMy; P

(3.1)

X =

The furnace exposures and TGA measurements in this work were performed mainly by
PhD student Johan Eklund, Dr. Erik Larsson, and MSc student William Fung. A few
exposures were performed by Dr. Mercedez Andrea Olivas Ogaz, PhD student Julien
Phother Simon and BSc student Emile Sechaud.

3.4 Sample preparation (post-exposure)

After exposure, a few selected samples were prepared for cross-sectional analyses in the
scanning electron microscope (SEM) and transmission electron microscope (TEM). The
sample preparation was performed using two different ion-milling tools, namely broad ion
beam (BIB) and focused ion beam (FIB). The FIB was also used to image the cross-
sections with ions, described more in detail in Section 4.1.4.
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3.4.1 Broad ion beam (BIB)

The BIB is a technique used to produce wide, ion-milled cross-sections, so as to generate
surfaces that are suitable for surface-sensitive ion and electron microscopy. The technique
applies a broad beam of argon (Ar) ions in order to sputter away material from the sam-
ple, resulting in millimetre-wide cross-sections. Although, BIB milling is not as precise as
FIB, it enables the analysis of larger areas.

In this work, the BIB was used to prepare wide cross-sections of the Fe-rich oxide scales
formed in the secondary corrosion regime. The instrument used was the Leica EM TIC
3X Ion beam milling system equipped with a triple Ar ion gun and operated at 4-8 kV.
The higher accelerating voltages (6.5-8.0 kV) were used for coarse milling, while, for some
samples, the final milling was performed at 4 kV to generate an improved surface for
low-keV SEM imaging. Prior to milling, the samples were cut, without lubrication, us-
ing a low-speed saw. The exposed coupons were sputtered with gold and covered with a
0.5-mm-thick silicon wafer prior to cutting, so as to protect the oxide scale from spalling.
Preparation of the BIB milled cross-sections in this work was carried out in paert by PhD
student Johan Eklund, Dr. Erik Larsson and MSc student William Fung.

3.4.2 Focused ion beam (FIB)

FIB is a technique that can be used either for microscopy or as a milling tool (see Figure
3.1a). In this work, the FEI Versa3D LoVac DualBeam instrument was used to produce
well-defined, one-sided cross-sections for SEM analysis, as well as electron-transparent
lamellae for TEM analysis through an in situ lift-out procedure (described in detail below).
The instrument is a combined FIB and SEM (mounted at an angle of 52° to each other)
equipped with a Ga liquid metal ion source (LMIS), detectors for secondary electrons and
ions (eSEs, iSEs) and backscattered electron (BSE), a Gas Injection System (GIS) for the
deposition of Pt, and an Omniprobe needle for lift-out of the thin TEM lamellae. The
GIS is used to inject gas into the sample chamber, directed towards a specific region of the
sample, which makes it possible to deposit a protective coating onto the area of interest,
as illustrated in Figure 3.1b.

a) b)

ion beam
ion beam on bea

beam is scanned
over the surface —

red material k: ”
sputtered material c»,@ //
/
P f
I/ (
'\.\ /,'/ P precursor
b I/ / 0 [
NV depo: c 3
‘,’.v" ) 20|
’ Y
sample \_‘\\ P sample

Figure 3.1: Illustration of: a) the milling principle and b) the ion-assisted GIS deposition in
the FIB (reconstructed from [62]). The ion beam interacts with a) the sample (to sputters away
material) or b) precursor gases (from the GIS) adsorbed on the sample surface (to generate
reaction products that form a deposited layer).
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The in situ lift-out procedure used to produce thin lamellae for TEM investigations
is illustrated in Figure 3.2. During the lift-out procedure, the electron column is used for
monitoring, while the ion column is used for milling. Both the electron and ion columns are
used with the GIS to deposit Pt. The Pt, which is used as a weld and as protection from
ion bombardment, reduces ion implantation and an artefact of the cross-section called
‘curtaining’. The lift-out procedure is carried out in several steps and starts by locating
the precise position of the milling (Figure 3.2a). The GIS needle is used to deposit a thin
protective Pt strip onto the area of milling (Figure 3.2b-c), assisted by electrons (to reduce
the risk of ion implantation) and ions (for more efficient deposition). The sample is tilted
an angle of 52° (sample surface normal to the ion column) and trenches are milled at high
beam currents (~ 15 nA) on both sides of the Pt strip (Figure 3.2d). The material beneath
and on the sides of the trenches is milled away ('u-cut’) with lower beam currents (3-5 nA)
at a tilt angle of 0° tilt, leaving only one side of the lamella attached to the original sample.
The Omniprobe needle is inserted, and Pt is used to weld the other side of the lamella
onto the Omniprobe. The remaining material attached to the original sample is removed
using low beam current (3 nA) ion milling to reduce re-deposition. When the lamella is
attached to the Omniprobe needle, the stage is lowered and the lamella is welded onto a
Cu grid by Pt deposition. The attachment on the Omniprobe needle is milled away (beam
current, 1-3 nA) and the lamella is thinned down, as to produce an electron-transparent
specimen (~ 100 nm), for the TEM analyis (Figure 3.2e). The thinning of the sample
requires careful and precise milling. Thus, the thinning is performed by ion milling using
gradually lowered beam currents (1 nA, 0.3 nA, 100 pA) on both sides of the lamella. In
the final thinning (100 pA), the milling is made on both sides simultaneously, in order
to reduce the risk of bending of the thin lamella. A final electron-transparent lamella,
mounted on the Cu-grid, is shown in Figure 3.2e.

¢ L @IS needie’.

d FiBift-out - trenches | € FIB lift-out

Figure 3.2: Illustration of the lift-out procedure performed in the FIB/SEM system. A precise
location is chosen (a), Pt is deposited (b-c), trenches are milled and a thin lamella is extracted and

welded onto a Cu grid (d-e). The specimen is thinned down, resulting in an electron-transparent
foil suitable for TEM analysis (e).
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4

Analytical techniques

Oxide scales formed on alloys exposed at high temperatures exhibit different properties.
To understand the corrosion mechanisms at play and how the protective properties of dif-
ferent oxides may vary, a thorough investigation of the oxide microstructures and chemical
compositions is necessary. For a detailed microstructural investigation it is preferential
to use a combination of different characterisation techniques, that provide complemen-
tary data on the elemental composition and distribution, surface morphology and crystal
structure of the formed oxides. Figure 4.1 illustrates the strategy for the analysis of oxide
scales and the importance of combining advanced and more simple analysis techniques to
increase the understanding of corrosion processes.

The oxide scales in this work were imaged and analysed using a combination of ion and
electron microscopy techniques (SEM, FIB, TEM), as well as by x-ray spectroscopy (EDX)
and diffraction (XRD, TKD). Other techniques, such as e.g. atom probe tomography
(APT), electron energy loss spectroscopy (EELS) and high-resolution TEM (HR-TEM)
could also be used to characterise the oxides in more detail. However, these techniques
were not used in this work. This chapter presents all the analytical techniques used in the
investigation and briefly explains the underlying physics underlying the detected signals,
so that the reader can understand and appreciate the specific information obtained from
each technique.

(S)TEM
EDX

TKD

SEM
FIB

Figure 4.1: Illustration of the strategy used in this work to combine different techniques to gain
statistics and analysis of representative samples for a large range of scales (cm to A).
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4.1 Imaging

4.1.1 Light optical microscopy (LOM)

Light optical microscopy (LOM) and visual inspection are often useful as the starting
points for investigating a material. In light optical microscopy, a beam of photons is
focused on the sample and the scattered photons are converted to an image via magnifying
lenses. The spatial resolution of the image obtained using a light optical microscope is
determined by the wavelength of the incident photons, which are in the order of ~102
nm. To distinguish and image smaller features on the investigated samples, a higher
spatial resolution is required. Since the wavelength of electrons is much shorter than the
wavelenght of light, electron microscopy can be used for this purpose.

4.1.2 Scanning electron microscopy (SEM)

Scanning electron microscopy is a technique (SEM) in which images are produced by ras-
tering a focused beam of electrons over the sample surface, so as to generate signals that
originate form beam-specimen interactions. The signals are detected and converted to
obtain high-resolution images of a few nanometres, which provide information about the
surface topography, density and chemical composition [63]. The high spatial resolution
and large depth of field are two of the main advantages of SEM compared to LOM.

A schematic of a SEM can be seen in Figure 4.2. The SEM comprises three main parts:
the electron gun, in which the electron beam is generated and accelerated; the electron
column where the beam is controlled by electromagnetic lenses; and the sample chamber,
in which the electron-specimen interactions are detected. In order to obtain high-quality
images in the SEM, the electron beam should be focused onto the sample with the smallest
possible probe size while maintaining a high electron current. This is achieved by using a
set of electromagnetic lenses and apertures through which the accelerated electrons pass
before reaching the specimen. The main electromagnetic lenses in the electron column
are the condenser lens and the objective lens, while scanning coils are used to raster the
beam over the specimen. The condenser lens converges the electron beam to obtain a small
probe size, while the objective lens is used to focus the electron beam onto the sample [63].

The beam-specimen interactions in the SEM generate various types of signals. In this
work the secondary electrons (SEs), backscattered electrons (BSEs) and characteristic
x-rays are used. The different signals are detected from different depths of the specimen,
as illustrated by the interaction volume in Figure 4.3. This is explained by the fact that
SEs, BSEs and x-rays have varying abilities to escape from the specimen (i.e. different
escape depths), resulting in varying spatial resolutions of the different signals.
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Figure 4.2: Schematic of a SEM. The figure is composed from the descriptions in [63]. Note
that the design and beam cross-over may differ depending on the type of SEM used.
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Figure 4.3: Illustration, based on the description in [63], of the interaction volumes resulting
from different escape depths of the detected signals in the SEM. The size and shape of the
interaction volume depends on the specimen and the accelerating voltage; it is in the order of

~1um for characteristic z-rays at ~ 20 keV.

