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Abstract

Designing new materials is a complex process which requires taking into
consideration many aspects, such as potential applications, mechanical and chemical
properties, as well as the materials’ durability in operating conditions. In recent years,
scientists have taken an avid interest in porous alloys, which offer unique properties,
including a large specific surface area, high formability and electrical conductivity. Such
features suggest that these materials have a considerable potential to be applied, for
example, in solid oxide cells — an important branch of the energy industry.

In this thesis, the research on porous ferritic chromia-forming alloys was presented.
The alloys were considered as materials that can be potentially applied as parts in solid
oxide cell interconnectors. The purpose of the research described herein was to
determine the kinetics of the high-temperature oxidation process and the morphology
changes resulting from that process for porous ferritic alloys.

As part of the conducted research:

e A lifespan prediction model that can be applied for porous ferritic chromia-
forming alloys was proposed based on short-term (up to 100 h) oxidation
tests.

e A validation of the model was performed based on long-term (up to 6000 h)
exposure experiments.

e Synchrotron X-Ray tomography was used to analyze three-dimensional
images of the oxidized samples

e Introducing a pre-oxidation process was proven to extend the possible
lifespan of the porous alloys in high-temperatures.

e Glass-ceramic joints consisting of the dense Crofer 22 APU and pre-oxidized
Fe22Cr porous alloy were fabricated and tested in terms of their application
as components of solid oxide cells.

The results described herein provide a strong foundation for further research into
the applications of porous alloys in the demanding operating conditions of solid oxide

cells.
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Streszczenie

Projektowanie nowych materiatow jest ztozonym procesem, ktory wymaga
uwzglednienia wielu czynnikéw, takich jak ich potencjalne zastosowania, wiasnosci
mechaniczne, termiczne i chemiczne, a takze trwato$¢ w warunkach roboczych. W
ostatnich latach szczegdlng uwage naukowcdw przykuty porowate stopy metali, ktére
oferujg unikalne wtasciwosci jak duza powierzchnia wiasciwa, tatwa formowalnosc¢
oraz wysoka przewodnoscC elekiryczna, co sprawia, ze sg one obiecujgcymi
materiatami do zastosowan w przemysle energetycznym, w tym technologii ogniw
paliwowych.

W niniejszej rozprawie zaprezentowane zostaty badania nad porowatymi stalami
ferrytycznymi, ktore w procesie utleniania formujg tlenek chromu na swojej
powierzchni. Stopy te sg rozpatrywane jako materiaty, ktére potencjalnie mogg by¢
stosowane jako struktura wspierajgca interkonektory w tlenkowych ogniwach
paliwowych. Celem przeprowadzonych badan zawartych w niniejszej rozprawie byto
okreslenie kinetyki utleniania wysokotemperaturowego oraz zmian morfologicznych
zachodzacych w jego wyniku dla porowatych stopow ferrytycznych.

W ramach przeprowadzonych badan:

e Opracowano model okreslajgcy trwatos¢ porowatych stopdw ferrytycznych w
wysokich temperaturach na podstawie krotkookresowych testow korozyjnych
trwajgcych do 100 godzin.

e Zwalidowano model, wykonujgc dtugookresowe (trwajgce do 6000 godzin)
badania w warunkach wysokich temperatur.

e Przeanalizowano morfologie utlenianych prébek za pomocg synchrotronowej
tomografii rentgenowskiej pozwalajgcej na uzyskanie trojwymiarowego
obrazu materiatu

e Udowodniono, ze mozliwe jest przedtuzenie trwatosci porowatych stopow
ferrytycznych w wysokich temperaturach przez zastosowanie procesu
preoksydacji

e Wytworzono ztgcza szklano-ceramiczne, tgczgce gestg stal Crofer 22 APU
oraz porowatg stal Fe22Cr i przetestowano je pod katem przydatnosci w roli

komponentéw tlenkowych ogniw paliwowych.
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Wyniki uzyskane w ramach niniejszej rozprawy stanowig obiecujgcg podstawe do
dalszych badan nad zastosowaniem porowatych stopéw metali w wymagajgcych

warunkach pracy tlenkowych ogniw paliwowych.
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List of abbreviations and symbols

BCC — body centered cubic

C — integration constant

CTE - coefficient of thermal expansion [ppm K-']
D — density of oxide scale [g cm™]

Deff — effective diffusion coefficient [m? s]

Dgb — grain boundary diffusion coefficient [m? s]
D — lattice diffusion coefficient [m? s]

G — Gibbs free energy [J]

G? — Gibbs free energy at thermodynamical equilibrium [J]
GDC - gadolinium doped ceria

FCC — face centered cubic

H — enthalpy [J]

IOZ — internal oxidation zone

Jx — diffusion flux of x species [mol m2 s-]

ki — linear rate constant [g cm s']

ke — parabolic rate constant [g cm s7]

m — mass [g]

MS-SOC — metal-supported solid oxide cell

p — pressure [Pa]]

g — grain shape parameter

Q - activation energy of oxidation process [eV]
R — gas constant equal to ~8.314 J mol! K-’

Rv — ratio of the metal oxide volume to the metal
S — entropy [J] or surface [cm?]

SEM - scanning electron microscope

SOC - solid oxide cell

SSA - specific surface area [m? g']

t — time [s]

T — temperature [K]

W — molecular weight of oxide scale [g mol]
w — molecular weight of metal/alloy [g mol-']

YSZ — yttria stabilized zirconia
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O — grain boundary width [nm]

p — density of metal/alloy [g cm-3]

14



1. Introduction

Corrosion process is a phenomenon of material degradation caused by
environmental conditions, such as temperature, pressure, or surrounding gas.
Depending on the considered material, corrosion can manifest as a chemical reaction,
an electrochemical process, or a physical interaction. While corrosion can occur in a
variety of materials, including polymers, glasses, concrete, and wood, it is most
commonly observed in metals and alloys. One specific type of corrosion process is the
high-temperature oxidation process that leads to the formation of an oxide scale on the
surface of oxidized material at elevated temperatures Figure 1. Other types of
corrosion processes also cause degradation of the material in a corrosive environment;
however, they might be connected with the hydrogen atmosphere (hydrogen
embrittlement) or mechanical surface interactions (fretting corrosion). The threshold
temperature that determines the high-temperature oxidation process is 500°C [1]. In
this thesis, the terms “high-temperature corrosion process” and “high-temperature

oxidation” will be used interchangeably.

0, atmosphere 0O, atmosphere

0. atmosphere 0. atmosphere

Figure 1. Schema of the oxide scale growth at high-temperature in oxygen atmosphere. Blue
circles are assigned to oxygen and green rectangles are assigned to oxide scale.

1.1. Historical introduction

The roots of high-temperature corrosion research can be traced back to the
industrial revolution, when the increasing demand for efficiency in steam engines

exposed materials to harsh and corrosive conditions. Engineers and scientists
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observed the accelerated degradation of boiler components, leading to reduced
operational lifespans and increased maintenance costs [2].

In the late nineteenth century, internal combustion engines were employed in
industrial systems, causing the necessity to find materials that could operate for long
periods of time exposed to high temperatures in the combustion gas environment. One
of the first alloys that was employed to operate at those conditions was Co — 10 %, Ni
—-35%,Cr—7 %, W -5 %, C-0.5 %, Fe balanced [2]. The next challenge appeared
at the beginning of the twentieth century due to the advent of industrial electric heating
systems. This necessitated the search for a material to produce wires suitable for a
radiant heater with a surface temperature of approximately 850°C. The issue was
subsequently addressed through the development of Ni20Cr austenitic alloys, which
offer adequate oxidation resistance and creep strength at such high temperatures [3].

The need to develop a corrosion-resistant alloy became apparent in 1940 because
of the introduction of the aviation gas turbine in Germany and the United Kingdom [4].
A material for such gas turbine applications had to provide not only excellent corrosion
resistance at temperatures over 1350°C but also high-temperature mechanical
properties [5]. These demands initialized the application of protective coatings to the
alloys to ensure sufficient corrosion resistance at high temperatures.

The first scientific paper about high-temperature oxidation was published by Gustav
Tammann in 1920 [6]. He articulated that the rate of oxidation of metal decreases as
the oxide scale thickness increases. In 1922, he expressed the logarithmic law of the
oxidation of metals [7]. Nevertheless, the first paper about high-temperature oxidation,
defined as the oxidation at which the transport of the reactive components through the
protective layer determines the oxidation reaction, was published in 1923 by N. B.
Pilling and R. E. Bedworth [8]. They showed that the oxide scale that forms at high
temperatures might be cracked due to the volume changes of the metal-oxide scale
systems. In 1929, Leonard B. Pfeil postulated that besides the inward oxygen diffusion,
the outward cation movement in the oxide scale should also be analyzed when
considering the high-temperature oxidation process [9]. Finally, in 1933, Wagner’s
equation, which determined the kinetics of high-temperature oxidation for numerous
ferritic and austenitic steels, was expressed [10]. Subsequently, in 1934, the discovery
that the transport process within the oxide scale is determined by the motion of the
lattice defects permitted the implementation of quantitative techniques to describe

high-temperature oxidation. In the early 1940s, the addition of a minor quantity of
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reactive elements to the alloy composition was found to markedly enhance its oxidation
resistance at elevated temperatures. The nature of this phenomenon remains a topic
of scientific debate [4].

The issue of high-temperature corrosion has gained significant importance in recent
years, particularly in complex environments that include mixed gases with low oxygen
levels and high carbon or sulfur levels, or conditions in which molten alkali salts can
accumulate on the surface of the alloy. There have been advancements in developing
theoretical models for certain parts of these scenarios [11,12]. Nevertheless, a
complete understanding of high-temperature corrosion processes, particularly in

polyphase materials, has not been achieved yet.
1.2 Mechanisms of the high-temperature corrosion

In order to determine the mechanism of the high-temperature oxidation process, it
is necessary to describe the thermodynamics of this phenomenon. In this section, the
growth of the oxide scale will be defined in terms of thermodynamic equilibrium.

Moreover, the linear and parabolic laws of oxidation will be presented and discussed.
1.2.1. Thermodynamics of high-temperature oxidation
The formation of the oxide scale at high temperatures is described by the reaction:

1
M+ 50, > MO, (1.1)

where M is metal, MO is an oxide scale, and O is oxygen [13]. The Gibbs free energy
(G) of the reaction determines the formation of oxide scale (if G < 0) or oxide scale
dissociation (if G > 0). If G = 0 the system is in equilibrium. The equilibrium Gibbs free
energy of the oxidation reaction (G°) can be expressed using oxygen partial pressure

(po,), temperature (T), and universal gas constant R [14]:

G° = RTIn(po,). (1.2)
The oxygen partial pressure directly influences the oxidation process at a particular
temperature. A change of Gibbs free energy of the oxidation reaction can be also found

out by the relation:

AG = AH — TAS, (1.3)
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where AH is enthalpy change, and AS is entropy change at the particular
temperature T. The Ellingham diagram (Figure 2) shows a set of curves that represent
the temperature dependence of Gibbs free energy for oxidation reaction for different
metals [15,16]. The curves show a linear dependence, where an intercept is enthalpy
of the oxidation process AH and a slope is change of the entropy caused by the
oxidation reaction AS.

Gibbs free energy of the oxidation process is dependent upon the oxygen partial
pressure (Equation 1.2). The equilibrium partial pressure of oxygen at a specific
temperature can be determined by employing the Ellingham diagram. The equilibrium
partial pressure of oxygen for a given reaction can be determined by extrapolating a
line from the “0O point” (upper left corner of the diagram) to intersect the oxidation
reaction curve of the selected metal at the desired temperature. The point of

intersection of the line with the p,, scale on the right side of the diagram determines

the equilibrium partial pressure of oxygen. Moreover, the Ellingham diagram shows the
ease of reduction for metals. The position of the oxidation reaction curves on the
diagram indicates the stability of the oxides. Oxide scales that form from the reactions
closer to the top of the diagram are less stable and more readily reduced than oxide
scales of metals placed lower than them. For instance, chromia (Cr203) is more stable

than FeO, so the reduction of FeO is easier than the reduction of chromia.
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Figure 2. Ellingham diagram [17].

1.2.2. Laws of oxidation kinetics

The thermodynamics of high-temperature oxidation determines the formation of an
oxide scale at elevated temperatures. However, the rate of growth of the oxide scale
is described by the laws of oxidation kinetics:

a) Linear law

Linear law of oxidation is followed when

dt

. (1.4)
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where Am is weight gain caused by oxidation process, S is surface area of the
considered material, t is time, and k; is linear rate constant [13]. Based on the Equation
1.4 it can be stated that materials that follow the linear oxidation law form an oxide
scale whose thickness is gradually increasing at the same growth rate. The oxidation
process that is determined by linear law is typical for metals with porous or cracked
oxide films. According to the Pilling and Bedworth diffusion theory, the oxide scale
formation is a consequence of the diffusion of reactant ions from the environment (i.e.
oxygen in the air) that occurs at faster rates than the chemical reaction of oxidation
[18]. Pilling and Bedworth divided metals into two groups in their work.