The secondary electrons (SEs) are low-energy electrons (<50 eV), ejected from the
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specimen (see Figure 4.4a). The small interaction volume of SEs (short escape depth,
see Figure 4.3) results in surface sensitive images with a spatial resolution of up to a few
nanometers. The short escape depth also results in enhanced topographical contrast in
SE images due to the so called 'edge effect’.

The backscattered electrons (BSEs), on the other hand, are elastically scattered
electrons (see Figure 4.4b) with energies similar to that of the primary electrons (~ 10-20
keV). Thus, the BSEs can escape from larger depths of the specimen, resulting in poorer
spatial resolution (a few hundreds of nanometres). The amount of BSEs generated is
proportional to the atomic number (Z) and the density of the sample [63]. Thus, the BSE
images contain information about both density and composition, reflected as brighter
(dense/higher Z) and darker (porous/lower Z) regions in the image. In this work, the
compositional contrast of BSEs is also used for qualitative determinations of the thick-
nesses and distributions of oxide scales grown on the metal coupons. If the accelerating
voltage is set high enough for the interaction volume to reach the metal substrate be-
neath the oxide, a thin oxide scale will result in more BSEs being generated from the
metal substrate. Thus, the BSE contrast results in images with brighter regions for thin,
as compared to thick, oxide scales.

Primary
a) b) electron

Primary
electron

o Ejected
secondary
electron

Figure 4.4: Illustration of the principles underlying the generation of: a) secondary electrons
(SEs); and b) backscattered electrons (BSEs), based on the description in [63].

In this work, the SEM was used in combination with Energy dispersive x-ray spectroscopy
(EDX) to investigate the morphology and composition of the surface, as well as to ex-
amine the wider cross-sections prepared by BIB milling. This is of great importance in
order to ensure that the samples chosen for the TEM analysis are representative for the
overall corrosion of the samples. The SEM analysis was performed in an FEI Quanta
ESEM 200 and a Zeiss LEO Ultra 55 FEG SEM, operated in high vacuum mode. Both
microscopes are equipped with a field emission gun and were operated at accelerating
voltages of 1.5-2.0 keV for surface-sensitive imaging in the Zeiss LEO Ultra 55 FEG SEM,
10-30 keV for imaging in the FEI Quanta ESEM 200, and 15-25 keV for the chemical
analysis. Both secondary electrons (SEs) and backscattered electrons (BSEs) were used
for imaging. The low-keV imaging was used with an in-lens detector in the Zeiss LEO
Ultra 55 to obtain high-resolution images, as well as to determine the sizes of small oxide
grains on the ion-etched samples (for details, see Figure 4.8c and Section 4.1.4).
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4.1.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) has the ability to provide imaging and chemical
analysis with high spatial resolution (NA), as well as crystallographic information for spe-
cific positions of the sample studied [64]. The principle of imaging in the TEM is different
from that of the SEM in that the image is formed by the electrons that are transmitted
through the specimen. In order for the electrons to pass through the specimen, the sam-
ples need to be electron-transparent (thickness of ~ 100 nm) at the operating accelerating
voltage (~ 200-300 keV).

The TEM can be operated either in conventional TEM mode or in scanning TEM (STEM)
mode. The design of the TEM is rather similar to that of the SEM and FIB, in particular
in STEM mode. The primary electrons are generated and accelerated in the electron
gun and pass through a set of electromagnetic lenses, apertures, and scanning coils (for
STEM), before reaching the sample. In contrast to the SEM and FIB, the electron in-
teractions for imaging in the TEM are detected below the sample where the transmitted
electrons pass through additional electromagnetic lenses to further magnify the image [64].

The transmitted electrons either pass straight through the sample or are scattered within
the sample, enabling different imaging modes (see Figures 4.5 and 4.6). The imaging mode
for detecting un-scattered electrons is called bright-field (BF) mode. In BF mode, the
image is produced by the un-scattered electrons, and the scattered electrons are efficiently
filtered out by the objective aperture. This results in images in which regions that give
rise to less electron scattering appear brighter, e.g. thinner regions, holes and elements
of lower atomic number, (see Figure 4.5a) [64]. In contrast, the dark-field (DF) mode
is created by the scattered transmitted electrons, such that thin areas and holes, which
scatters fewer electrons, will appear dark, while denser regions or materials with higher
atomic numbers will appear bright.

e high atomic number

.h“ ul 13’» ‘\'\u .

Figure 4.5: Examples of a) bright field imaging and b) dark field imaging using STEM. The
TEM was operated by Dr. Mohammad Sattari.
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Different detectors are used to detect the scattered transmitted electrons and to enhance
certain contrasts. In STEM mode, a DF image may be produced by an annular dark
field detector (ADF), which is sensitive to scattered electrons from a specific range of
angles (see Figure 4.6). The scattering intensities at high scattering angles are strongly
dependent upon the atomic number, which results in enhanced compositional contrast
for high scattering angles, with heavier elements appearing bright, in contrast to the BF
imaging mode [64]. This is the working principle of the High-Angle Annular Dark-field
(HAADF) detector (see Figure 4.5b).

Electron beam

Electron column

Obijective aperture

BF/DF detectors

Bright field detector

Figure 4.6: Schematic of the BF and HAADF detectors in the TEM from descriptions in [64,65].

In this work, an FEI Titan 80-300 TEM was used, equipped with a field emission gun, and
an Oxford X-sight EDX detector. The TEM was used in STEM mode, both in the BF and
HAADF imaging modes. The chemical analysis performed in the TEM was performed
using STEM/EDX. The operation of the TEM was partly performed by Dr. Mohammad
Sattari at Chalmers University of Technology.

4.1.4 Focused ion beam (imaging mode)

The principle of the FIB used as a microscope (imaging mode) is similar to that of the
SEM, with the difference being that the FIB uses ions, instead of electrons, as the incident
beam. Image formation is based on the same principles as the SEM, and the resolution
of the FIB is in the same order of magnitude, albeit slightly lower than that of SEM. The
design of the FIB is similar to that of the SEM. Thus, ions are generated in an ion source
(Ga LMIS) and pass through a set of electrostatic lenses and scanning coils, to focus and
raster the ion beam onto the sample (see Figure 4.7a) [66,67].

The FIB used in this work is a dual-beam workstation, combining a FIB and an SEM,
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whereby the electron column and the ion column are mounted at an angle of 52° to each
other (see Figure 4.7b). Imaging in the FIB/SEM workstation can be performed either
using an incident ion beam (FIB) or an electron beam (SEM), and the principle of image
formation in the FIB is similar to that of the SEM, as illustrated in Figure 4.7. The
incident ion beam interacts with the specimen, resulting in emitted SEs (iSEs) and sec-
ondary ions (iSIs) which can be detected to form an image [66]. Ion-induced SE imaging
(iSE) is a common imaging mode in the FIB, due to its higher spatial resolution and yield
compared to secondary ion (SI) imaging [66,67]. However, the spatial resolution of of ion
induced SEs (iSEs) is still lower than that of electron-induced SEs.

a) b)

ion beam

electron beam

beam is scanned
over the surface | - ion beam
52°
secondary ions

and electrons

e ;
e € R
“\\ ¢% & sample \

I

sample

Figure 4.7: Illustration of the image formation in the FIB (a), as reconstructed from [62], and
b) a schematic of the SEM/FIB workstation.

The drawbacks of using FIB in imaging mode include its lower spatial resolution, as com-
pared to SEM, and the fact that it is a destructive technique due to the highly energetic
incident ions that will sputter away material from the sample and may cause ion implan-
tation even at low beam currents. However, a strong advantage of FIB used for imaging
is that a contrast mechanism called ’channelling contrast’ is enhanced in ion microscopy
(for example, see Figure 4.8b). Channelling contrast is based on the principle that crys-
tal lattice planes aligned with the ion trajectory will channel more ions, resulting in a
lower SE yield. Thus, when imaging polycrystalline samples, the channelling contrast
will produce images in which the grains oriented in the ion trajectory appear darker (low
SE yield), while the grains in other orientations appear brighter (see example in Figure
4.8a-b) [62,66]. In this work, FIB-imaging was primarily used to image the oxide grains.
The instrument was operated in high vacuum mode at an acceleration voltage of 30 keV
and a beam current of 10 pA. In order to obtain better grain contrast, the cross-sections
were imaged several times in a row using ion induced secondary electrons (iSEs). This
repetitive ion imaging resulted in ion-etching of the oxide grains, which was used as an
asdditional sample preparation technique for imaging small oxide grains with low-keV
SEM (see Figure 4.8c). The oxide grain sizes are measured in an orientation normal to
the growth direction of the oxide scale, assuming that these grain boundaries are the most
relevant pathways for ion diffusion.
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c) SEs (low leV, in-lense, ion etched)

nY N

Figure 4.8: Ezxamples of different imaging techniques to image oxide grains. a) BSE imaging
(channeling contrast), b)iSE imaging (enhanced channeling contrast), c) low keV SE imaging
on an ion-etched surface. The insert in a) (a*) shows how an improved surface may enable for
better grain contrast also in BSE mode.

Tilting the sample may enhance the channelling contrast. However, when producing im-
ages of tilted samples, the tilting angle, relative to the electron or ion column, must be
taken into account and the thickness of the oxide scale or grain size measured in the image
must be re-calculated using Eq. 4.1, where T is the real thickness, Ty is the measured
thickness (image), and « is the tilt angle (relative to the horizontal plane) (see Figure
4.7b).

(4.1)

4.2 Chemical analysis

4.2.1 Energy dispersive x-ray spectroscopy (EDX)

Energy dispersive x-ray spectroscopy (EDX) is a powerful tool for chemical analysis of
oxide scales [63,64]. EDX uses characteristic x-rays that are generated when the primary
electron beam interacts with the specimen, as illustrated in Figure 4.9. The primary
electrons eject low-energy (inner shell) from the specimen, thereby exciting the atom.
The atom relaxes by that electrons from a higher energy level (outer shell) re-occupies
the electron hole in the ’inner shell’, during which process characteristic x-rays may be
generated. The generated x-rays have specific energies corresponding to the difference
between the two energy levels, and are characteristic of the atom from which they were
generated. The beam-specimen interactions will not only generate characteristic x-rays,
but also a continuous x-ray spectrum (bremstrahlung), generated by the fact that inter-
actions with free and loosely bound electrons will slow down the primary electrons. Thus,
the generated X-ray spectrum contains both the background signal (bremstrahlung) and
the discrete characteristic x-ray lines (see example in Figure 4.9).