The first group contains “light metals which form porous oxides” with a smaller
volume than that of the metals that constitute them. The ratio of the metal oxide volume
to the metal (R,) can be calculated using the following formula:
_ Wy

wD’

where W is molecular weight of the oxide, D its density, w the weight of the metal

R, (1.5)

atoms in this oxide, and p the density of the metal. The exemplary metals from this
group are potassium, calcium, and magnesium with R, values equal to 0.88, 0.64, and
0.79, respectively.

b) Parabolic law

The second group consists of “aluminum and all of the heavier metals”. The metals
from this group are characterized by R, > 1, as exemplified by nickel and tungsten (R,
equal to 1.60, and 3.59 respectively). However, the oxidation process for these metals
cannot be described by the linear law. Instead, the parabolic law has to be applied.
The oxide scale growth that is determined by the parabolic law can be expressed by

the following formula:

Am
d(T)zkp =>(A_m)2=kt+c (1.6)
dt Am S p ’ '
S

where k, is parabolic rate constant of oxidation process, S is the surface of the alloy,
Am its weight gain, t is the time, and C is the integration constant. Parabolic law of
corrosion process was proposed by Carl Wagner in 1933, as a consequence of his
theory of oxidation [10]. The theory can be applied when [13]:

e The oxide scale is compact and adherent

20



e The oxide scale growth is controlled by migration of charged species (i.e.
cations or anions)

e Thermodynamic equilibrium is established at both the metal/oxide scale and
oxide scale/corrosive environment interfaces

e The formed oxide scale is stochiometric

¢ Oxygen solubility in the metal (or alloy) may be neglected.

There are also different laws of oxidation process such as cubic law [19], logarithm
law [20], and inverse logarithm law [21]. Nevertheless, these laws typically describe
the oxidation process of materials at temperatures below 500°C, thus they will not be
considered in this work.

== Linaar
—i— Parabolic T

AMIS

Time

Figure 3. Comparison of oxide scale growth that follow linear and parabolic rate law.

The comparison of linear and parabolic laws of oxidation is presented in Figure 3.
From Figure 3 it is clear that at the beginning of the oxidation process, the oxide scale
growth is more rapid for materials which follow the parabolic law. However, when a
longer time of oxidation is considered, the oxide scale growth is faster for materials
which follow linear law.

Based on the parabolic rate law and Wagner’s theory, the activation energy of the
oxidation process can be calculated. For this purpose, a set of weight gain
measurements at different temperatures has to be performed. Then, based on as-

obtained data, parabolic rate constant k, can be calculated for each considered
temperature as a slope of Am/S in time dependence (as shown in Figure 4 A). The
21



high-temperature oxidation process is a thermal-activated phenomenon determined by
the diffusion of charged species (for the materials that follow parabolic law), thus the

Arrhenius dependence (Equation 1.7) can be applied:

-Q
ky = ko o), (1.7)
where Q is activation energy of the oxidation process, and k, is pre-exponential
factor (or Arrhenius factor). Finally, the slope of the log (k,) with 1/T curve allows to

calculate the activation energy of the oxidation process for the considered alloy, as

shown in Figure 4 B).
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Figure 4. A) Weight gain data presented as square weight change with respect to the initial
surface area, B) Arrhenius plot.

While Wagner's theory of oxidation has provided valuable insights into the kinetics
of high-temperature oxidation processes, itis imperative to acknowledge its limitations,
particularly concerning microstructural changes. The theory, based on the parabolic
rate law, predominantly emphasizes the outward diffusion of metal cations. However,
the intricate interplay between inward and outward diffusion, as well as microstructural
alterations can significantly influence the overall oxidation kinetics. The role of
microstructure in high-temperature oxidation will be discussed in next sections.

The parabolic and linear parabolic laws describe an idealized situation in which a
single process is responsible for high-temperature oxidation. However, in many cases,
multiple processes must be considered to fully describe the kinetics of oxidation.

The change in weight gain relative to the initial surface area over time can be
expressed using the following generalized expression:

A
log<Tm> = nlogt + C, (1.8)
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where Am is the weight gain of the sample, S its surface area, t is the time, n is the
power parameter, and C is the integration constant. The power parameter n is a slope
of linear curve that determines the kinetics of the oxidation process. In order to
determine the kinetics law of the oxidation process the double logarithmic plot can be
used, as presented in Figure 5. For example, in the case of an oxidation process that
follows the parabolic law, the slope of log-log plot (and thus the n value) is equal to

0.5. Conversely, the linear plot is expressed when n is equal to 1.
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Figure 5. Comparison of oxidation behavior of Fe-Cr-Li and Fe-Cr alloys at 1100°C [22].
1.2.3. Inward and outward corrosion
In order to characterize the high-temperature corrosion process, three components
have to be considered: the reacting material, the oxide scale, and the corrosive

environment. A schematic representation of the high-temperature corrosion

components is shown in Figure 6.
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Figure 6. A schematic representation of the high-temperature corrosion components [23].

To gain a comprehensive understanding of high-temperature corrosion, it is
essential to consider not only the processes occurring within each component of the
system, but also the reactions occurring at both the internal interface (between the
reacting solid and oxide scale) and the external interface (between the oxide scale and
the reacting environment).

In accordance with the parabolic law of corrosion, the oxidation process is
contingent upon the diffusion of ions within the oxide scale. Therefore, the oxide scale
formation can be attributed to two distinct processes. One such process is the
movement of oxygen anions from the external interface between the oxide scale and
the surrounding environment to the internal interface between the oxide scale and the
alloy (or metal). This process is designated as inward oxidation. Conversely, the
movement of metal cations from the alloy/oxide scale interface to the oxide
scale/external environment is referred to as the outward oxidation process [24].

Inward corrosion is typically regarded as an undesirable phenomenon, as it
describes the penetration of oxygen into the material, leading to internal oxidation or
the formation of subscale oxides. In contrast, the result of outward corrosion can be
the formation of a protective oxide scale on the alloy’s surface, which acts as a barrier,
inhibiting further penetration of oxygen and other corrosive species into the alloy.
Therefore, the outward corrosion mechanism is highly desirable in alloy design for
applications in which maintaining structural integrity and preventing material
degradation at elevated temperatures are paramount concerns. A schematic model
that compares inward and outward corrosion processes is presented in Figure 7.
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Figure 7. Schematic model of inward and outward oxidation process. |I0Z is internal oxidation
zone, A(B) is alloy consisting of solvent A and solute B, and Jyx is diffusion flux of x species
[25].

1.3. Microstructure influence on high-temperature oxidation

In order to determine the corrosion properties of an alloy at high temperatures a
detailed analysis of their microstructure is necessary. The influence of crystal structure,
grain size, porosity, and a number of grain boundaries to oxide scale growth at high
temperatures has been confirmed for last decades.

1.3.1. Ferritic and austenitic alloys

Ferritic alloys have a body-centered cubic (BCC) crystal structure and they are
typically composed of iron and chromium, with varying amounts of other alloying
elements. Because of the high chromium content, ferritic alloys form a protective
chromia layer on the surface at high temperatures, providing good corrosion
resistance.

The impact of the chemical composition on the resistance to oxidation at high

temperatures is not limited solely to the austenitic and ferritic crystal structure. For an
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enhanced understanding how the chemical and phase compositions determine
corrosion properties, the analysis of the phase diagrams has to be considered.

The analysis of the Fe-Cr phase diagram (Figure 8) reveals a presence of sigma
phase at the temperatures above 600°C for the alloy containing more than 25 % of Cr.
The sigma phase is a mixed FeCr oxide that is brittle and exhibits increased coefficient
of thermal expansion (CTE) [26]. Despite the protective feature of chromia in the
context of high-temperature oxidation, ferritic alloys consisting of more than 26 % of Cr
are often avoided in devices which operate at temperatures above 650°C.

The alloy's physical and chemical properties are influenced by its chemical
composition, which goes beyond merely altering the phase composition. Various
components are used to enhance the corrosion resistance or increase the stress
resistance of the alloy. Manganese (Mn) is frequently used in FeCr systems to form a
protective spinel layer that hinders the oxidation process. Experiments have revealed
that the addition of around 0.4 % of Mn to the FeCr alloy has a substantial impact on
enhancing its resistance to corrosion [27,28]. As a result, this modification effectively
extends the lifespan of the alloy.

Adding Si to the alloy can improve the adherence of chromia by forming a SiO2
subscale between Cr203 and the alloy [29—-31]. The incorporation of Al enhances the
alloy's capacity to resist oxidation by creating a protective layer of Al203 on its surface
[32—-34]. Nevertheless, the low electrical conductivity of both Al2O3 and SiO2 renders
Al and Si unsuitable as modifiers for alloys used in electronic devices that operate at

high temperatures [35].
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Figure 8. Fe-Cr phase diagram [36].

On the other hand, austenitic alloys have a face-centered cubic (FCC) crystal
structure. Typically, the composition of the austenitic alloys is based on iron, chromium
and nickel and other alloying elements. Austenitic alloys are known for their excellent
corrosion resistance, making them suitable to use in aggressive environments at
temperatures above 1000°C. One of the possible ways to transform ferritic alloy into
austenitic one is to apply nickel coating to the ferritic alloy and treat as-prepared
structure at an elevated temperature causing incorporation of Ni species in the alloy.
Then, an austenitic microstructure is formed. The schema of this process is shown in
Figure 9.

Other differences between austenitic and ferritic alloys are described in Section 1.4.
of the thesis where possible applications and material restrictions are provided.
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Figure 9. Crystal structure of ferritic and austenitic alloys [37].

The alloys which are employed in high-temperature operating conditions are often
austenitic FeCrNi compositions or ferritic FeCr systems. In the case of austenitic
FeCrNi alloys, it has been demonstrated that they are chromia-forming alloys that
exhibit excellent oxidation resistance at the temperature range from 1000°C to 1300°C
because of formation of protective Cr203 on their surface [38,39]. However, in the
temperature range from 500°C to 1000°C, the Cr diffusion is significantly lower and it
allows for the formation of mixed FeCr oxides (Ni is not oxidized) [40]. On the other
hand, the ferritic alloys which are typically the FeCr systems only form chromia at high-
temperatures [41]. Then, a Cr concentration profile is flat within the alloy at
temperatures above 500°C because of higher diffusivity of Cr in the ferritic crystal

structure [42].
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Figure 10. Arrhenius plot of oxidation for 439 and 304 steel [43].

The influence of the phase composition on the corrosion resistance at high-
temperatures was investigated for chromia-forming austenitic and ferritic alloys. Huntz
et al. researched corrosion resistance of ferritic 439 and austenitic 304 alloys which
have similar Cr content (~17 - 18 wt. %) [44]. The oxidation tests performed for both
alloys at temperature ranging from 850°C to 950°C in air revealed that the oxide scale
growth rate is higher for ferritic 439 alloy when compared with austenitic 304 alloy
(Figure 10).

1.3.2. Grain and grain boundary diffusion fluxes

The presence of structural defects in both oxide scale and the alloy, such as
dislocations or grain boundaries, leads to an increase in the effective diffusion
coefficient, so it influences the high-temperature properties of the alloy. The lattice
diffusion coefficient and grain boundary diffusion coefficient constitute the effective

diffusion coefficient as presented in the Hart’s equation:
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where D.; is effective diffusion coefficient, Dy, is grain boundary diffusion
coefficient, D, is lattice diffusion coefficient, q is a grain shape parameter (its value is
1 for parallel grains, 3 for square grains), d is average grain size and § is grain
boundary width [45]. The lattice diffusion, grain boundary diffusion, and surface

diffusion are schematically presented in Figure 11.

Grain 1

Figure 11. Different diffusion routes in two neighboring grains at high temperature.

The diffusion influence on the high-temperature oxidation can be considered in the
following contexts:

a) Diffusion within the oxide scale

Suzuoka et al. created a model that allows for estimation of the lattice diffusion
coefficient and grain boundary diffusion coefficient for the polycrystalline materials [46].
Lobnig et al. applied this model for the calculation of the grain boundary diffusion
coefficient and lattice diffusion coefficient of the Cr cations in the oxide scale that
formed in high temperature conditions [47]. They proved that the lattice-diffusion
coefficient of Cris 3 to 5 orders of magnitude smaller than the grain-boundary diffusion
coefficient of Cr in chromia when the ferritic Fe20Cr alloy is oxidized at 900°C.

Chromia-forming alloys are widely used at high-temperatures because of protective
properties of Cr203 in harsh environments. In order to understand those features of
chromia, the diffusivity of the Cr and O within the oxide scale formed at 800°C and
900°C was investigated [48,49]. It was confirmed that chromium lattice diffusion is
close to that of oxygen, and chromium grain boundary diffusion is faster than that of

oxygen, especially at 900°C. At this temperature the lattice diffusion coefficient of O is
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4.4 x 1077 cm? s*! and the grain boundary diffusion coefficient of O is 1.6 x 10-'2 cm?
s™'. The Cr lattice and grain boundary diffusion coefficient is 2.0 x 10-'” cm? s and 9.3
x 1012 cm? s, respectively [48]. In this case, the diffusion rate of chromium within the
oxide scale is relatively fast compared to the rate of oxygen diffusion. It leads to the
formation of a dense, continuous, and protective oxide scale, which effectively isolates
the underlying alloy from further oxidation. On the other hand, if the diffusion rate of
chromium within the oxide scale is relatively slow compared to the rate of oxygen
diffusion through the scale, this can lead to the depletion of chromium near the metal-
oxide scale interface, resulting in the formation of a porous or non-protective oxide
scale. The grain boundary diffusion of Cr is the fastest process among considered ones
— thus it has a decisive influence on the oxidation resistance of the chromia-forming
alloy.

The difference between Cr diffusivity in monocrystalline and polycrystalline chromia
was extensively studied. It was confirmed that for polycrystalline materials the diffusion
coefficient is several orders of magnitude larger than for single crystals, and this is
probably due to much faster grain boundary diffusion in polycrystalline material [50].
Thus, one of the possible ways to improve the corrosion resistance of chromia-forming
alloys is to employ pre-oxidation process. The pre-oxidation process is the oxidation
performed at a high temperature in order to form a large-grained oxide scale. In
consequence, the relative number of chromia grain boundaries decreases, causing an
altering in the diffusion fluxes of Cr species through chromia. This in turn enhances the
alloy’s corrosion resistance at temperatures which are high, but lower than the ones
applied during the pre-oxidation process. The beneficial effect of the pre-oxidation
process on high-temperature corrosion resistance of chromia-forming alloys was
confirmed by Kim et al [51].

b) Diffusion within the alloy

The diffusion of the elements within the alloy determines the possible application of
the alloy, as it was mentioned in Section 1.3.1. For the chromia-forming alloys, the
diffusion of chromium within the alloy structure influences the possible reservoir of this
element in the region close to the oxide scale. Tékei et al. investigated both lattice and
grain boundary diffusion of Cr inside the austenitic and ferritic alloys [40]. Their
research revealed that the slight change of Cr content in the alloy (from 9 wt. % to 12
wt. %) affects neither the lattice, nor the grain boundary diffusion coefficients for ferritic
alloys. At ~900°C the lattice diffusion coefficient is 1.13 x 10-"® m? s*' and 2.50 x 106
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m? s for ferritic alloy that contains 9 wt. % of Cr and 12 wt. % of Cr, respectively. The
grain boundary diffusion coefficient at ~900°C is 6.74 x 102 m? s' and 8.12 x 102
m? s for 9 wt. % of Cr and 12 wt. % of Cr alloys, respectively (with the assumption

that grain boundary thickness is 5 A).
1.3.3. Porous and bulk alloys

As the corrosion properties have been studied for decades, there is a considerable
number of studies on the subject, including research on the influence of ferritic and
austenitic alloy’s grain size and chemical composition on the corrosion resistance of
bulk alloys [52,53]. Based on those studies, a change in geometrical dimensions in
particular can severely impact the corrosion properties of alloys. Therefore, porous
alloys have recently become of greater interest as engineering materials employed in
oxidation environments. Typical cross-section images of the porous and dense alloys
are shown in Figure 12.

In the case of the porous alloy, a much larger specific surface area is exposed to
the oxidation environment, leading to the formation of an oxide scale on top of the
alloy’s surface. For the alloy in Figure 12 A, the specific surface area (SSA) is ~0.022
m? g', whereas for the dense alloy shown in Figure 12 B it is only 0.0008 m? g' (28x
difference). Limited protective element reservoir (in this case Cr) will lead to a much
shorter lifetime of the porous samples due to its depletion and to breakaway oxidation
of the alloy, as presented in Figure 13 B. This issue will be described in the next

sections.
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Figure 13. SEM image of porous Fe22Cr alloy A) before oxidation, B) after oxidation at
900°C for 30 h.

1.4. Applications of porous alloys

Porous materials are utilized in several industries as a substitute for their bulk
counterparts due to the potential advantageous characteristics of their microstructure.
Porous alloys can be made into filters, fluid separators [54], heat exchangers [55],
sound absorbers [56], or metal-supported solid oxide cells [35]. In this section, the
application of porous alloys in solid oxide cells will be described in the context of

material requirements which are crucial to their efficient usage.
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Solid oxide cells (SOCs) are devices that are capable of operating in two distinct
modes. The first mode is that of a solid oxide fuel cell (SOFC), which is able to
transform the chemical energy of gases into electrical current. In contrast, a solid oxide
electrolysis cell (SOEC) employs electrical energy to facilitate the conversion of
chemical energy into gas species. The typical operating temperature range for SOCs
is above 750°C. However, the intermediate-temperature solid oxide cells (IT-SOCs),
which operate at temperatures ranging from 500°C to 750°C, have been extensively
studied for the last decade [57]. One of the IT-SOC types that has attracted renewed
interest in recent years is a metal-supported solid oxide cell (MS-SOC). In MS-SOCs,
the alloys are considered not only as support components but also as interconnectors.
The replacement of advanced ceramic materials with metallic components allows for
a decrease in the cost of the device and provides tolerance to rapid thermal excursions.
The drawback of using alloys at typical IT-SOC operating temperatures in an oxidizing
environment is the unavoidable formation of metal oxide scales, which limits the
potential lifespan of the device.

The most promising alloys that are considered in MS-SOC systems are chromia-
forming alloys because they form a passive layer of oxide scale on their surface in
typical SOC operating conditions. This layer acts as a barrier, decreasing the oxygen
diffusion rate and limiting further oxidation process. Moreover, chromium oxide (Cr203)
has relatively high electrical conductivity among transition metal oxides. Therefore,
chromia-forming alloys ensure sufficient electrical current conduction under IT-SOCs
operating conditions. The electrical conductivity of the Cr203 at 600°C - 800°C is ~ 1 —
10 mS cm™' [58]. On the other hand, the electrical conductivity of the aluminum oxide
(Al203) is ~ 108 — 5 x 10 mS cm-"' at 500°C - 1000°C [59], and for silicon oxide (SiO2)
the electrical conductivity is ~ 10° — 2 x 103 mS cm™" at 500°C - 1000°C [59].

Considering the operational temperature of IT-SOCs, it is necessary to make
adjustments to the microstructure of the alloys to suit the corrosive environmental
conditions. As it was mentioned in Section 1.3.1. austenitic alloys have excellent
corrosion resistance at high temperatures. However, at the operating temperature of
ITSOC, the diffusion rate of alloying elements (such as Cr) is significantly lower in
austenitic alloys, by the order of magnitude. This results in the formation of the Cr-
depletion region beneath the oxide scale, which in turn leads to the synthesis of the
mixed Fe-Cr oxides [42]. These mixed oxides reduce both the mechanical strength and

electrical conductivity of the material. Therefore, chromia-forming ferritic alloys such
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as Crofer 22 APU [60-63], Crofer 22 H [64—66], or SUS 430 [67—69] are employed in
MS-SOC systems.

In recent years, an increasing number of scientists have worked on the application
of porous ferritic stainless steel as a substrate for MS-SOCs. The structure of the
porous alloy can provide sufficient gas permeability, which is an important feature in
the context of SOC applications. The schematic representation of electrolyte-
supported solid oxide cell, anode-support ed solid oxide cell, and metal-supported solid
oxide cell with porous alloy component is shown in Figure 14.
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Figure 14. Schematic representation of electrolyte-supported solid oxide cell, anode-
supported solid oxide cell and metal-supported solid oxide cell [70].

The important factor that has to be considered in the context of alloy application in
MS-SOC systems is the coefficient of thermal expansion (CTE). It is essential to align
the coefficient of thermal expansion (CTE) of the alloy with that of electrolyte in order
to provide adequate mechanical stability during operational cycles. A typical CTE value
of the electrolyte materials such as yttrium-stabilized zirconia (YSZ) or gadolinium-
doped ceria (GDC) is in the range 10 — 12 ppm K [71-73]. Among the metallic
compounds the 400-series stainless steels, Crofer 22 APU, and Crofer 22 H, which
are ferritic chromia-forming alloys, have the CTE ~ 11 pm K- [74,75].

The available literature about the corrosion process of porous alloys in the context
of MS-SOC applications is still very limited. The corrosion properties of porous alloys
for SOC systems have been researched by Molin et al, who investigated porous 430L
stainless steel (~45 % - 55 % of total porosity) in air and in humidified hydrogen at 400
°C and 800 °C [76,77]. They confirmed that the mass gain for porous samples follows
the parabolic law, similarly to dense samples. The area-specific resistance (ASR) of

the oxide scale formed on 430L in the air at 800°C reached the limit of 100 mQ cm=
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after 75 h of oxidation. The higher ASR means that the sample cannot be further used
as a substrate in the SOC system because it is not able to provide sufficient current
flow.

M.C. Tucker fabricated symmetric-structure metal-supported solid oxide fuel cell
using porous ferritic P434L alloy as support material on both anode and cathode sides
(Figure 15). The electrodes were obtained by infiltration of lanthanum strontium
manganite (LSM) and samarium doped ceria mixed with Ni (SDCN) into the porous
YSZ in cathode and anode side, respectively. Peak power density of as-fabricated cells
was 0.44 W cm2, 1.1 W cm2, and 1.9 W cm2 at 600°C, 700°C, and 800°C, respectively
[78].
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Figure 15. SEM image of a, b) polished cross-section of MS-SOFC structure after sintering
and before catalyst infiltration, and c) cathode pore after infiltration of LSM [78].

1.5. Lifespan prediction model

The lifespan of an alloy can be defined in the context of high-temperature corrosion

as the time that the considered material can withstand at a particular temperature
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without significant deterioration of its mechanical (or other desired) properties. The
lifespan of an alloy at high temperatures is limited due to the unavoidable formation of
an oxide scale. Below several methodologies of assessing the threshold value of the
alloy’s lifespan are described.

The first methodology is the estimation of the time for the occurrence of breakaway
oxidation, which is a Fe-rich oxide scale formed in the case of depletion of the scale-
forming element in the alloy. Young et al. proposed a simple expression to calculate
the threshold time for the breakaway corrosion formation based on the numerical
analysis of different parameters’ influence on the alloy’s lifespan [79]. This expression
is the function of the oxidation rate, the concentration and diffusivity of the solute
element, and the oxide scale thickness. However, the presented model takes into
consideration only the planar geometry of the alloy, so it cannot be applied to evaluate
the possible lifespan of porous alloys. Moreover, for the austenitic alloys, the
concentration profile of the chromium varies in the region beneath the oxide scale.
Therefore, a lifespan prediction model for austenitic alloys has to be more complex
than the proposed one.

The second approach focuses on analyzing the change in specimen thickness. This
model employs the extrapolation of the log-log curve that shows a specimen thickness
versus time to breakaway corrosion formation at high-temperatures [80-82]. The
model was validated only for ferritic alloys like Crofer 22 APU and ZMG232. However,
the model assumes that the considered alloy has the form of a flat sheet or plate.

Therefore, it cannot be applied to porous alloys.
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Figure 16. The lifespan prediction model applied for ferritic alloys based on the specimen
thickness at a) 800°C, b) 900°C [80].

For the ferritic alloys, it was confirmed that their lifespan is directly correlated with
the Cr reservoir within the sample. Huczkowski et al. revealed that the minimum Cr
content in the ferritic alloy required to maintain its protective properties was found to
be ~15 wt. % [80]. When the Cr level within the alloy drops below this threshold, the
oxidation of Fe begins, and the formation of breakaway corrosion regions is observed.

Tucker et al. observed that the porous ferritic Fe22Cr alloy exposed to a 9:1 Hz: H20
environment at 850°C for 500 h exhibited the formation of a ~3 ym oxide scale layer
on its surface [83]. Consequently, the investigated sample is unsuitable for use as a
support in the MS-SOC system.