Characteristic x-rays can escape from a larger volume of the sample than can SEs or
BSEs, which means that EDX analysis in the SEM has a poorer spatial resolution, as
illustrated in Figure 4.3 [63]. The size of the interaction volume in the SEM depends
both on the type of specimen and the accelerating voltage, with lower accelerating volt-
ages resulting in smaller interaction volumes. However, the accelerating voltage must still
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be sufficiently high to eject the inner shell electrons, so as to generate the characteristic
x-rays. In STEM/EDX analysis, the low sample thickness of the TEM lamella results
in an insignificant interaction volume, and EDX analysis with higher spatial resolution.
The spatial resolution of the STEM/EDX analysis is within the order of nanometres, as
compared to the micrometre resolution obtained on bulk samples in the SEM/EDX [64].

Quantitative EDX analysis is performed by filtering out the background signal and in-
tegrating the area of the characteristic x-ray peaks. The accuracy of quantitative EDX
analysis depends on several factors both regarding x-ray yield, sample homogeneity, data
processing or errors associated with the standards used for the quantification [63]. The
ZAF-correction is commonly used in order to compensate for some of factors, such as the
effects of electron scattering for different atomic numbers (Z), the the absorption of x-rays
within the specimen (A), and the fluorescence effect (F) that results from the generated
x-rays from one type of atom exciting surrounding atoms. In the STEM/EDX, the thin
samples result in greatly reduced absorbance and fluorescence effects, which is used in the
thin-foil criterion, simplifying the quantification by assuming that factors A and F can be
ignored [64]. However, it must be mentioned that the absorbance and fluorescence effects
are enhanced for thicker specimens (thicker foils), also in the TEM, and that different
atoms may be more or less sensitive to the factors mentioned. Therefore, in both the
STEM/EDX and SEM/EDX analyses, caution must be exerted in the quantification. If
possible, a sample with known composition, should be quantified as a reference before
starting the EDX analysis. Another aspect of the EDX analysis that needs to be con-
sidered is that the quantification of lighter elements, such as e.g. oxygen, is poor. Thus,
in this work, oxygen is excluded from the quantification, and only cations are quantified.
An alternative solution to this problem is to perform standard EDX analysis, to obtain a
better quantification of, for example oxygen, using known standards and non-normalised
quantification.

Primary electron

Characteristic x-rays
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Figure 4.9: Illustration of EDX analysis; Left: Example of an EDX spectrum, containing char-
acteristic z-rays and background signal (bremsstrahlung). Right: Illustration of the generation
of the characteristic z-rays used for EDX analysis, based on description in [63].

In this work, EDX is used both in the SEM and in STEM, resulting in chemical analyses
with different spatial resolutions, due to the reduction in interaction volume that occurs
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from bulk (SEM) to thin-foil (TEM) samples. Thus, the chemical analysis is more local
for the STEM/EDX than for the SEM/EDX. There are both advantages and disadvan-
tages associated with the deployment of each of these techniques, and the combination of
the two techniques provides complementary information. The EDX detector used in the
SEM was an Oxford X-max 80 EDX, while an Oxford X-sight EDX detector was used in
the TEM. The quantification was made in the Oxford Inca software for the SEM/EDX
and the TIA software for the STEM/EDX.

4.3 Diffraction

4.3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is used to determine the crystal structures of crystalline materials
[68]. The technique is based on the Bragg diffraction resulting from incident x-rays that
interact with the crystal lattice. Bragg diffraction occurs at discrete angles according to
Bragg’s law: 2dsin # = n)\, where n is a discrete integer, 6 the incident angle, A the x-ray
wavelength, and d is the distance between the atomic planes in the crystalline material. By
measuring the angles and intensities of the bragg diffracted beams, the crystal structure
of the sample can be determined. In the present work, the oxide crystal structures were
characterised using a Siemens D5000 powder x-ray diffractometer with a Cuk, source
(A=1.5418 A) The instrument was operated in grazing incidence geometry with an angle
of incidence between 0.5 - 4.0° and a measuring range of 10° < 260 < 85°. The XRD
measurements in this work were performed with the assistance of PhD student Johan
Eklund at Chalmers University of Technology.

4.3.2 Electron diffraction (TKD and TEM)

In addition to imaging and chemical analyses, the electron interactions that take place
in crystalline materials also result in electron diffraction according to Bragg’s law (see
above, where \ refers to the de Broglie wavelength of the electrons). Thus, the SEM
and TEM allow for the detection and visualisation of the crystal structures and e.g.
grain orientations of materials. In the SEM, the crystallographic information and grain
orientation can be obtained by electron backscatter diffraction (EBSD) or transmission
kikuchi diffraction (TKD). Both techniques are based on the same principle (and use the
same type of detector). However, EBSD is performed on bulk samples, thereby limiting
the resolution according to the electron interaction volume [69], whereas TKD is performed
on thin-foil samples. In the TEM, two different diffraction modes are possible: i) selected
area electron diffraction (SAED); and ii) convergent beam electron diffraction (CBED),
producing spot- and disc-based diffraction patterns respectively [64]. In this work, electron
diffraction in the TEM was used only in a qualitative manner, in order to decide whether
or not certain regions were crystalline, whereas the TKD was used on one oxide scale
to confirm the presence of hematite (Fe;O3). The TKD was operated by Pat Trimby of
Oxford Instruments.
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Results & discussion

This chapter implements the concept of primary and secondary corrosion regimes, as
presented in Chapter 2, for three material classes (low-alloyed steels, stainless steels,
FeCrAl alloys). The results include studies on the corrosion of a commercial low-alloyed
steel (Fe2.25Cr1Mo) exposed at 400 °C (Paper I) and Fe-based model alloys exposed at
600 °C (Paper II), see Table 3.1.

5.1 Corrosion regimes in high temperature corrosion

The corrosion protection of stainless steels and FeCrAl alloys rely on the formation of
a slow-growing Cr- and/or Al-rich MOj3 oxide scale formed in mildly corrosive environ-
ments [1-3]. In harsher environments, these oxide scales may break down (breakaway
corrosion) and a faster-growing, multi-layered, Fe-rich oxide scale is then formed.

The oxide scale formed after breakaway corrosion has previously been studied by several
groups (see e.g. [9,10,12,13,23,25-27,37]). The focus of most previous studies have been
to increase the understanding, so as to prevent or delay the primary corrosion protection
from breaking down. Therefore, previous studies on the protective properties of the oxide
scale formed after breakaway are scarce. However, a few studies (see e.g. [25,37]) have
indicated that the protective properties of the scale formed after breakaway may be im-
proved, for example by altering the alloy composition. Thus, to be able to systematically
investigate the protective properties and to characterise the corrosion attack described
in previous studies, the present work implements the concept of primary and secondary
corrosion regimes for the corrosion protection before and after breakaway, respectively.
This concept is used as a means to study the corrosion of materials from the perspective
of which type of oxide scale that is formed in a certain type of environment. The terminol-
ogy is considered important for material developers and for the development of oxidation
modelling tools. It is also of great interest in terms of the selection of materials for use
in high temperature applications, specifically for those applications in which breakaway
corrosion cannot be prevented, such as biomass- and waste-fired boilers.

This work mainly focuses on the oxidation properties of the oxide scale formed after
breakaway (i.e. the secondary corrosion regime) and how microstructural differences may
influence the growth rate of the Fe-rich oxide scales. Increased knowledge of how the
oxidation properties of the secondary corrosion protection vary for different materials is
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the first step towards understanding the corrosion propagation of different materials also
in even more corrosive environments.

In general, the corrosion mechanisms before and after breakaway are considered to be
fundamentally different. The different corrosion regimes are schematically illustrated in
terms of the oxidation kinetics in Figure 5.1. The primary corrosion regime (see A;) refers
to the formation of a slow-growing, M,O3 oxide scale, which may break down (in the pres-
ence of e.g. KoCOj3) to form a faster-growing, Fe-rich oxide, i.e. the secondary corrosion
regime (see Aj). The results of this work show that the incubation time to breakaway
varies (see curves A, B), as do the growth rates of the primary corrosion protection (see
A, D) and secondary corrosion protection (see Ay, B, C), as illustrated in Figure 5.1.

-=-=-Primary + secondary regime (A1, A2)
Secondary regime (B)
Secondary regime (C) _ ¢
= = Primary regime (D) »”

Incubation time ’

Mass gain [arb. unit]
>
N
\
A Y

Primary Time [arb. unit]
regime

Figure 5.1: Illustration of the primary (A1, D) and secondary (A2, B, C) corrosion regimes of
Fe-based alloys. The primary and secondary regimes (A1 and Ag, respectively) are indicated in
the figure along with the breakaway event and incubation time. Note that the breakaway event
occurs instantly in curves B and C, and that the growth rate may be different both in the primary
and secondary corrosion regime.

Figure 5.2 shows the gravimetric results for the FeCr, FeCrNi, and FeCrAl model al-
loys, exposed for 24 hours at 600 °C (5% Oy + 95% Nj) in the absence and presence of
K5CO3(s). The KyCO3(s) was used to break down the primary corrosion protection, to
allow investigation of the secondary corrosion regime without the influence of other corro-
sive species, such as e.g. chlorine. Most of the alloys exposed in the absence of KoCOs (i.e.
a mild environment) show mass gains indicating thin oxide scales (Wy <0.35 mg/cm?)
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while all of the alloys, except for Fel8Cr6Al, exposed to KoCO3 show comparatively high
mass gains (Woyq &~ 10-500 x Wig). Thus, the gravimetric results clearly illustrate the
two corrosion regimes before (primary regime) and after (secondary regime) breakaway
corrosion. Note that a few alloys exhibit high mass gains also in the absence of K;COj5
(see e.g. Fe2.2.5Cr, Fe5Cr3Al and Fel8Cr34Ni in Figure 5.2). These alloys contain insuf-
ficient amounts of Cr to form a primary corrosion protection.
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Figure 5.2: a) Mass gains for the FeCr, FeCrNi and FeCrAl model alloys exposed for 24 hours
(5% O2 + 95% N2 ) at 600 ° C with and without Ky COs deposition prior to exposure. Note that
the exposures for the primary corrosion protection (no Ko COs) were performed in a regular tube
furnace, while the TGA was used to study the secondary corrosion protection (with Ko COs), to
exclude trends in mass gains caused by different incubation times to breakaway.

The following sections will discuss general aspects of the oxide scales formed on low-
alloyed steels, stainless steels, and FeCrAl alloys in the primary and secondary corrosion
regimes. Note that stainless steels and FeCrAl alloys can form both a primary and sec-
ondary corrosion protection, while the corrosion protection of low-alloyed steels is of only
one type (secondary type). It should be noted that the categorisation into different cor-
rosion regimes requires a crude generalisation of the oxide scales. Thus, the properties
of the oxides present in each corrosion regime may deviate for other exposure environ-
ments, temperatures, and material compositions. However, this section covers only the
general aspects of the oxides scales formed in the different corrosion regimes and how the
oxidation properties may vary depending on alloy composition.
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5.2 Primary corrosion protection

The corrosion protection of stainless steels and FeCrAl alloys exposed in mildly corrosive
environments is well known to rely on the formation of a slow-growing, Cr-rich and/or
Al-rich corundum type, M5Oj3, oxide scale, i.e. the primary corrosion protection. Low-
alloyed steels do not contain sufficient amounts of Cr or Al to form the primary corrosion
protection. Thus, low-alloyed steels only form the Fe-rich type of oxide scale (i.e. the
secondary type of corrosion protection) [1-3].

The gravimetric results in this work (Figure 5.3) indicate that most of the samples form
slow-growing, Cr/Al-rich oxide scales in the mild exposure environment (Os+Ny), with
the exceptions of the low-alloyed model alloys (Fe2.25Cr, Fe5Cr3Al) and the alloy with 34
wt% Ni (Fel8Cr34Ni). These findings are in good agreement with previous studies, and
are validated by the plan-view investigation with alloy grains being visible through the
oxide scale in the majority of the samples (see Figure 5.4a), indicating thin oxide scales
that are typical for the primary corrosion protection. The mass gains remain similar,
as compared to the secondary corrosion protection, for the primary corrosion protection
formed on all FeCr, FeCrNi and FeCrAl alloys, with calculated oxide scale thicknesses
of <100 nm (see Figure 5.3). Small variations in growth rate of the primary corrosion
protection could be observed when the amounts of Cr, Ni or Al were altered. However,
due to the low mass gains, the observed variations should be treated with caution. More
statistics are needed to carry out a thorough investigation of the possible effects. However,
this is outside the scope of this thesis.
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Figure 5.3: Mass gains observed on the FeCr, FeCrNi, and FeCrAl model alloys exposed at
600 ° C for 24 hours to a mild environment (5% Oz + 95% Na), to study the primary corrosion
protection.

30



5 Results & Discussion

Figure 5.4: Plan-view BSE-SEM images of the types of oxide scales formed after 24 hours of
exposure to 5% Oa+ 95% Na at 600 ° C. The primary corrosion protection (thin Cr/Al-rich ozide)
is observed on the majority of the exposed model alloys (a), whereas a thicker, Fe-rich oxide (b)
is evident on large areas of the surfaces of the alloys with low Cr content (e.g. Fe2.25Cr [12],
Fe5Cr3Al) and on several alloy grains on the Fe18Cr20Ni (c). The Fe18Cr34Ni alloy (d) forms
an Fe-rich oxide on the alloy grains and a thinner Cr-rich oxide on top of the alloy grain
boundaries.

5.3 Transition from primary to secondary corrosion
protection (breakaway corrosion)

Many previous studies have investigated breakaway corrosion and the mechanisms that
lead to the breakdown of the primary corrosion protection (see e.g. [4-27,53,56]). Al-
though the breakdown mechanisms may vary, depending on exposure conditions, they
result in a similar type of transition from a Cr/Al-rich MyO3 oxide scale to the forma-
tion of a multi-layered, Fe-rich oxide scale [4,9,19,23,25-27,37]). Examples of studied
breakdown mechanisms are discussed in Section 2.2.3 and often involve the presence of
either water vapour, causing Cr-evaporation [6], or alkali, causing the formation of alkali
chromates [56].

In this work, the breakdown of the primary corrosion protection is induced by KoCOjz(s)
for all the exposed model alloys, with the aim of promoting Cr-depletion of the oxide
(through the formation of potassium chromates), without the influence of other corrosive
species (e.g. chlorine). Thus, the method is based on breaking down a Cr-rich M50O3. To
enable comparisons, the same strategy is used for all the FeCr, FeCrNi, and FeCrAl alloys.
As expected, the low-alloyed model alloys (Fe2.25Cr, Fe5Cr3Al), forming Fe-rich oxide
scales also in the absence of K;COs3, do not break down by this strategy. All the other
exposed model alloys exposed, except for the Fel8Cr6Al, break down in the presence of
K5COg3(s). This observation suggests that the primary corrosion protection of FeCrAl
alloys [(Al,Cr),03] act similar to that formed on stainless steels (i.e. the Cr-rich type of
oxide scale) at 600 °C for aluminium contents in the range of 0-3 wt%, which is in good
agreement with the results from previous studies [37,46,47,70].

As summarised in Table 5.1, the incubation times to breakaway are short (<1 hour)
for all exposed alloys, with the exceptions of Fel8Cr and Fel8Cr2Ni (<6 hours), as well
as Fel8CrbNi (~ 20 hours). This suggests that the oxide scale thicknesses from the inves-
tigation of the secondary corrosion regime (excluding the exceptions) can be used in order
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to compare the growth rate of the secondary corrosion protection, without taking into
account the incubation times (i.e. that the secondary corrosion protections have grown

for different times).

FeCr alloys

Alloy Incubation time [h]
Fe2.25Cr <1

FelOCr <1

Fel8Cr <1

Fe25Cr -

FeCrNi alloys

Alloy Incubation time [h]
Fel8Cr <6

Fel8Cr2Ni <6

Fel8CrbNi ~20

Fel8Cr10Ni <1

Fel8Cr20Ni <1

Fel8Cr34Ni <1

FeCrAl alloys

Alloy Incubation time [h]
Fe5Cr3Al <1

FelOCr3Al <1

Fel8Cr3Al <1

Fel8Cr1Al <1

Fel8Cr6Al -

Fe25Cr3Al <1

Table 5.1: Approximate incubation times to breakaway for the FeCr, FeCrNi, and FeCrAl model
alloys exposed by TGA for 48 hours in the presence of KoCOs (5% Oy + 95% Ny at 600 °C).
Most of the alloys exhibit very short incubation times, with the exceptions being the FelS8Cr,
Fe18Cr2Ni and Fe18Cr5Ni. The ozidation kinetics on a few alloys indicate no breakaway event,

so no incubation time is reported for these alloys.
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5.4 Secondary corrosion protection

The oxide scale formed after breakaway corrosion, i.e. the secondary corrosion protection,
has previously been studied by several groups and is known to consist of a multi-layered,
Fe-rich oxide (see e.g. [4,9,12,13,25-27,37]). A typical example of the Fe-rich oxide
scale formed as the secondary corrosion protection is given in Figure 5.5. The oxide
scale consists of an outward-growing iron oxide and an inward-growing mixed spinel.
The inward-growing spinel often exhibits a banded microstructure with alternating dense
(Region A) and porous (Region B) regions (see Figure 5.5). The banded structure is sug-
gested to be remnants of internal oxidation of type reaction zone (RZ) (i.e. Cr-enriched
spinel-type oxide precipitates in a Cr-depleted metal matrix), observed at the scale/metal
interface, in agreement with the findings of previous studies [13,22,26,27]. Jonsson et
al. [13] concluded that the oxide precipitates were of spinel-type and attributed the RZ to
a miscibility gap present in the FeCr spinel at 600 °C. The similarities in microstructure
observed between the RZ in this study and those in the previous studies suggest that this
structure is formed by a similar mechanism.

This section focuses on the microstructure of the Fe-rich oxide scale formed on the
FeCr(Ni/Al) model alloys exposed to 5% Os + 95% Ny at 600 °C, in the presence of
K5COj3(s). The microstructural changes of the oxides are related to the change in alloy
compositions and discussed regarding general aspects of oxidation.

~ Inward growing mixed spinel

—'—,Rmmiﬁm
Alloy

Figure 5.5: Example of the type of oxide scale formed as the secondary corrosion protection
on Fe-based alloys at 600 °C. The ozxide scale consists of an outward-growing iron oxide
(Fea O3/Fe30y) and an inward-growing mized (Fe,Cr,Al/Ni)-ozide. The inward-growing
ozide typically has a banded microstructure with alternating bright (Region A) and dark
(Region B) contrast regions and a reaction zone (RZ) at the scale/metal interface.
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5.4.1 Low-alloyed steels

Corrosion of low-alloyed steels has previously been studied extensively and are summarised
e.g. by Chen and Yuen [48]. The oxide scales formed on low-alloyed steels are multi-
layered, consisting of an outward-growing hematite (FesO3) on top of magnetite (Fe30y)
and an inward-growing mixed spinel [(Fe,Cr,M)3;0y] at intermediately high temperatures
(<570 °C). While stainless steels and FeCrAl alloys may form both a primary and sec-
ondary corrosion protection, the corrosion protection of low-alloyed steels are of only one
type (secondary type).