The lifespan of the alloy in other forms than bulk was studied by Chyrkin et al [84].
The lifespan of the INCONEL 625 foam obtained by the slip-reaction-foam-sinter
process at temperatures ranging from 700°C to 900°C was investigated. A proposed
lifespan prediction model was developed based on the calculation of Cr-depletion in

the alloy at the oxide/metal interface of each individual foam particle. The model
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assumed that the foam consists of spherical particles, that the oxidation process
follows the parabolic rate law, and that interface displacement due to Cr consumption
is not taken into account. The influence of the particle radius on the alloy’s lifespan
was then determined, as illustrated in Figure 17. The predicted lifespans were found

to be in good agreement with the experimental results.
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Figure 17. Calculated lifespan for various metal foams based on the average particle radius
at different temperatures compared with experimental data [84].

Nevertheless, there is still missing data about the high-temperature oxidation of the
porous alloys in the air, which is also typical of the SOC operating environment.
Moreover, the influence of porosity on the possible lifespan was not determined based

on a mathematical or experimental model.
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2. Objectives and hypotheses

The high-temperature oxidation process is the main challenge for porous alloys’
application in devices that operate at elevated temperatures, e.g. solid oxide cells.
Although the corrosion resistance of bulk alloys has been studied for many decades
and their properties are well described, there is still a limited number of publications
regarding the porous alloys’ oxidation resistance. The aim of this dissertation is to
describe the oxidation properties of porous ferritic alloys and formulate a
practically relevant lifespan prediction model.

The chemical composition of the investigated alloys was selected based on the
material requirements that have to be fulfilled for metal-supported solid oxide cell
applications. For this reason, chromia-forming porous alloys with Cr content ranging
from 20 wt. % to 26 wt. % were considered in this work.

There is a very limited number of publications that evaluate the lifespan of porous
alloys. Typically, the lifespan of the alloy at particular oxidizing conditions is determined
via long-term exposure experiments. However, according to the current knowledge
ferritic chromia-forming alloys reach their lifespan limit when the Cr content decreases
to ~15 wt. % due to the formation of chromium oxide. In addition, the Cr concentration
profile inside such alloys is flat. Basing on that, the scientific hypothesis has been
formulated:

1) It is possible to create a lifespan prediction model for porous ferritic
chromia-forming alloys based on short-term oxidation exposure
experiments at high-temperatures.

Such lifespan prediction model was proposed in [DK1]* based on information
obtained via 100 h oxidation exposure of porous Fe22Cr alloy at temperatures ranging
from 700°C to 900°C. The microstructural changes of the porous Fe22Cr alloy at 850°C
and 900°C were assessed via synchrotron tomography measurements described in
[DK2].

The experimental validation of the proposed model was shown in [DK3] where the
long-term exposure to temperatures from 600°C to 900°C was performed for three
selected chemical compositions: Fe20Cr, Fe22Cr, and Fe27Cr.

The typical value of solid oxide cell lifespan is ~40 000 h. Therefore, the lifespan of

the porous alloys at high temperatures has to be extended for ceramic element

*notation used for papers listed in Section 3
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replacement. As it has been proven that altering the grain and grain boundary diffusion
fluxes of Cr species within the chromia scale can improve the corrosion resistance of
dense alloys, the second hypothesis is postulated:

2) It is possible to extend the lifespan of porous ferritic chromia-forming
alloys operating at high temperatures by performing an initial pre-
oxidation process.

The influence of the pre-oxidation process (performed at 850°C and 900°C) on the
corrosion properties of the porous Fe22Cr alloy was investigated [DK4]. In this work,
the possible lifespan extension of the pre-oxidized porous alloys further oxidized at
700°C was studied and compared with samples that were not pre-oxidized.

Based on the results presented in [DK4], porous Fe22Cr to dense Crofer 22 APU
joints were fabricated in the conditions that correspond with the beneficial effect of the
pre-oxidation process on the porous alloy lifespan. This structure is comparable to the
sealing system of MS-SOCs. The comprehensive study of the MS-SOC sealing system
that consists of the pre-oxidized porous Fe22Cr alloy is presented in [DK5]. The aging
tests of the as-fabricated system were performed at 700°C which is an operating
temperature of IT-SOCs.

*notation used for papers listed in Section 3
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4. Experimental techniques and analysis methods

In this section the experimental techniques and analysis methods which were used
throughout the thesis work are presented. Those activities include the investigation of
the porous alloy before oxidation tests, sample preparation, high-temperature oxidation

measurements and post-mortem analysis.
4.1. Porous alloy characterization

Porous Fe22Cr ferritic alloy sheets were supplied by Hoganas AB, Sweden. A size
of each sheet was ~10 cm x 10 cm, and its thickness was ~0.35 ym. The chemical

composition provided by the producer is presented in Table. 1.

Table. 1. The composition of the porous Fe22Cr alloy provided by the producer.

Element Fe Cr Mn Mo Cu Si Ni C Nb
wt. % Bal. 22 0.23 0.01 0.02 0.08 0.03 0.01 0.02

The produced declared 30 % porosity of the alloy. In order to validate it, the
Archimedes liquid displacement measurement was applied with kerosene as the
medium. To calculate the porosity, the following expression was used:

p= (pteo(ms - mm) — PrMyg
(ms - mm)pteo

where P is the porosity of the sample, p;,, is its theoretical density, p; is the density

>* 100 %, (4.1)

of kerosene, m; is the mass of soaked sample, m,, is the mass of merged sample, and
m, is mass of dry sample.

Another technique that was used in order to determine the sample’s porosity was
analysis of SEM images. This method as well as EDX analysis of the chemical

composition will be described in Section 4.3.2.
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Figure 18. A balance prepared for Archimedes liquid displacement measurements.

The porous alloy sheet was cut into ~1 cm edge squares, as presented in Figure
19. In order to avoid a higher oxidation rate at the edges (due to higher microstructural
defects concentration), as-prepared samples were diligently polished using P800
abrasive silicon carbide (SiC) paper (median diameter of SiC grit equal to 21.8 um).
Then, the samples were cleaned in isopropanol followed by ethanol using ultrasonic
bath. The time of cleaning in each solvent was ~5 min. As-prepared samples were

dried for ~15 min at 80°C to remove any residual liquid from the pores.

Figure 19. Fe22Cr alloy sheet (left) and set of samples obtained by cutting the 1 cm edge
squares (right).

4.2. Oxidation tests
The oxidation tests can be performed in two ways: isothermal or cyclic. The
isothermal oxidation is the continuous weight gain measurement with time, typically

46



performed in a thermogravimetric machine. The starting point of the measurement is
typically established as the time of reaching a desired temperature at which the test is
performed. In isothermal oxidation process the airflow (or other gas) is applied to
provide uniform heat distribution in the system.

In the short-term (up to 100 h) exposure tests the isothermal oxidation was
performed for the Fe22Cr samples at temperature ranging from 700°C to 900°C [85].
The heating and cooling rate were 3°C/min and the airflow was 30 ml/min. For the
oxidation test performed at 900°C the time of the experiment was shortened to 40 h
due to instability of microbalance.

The cyclic oxidation test is the type of exposure that is performed in a furnace. In
contrast to the isothermal oxidation, there are several heating and cooling process in
the cyclic oxidation measurements. The time of heating and cooling is typically not
included in the final time of exposure. The cyclic oxidation measurements are usually
applied for long-term exposures, so the heating and cooling time can be neglected as
a relatively short time when compared with total exposure time. The most important
advantage of cyclic oxidation test is a possibility of simultaneous exposure performed
for set of samples at one process providing a statistical data from the experiment.
However, a disadvantage of the cyclic oxidation is possible change of sample position
in the furnace that may occur when sample is put out for the weight measurement,
resulting in slightly different temperature of oxidation in next exposure stage.

Due to slightly different exposure conditions, i.e. gas flow rate, the results of
isothermal oxidation and cyclic oxidation tests cannot be directly compared to each
other.

The cyclic oxidation was applied to investigate long-term oxidation resistance of
porous Fe20Cr, Fe22Cr, and Fe27Cr alloys and for the synchrotron tomography
measurements. Finally, the effect of pre-oxidation process as well as glass-ceramics
joints exposure were also performed in as the cyclic processes. All the cyclic exposures
were performed with heating and cooling rate of 3°C/min.

The weight gains obtained via both isothermal and cyclic oxidation processes were
plotted as a function of time. Moreover, based on the SSA information (from the
tomography measurements described in Section 3.4.4) the weight gain results were
also plotted as relative weight change, with respect to the initial surface area. It allowed

for determining the kinetics of the oxidation process and k,, calculations. Then the
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activation energy of the high-temperature oxidation for porous alloys was assessed

from the Arrhenius dependence.
4.3. Post-mortem analysis

In order to evaluate the morphological as well as phase compositional changes, the
post-mortem analysis that includes XRD, imaging via SEM and TEM, synchrotron

microtomography, and chromium evaporation measurements was performed.
4.3.1. XRD measurements

The investigation of phase composition of samples before and after oxidation was
carried out using X-ray diffractometry (XRD) with a Bruker D2 Phaser equipped with
an XE-T detector. The XRD measurements were performed using a Cu anode (Ka =
1.5405 A), with a 20 range of 10 — 90°. The step size was 0.02°, and each step took

1 second to complete.
4.3.2. SEM/EDX imaging

Scanning electron microscopy (SEM) imaging was performed using the Phenom XL
(Thermo Fisher Scientific, Netherlands) instrument for observation of sample surfaces
and polished cross-sections. All scanning electron microscope (SEM) measurements
have been carried out using a backscattered electron detector (BSE). The elemental
maps of the materials were obtained using energy-dispersive X-ray (EDX)
spectroscopy with an integrated analyzer (Thermo Fisher Scientific, 25 mm? Silicon
Drift Detector).

In order to assess the porosity of the investigated samples before and after oxidation
tests, the PoroMetric Software (Thermo Fischer Scientific) was employed. A set of 20
images taken at 2000 x magnification were analyzed. The images were binarized
based on their histograms to distinguish pores from alloy and oxide scale phases. The
resulted porosity was calculated as the mean value of percentage area assigned to
pores for 20 images and the measurement uncertainty was determined as a standard

deviation of these values.
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4.3.3. TEM imaging

The samples for the TEM investigations were prepared as lamellae obtained by
sputtering the sample surface with Ga* ions emitted from a liquid metal ion source
(FIB). A thin Pt layer was deposited on the region of interest to minimize the curtain
effect while thinning the sample with the ion beam. The lamellae were finished with
thinning down to a level of several dozen nanometers after being mounted in a TEM-
dedicated copper grid.

The TEM/STEM analyses were performed using a Cs probe-corrected Titan Cubed
G2 60-300 microscope (FEI) equipped with the ChemiSTEM™ system. High-resolution
STEM (HRSTEM) images were acquired using a high-angle annular dark-field
(HAADF) detector.

TEM/STEM analyses were performed in cooperation with Grzegorz Cempura from

the Centre of Electron Microscopy for Materials Science at AGH University of Krakow.
4.3.4. Synchrotron tomography analysis

X-ray tomographic microscopy offers a comprehensive understanding of the three-
dimensional structure, whereas SEM is restricted to two-dimensional pictures. Electron
microscopy, unlike yCT method, has the ability to resolve features of dimensions that
are smaller than its spatial resolution. Thus, the synchrotron tomography analysis was
performed for samples before and after oxidation process as a complementary
technique to SEM imaging.

X-ray tomographic microscopy characterization of samples was performed by
Federica Marone and Matgorzata Makowska at the TOMCAT beamline of the Swiss
Light Source (SLS) at the Paul Scherrer Institute, Villigen, Switzerland. The detector
configuration included a scintillator that converted X-rays into visible light, an objective
lens, and a sSCMOS camera with settings that produced a field of view (FOV) of around
0.8 mm x 0.8 mm and an image pixel size of 0.325 ym. A total of 1001 projections over
180° were recorded, each with 1600 ms exposure, resulting in scans lasting about 26
min.

The reconstruction of the acquired tomograms was performed using the in-house
developed pipeline at the beamline that provides complete tomographic volumes
immediately after data acquisition. It allows for quick adjustment of measurement and

reconstruction algorithm parameters. The obtained projections were tomographically
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reconstructed after dark- and flat-field correction and phase retrieval (according to the
Paganin method [86]). Signal-to-noise and contrast-to-noise ratios were improved with
the use of phase retrieval. Material segmentation was rendered with the commercial
software Avizo 9.4 by the author of this thesis during his internship at the Paul Scherrer
Institute. The phases were discerned basing on the contrast achieved in the
reconstructed images generated by this method. The intensity ranges assigned to the
alloy, porosity, and oxide scale were determined based on the histogram minima for
one of the samples with a significant degree of oxidation. The identical intensity ranges
were subsequently applied to the measured tomograms for phase segmentation.

The detailed morphology changes analysis of porous Fe22Cr alloy before and after
oxidation process allows for distinguishing the objects of ~1 ym size in the
reconstructed volume. Therefore, 1 ym was further considered as a spatial resolution
of the analyzed images. On the other hand, data from the experiment that revealed the
pre-oxidation effect on the porous alloy microstructural changes allows to detect the
oxide scale of thickness about 1.5 ym (due to the presence of air blower near the
investigated samples).