This work investigates the secondary corrosion protection of low-alloyed steels through
the oxide scales formed on two model alloys (Fe2.25Cr and Fe5Cr3Al) exposed for 48
hours to 5% Og + 95% Ng at 600 °C, in the presence of K;COj3(s). The Fe-rich oxide
scales formed on low-alloyed steels are considered important since this material class form
a secondary type of corrosion protection also in mild exposure environments. Thus, a
detailed microstructural investigation is also conducted of the oxide scale formed on the
commercial Fe2.25Cr1Mo steel (see Section 5.5) in the absence and presence of other
corrosive species.

Oxide microstructure and composition

The oxide scales formed on the low-alloyed model alloys (Fe2.25Cr, Fe5Cr3Al) are shown
in Figure 5.6. The oxide scale thicknesses and microstructures are clearly similar for both
alloys. Thus, no great influence of alloying elements are observed on the low-alloyed model
alloys. The results from the SEM/EDX analysis are shown in Table 5.2. The oxide scale
is composed of an outward-growing, almost pure, Fe-oxide and an inward-growing mixed
oxide, depleted from iron and enriched in the other alloying elements.

a) Fe2.25Cr Morarem

Outward A ‘ Re OufWérd'

Inward
Inward

Figure 5.6: BSE-SEM images of the oxide scales formed on the low-alloyed model alloys
a) Fe2.25Cr and b) Fe5Cr3Al, after 48 hours of exposure (5% Oy + 95% Na, 600 °C) in
the presence of KoCOs(s). The inward- and outward-growing scales are falsely coloured
to allow discrimination and comparison the oxide scales.

It is well known that the diffusivities in the spinel oxide vary for different cations, with
the diffusivity of Fe being orders of magnitude higher than those of e.g. Cr and Al [41,42]
(see Figure 2.3a). Thus, Cr, Ni, and Al in the spinel can be considered to be immobile in
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Outward growing Inward growing

Alloy Fe Cr Al |Fe OCr Al
Fe2.25Cr | bal. <1 - bal. 6-9 (15 at M/O) -
FebCr3Al | bal. <2 <2 | bal. 11 16

Table 5.2: Cationic composition (SEM/EDX results in at%) of the outward- and inward-growing
scales formed on two low-alloyed model alloys (Fe2.25Cr, Fe5Cr3Al) exposed for 48 hours at 600
°Cin 5%02 + 95% Ny.

relation to Fe, resulting in an Fe-depleted spinel oxide, as the Fe diffuses outwards. Thus,
the distributions of cations (sharp interface) observed in this study, in combination with
previous studies, and the correspondence with thermodynamic expectations (see Elling-
ham diagram in 2.1), strongly suggest that the inward-growing oxide is of spinel type, and
that the growth of the total oxide scale is diffusion-controlled. The Fe-depletion of the
inward-growing spinel is in good agreement with the results reported in previous stud-
ies (see e.g. [10,12,13]) and can be regarded as a relative enrichment of other alloying
elements. Therefore, during the time that the outward-growing scale is growing, the com-
position of the inward-growing spinel cannot be treated as constant, and only trends in
changes in the chemical composition are considered relevant for the overall understanding.

The measured oxide scale thicknesses are summarised in Table 5.3, along with the relative
amounts of inward- and outward-growing scales and the measured oxide grain sizes. The
measured thicknesses and relative amounts, are in good agreement with data presented
in previous studies [12,71]) as well as the estimated thicknesses, calculated from the mass
gain data in this study. The relative amounts of inward- and outward-growing scales
vary slightly for the different alloys (see Table 5.3). It may be noted that the thicker
oxides have a larger proportion of inward-growing scale, possibly indicating a correlation
between enhanced anion diffusion (inward growth) and higher oxide growth rates for low-
alloyed steels at the temperature range studied. However, since the variation is small,
more statistics are needed to validate the trend and draw any firm conclusions.

Alloy Thickness Out In  Out:In Grain size Grain size
[wm]  [pm] [um] [ Out [nm] In [nm)]
Fe2.25Cr 41 29 12 70:30 | 700 (500-900)  100-500
FebCr3Al 50 29 21 58:42 - -
Fe2.25Cr1Mo (24h)* 0.5 0.4 0.1  80:20 | M:140 (H:75) -

Table 5.3: Ouide scale thicknesses, relative amounts of inward- and outward-growing scales
and oxide grain sizes of the examined oxides formed on Fe2.25Cr and Fe5Cr3Al exposed for
48 hours at 600 °C in the presence of KoCOs(s). The grains measured in the outward-growing
scale are assumed to be magnetite grains. * The commercial alloy Fe2.25Cr1Mo is included for
comparative purposes, including magnetite(M) and hematite (H), even though exposed under
different conditions (5% Oz + 20% HaO + 75% Na, 400 °C, 24 hours).
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5.4.2 Stainless steels

The oxide scales formed after breakaway corrosion of stainless steels is known to have
similar features to the scales formed on low-alloyed steels [4,9,12,13,25,26]. However,
their microstructure and protective properties are not identical [13,25]. In this work,
the secondary corrosion protection of stainless steels is studied on FeCr(Ni) model alloys
with varying amounts of Cr or Ni, exposed for 48 hours to 5% Oy + 95% Ny at 600
°C, in the presence of KoCOj(s), (see Table 3.1). Changes in oxide microstructure and
general oxidation properties are studied in order to increase the understanding of how the
secondary corrosion regime may vary for different materials.

Oxide microstructure and composition

The oxide scales formed on a few selected FeCr and FeCrNi model alloys are shown in
Figures 5.7 (varying Cr) and 5.8 (varying Ni), representing the secondary corrosion regime
of stainless steels. The low-alloyed Fe2.25Cr is included for comparative purposes. It is
evident that the oxide scale thicknesses (i.e. growth rates) of the secondary corrosion
protection do not vary significantly for the FeCr model alloys as the amount of Cr is
increased from 2.25 wt% to 18 wt% Cr (see Figure 5.7). However, the growth rate of
the secondary corrosion protection formed on the FeCrNi model alloys is observed to be
greatly influenced as the alloy composition is altered. Possible explanations for these
effects are discussed below and greater in detail in Paper II. The growth rate of the
secondary corrosion protection formed on the FeCrNi model alloys decrease rapidly when
5 wt% Ni is reached, whereas it remains almost constant as the level of Ni is further
increased (5-34 wt% Ni). Note that the FeCrNi system contains alloys with different crys-
tal structures (BCC/FCC; see Table 3.1). This could be one of the explanations to the
observed effect Ni (between 2-10 wt% Ni) on the secondary corrosion protection, which
needs to be studied in greater detail before firm conclusions can be drawn. Note that
the growth kinetics observed on the Fe25Cr alloy indicates that this alloy remains in the
primary corrosion regime. Therefore, this oxide is not considered in the analysis of the
secondary corrosion protection.
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Figure 5.7: BSE-SEM images of the oxide scales formed on a selection of FeCr model
alloys representing stainless steels with varying amounts of Cr, after 48 hours of exposure
(5% Oy + 95% Ny + 1 mg K;COs(s) at 600 °C). The inward- and outward-growing scales

are falsely coloured to allow discrimination and comparison of the oxide scales.

36



5 Results & Discussion

FeCrNi

Outward

Figure 5.8: BSE-SEM images of the oxide scales formed on a selection of FeCrNi model
alloys representing stainless steels with varying amounts of Ni, after 48 hours of exposure
(5% Oy + 95% Ny + 1 mg K;COs(s) at 600 °C). The inward- and outward-growing scales
are falsely coloured to allow discrimination and comparison of the oxide scales. Note that
the alloy containing 20 wt% Ni (Fel8Cr20Ni) grow less homogeneous and contain both
thin and thicker oxide regions (c).

Regardless of the oxide growth rates, the oxide scale formed on all the exposed FeCr(Ni)
alloys in the secondary corrosion regime, are composed of multi-layered, Fe-rich oxide
scales, with similar features as the low-alloyed steels. All alloying elements, apart from Fe
and small amounts (<2%) of Cr, remain in the Fe-depleted inward-growing spinel, while
the outward-growing scale is composed of almost pure iron oxide (see Table 5.4), which
is in good agreement with the results from previous studies [10, 12, 13]. However, the
microstructures of the inward-growing spinels formed on the stainless model alloys, have
a more prominent porous and banded structure, as compared to the low-alloyed steels
(see the alternating Regions A and B in Figure 5.5).

The overall composition of the inward-growing spinel changes as the alloying elements
are varied (see Table 5.4). The maximum amounts of Cr and Ni observed are below the
maximum amount of trivalent (Cr<67.7 at%) and divalent (Ni <33.3 at%) ions for all
the exposed model alloys, with the exception of the Fel8Cr20Ni alloy, which contains
higher levels of Ni. Note that the Fel8Cr34Ni alloy was not analysed in cross-section
due to issues associated with sample preparation. It should be noted that the SEM/EDX
analysis result in a composition from a relatively large volume (~1 pm at 20 keV). Thus,
the larger amounts of Ni detected in the inward-growing oxide may reflect a mixture of
e.g. Ni-rich spinel and NiO. Further studies are underway to better quantify the local
composition of the inward-growing oxides using tools for chemical analysis with higher
spatial resolution (STEM/EDX).

The periodic microstructure (Regions A and B) alternates with a frequency that de-
creases closer to the alloy interface. The relative amounts of porous Region B are difficult
to quantify but are in the range of 30-40 % of the inward-growing scale. Regarding the
composition of the inward-growing scale, the alternations and the porous structure makes
SEM/EDX quantification difficult, partly because the interaction volume of the EDX-
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Outward-growing Inward-growing

Alloy Fe Cr Ni Fe Cr Ni
Fe2.25Cr bal. <1 - bal. 6-9 (15 at M/O interface) -
FelOCr bal. <1 - bal. 25-30 -
Fel8Cr bal. <2 - bal. 43 (A:39-41, B:45-48)* -
Fe25Cr - - - - - -

Fel8Cr(ONi) | bal. <2 bal. 43 (A:39-41, B:45-48)* -

Fel8Cr2Ni | bal. <2 0 bal. (A:37-39, B:46)* 2-3

Fel8Cr5Ni bal. <2 0 bal. 44-46 4-6

Fel8Cr10Ni | bal. <2 0 bal. 35-38 8-18

Fel8Cr20Ni | bal. <1 0 bal.  (A:29-30, B:44-45)* (A:39-42, B:17-19)*

Table 5.4: Cationic composition (SEM/EDX results in at%) of the outward and inward-growing
scale formed on FeCr(Ni) model alloys exposed for 48 hours at 600 °C to 5%0y + 95% Ns.
The inward-growing scale comprises two types of regions (Region A and Region B; see Figure
5.5). *Data is acquired from the centre of Region A and Region B, respectively. Note that the
interaction volume is expected to partly cover both regions.

analysis is expected to partly cover both regions. However, the results from the SEM /EDX
analysis (see Table 5.4) strongly indicate that the composition alternates between Region
A and Region B. The porous regions (Region B) are enriched in Cr, as compared to the
dense Region A, suggested to be attributed to a higher Fe-depletion from these regions.
Thus, the variation in composition between Region A and B generates an alternating
concentration gradient throughout the spinel. If one regards the concentration gradient
as a driving force for ionic diffusion, the ionic flux through the inward-growing spinel,
would also be expected to change periodically throughout the spinel. Thus, the complex
microstructure and changing chemical composition of the inward-growing spinel requires
a thorough microstructural investigation with higher spatial resolution to better quantify
the composition of each region.

The measured thicknesses, relative amounts of inward- and outward-growing scales, as
well as measured oxide grain sizes are summarised in Table 5.5. The amounts of inward-
and outward-growing scales do not change significantly as the alloy composition (or alloy
microstructure) is changed within each set of alloys (FeCr and FeCrNi). The relative
amounts remain in the range of 30-40% inward-growing and 60-70% outward-growing for
the FeCr alloys, and 40-50% inward-growing and 50-60% outward-growing for the FeCrNi
alloys. This indicates that the diffusion of anions (oxygen) and cations (Fe) are affected
to similar extents as the alloy composition is altered. However, it should be borne in mind
that an enhanced diffusion in one direction could alter the diffusion properties in the other
direction. Further studies are underway to evaluate how the diffusivities of oxygen and
other cations are influenced by an altered composition of the spinel.

Another important factor that influences ionic diffusion through the scale are short circuit
diffusion paths, such as grain boundaries. An example, showing the oxide grains of the
outward-growing oxide, can be seen in Figure 5.9 and the grain sizes are summarised in
Table 5.5. It is evident that the oxide grains in the outward-growing scale are larger for
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the thick and fast-growing oxide scale formed on Fel8Cr2Ni (Figure 5.9a) as compared to
the thinner oxide formed on Fel8Cr10Ni (Figure 5.9b). The same trend is observed for
the inward-growing scale, even though this scale was more difficult to image due to its
porous microstructure and smaller grain sizes.

Alloy Thickness Out  In  Out:In | Grain size Grain size
wm]  [um] [um] [ Out [nm] In [nm]
Fe2.25Cr 41 29 12 70:30 | 700(500-900) 500(100-500)
FelOCr 37 26 11 70:30 750 250
Fel8Cr 37 23 14 62:38 1000 -
Fe25Cr - - - - - -
Fel8Cr(0ONi) 37 23 14 62:38 1000 -
Fel8Cr2Ni 45 26 19  58:42 1000 -
Fel8CrbNi 28 17 11 61:39 200 300
Fel8Cr10Ni 17 9 8 53:47 150 100
Fel8Cr20Ni 16 8 8 50:50 200 -
Fel8Cr34Ni - - - - - -

Table 5.5: Measured ozide scale thicknesses, relative amounts of inward- and outward-growing
scales and oxide grain sizes of the examined secondary corrosion protection formed on the
FeCr(Ni) model alloys with varying amounts of Cr or Ni exposed for 48 hours at 600 °C. Note
that the oxide scale formed on the Fel8Cr34Ni alloy was not examined in cross-section. Most
samples showed no visible contrast between hematite and magnetite. Thus, it is assumed that
the grains measured in the outward-growing scale are magnetite grains.
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Figure 5.9: Ion-induced SE (a) and low-keV BSE (b) images showing the oxide grains of
the outward-growing oxides formed on: a) a fast-growing and b) a slow-growing oxide scale
after 48 hours of exposure at 600 °C in the presence of KosCOs (5% Oy + 95% Ny). The
grain sizes are larger in the thicker oxide scale, as compared to the thinner ozide scale.

5.4.3 FeCrAl alloys

Previous studies on the secondary corrosion protection of FeCrAl alloys at 600 °C are
scarce. However, a few studies have been performed in oxidising atmospheres in the
presence of KCl(s), as well as HyO(g) (see e.g. [37,58,59]). The present work focuses on
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investigating the secondary corrosion protection of FeCrAl alloys through model alloys
with varying amounts of Cr or Al, exposed for 48 hours to 5% O, + 95% Ny at 600 °C,
in the presence of KoCOj(s), (see Table 3.1).

Oxide microstructure and composition

The oxide scales formed on the FeCrAl model alloys after 48 hours in the secondary cor-
rosion regime are shown in Figures 5.10 (varying Al) and 5.11 (varying Cr), including
the Fel8Cr for comparative purposes and a better insights into the influences of alloying
elements. The measured thicknesses (see Table 5.7) are in good agreement with the calcu-
lated thicknesses based on mass gain data. The oxide scale thicknesses (i.e. growth rates)
are greatly reduced as the alloy composition is altered, both with respect to increased
amounts of Al and Cr (see Figures 5.10 and 5.11). The reduction in thickness is close to
linear as the amount of Al is increased from 0-3 wt%, while a sudden drop is observed as
the amount of Cr is increased from 10 to 18 wt%. There are no considerable differences in
the growth rates within the ranges of 5-10 wt% Cr or 18-25 wt% Cr. Possible explanations
for these effects are discussed below and in greater detail in Paper II. Note that the alloy
with 6 wt% Al (Fel8Cr6Al) remains in the primary corrosion regime, exhibiting a mass
gain corresponding to a calculated thickness of <100 nm.

FeCrAl

a) Fe18Cr BN P N b) Fe18Cr1Al c) Fe18Cr3Al

Outward . Outward:

Inward

Figure 5.10: BSE-SEM images of the oxide scales formed on a selection of FeCr(Al) model
alloys with varying amounts of Al, after 48 hours of exposure (5% Oy + 95% Ny + 1 mg
KyCOs(s) at 600°C). The inward and outward-growing scales are falsely coloured to better
distinguish and compare the oxide scales.

All the oxide scales formed on the FeCrAl alloys in the secondary corrosion regime are
multi-layered, Fe-rich oxide scales, with a microstructure similar to the secondary corro-
sion protection of stainless steels and low-alloyed steels. As shown in Table 5.6, all the
alloying elements remain in the Fe-depleted, inward-growing spinel while the outward-
growing scale is composed of almost pure iron oxide, in good agreement with previous
studies (see e.g. [37]). The porous and banded microstructure (see Region A and B in
Figure 5.5) observed in the inward-growing spinel on the stainless model alloys is also
prominent on the FeCrAl alloys (see Figures 5.10-5.11). However, the FeCrAl alloys with
high Cr contents (Fel8Cr3Al, Fe25Cr3Al), which form thinner oxide scales (<5 pum after
48 hours), only show initial indications of this structure. Longer exposure times would be
needed to determine whether the periodic, banded structure appears as the oxides grow
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Figure 5.11: BSE-SEM images of the oxide scales formed on a selection of FeCrAl model
alloys with varying amounts of Cr, after 48 hours of exposure (5% Oy + 95% Ny + 1
mg Ky COs(s) at 600 °C). The inward and outward-growing scales are falsely coloured to
better distinguish and compare the oxide scales.

thicker. These two alloys also show indications of nitridation in the alloy and the presence
of Al-rich voids at the scale/metal interface (see Figure 5.11c).

The SEM/EDX analysis of the inward-growing spinel indicates enrichment of Cr in the
porous Region B (see Table 5.6), while the amounts of Al remain almost constant through-
out the spinel. However, the SEM /EDX quantification of the inward-growing scale is diffi-
cult on the thinner oxide scales, due to the interaction volume, which is expected to cover
also the alloy beneath the oxide scale. The compositions of the inward-growing spinels
in FeCrAl alloys are considered important from a mechanistic perspective, given that Al
is trivalent and would be expected to compete for the same sites as Cr®*. However, the
porous structure and low spatial resolution of SEM /EDX limits the possibility to perform
accurate quantification of each region. Further studies are ongoing (STEM/EDX) to de-
fine the compositions of the spinels formed on FeCrAl alloys in further detail.

Outward growing Inward growing

Alloy Fe Cr Al | Fe Cr Al
Fel8Cr(0Al) | bal. <2 - bal. 43 (A:39-41, B:45-48)* -
Fel8Cr1Al | bal. <2 <1 | bal. 39 5-6
Fel8Cr3Al** | bal. 4-9 1-3 | bal. (A: 29-32, B: 50-51)* 11-13
FebCr3Al bal. - - bal. - -
FelOCr3Al bal. <1 <1 | bal. 20-22 14-15
Fel8Cr3Al*™ | bal. 4-9 1-3 | bal. (A: 29-32, B: 50-51)* 11-13
Fe25Cr3AI* | bal. 23-29 1-2 | bal. 55-59 13-14

Table 5.6: Cationic composition (SEM/EDX results in at%) of the outward and inward-growing
scale formed on FeCrAl model alloys exposed for 48 hours at 600 °C in 5% Os + 95% Ns. Note
that the inward-growing scale is composed of two types of regions (Region A and B, see Figure
5.5). Note that the interaction volume for the acquired data in * is expected to partly cover both
Region A and B, as well as **the alloy beneath the oxide scale.
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The oxide scale thicknesses, relative amounts of inward- and outward-growing scales, as
well as oxide grain sizes measured are summarised in Table 5.7. The relative amounts of
inward- and outward-growing scales remain similar for all FeCrAl alloys (approximately
40% inward- and 60% outward-growing). As previously discussed, this indicates that
anion and cation diffusion in the secondary corrosion protection are affected to similar
extents as the alloy composition is altered, in similarity to the secondary corrosion pro-
tection of stainless steels. However, a slightly higher amount of inward-growing scale
is observed on the alloys with high Cr-content (Fel8Cr3Al, Fe25Cr3Al), that also have
formed thinner oxide scales. Thus, it is tempting to speculate that the reduced amount
of inward anion diffusion observed is correlated to a reduction in growth rate. However,
the fast-growing oxide scales grown on the low-alloyed steels also showed reduced amount
of inward-growing scale (see Table 5.3), contradicting this speculation.