In addition to assessing the grain size distribution, the Avizo software was utilized
to carry out alloy grain separation and evaluate the oxide scale thickness distribution.
Furthermore, an exhaustive porosity analysis was performed, enabling the estimation
of oxidation-induced alterations in the mean pore channel cross-section, open, closed,
and total porosity. By localizing and analyzing the exact same region in the measured
volumes of both oxidized and unoxidized states of the samples, it was feasible to

directly compare and observe microstructural changes between the two states.
4.3.5. Chromium evaporation

Cr vaporization is a significant issue in terms of the longevity of the fuel cell stack
because of poisoning process. The poisoning is the oxygen electrode degradation
throughout the Cr volatiles that react with oxygen (or moisture) and form Cr-containing
vapor species like CrOs or CrO2(OH)2. These compounds can move in the cathode
and deteriorate its performance [87]. Therefore, it is necessary to quantify the rate of
Cr evaporation of metallic interconnector material at the high-temperature oxidation

conditions.
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Cr vaporization was measured for the samples using the denuder technique. The
measurements were carried out in horizontal tube furnaces using an air-flow of 6 000
sl-min~' for up to 500 h. A flow restrictor made of porous SiC was positioned 10 mm
upstream of the samples to reduce spontaneous convection. The gas passed through
the silica glass denuder tube with an inner diameter of 6 mm after the samples. The
inside of the denuder tube had been coated with Na2COs, which interacted with the
volatile Cr (VI) and formed Naz2CrOa4:

Cr0,(0H), (g) + Na,C05 (s) > Na,Cr0, (s) + H,0 (g) + CO;, (9)

The denuder tubes were periodically replaced and cleaned with pure water. The Cr
content of the solution was measured using a spectrophotometer Genesys 10UV,
Thermo Scientific. A schema of the experimental configuration, encompassing the
denuder tube and a reactor containing a sample is presented in Figure 20. At least two
sets of three samples were exposed, and Cr (VI) evaporation measurements were
performed at regular intervals.

Chromium evaporation measurements were performed in cooperation with
professor Jan Froitzheim and doctor Matthieu Tomas at Chalmers University of
Technology in Sweden.

Denuder tube, Flow restrictor

coated with Na,COy|s)
l al__ ‘/' % Gas flow _\" —
d N—"f ~

Figure 20. Diagram of the experimental setup featuring the reactor containing a sample and
the denuder tube [88].

4.4, Glass-ceramics joints

As the glass-ceramics are widely used as sealants in SOCs, one of the challenging
issues is matching the desired properties of metallic interconnector with the joining
material. Based on state-of-the-art knowledge in the context of glass-ceramics joints
applicated in bulk metallic systems, the Si-based sealant was chosen for the Fe22Cr
porous alloy to Crofer 22 APU joints investigation. The chemical composition of the

selected glass-ceramic is presented in Table. 2.

51



Table. 2. Glass-ceramic composition.

Molar %

SiO2

B203

Al203

CaOo

BaO

GC2

55

8

26

The fabrication of glass-ceramics joints as well as the post-mortem analysis was
performed by the author of this thesis during his 3-month internship (granted by Polish
National Agency for Academic Exchange) at Politecnico di Torino in Italy in cooperation

with scientific group of professor Federico Smeacetto.
4.4.1. Glass and glass-ceramic preparation

In order to cast the glass, the precursors: SiO2, B203, Al203, CaCOs, and Ba2COs
were weighted and mixed for 24 h. Then, as-prepared powder was melted in a Pt-Rh
crucible in a furnace (LHT418PN2, Nabertherm GmbH, Lilienthal/Bremen, Germany)
in air at 1500°C for 1 h. After 30 min of the sintering, the crucible lid was removed from
the furnace. The melt was cast onto a brass plate and the glass was obtained. The
glass was ball-milled and sieved (particle size < 38 um).

In order to determine the thermo-mechanical properties of the glass-ceramic that
can be fabricated from the as-obtained glass powder the Hot Stage Microscopy (HSM)
and dilatometry measurements were performed.

The HSM imaging was performed using Hesse Heating Microscope (Germany) with
a heating rate of 5 °C/min starting from the room temperature. The measurement lasts
up to reaching a melting temperature that is recognized by the instrument based on
the specimen’s shape change. The HSM tests were performed using both alumina and
porous Fe22Cr alloy as a substrate. Then, based on the shrinkage-temperature curve
the temperatures can be determined: first shrinkage (Tt), temperature of maximum
shrinkage (Tms), first softening temperature (DT), sphere temperature (ST), half-sphere
temperature (HT) and flow temperature (FT).

The dilatometric tests of the as-cast glass and glass-ceramic (obtained by sintering
of glass at 950°C for 1 h) were performed using Netzsch, DIL 402 PC dilatometer in
order to calculate the CTE of these materials. The glass and glass-ceramic that was
used in the dilatometric tests was obtained by uniaxial pressing of 12 MPa. The heating
rate of 5°C/min was applied. An alumina sample holder provided constant compressive

force of 0.25 N between the specimen and the piston during the measurement. The
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desired value of CTE is between 10.0 x 10® K' and 12.0 x 10® K! because of
matching thermos-mechanical properties of sealant with other SOC components.

A small amount of a slurry consisting of glass powder (30 wt. %) and ethanol (70 wt.
%) was applied manually between the two metal alloys (squared specimens -11 mm x
11 mm). The first experiments performed with various configurations determined that
the most efficient joint consisted of pre-oxidized (at 900°C for 2h with a 5°C/min heating
and cooling rate) dense Crofer22APU attached on top. The joining procedure was
conducted for one hour at 950 °C in air using a muffle furnace (L5/13/P330,
Nabertherm GmbH, Lilienthal/Bremen, Germany) with a heating/cooling rate of 5
°C/min. A weight made of stainless steel was positioned on top of the sandwich
structure during the thermal treatment in order to exert an approximate pressure of 1.5
kPa.

A Computed Tomography (CT) scan was conducted using a Fraunhofer IKTS
machine in Hermsdorf, Germany. The scan provided morphological and qualitative
density information of the sample. The settings utilized were 9.25 pym resolution, 280
kV acceleration voltage, and 1s exposure time for each projection. The joint
reconstruction involves generating a three-dimensional model of the scanned volume

using CT software.
4.4.2. Oxidation tests and post-mortem analysis

As-prepared joints were oxidized at 700°C for 500 h in a muffle furnace (Carbolite
Gero, Hope Valley, UK). The heating and cooling rate was 5°C/min.

In order to evaluate morphological changes of the joints the samples before and
after oxidation tests were investigated using SEM technique. SEM imaging was
performed using a field-emission scanning electron microscope (FESEM; SupraTM 40,
Zeiss, Oberkochen, Germany) equipped with an energy dispersive X-ray analyzer
(EDS, Bruker, Germany). Before the imaging the samples were polished using SiC
papers (grit size from 600 to 4000) and coated with Cr layer in order to provide the
sufficient electrical conductivity.

The phase composition of the fracture surface of joints samples (Crofer 22APU side)
after oxidation tests was investigated using X’Pert Pro MRD diffractometer, with Cu Ka
radiation (PANalytical X’Pert Pro, Philips, Almelo, The Netherlands). The phases were
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identified using the JCPDS database provided by PDF-4 ICDD (International Centre
for Diffraction Data, Newton Square, Pennsylvania, the USA).

The mechanical properties of the joints were determined for samples before and
after oxidation tests via tensile strength measurements. The procedure of the test was
modified from the ASTM C633-01 standard. The experiments were conducted using
Syntech 10/D machine (MTS Systems Corporation, Minnesota, USA). The joints were
attached to two loading fixtures using Araldite® 2015 epoxy resin and then thermally
treated at 85 -C for 1 hour to crosslink. The cross-head speed was adjusted to 0.5
mm/min. The tensile strength was determined by dividing the greatest force by the area

of the joint, which was 11 mm x 11 mm.
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5. Overview of the relevant publications

5.1. High temperature corrosion evaluation and lifetime prediction
of porous Fe22Cr stainless steel in air in temperature range 700°C-
900°C

In this work, short-term isothermal oxidation tests of porous chromia-forming Fe22Cr
alloys were performed. Based on as-obtained data the kinetics of the high-temperature
oxidation process was determined. It was proven that the weight gain curves follow the
parabolic law of corrosion and the k, value is comparable to the k, value of bulk
chromia-forming alloys with similar chemical composition. Moreover, the activation
energy of the high-temperature oxidation was determined to be ~2.7 eV which is also
comparable to the results of bulk alloys like Crofer 22 APU or Crofer 22 H.

A lifespan prediction model for the porous ferritic chromia-forming alloys was
proposed. The threshold weight gain level (6 wt. %) that determines the breakaway
corrosion formation was assessed based on the change of slope in relative weight gain
curve for sample oxidized at 900°C. This threshold value was recalculated in order to
connect the breakaway corrosion formation with Cr reservoir within the alloy particles.
Finally, the threshold band (between 10 wt. % and 12 wt. % of Cr content within the
alloy) was determined. The lifespan of the porous Fe22Cr alloy obtained via the
proposed model application were 3000 h, 400 h, and 150 h, for samples oxidized at
700°C, 750°C, and 800°C, respectively.

My original contribution in this work was:

e Determining the high-temperature corrosion kinetics of ferritic chromia-
forming porous alloys

e Developing the high-temperature corrosion model for porous alloys based on
the short-term oxidation experiments

e Defining the boundary conditions of the proposed model
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This work describes a high temperature corrosion kinetics study of ~30 % porous Fe22Cr alloys. The surface area
of the alloy (~0.02 m2 g~1) has been determined by tomographic microscopy. The weight gain of the alloys was
studied by isothermal thermogravimetry in the air for 100 h at 700-900 °C. Breakaway oxidation was observed
after oxidation at 850 °C (~100 h) and 900 °C (~30 h). The lifetime prediction shows the investigated porous
alloy can be used for >3000 h at temperatures <700 °C. At temperatures >700 °C, the lifetime of the porous

alloy is limited by the available chromium reservoir.

1. Introduction

High temperature reactors and devices such as supercritical reactors,
superheaters, turbines, and engines [1] rely on advanced alloys. For
these applications, the most important properties of metallic alloys are
their relatively low cost (in comparison to advanced ceramics), manu-
facturability, and the possibility to form complex shapes. In addition,
high intrinsic electronic and heat conductivities can be beneficial for
specific applications. For example, interconnects for high temperature
(>600 °C) fuel cells require high electronic conductivity for efficient
current collection and high heat conductivity to decrease thermal gra-
dients. Ferritic stainless steels (FSSs), which are based on Fe and Cr, are
the most common and cost-effective engineering alloys, being used in
many room temperature and elevated temperature components (e.g.
430 alloy) [2]. For these reasons, the FSSs have been used as re-
placements for expensive and difficult to manufacture ceramic in-
terconnects of the fuel cells [3-5]. To form a continuous chromia scale,
the alloy should contain at least 10.5 wt.% Cr. Alloys with high chro-
mium content (20—24 wt.%, e.g. Crofer 22 APU, Sanergy) have been
designed to offer long term stable operation of the interconnects. Further
increase of Cr content above ~26 wt.% is not beneficial, as it leads to a
brittle sigma phase formation at high temperatures.

The drawback of using alloys at high temperatures in oxidising as
well as in reducing (e.g. in Hy/H20) conditions is the unavoidable for-
mation of metal oxide scales [6,7]. The most popular ferritic steels

* Corresponding author.
E-mail address: damian.koszelow@pg.edu.pl (D. Koszelow).
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belong to the group of chromia formers, as they form chromium oxide
(Cry03) on their surface [8]. The oxide has a protective function due to
slow cation Cr®* diffusion in the oxide, protecting the metallic core from
rapid oxidation. Chromia has a satisfactory level of electrical conduc-
tivity (~1-10 mS cm ! at 600—800 °C) [9] for applications requiring
electrical current conduction, e.g. sensors, fuel cells, membranes. Silica
or alumina forming ferritic alloys are typically less prone to high tem-
perature oxidation, but they have negligible electronic conductivity,
resulting in high electrical resistance of the oxide scale [10-13].

High temperature corrosion of alloys in the dense form has been
studied for many decades and their properties are well described. More
recently, porous metallic alloys became of greater interest as engineer-
ing materials for use at high temperatures. Due to open porosity, the
porous alloys allow for gas transport, which is an important engineering
feature. Porous ferritic stainless steels have been proposed as support
structures for high temperature ceramic fuel cells [14-16] and gas
separation membranes [17].

The porous structure of the alloy is characterized by a high surface
area available for oxidation. The specific alloy powder particle size
distribution determines the porosity and surface and thus it has a strong
influence on the corrosion behavior of the porous components. The large
area of the alloy available for oxidation, on which Cry03 will form, can
cause relatively fast depletion of Cr from the bulk. Chromium depletion
below a specific level will lead to breakaway oxidation. The threshold
level of bulk Cr content for maintaining its protective action was
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determined by Huczkowski et al. to be ~12 wt.% [18,19].

Several studies about the oxidation processes of the porous ferritic
steels have been reported [20-26]. The existing studies point to rela-
tively fast corrosion of porous alloys at high temperatures (>800 °C), but
the specific effects of the particle size, porosity, and surface area still
remain open. The data is very limited in comparison to the number of
studies of corrosion of the dense alloys.

The lifetime prediction for protective oxide scale forming alloys has
also been already addressed by several authors with respect to different
aspects. For example, Tucker et al. have discussed the lifetime as the
time required to grow a ~3 pm thick oxide scale. Based on the reported
corrosion values, the acceptable corrosion rates/temperatures have been
mapped out [12]. Geometry-specific lifetime limitations for metallic
alloys have been discussed by [18,27,28]. For example, Young et al.
have devised a simple expression for lifetime prediction of austenitic
(FCC) alloys [28]. Huczkowski et al. studied the effects of alloy sheet
thickness on their lifetime [18].

This study describes the oxidation behavior of a sintered porous
Fe22Cr alloy in the air at temperatures of 700 °C, 750 °C, 800 °C, 850 °C,
and 900 °C. After the isothermal exposures, the sample microstructures
were analyzed in detail. The results were used to propose a simple
approach for the lifetime prediction of the porous alloy.

2. Experimental

The porous alloy substrates were obtained from the company:
Hoganas AB (experimental product MW2, Hoganas, Sweden). Porous
steel sheets were prepared by proprietary tape-casting of steel particle
slurry, drying, debinding, and sintering. Before the corrosion exposures,
an alloy sheet with dimensions of 100 x 100 x 0.4 mm® was cut into
smaller pieces. For continuous thermogravimetric analysis, samples
were cut into pieces with approximate dimensions of ~3 x 3 x 0.35
mm?, where 3-4 pieces were placed simultaneously in the crucibles. For
tomography, samples were cut into elongated samples with approximate
dimensions of ~6 x 1 x 0.35 mm°>. Before further use, samples were
cleaned in an ultrasonic bath of ethanol followed by acetone.

High-temperature corrosion exposures were performed using a
Netzsch TG 209 F3 Tarsus thermobalance. Measurements were carried
out in air with a flow rate of 50 mL min~'. Used heating and cooling
rates were 180 °C h™L. An isothermal hold was maintained for 100 h at
700 °C, 750 °C, 800 °C, 850 °C and ~40 h at 900 °C (due to instabilities
of the thermobalance for long measurements at high temperatures).
Results were plotted as relative weight change, with respect to the
weight of the samples before the oxidation. The typical initial weight of
the samples was ~200 mg. The prediction of the alloy lifetime was based
on the extrapolation of the weight gain data presented in the double
logarithmic plot (which allowed fitting by linear regression). The con-
fidence interval was determined by the prediction band method,
assuming a 95 % confidence level.

Post-mortem characterizations were performed on samples prepared
by ex-situ oxidation at conditions corresponding to isothermal expo-
sures, i.e. the additional samples were oxidised continuously for 100 h at
700 °C, 750 °C, 800 °C, 850 °C, and 900 °C in parallel to thermogravi-
metric measurements. The characterization methods included scanning
electron microscopy (SEM) evaluation using a Phenom XL (Thermo
Fisher Scientific, Netherlands) instrument for observation of sample
surfaces and polished cross-sections. A backscattered electron detector
(BSE) was used for all SEM measurements. The qualitative elemental
maps of the investigated samples were determined via energy-dispersive
X-ray (EDX) spectroscopy using an integrated analyzer (Thermo Fisher
Scientific, 25 mm? Silicon Drift Detector). Maps of Cr and Mn were made
based on Cr K and Mn L lines. EDX “spot” analyses of the chemical
composition, were performed by scanning a small area (maximum ~5 x
5 um?) to improve signal. The error bars of the EDX (in the case of
chromium content data) were calculated as the standard deviation of the
mean of 15 measurements carried out in different regions for each
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sample. Phase analysis was performed by X-ray diffractometry (XRD)
using a Bruker D2 Phaser with an XE-T detector. XRD measurements
were done using Cu anode (Ko =1.5405 1°\), with 20 range 10 — 90° (step
0.02°, integration time 1 step s 1). Cross-sections for SEM observations
were prepared by embedding the samples in epoxy (EpoFix, Struers) and
polishing them down to a 1 pm finish (Struers consumables).

X-ray tomographic microscopy characterization of samples was
performed at TOMCAT beamline [29] of the the Swiss Light Source (SLS)
at the Paul Scherrer Institute Villigen, Switzerland at the. Tomography
scans of a reference (non-oxidised) sample and samples with different
degrees of oxidation were performed using a parallel X-ray beam with
energy of 40 keV. The detector setup consisted of a scintillator con-
verting X-rays into visible light, an objective lens, and a SCMOS camera
with settings providing a field of view (FOV) of about 0.8 mm x 0.8 mm
with an image pixel size of 0.325 pm. 1001 projections over 180° were
acquired with 1600 ms exposure time each, resulting in about 26 min
scans.

The tomographic reconstruction pipeline [30] developed at the
Tomcat group delivers full tomographic volumes immediately after data
acquisition completion, which allows for prompt optimization of mea-
surement and reconstruction algorithm parameters. The used recon-
struction algorithm allows for partial phase retrieval according to the
Paganin algorithm [31], which improves signal-to-noise and
contrast-to-noise ratios. Reconstructed 3D volumes were analyzed using
the commercial software Avizo 9.4 [32]. The information about sample
porosity (open, closed, and total) and surface area was retrieved.

The porosity of porous alloys has also been determined experimen-
tally by Archimedes principle (liquid displacement) and by image
analysis. For image analysis, 20 pictures taken at a magnification of
2000x were analyzed using Phenom PoroMetricSoftware.

3. Results and discussion
3.1. Characterisation of the raw porous alloy

The surface morphology and cross-sectional microstructure of the
"raw" sintered porous alloy are shown in Fig. 1A, B. The porous steel
substrates used for the experiments were manufactured by Hoganés AB
for potential application as support structures for high temperature fuel
cells [33]. The main role of the relatively thick support is to provide
mechanical strength for the much thinner (10—20x) ceramic layers and
to enable good gas access to the electrodes. The presented porous metal
sheet has a thickness of ~400 pm, similar to the ceramic/cermet sup-
ports used in traditional solid oxide cells [3]. The alloy particles used for
the tape preparation were the -53 powder fraction (used sieve with 53
pm opening), resulting in particle sizes in the range of 10—50 pm. As
seen in Fig. 1B, the particles are well connected and sintering necks
between the particles are visible. The porosity of the metal sheet
determined by the Archimedes method was ~30 % (42 %), similar to
the porosity of porous ceramic/cermet components used in fuel cells.
Image analysis of the cross-section SEM image revealed a porosity of 31
% (£2%), which is in agreement with the Archimedes method.

The alloy is a ferritic (BCC crystallographic structure) stainless steel.
As given by the alloy producer, the alloy contains ~22 wt.% of Cr, 0.23
wt.% Mn and 0.08 wt.% Si. Other elements include Ni, Cu, and Mo in
amounts <0.03 wt.%. The chemical composition of the alloy, as given by
the producer, is presented in Table 1. It is also confirmed by EDX
analysis that shows ~21.3 wt.% Cr and 0.26 wt.% Mn plus iron as bal-
ance. At high temperatures, the metallic core is protected from heavy
oxidation by a compact, slowly growing chromium oxide layer. High
chromium content (~22.0 wt.%) should lead to an increased lifetime of
the alloy due to an increased Cr reservoir available for the formation of
the oxide scale. The addition of Mn can lead to the formation of the
external Mn-Cr oxide spinel, which results in lower Cr evaporation [34,
35]. Similar alloys, produced by Hoganas AB were used in other studies
[24,25,33]. The alloy composition is quite similar to the state-of-the-art
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Fig. 1. SEM images of A) alloy cross section, B) surface and C, D) surface of the as-produced alloy generated from the tomographic reconstruction.

Table 1
Chemical composition of the alloy.

Analyzed chemical composition, %

Target composition Fe Cr Ni Mo Mn

Cu Si Nb C o N S

Fe22Cr Bal. 22.0 0.03 0.01 0.23

0.02 0.08 0.02 0.04 0.58 0.07 0.01

high temperature fuel cell alloys: Crofer 22 APU/H (VDM Metals, Ger-
many) or Sanergy (Sandvik, Sweden).

To describe the complex microstructure of the non-oxidised porous
alloys in more detail, tomographic microscopy was performed. The 3D
microstructure of the alloy reconstructed from the series of projections is
presented in Fig. 1C-D. Comparing Fig. 1B and D, the surface
morphology obtained from tomography seems well reconstructed and is
similar to that obtained via SEM. The porosity of the reference sample,
obtained by the Avizo software is ~32.2 % and consists almost purely of
open pores, which is in good agreement with the Archimedes-method
and SEM measurements (~30 %). In the addition to porosity, the to-
mography allows for a calculation of the specific surface area, which is
critical for the full assessment of corrosion properties at high tempera-
tures. The specific surface area value obtained for the studied alloy was
determined to be 0.022 m? g™, The values can be compared with the
available literature data. For example, Brandner has reported detailed
processing of porous FeCr alloys in his PhD report [36]. He has obtained
the surface area of ~0.02 m? g~! for raw powders (gas atomized, SF
20—53_B2 - particle fraction 20—53 pm) used for sintering of porous
alloys and a surface area of 0.007 m? g~! for the ~18 % porous sintered
product (sintering at 1250 °C for 3 h). Increasing the sintering temper-
ature to 1350 °C led to a decrease of porosity to ~4 % and surface area to
alevel of ~0.001 m? g~ 1. In our work, the powders have been produced
by a water atomization process (as evidenced by the irregular shape of
the particles), which results in lower green density, thus higher resulting
porosity and surface area after sintering. Stefan et al. have studied a
porous FeCr alloy from the same producer, Hoganas AB. The authors
analyzed the surface area by nitrogen absorption (BET) and reported a
value of ~0.017 m? g’l, in line with our work [25]. Due to the relatively
small amount of alloy availability, it was not possible to determine the
BET area for our alloy. Rose et al. have also pointed out difficulties in
determining the surface area of porous 430 alloys with the BET tech-
nique [37]. Due to the relatively low surface area of the porous alloys,
the area determination is not simple due to the small amount of the
adsorbed gas. In contrast to BET, tomography can be used on relatively
small samples with good reproducibility, but its availability is much
smaller and the data requires tedious post-processing.

In general, information about the specific surface area of the alloy is
not easily obtainable. For comparison, a similar (chemical composition,
thickness) dense alloy has a surface area of ~8 cm? g}, a factor of ~28x
smaller. This shows a striking difference in the surface area available for

oxide formation on porous alloys.

3.2. Corrosion exposures of porous alloys

The as-produced alloys were subjected to isothermal oxidation ex-
posures in the air at temperatures of 700 °C, 750 °C, 800 °C, 850 °C, and
900 °C. Weight gain measurement results are shown in Fig. 2. The
weight gain is shown as a relative weight gain (with respect to the initial
sample weight) as well as is recalculated for the surface area, using the
specific surface value determined by tomography. As the determination
of the specific surface area (SSA) of porous alloys is troublesome, many
research works only report the relative weight gain (% change). This
data is, however, only relevant to the specific microstructure and a
comparison between different publications, working with different
materials is not possible quantitatively. Only a few works report surface
specific weight gain data for porous alloys, which also makes it possible
to compare the obtained oxidation kinetics data with the data available
from oxidation of dense alloys.

The results presented in Fig. 2 show that the exposure temperature
has a strong effect on the oxidation kinetics. Oxidation at 900 °C pro-
gresses very fast. After only ~25 h the slope of the weight gain curve
changed (Fig. 2A), the oxidation process accelerated, whereby sug-
gesting that a breakaway oxidation process started. Sample oxidised ex-
situ at 900 °C for 100 h showed a weight gain of ~43 %, which corre-
sponds to oxidation of all Fe and Cr. For the oxidation at 850 °C, the
weight gain is initially following a parabolic-type (weight gain ~ square
root of time) curve, which after ~40 h seems to become linear. The
weight gain curves obtained at 800 °C, 750 °C and 700 °C seem to follow
the parabolic rate law. The weight gain at 700 °C after 100 h of oxidation
is the only 1/10% of the weight gain obtained at 800 °C.