Alloy Thickness Out  In  Out:In | Grain size Grain size
][] ] [%:%) | Out fam]  In [om]
Fel8Cr(0Al), 24 h 20 12 8 60:40 450 -
Fel8Cr1Al 24 h 16 10 6 62:38 275 -
Fel8Cr3Al, 24 h 3 2 1 60:40 200 -
Fel8Cr(0Al) 37 23 14 62:38 1000 -
Fel8Cr1Al 30 18 12 60:40 - -
Fel8Cr3Al 4 25 1.5  62:38 - -
Fe5Cr3Al 50 29 21 58:42 - -
Fel0Cr3Al 52 30 22 58:42 850 -
Fel8Cr3Al 4 25 1.5  62:38 - -
Fe25Cr3Al 3.5 2.5 1 71:29 - -

Table 5.7: Ozide scale thicknesses, relative amounts of inward- and outward-growing scales and
ozide grain sizes of the examined secondary corrosion protection formed on the FeCr(Al) model
alloys with varying amounts of Cr or Al. Note that some of the oxide scales studied were exposed
for 24 hours in a regular tube furnace. Most samples showed no visible contrast between hematite
and magnetite. Therefore, it is assumed that hematite is thin and that the grains measured in
the outward-growing scale are magnetite grains.

Figure 5.12 shows an example of the oxide grains of the outward-growing oxide scales
formed on Fel8CrxAl (x=0,1,3 wt%) after 24 hours of exposure. As summarised in Table
5.7, smaller grains are observed on the slower-growing oxide scales, in similarity to the
observations on the FeCr(Ni) model alloys. Note that the grains of the inward-growing
scales were not successfully imaged in these cross-sections.

Grain boundary diffusion is normally associated with faster ionic diffusion at intermedi-
ately high temperatures, due to lower activation energies. Thus, smaller oxide grains, i.e.
more oxide grain boundaries, would be expected to result in faster diffusion of charged
species through the scale, and consequently thicker oxide scales. Interestingly, the mi-
crostructural investigation performed in this work indicates the opposite, both for low-
alloyed steels, stainless steels, and FeCrAl alloys (see Figure 5.13a). These observations
could be an indication of either that grain boundary diffusion is not rate-limiting for the
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i |c) Fe18Cr3Al
SR

Figure 5.12: Ion-induced SE images showing the oxide grains of the outward-growing
oxides formed on Fel8CrzAl (x=0,1,3) model alloys with varying amounts of Al after 24
hours of exposure at 600 °C in the presence of KyCOs (5% Oy + 95% Ny). The grain
sizes are larger in the thicker oxide scale (a), as compared to the thinner (b).

growth of the secondary corrosion protection under the given exposure conditions, or that
the diffusion rates along grain boundaries are reduced in the slow-growing oxide scales.
Further studies are needed to conclude these indications, since grain growth must also be
considered before the number of grain boundaries (i.e. grain size) can be truly correlated
to the amount of grain boundary diffusion. The grain growth of the middle magnetite
layer was briefly studied on the Fel8Cr model alloy showing considerable grain growth
up to 48 hours of exposure (see Figure 5.13b). Thus, the trend towards larger grains
with higher mass gains should only be taken as an indication as to how grain boundary
diffusion in magnetite can influence the total growth rate of the Fe-rich oxide scale.
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Figure 5.13: Grain size of the: a) inward- and outward-growing oxides as a function of
the total oxide scale thickness for several FeCr(Ni/Al) model alloys exposed for 48 hours,
and b) the outward-growing ozide formed on Fel8Cr exposed in the presence of KyCOs
(5% Oy + 95% Ny at 600 °C). The trend-lines in a) show that the grain sizes are larger
on the thicker oxide scales, while b) shows that grain growth is evident up to 48 hours in
the outward-growing oxide formed on Fel8C'r.
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5.5 Influences of corrosive species on the secondary
corrosion protection

Chlorine- and alkali-containing species are known to accelerated the corrosion of Fe-
based alloys, including low-alloyed steels [29, 71-83], stainless steels and FeCrAl alloys
[18-21, 26, 27,29, 37,56-59, 74-77,79,80,84-89]. The proposed corrosion mechanisms are
numerous and are typically focused on: a) how these species induce breakdown of the
primary corrosion protection; or b) how the presence of chlorine-containing species accel-
erates the corrosion process through chemical reactions, such as, for example, the proposed
active oxidation mechanism [55,74], where chlorine gas forms metal chlorides that trans-
form into porous oxides. The mechanisms of the accelerated corrosion caused by these
species are not the scope of this thesis. However, the influences of alkali and chlorine are
discussed briefly regarding how its presence may change the microstructure of the Fe-rich
oxide scale, as to better understand how it may change the capability of the Fe-rich oxide
to withstand further corrosion caused by these species.

Since the oxide scale formed on low-alloyed steels are of only one type (secondary type),
its properties in various environments may be used to increase our understanding as
to how corrosive species may affect the secondary corrosion protection also on stainless
steels and FeCrAl alloys. Thus, in this work, the influence of exposure environment
on the microstructure of the Fe-rich oxide scale is investigated on the low-alloyed steel
Fe2.25Cr1Mo, exposed for 24 hours to 5% Oz + 20% HyO + Na(bal.) at 400 °C in the
presence of different alkali- and chlorine-containing species (HCl(g), HCl(g)+KCl(s), and
KCl(s)). Further studies on how different alloy compositions of stainless steels and Fe-
CrAl alloys may change the capacity to withstand these corrosive species are planned to
be conducted in the future.

5.5.1 Gravimetry

The results of the thermogravimetric analysis are shown in Figure 5.14, including a ref-
erence sample exposed to 5% O + 20% H2O + Ny(bal.) in the absence of chlorine. The
mass gains are in good agreement with the values reported in previous studies conducted
under similar exposure conditions [71,82]. It is evident that some corrosive species changes
the kinetics, in particular in the presence of KCl(s). However, not all of the mass gain
curves are necessarily assigned to oxidation, but can be caused by additional reactions
(see below). As an example, the kinetics of the combined HCIl(g)+KCl(s) exposure is
very different from the kinetics of either the HCl(g)-only or the KCI(s)-only exposure.
Larsson et al. [83] suggested the kinetics for these exposure conditions to be influenced by
the formation of a continuous layer of metal chlorides underneath the KCl(s) deposited
particles, acting as an electronic insulator. Nevertheless, the microstructural investigation
performed in this work (see below), shows that the growth of the base oxide (in between
the KCl(s)) particles is not affected as dramatically. The oxidation kinetics are also dras-
tically changed as the steel is exposed in the presence of KClI(s)-only (without HCI). The
growth is interrupted after approximately 12 hours (see kinetic transition in Figure 5.14).
The kinetic transition is attributed to scale cracking and delamination of the oxide scale
(for detailed rationale, see Paper I). The oxidation kinetics is parabolic, in similarity to
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the reference exposure, although with a parabolic rate constant approximately 10 times
higher than that of the reference sample. The oxidation kinetics remain parabolic, with
similar rate constants, before and after the kinetic transitions. Thus, both the refer-
ence exposure, HCl(g) exposure and KCI(s) exposure result in nearly parabolic kinetics,
indicating diffusion-controlled growth, albeit with different parabolic rate constants.
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Figure 5.1/: TGA results for Fe2.25Cr1Mo exposed to 5% Oy + 20% HyO + Ny (bal.) for
24 hours at 400 °C in the presence of HCl(g) and/or KCl(s). The TGA exposures and
preparation were performed by Dr. Erik Larsson.

5.5.2 Oxide microstructure and composition

The oxide scale thicknesses and relative amounts of outward- and inward-growing scales
formed in the different environments are summarised in Table 5.8. It is obvious that the
presence of different chlorine containing species affect the growth rate of the Fe-rich oxide
scale and that the relative amounts of inward- and outward-growing scales changes as the
environment is altered (see below). The oxides were analysed in detail by STEM/EDX,
as shown in Figure 5.15-5.18).

Exposure Thickness [um] Out:In [%:%]
Ref. [5% O2 + 20% H20 + Na(bal.)] 0.5 80:20
Ref. + HCl(g) 1.3 77:23
Ref. + KClI(s) (upper sub-scale) 6-8 70:30
Ref. 4+ KCl(s) (lower sub-scale) 6-8 95:45
Ref. + KCl(s) + HCl(g) 3.3 45-50:50-55

Table 5.8: Summary of the measured oxide scale thicknesses and relative amounts of inward-
and outward-growing scales for the secondary corrosion protection formed on the commercial low-
alloyed steel (Fe2.25Cr1Mo) exposed for 24 hours at 400 °C (5% Oz + 20% H20 + Na(bal.))
i the presence and absence of different chlorine- and alkali-containing species.

45



5 Results & Discussion

Reference exposure (O,+H;0+N, at 400 °C)

The oxide scale formed in reference exposure (5% Oy + 20% HyO + 75% Ny at 400 °C,
no chlorine) is shown in Figure 5.15. The oxide scale is multi-layered and composed of
outward-growing hematite (Fe;O3) on top of magnetite (Fe3O4) and an inward-growing
mixed (Fe,Cr,M) spinel, which is in good agreement with the low alloyed model alloys
investigated in this work, as well as findings of previous studies of low-alloyed steels and
iron [12,20,48,77,81,90,91]. The results from the STEM/EDX are shown in Figure 5.15b.
The outward-growing oxide is composed of almost pure iron oxide, while all alloying
elements remain in the Fe-depleted, inward-growing oxide, containing an average of 10
at%Cr (6.5-19 at%), 2 at% Si (1-4 at%), 1-2 at% Mo, with iron in balance (excluding
oxygen from the quantification). The STEM/EDX analysis of the inward-growing spinel
indicates that the distribution of Cr is inhomogeneous (see line-scan of Cr in Figure 5.15),
ranging form 6.5-19 at% (cation). Inhomogeneous distributions of alloying elements may
affect both lattice and short-circuit diffusion through the spinel. Thus, this needs to be
considered when developing models for growth of the secondary corrosion protection, as
well as when seeking to develop ways to improve its protective properties.
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Figure 5.15: STEM/EDX analysis of the oxide scale formed on Fe-2.25Cr-1Mo steel ex-
posed in reference conditions (5% Oy + 20% HyO + 75% Ni) for 24 hours at 400 °C.
a) HAADF-STEM image marking the position of the STEM/EDX line scans in b) (see
A-B). The STEM/EDX analysis shows that the scale is layered, with Cr being present
only in the inward-growing oxide. The distribution of Cr (b) in the inward-growing ozide
is inhomogeneous and ranges from 6.5-19 at% (cations). The TEM was operated by Dr.
Mohammad Sattari.
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Influence of HCl(g)

Figure 5.16 shows that the presence of HCl(g) increases the final oxide thickness (i.e.
growth rate), as compared to the reference exposure. The oxide scale thickness is ap-
proximately 1.3 wm, which is in good agreement with the calculated thicknesses based on
mass gain data (see Figure 5.16). Even though the oxide scale is thicker than that of the
reference sample, the microstructure is very similar, exhibiting a multi-layered scale with
a similar ratio of outward-growing (Fe,Os3/Fe304) and inward-growing [(Fe,Cr,M);04]
scales (75-80:20-25) (see Table 5.8).

The STEM/EDX analysis (see Figure 5.16b) shows that all the alloying elements, except
for iron, remain in the spinel, in similarity to the reference exposure. No chlorine, or indi-
cations thereof, is detected in the oxide scale either by either SEM/EDX or STEM/EDX.
However, trace amounts of chlorine (below the detection limit of STEM/EDX) may still
be present. Other analytical tools with lower detection limits, such as APT, are needed
to determine conclusively if chlorine is at all present in the oxide scale. The increase
in growth rate, together with the absence of chlorine in the scale, suggests that chlorine
plays a more modest role than e.g. that proposed by the active oxidation process [55,74].
The catalytic role of chlorine in the active oxidation process would predict the amount of
outward-growing scale to increase as the metal chlorides would evaporate and transform
into porous oxides. Thus, the results from this work, showing a similar increase in both
the inward- and outward-growing scales, may also be an indication of that the active
oxidation process is not the main mechanism underlying the accelerated growth observed
under these conditions.
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Figure 5.16: HAADF-STEM image and STEM/EDX analysis of the oxide scale formed
on Fe-2.25Cr-1Mo steel exposed for 24 hours in the presence of HCI(s) (5% Oy + 20%
HyO + 74.95% Ns, at 400 °C). The HAADF-STEM image marks the position of the
STEM/EDX line-scans shown in b) (see marking A-B). The Cr line-scan indicate the
original metal surface and separates the outward- and inward-growing scales. No signal of
chlorine is detected by STEM/EDX. The TEM was operated by Dr. Mohammad Sattari.
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Influence of HCl(g) and KCI(s)

Figure 5.17 shows that the base-oxide scale formed, in-between the deposited KCI par-
ticles, after 24 hours is approximately three times thicker than the oxide scale formed
in the presence of HCI(g) only. The oxide scale is well-adherent and attached to the
alloy substrate. The amount of inward-growing scale is increased compared to the refer-
ence exposure and the exposures that contain only HCI(g) or KCI(s). Thus, the inward
diffusion of anions is enhanced to a greater extent in the presence of both KCl(s)+HCI(g).

The STEM/EDX analysis (see Figure 5.17b) shows that all the alloying elements re-
main in the inward-growing spinel. and that trace amounts of chlorine are present at
the scale/metal interface. However, the low concentration and the porosity of this region
makes the exact quantification of light elements, such as chlorine, difficult. Further stud-
ies, using techniques with lower detection limit and better spatial resolution, are needed to
quantify the trace amounts of chlorine and understand how it may influence the corrosion
propagation of the secondary corrosion protection.
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Figure 5.17: HAADF-STEM image and STEM/EDX analysis of the ozide scale formed on
Fe-2.25Cr-1Mo steel exposed for 24 hours in the presence of KCl(s) + 500 vppm HCl(g) (5% Oo
+ 20%H2 0 + 74.95% Na, at 400 °C). The HAADF-STEM image (a) marks the position of the
STEM/EDX line-scans shown in b) (see marking A-B). The STEM/EDX analysis shows that
trace amounts of chlorine are detected in at the scale/metal interface. The TEM was operated
by Dr. Mohammad Sattari.

Influence of KCI(s)

The oxide scale formed in the presence of KCI(s)-only is shown in Figure 5.18. The oxide
scale contains cracks and lateral delamination in contrast to the well-adherent oxide scale
formed in the presence of both HCI(g) and KCl(s). The microstructural investigation re-
veals that a similar multi-layered oxide scale form both above and below the delamination
(see Figure 5.18). Both these sub-scales (upper and lower) are similar to the oxide scale
formed in the reference exposure, although with different relative amounts of inward- and
outward-growing scales. The amount of inward-growing scale is increased compared to
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the reference exposure in both the upper (30%) and lower (45%) sub-scales (see Table 5.8.
Thus, the amount of inward diffusion of anions is enhanced in the presence of KCl(s).

The STEM/EDX analysis confirms the two sub-scales based on the distribution of al-
loying elements (see Cr line-scan in Figure 5.18b) and reveals trace amounts (<1 at%)
of chlorine at the scale/metal interface and potassium (<1.5 at%) in the top part of the
upper sub-scale. The respective levels of chlorine and potassium are low and cannot be
quantified with certainty using STEM/EDX. Therefore, the oxide scale should be further
studied using a technique with lower detection limit. It should be noted, that the well-
adherent oxide scale formed in the presence of both HCI(g) and KCl(s) did not contain
any detectable amounts of potassium. Thus, this may imply that potassium in the oxide
scale, could influence the mechanical integrity of the multi-layered, Fe-rich oxide scales
formed as the secondary corrosion protection at 400 °C.
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Figure 5.18: HAADF-STEM image and STEM/EDX analysis of the oxide scale formed
on Fe2.25Cr1Mo steel exposed for 24 hours in the presence of KCl(s) (5% Oy + 20%HsO
+ 15% Na, at 400 °C). The Cr line-scan (see marking A-B) shows the presence of two
sub-scales. Trace amounts of potassium(K) and chlorine(Cl) are detected in the top part
of the upper sub-scale (K) and at the scale/metal interface (Cl). The TEM was operated
by Dr. Mohammad Sattars.

To summarise, the microstructural investigation strongly indicate that the oxide mi-
crostructure is altered as the corrosive environment is changed. The presence of KCI(s)-
only induce cracks and delamination of the oxide scale, indicating that certain corrosive
environments may have detrimental effects on the mechanical integrity of the Fe-rich oxide
scale. With a lost integrity of the oxide scale, the growth rate and protective properties
of the oxide itself becomes irrelevant, since the alloy becomes directly exposed to the
corrosive environment if the oxide is lost. Thus, it is of high concern to further study the
mechanisms behind the lost integrity of the oxide scale in the presence of e.g KCI(s) and
how to suppress this process.
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Summary & Outlook

This work implements the concept of primary and secondary corrosion regimes before
and after breakaway corrosion. The primary corrosion protection is defined as the slow-
growing Cr/Al-rich M,O3 oxide scale formed on stainless steels and FeCrAl alloys in mildly
corrosive environments, while the secondary corrosion protection entails the formation of
a faster-growing, multi-layered, Fe-rich oxide scale formed after breakaway corrosion at
intermediately high temperatures.

The results show that the secondary corrosion protection of all the exposed FeCr(Ni/Al)
model alloys exhibit similar microstructural features. It is suggested that the secondary
corrosion protection is predominantly diffusion-controlled, as the primary corrosion pro-
tection, at intermediately high temperatures (e.g. 600 °C). Thus, it should be possible to
develop lifetime predictive tools for the corrosion both before and after breakaway using
diffusion based modelling tools such as e.g. DICTRA [38,39].

Furthermore, it is shown that the growth rate of the secondary corrosion protection may
be influenced by the alloy composition, e.g. by adding Ni or a combination of Al/Cr.
The reduced growth rated is not directly connected to how well the primary corrosion
protection withstands the exposure environment (i.e. the incubation time to breakaway).
Thus, these findings indicate that research on the secondary corrosion protection has a
large potential to improve the selection and development of alloys for use in corrosive
environments, such as biomass- and waste-fired boilers.

The present work mainly investigates how the oxide microstructures and oxidation prop-
erties of the secondary corrosion protection are influenced by altered alloy composition.
However, the capacities of the secondary corrosion protections to withstand other corro-
sive species needs to be studied further. The influences of other corrosive species were
studied briefly in this work in terms of oxide scales formed on a low-alloyed steel at 400
°C. The results show that the oxide scale microstructure is strongly influenced as the cor-
rosive species change, e.g. through inducing cracks and delamination of the scale. Thus,
in order to truly evaluate the corrosion resistance of stainless steels and FeCrAl alloys for
use in harshly corrosive environments, it is suggested to conduct further studies on the
secondary corrosion protection in the presence of other corrosive species.
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