In order to determine the oxidation mechanism in more detail,
Fig. 2B shows a double logarithmic plot (log-log plot) of the weight gain
as a function of time. For the diffusion limited corrosion kinetics, the
slope of the log-log plot should be 0.5. The rate determining factor, in
this case, is typically outward cation diffusion. Our data shows good
agreement throughout the measured time range. For all temperatures,

2
the slopes are similar, confirming that the parabolic rate law ((%) =

k,  t, where A is surface of the sample, Am is a change of sample’s mass,
k, is the parabolic rate constant and t is a time of oxidation) can be used
for the description of corrosion kinetics.
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Fig. 2. Weight gain data presented as A) linear weight change, B) log-log plot, C) square weight change with respect to the initial surface area and D) Arrhenius plot.

Table 2
Corrosion parameters after oxidation at different temperatures.

Temperature Weight gain @ 100 h Corrosion rate — k, Activation energy
) >y o 4 Kp temp / Kp 700 °c

C % mg cm giem s eV

900 (40 h) 10.4 0.50 1.3 x 10712 289

850 7.80 0.37 3.7 x10718 82

800 4.65 0.22 1.3x10713 28 2.69

750 2.52 0.11 3.6 x 1071

700 0.94 0.04 4.5 x1071° 1

Based on the assumption of the parabolic rate law, Fig. 2C shows
parabolic weight gain plots (per surface area) for the alloys. The
calculated corrosion rates (kj values - slopes of the curves) are presented
in Table 2. For comparison, for the FeCr porous alloy studied by Stefan
etal., the k, values of 8 x 107 g?em*stat700°Cand 1 x 102 g% em’
451 at 800 °C were obtained [25]. The values are typical, as reported for
chromia forming ferritic stainless steels [2]. The obtained values can be
compared with a porous Al-forming alloy. In the case of FeCrAlY porous
alloy (with comparable particle size) studied by Glasscock et al., the
corrosion rate obtained at 850 °C was ~4 x 10'% g2 em™ s1. The
corrosion rate of the Al-former is thus ~3 orders of magnitude lower
than for the Cr-former. Unfortunately, the former cannot be used in
applications where electronic conduction of the support is required. In
other applications, like in oxygen transport membranes (OTM), alumina
forming alloys have a clear advantage. For comparison with the results
reported for dense alloys, Gavrilov et al. determined the parabolic rate
constant for the Crofer 22 APU to be 5.6 x 1014 g2 cm™ s™! after 100 h
oxidation at 800 °C [38]. Skilbred et al. calculated this parameter for
Sandvik Sanergy HT at 800 °C as 5.4 x 10™* g2 cm™ s [39]. For Crofer
22 H alloy, the values are 4.5 x 1076,1.1 x 10*and 3.3 x 101® g2 em™
s for 650, 750 and 850 °C, respectively [40].

Overall the weight gain and corrosion kinetics k;, values obtained for
the porous alloys in our work are in good agreement with the available
corrosion data for chromia forming alloys. Due to minor compositional
differences (e.g. Cr content, reactive elements, etc.), some variation of k;
values between different alloys is possible [41].

The calculated corrosion rate values were used to determine the
activation energy of the oxidation process. The plot of k;, vs the inverse
of the temperature is presented in Fig. 2D. The points follow a line with
the activation energy of ~2.7 eV. As cited by Palcut et al., the activation
energy of Cr diffusion in Cry0O3 is ~2.9 eV (280 kJ mol 1) [42], therefore
the obtained value corresponds well with the assumed Cr diffusion
oxidation rate limitation.

For dense alloys, Palcut et al. has obtained an activation energy of
~2.5 eV for Crofer 22 APU alloy [43], and for a similar Sanergy alloy,
Skilbred et al. calculated an activation energy of 2.82 eV [39]. In gen-
eral, the obtained value corresponds well with the expected one.

3.3. Post-mortem analysis of porous alloys

SEM images of the surfaces of the alloys oxidised for 100 h at 700 °C,
750 °C, 800 °C, 850 °C, and 900 °C are presented in Fig. 3A-1.
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Fig. 3. SEM surface of samples A) non-oxidised; oxidised for 100 h at B, G) 700 °C, C, H) 750 °C, D, I) 800 °C, E) 850 °C and F) 900 °C.

The surface of the alloy oxidised at 700 °C shows, at low magnification,
only slight changes in comparison to the not-oxidised alloy. The higher
magnification shown in Fig. 3G reveals the formation of small (<1 pm),
densely packed crystallites on the surface. The alloys oxidised at 750 °C

A

and 800 °C show a clear change of the surface, which becomes rougher,
but still, no large changes of the alloy microstructure are observed, i.e.
pores are clearly visible. Higher magnification images (Fig. 3H and I)
show the growth of larger crystallites. Especially at 750 °C, the platelet
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Fig. 4. XRD patterns of the reference and oxidised alloys: A) full range scan 20-80°, B) magnification of the 32-38° range.
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shape of the larger crystals growing from a layer of smaller crystals is
visible. At 800 °C, the crystallites grow further. Severe microstructure
change occurred for the alloy oxidised at 850 °C and 900 °C. High
temperature leads to a porosity decrease. In the case of the alloy oxidised
at 900 °C, a dense surface is visible. The alloy was completely oxidised,
with no features of the initial porous alloy remaining.

The oxidation temperature thus has an effect not only on the amount
of the oxide (as determined by the weight gain) but also on the crys-
tallite’s morphology. Oxide scales with different crystallite sizes can
have an effect on cation diffusion since the relative amount of grains and
grain boundaries will be altered.

Surface morphological studies were followed by phase analysis using
XRD. The measured diffraction patterns, for samples oxidised at 700 °C,
750 °C, 800 °C, 850 °C, and 900 °C for 100 h are presented in Fig. 4A-B.
A reference pattern of the non-oxidised steel has also been included
(CrFe4, ICDD PDF number 65-4664).

The alloy oxidised at 700 °C for 100 h shows only a minor peak at the
position of the main peak of the Cry0O3 phase (ICDD PDF number 38-
1479), visible in Fig. 4B. For the alloy oxidised at 750 °C for 100 h,
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new phases clearly formed, however the main alloy peak at ~45° is the
most intense.

The oxide peaks can be matched well to the Cr,O3 and possibly to
Feo03 (ICDD PDF number 33-664) phases, which have similar structures
and diffractograms. Peaks are shifted, most likely due to iron doping of
the oxide phase or due to experimental conditions (sample displace-
ment). For the samples oxidised at 800 °C (and higher) shifting of the
peaks towards the Fe;O3 reference, the position could be observed. The
sample oxidised at 900 °C shows only peaks from the oxide phase,
whereby the metallic substrate is not detectable anymore.

The enlargement of the main oxide peak area, presented in Fig. 4B,
shows good agreement of the oxide position with the Fe;03 peaks for the
sample oxidised at 900 °C. For the other temperatures, there seems to be
a mixed (Fe,Cr),03 oxide.

Due to the small Mn content in the alloy (~0.2 wt.%), possibly also
Mn,Cr spinel could form, but its presence was not detected in this study.

SEM images of cross-sections of samples oxidised at 700 °C, 750 °C,
and 800 °C are presented in Fig. SA-F. The low-magnification images
(Fig. 5A, B, C) show a lack of changes in the overall microstructure. The

140 jirme O i
- = | ——

Fig. 5. SEM cross-section images of the alloy oxidised for 100 h at A,D,G) 700 °C, B,E,H) 750 °C, C,F,I) 800 °C.
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Fig. 6. SEM cross-section images of the alloy oxidised for 100 h at A, D) 850 °C in place without breakaway corrosion, B, E) 850 °C for 100 h in a place with

breakaway corrosion and C, F) 900 °C for 100 h.

sample oxidised at 700 °C for 100 h, with the relative weight gain of
~1% (~0.05 mg cm™2), shows no visible change in comparison to the
not-aged sample (Fig. 1). Even at higher magnification (Fig. 5D and G),
the formation of the oxide scale is hardly visible. For a sample oxidised
at 750 °C, with a weight gain of ~2.5 % (~0.11 mg cm™2), the thin layer
of oxide is noticeable at lower magnifications (Fig. 5B and E). At higher
magnification (Fig. 5H), a small amount oxide is clearly visible, but it
does not block the pores. The sample oxidised at 800 °C, with a weight
gain of ~5% (~0.21 mg cm’z), when observed at the lowest magnifi-
cation (Fig. 5C) shows hardly visible oxide that formed within the pores,
whereas when observed at higher magnifications (Fig. 5F and I), the
oxide becomes easily visible on the surface of grains. A continuous oxide
layer covers uniformly the whole surface, with a thickness of 2—3 pm.
The pores decrease in size due to oxide scale growth filling the available
space.

The cross-section images of samples oxidised at 850 °C and 900 °C
for 100 h are presented in Fig. 6A-F. Most of the sample oxidised at 850
°C (Fig. 6A), characterised by a ~7.5 % weight gain (~0.35 mg cm™2),
did not show signs of breakaway oxidation. Excessive oxidation could be
obtained, however, in at least one place along the studied cross-section
(Fig. 6B). As seen in the higher magnification image (Fig. 6D), the
oxidation at 850 °C leads to formation of the clearly visible oxide scale.
The oxide fills the pores to a measurable extent and starts filling the
small pores (necks) between the grains. The oxide scale covers the sur-
face well, no scale detachment, delamination or cracking is visible. The
breakaway spot is formed near the surface/edge of the sample. The
heavily oxidised region extends ~200 pm in width and penetrates up to
~100 pm in depth. The rapid oxidation of Fe can explain the observed

linear weight gain curve (Fig. 2A), but due to the relatively small extent
(very limited number of spots) of the breakaway corrosion, it did not
dominate the overall weight gain trend.

The sample that was exposed to 900 °C for 100 h, with a weight gain
of ~43 % (~2 mg cm™2), shows only the oxide phase, no metallic par-
ticles could be found in SEM images. The sample shows a relatively
dense microstructure, with a very dense shell around the sample core.

To determine the chemical composition of the oxide scale and the
breakaway region, the EDX analysis was performed for the cross-section
of the sample oxidised at 850 °C for 100 h. Two regions were analyzed:
one where no breakaway oxidation was found (Fig. 7A) and a second
one, with a visible breakaway corrosion spot (Fig. 7B).

The oxide scale is composed of Cr and O, which supplemented by the
XRD results suggest formation of a pure Cr2O3 scale. Due to the presence
of a minor amount of Mn in the alloy (~0.2 wt.%), the potential for-
mation of an (Mn,Cr)304 spinel could be expected. However, even
though a thorough analysis was performed, it did not show the forma-
tion of the spinel phase. As seen in Fig. 7A, the Mn signal (qualitative) is
mostly concentrated inside the grains, so this seems to be an artefact
coming from EDX fitting. Additional higher magnification analyses (not
shown here) did not reveal any signs of Mn-rich oxide on top of chromia.
The amount of Mn in the studied alloy is lower than in Crofer 22 APU
(Mn ~0.4 wt.%) which might be crucial in forming a continuous spinel
scale.

The breakaway spot, presented in Fig. 7B, shows high iron, chro-
mium, and oxygen content (Table 3). Region 1, representing the alloy
composition after oxidation, shows a Cr content of ~10 at.% with the
remaining Fe. The alloy core has been thus heavily depleted from the
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Fig. 7. EDX analysis(qualitative maps) of sample oxidised at 850 °C for 100 h. A) place without breakaway corrosion, B) place with breakaway corrosion.

Table 3
Chemical composition of regions marked in Fig. 7 B(obtained from EDX
measurements).

Region Fe at. % Cr at. % Mn at. % O at. %
1 90.3 9.7 <0.1 -

2 345 1.7 <0.1 63.8

3 33.5 2.5 <0.1 63.9

4 28.0 7.1 - 64.9

5 20.7 13.9 0.2 65.2

initial ~21 wt.% of Cr content. Region 2, inside the breakaway zone, is
mainly composed of iron (~34 at.%) with low Cr content (< 2at.%) with
oxygen as balance. A similar composition is obtained for regions 3 and 4.
Region 5 shows both high concentrations of iron, chromium, and oxy-
gen. Analysing the breakaway region of the elemental map presented in
Fig. 7B, it seems that Cr is mainly contained in a layer, that initially
covered the steel grains. At some point, the Cr depleted grains started to
oxidise, forming iron rich oxides. The chromia layer remained relatively
stable and thus its structure is retained within the formed oxide.

The breakaway corrosion originated near to the external surface of
the porous alloy and only in a few spots. For the particles near the
external surface of the alloy, the incoming flux of the Cr will be limited
spatially, so the formation of breakaway corrosion closer to the surface
than to the middle can be rationalised. Another considered possibility is
Cr evaporation from the external surface, whereas in the internal sur-
faces the atmosphere would get saturated faster. Similarly, the differ-
ences in water and oxygen availability for places near the surface of the

alloy might also affect breakaway corrosion appearance in these regions.

In addition to SEM microscopy, tomographic studies of selected
samples (not-oxidised, oxidised at 800 °C for 100 h and 900 °C for 30 h)
were performed. Fig. 8 presents results of material segmentation of the
reconstructed volumes showing the distribution of different phases. For
the oxidised samples, it was possible to distinguish between the metallic
core, the oxide, and the porosity phases. To the best of our knowledge, it
is the first time such observations were made. Obtaining high contrast
between the materials considered in this paper and high spatial reso-
lution using X-rays with energy sufficient for penetration of this type of
samples (about 1 mm steel) remains a challenge. The thin oxide layer
can be resolved using synchrotron radiation, thanks to its high brilliance
and partial coherence. Therefore, it was possible to obtain sufficient
contrast between the oxide layer and the metallic phase as well as
submicron spatial resolution. The differentiation of the phases can be
used to quantitatively measure the extent of corrosion based on 3D
microstructure, enhancing the information obtained by SEM.

For the sample oxidised at 800 °C for 100 h (weight gain of ~4.65
%), the oxide is observed uniformly covering the steel particles, no
breakaway corrosion was found within the investigated volume, in-line
with SEM observations. For the sample oxidised at 900 °C for 30 h
(weight gain of ~7%), the oxide forms several breakaway spots. Based
on the images, the volume of the three phases can be calculated. The
data is presented in Table 4. Based on the results, it is visible that upon
the oxidation, the metallic phase transforms into the oxide phase at the
expense of porosity. For the sample oxidised at 800 °C for 100 h, the
steel volume decreased from the initial ~68 % to 63 %, the open
porosity decreased from the initial ~32 % to ~21 % and the oxide phase



D. Koszelow et al.

Corrosion Science 189 (2021) 109589

Fig. 8. Phase segmentation based on synchrotron tomography of samples: A) before oxidation, B) oxidised for 100 h at 800 °C and C) oxidised for 30 h at 900 °C

(turquoise - steel, orange-oxide, purple — open pores, green- closed pores).

Table 4
Summary of the phase composition of selected samples evaluated based on to-
mography data.

Temperature  Time  Figure Steel Oxide Open Closed
vol% vol% porosity porosity
vol% vol%
- - Fig. 8 67.7 - 32.2 0.1
A
800 °C 100 Fig. 8 62.8 16.6 20.5 0.1
h B
900 °C 30h Fig. 8 46.3 41.0 11.3 1.4
C

contributes with ~17 % of the total volume. Based on the densities of the
steel (7.7 g cm’s) and the oxide (chromia density of 5.22 g cm*?’), the
measured decrease of the steel phase corresponds theoretically to ~16 %
oxide volume, which agrees well with the value determined by the
tomography.

For the sample oxidised at 900 °C for 30 h, the oxide phase consti-
tutes 41 % of the total volume, with the remaining low porosity of ~11
%.

As seen in Figs. 7B and 8 C, the breakaway corrosion of porous alloys
leads to large microstructural changes of the alloys and is limiting their
applications. For the specific alloy used in this study, it occurs within
times as short as ~100 h at 850 °C and even shorter at higher temper-
atures. It would be beneficial to develop models, predicting the lifetime
of porous alloys so that their use within the safe limits would be possible.
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3.4. Lifetime prediction of porous alloys

Based on the obtained oxidation kinetics results, a rough lifetime
prediction can be made. The prediction is relevant to the specific alloy
(in terms of its microstructure and chemical composition), but the
methodology can be used for other alloys as well. The advantage of the
method is its relative simplicity, but on the other hand, it requires
assuming some critical weight gain limit, at which the start of break-
away corrosion is supposed to.

The method presented here is only an approximation of complex
oxidation phenomena and should be treated as a simplified methodol-
ogy only. The prediction is based on the extrapolation of the weight gain
data, presented in Fig. 2B. Based on the weight gain curves and micro-
scopic/tomographic observations, it can be assumed that the breakaway
oxidation starts at a weight gain of ~6 %. For the alloy oxidised at 800
°C the weight gain reached ~5 % after 100 h and no breakaway
oxidation was found in the SEM post-mortem analyses. For the sample
oxidised at 850 °C, the weight gain after 100 h reached 7.5 % and the
breakaway corrosion already started. For the oxidation at 900 °C, a
change of weight gain slope can be observed at ~6 %. Therefore this
weight gain value has been selected as a potential start of the breakaway
corrosion.

The log-log weight gain plot can be used to extrapolate the linear
curves to reach the weight gain limit of ~6 %, which would be the
lifetime limit — time before the breakaway oxidation can be expected
(Fig. 9A). The data for 900 °C and 850 °C seems to fit within the pro-
posed model. For the lower temperatures, the predicted lifetimes are
136 + 20 h for 800 °C, 395 + 50 h for 750 °C and 2916 =+ 170 h for 700
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Fig. 9. A) Log-log extrapolation of weight gain and B) chromium content in the alloy determined by EDX.
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°C. The predicted lifetimes seem quite low. For high temperature fuel
cells, the desired lifetimes of the stacks are within the 10000—40000
hours range (for mobile and stationary systems, respectively). Therefore
it seems that the porous alloys with the presented chemical composition
and microstructure should be operated at temperatures lower than 700
°C. Alternatively, specially tailored protective coatings could be
developed.

The measured weight gain is due to oxygen pick up, which can be
calculated into Cr consumption. A rough estimation yields a value of
~13 wt.% Cr consumed (corresponding to 9 wt.% Cr remaining in the
bulk). This estimation is in good agreement with the EDX analysis of the
oxidised alloy, which was 9.7 % (region 1 in Fig. 7B). The Cr content in
the alloys after different stages of oxidation was analysed by EDX and
the results are plotted in Fig. 9B. The figure has been color-coded into
three regions — based on the obtained results the operation of the porous
alloy is safe (green area) down to ~12 wt.% Cr content below which
some smaller particles can be oxidised heavily. For a Cr content <10 wt.
%, most of the alloy will be heavily oxidised (orange area).

The obtained lifetime predictions are roughly in-line with some of
the literature reports. The discussion of the applicability of the proposed
lifetime prediction based on the available literature data is hard due to
differences in porous metal morphology and compositions. Moreover,
there is yet not much data about oxidation of porous alloys.

Huczkowski et al. have studied the oxidation of flat Crofer 22 APU
alloys with different thicknesses [18]. Based on the measured corrosion
rates, the lifetime of Crofer 22 APU at 800 °C was ~8000 h for 100 pm
sample thickness. Extrapolated to a thickness of 50 pm, the lifetime
would be only ~3000 h. The planar, 2D geometry makes a large dif-
ference from the spherical grain geometry. Chyrkin et al. have studied
the oxidation and lifetime of Inconel 625 (austenitic alloy) foams with
different particle sizes. For the foams made with small particles (~10
pm), oxidation lifetimes as low as ~100 h at 900 °C were obtained
experimentally and used to validate the model. By increasing the par-
ticle size to ~30 pm, the lifetime could be increased to 400—500 h. The
model predicts that a temperature decrease to 700 °C can lead to a
lifetime above 10000 h.

Shen et al. have performed long term durability tests of metal-
supported solid oxide electrolysis cells. In their design, the cell has
porous metal sheets on both sides (hydrogen/steam and air/oxygen).
The employed steel is based on a 434 composition, which has 16—18 wt.
% Cr. The authors performed ~1000 h long aging test. The authors did
not observe breakaway oxidation within the studied period. The oxide
scale thickness has been determined to be ~2 pm for the air side and ~1
pm for the hydrogen side. Brandner has reported in his PhD thesis,
oxidation results of ~18 % porous Crofer 22 APU sheets [36]. The ex-
periments were carried out in air at 800 °C. The surface specific weight
gain after 1000 h was ~0.5 mg cm™2. Based on his observations, the
lifetime of such alloy has been predicted to be between 200—500 h
-relatively short for possible practical application. Schiller et al. have
presented a ~2400 h long test for a porous metal-supported electrolysis
cell carried out at 800 °C [44]. The porous metal substrate was based on
Plansee ITM alloy (Fe based, ~26 wt.% Cr, with the addition of ~1 wt.%
Y203). The porous metal support did not undergo breakaway oxidation
within the test time, which seems to survive much longer than our
simple prediction. Though the microstructure and composition of the
alloy were quite similar to that studied here, the support was exposed to
a reducing atmosphere (hydrogen/steam). Exposures in reducing at-
mospheres result in lower corrosion rates than in air, which seems
especially visible in the case of porous alloys [25,45]. Also, the addition
of even a small amount of Y203 might play a major role in extending the
alloy lifetime in harsh conditions [46].
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Due to the complex geometry of the porous alloys and foams, their
oxidation limited lifetime is much shorter than for dense alloys. To fully
develop a reliable lifetime model for porous alloys, more long-term,
controlled condition exposure studies are needed, also including sam-
ples with different microstructures.

Lifetime prediction is a complex problem, depending heavily on the
potential failure mode, alloy composition, and microstructure. In the
present work, results indicate that the lifetime was limited by Cr
depletion. Failure due to oxide detachment due to reaching a critical
oxide thickness and stress level cannot be excluded.

4. Conclusions

This work has evaluated short term (~100 h) high temperature
corrosion properties of a ~30 % porous Fe22Cr alloy in the temperature
range 700 °C — 900 °C. To determine the specific surface area, syn-
chrotron tomographic microscopy was applied. This technique allowed
obtaining the surface value (~0.022 m? g1) from a relatively small
sample. The corrosion results demonstrate that the corrosion rate of
porous alloys is similar to corrosion rates of dense alloys, i.e. the com-
plex shape has no visible effect on the underlying corrosion phenomena.
The corrosion kinetics is acceptable at 700 °C, whereas at higher tem-
peratures the alloy microstructure changes considerably even after only
100 h of exposure. Oxidation of samples at 850 °C and 900 °C leads to
breakaway corrosion and the alloy becomes fully oxidised after 100 h at
900 °C. The tomographic analysis was also performed on oxidised alloys
and it allowed for a determination of the relative content of the steel/
oxide/pore phases. Using tomography, it is possible to analyse 3D mi-
crostructures of the alloys quantitatively, which strongly supplements
the weight gain and microscopic analyses. 3D visualization achieved
from tomographic microscopy gives also a better insight into the amount
distribution of breakaway spots as compared with 2D imaging.

Based on the obtained experimental results, a methodology for life-
time prediction has been proposed. Based on the experimentally derived
critical oxidation level (weight gain of ~6%), a double logarithmic plot
was used to extrapolate the data from lower temperatures. The predicted
lifetime at 700 °C is ~3000 h, which is relatively short. The results show
that there is a need for longer term studies, which will be the focus of our
future work.
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5.2. Morphology changes in Fe-Cr porous alloys upon high-
temperature oxidation quantified by X-ray tomographic

microscopy

While SEM imaging does enable the estimation of scale thickness, relying solely on
two-dimensional cross-sections for this purpose can lead to deceptive conclusions. As
an illustration, the separated oxidation centers appear as large, irregular features
located a substantial distance from one another throughout the entire volume of the
sample. Consequently, determining their dimensions based on the two-dimensional
cross-section of a specimen is unfeasible, as the outcome would be highly location-
dependent. In addition, if the cross-section is prepared in a non-representative place,
the breakaway oxidation centers may be easily missed. In order to examine the alloy's
intricate morphology comprehensively, synchrotron tomographic microscopy was
employed.

Synchrotron tomographic microscopy provided insight into the complex three-
dimensional structure of various phases of the samples. In this study, the tomographic
microscopy was performed using a monochromatic X-ray beam allowing not only to
analyze the morphology, but also to distinguishing and quantify particular phases: the
metallic core, oxide scale, and porosity (as defined in the publication).

The analysis of the tomographic images revealed the increase of specific surface
area of porous alloy from initial 0.020 m? g to 0.030 m? g' after oxidation process
performed at 900°C for 10 h. The average oxide scale thickness was determined as
1.12 uym for samples oxidized at 850°C for 10 h. On the other hand, for the samples
oxidized at 900°C for 10 h the oxide scale thickness was 2.45 pm which is the same
value as for sample oxidized at 850°C for 100 h. These experiments allowed to confirm
that the oxidation process leads to decrease of porosity. The maximum detected
change of pores’ radius was from 15.0 ym to 10.8 um for the sample oxidized at 850°C
for 100 h, which amounts to a 28 % decrease.

The tomographic analysis provided data which can deepen our understanding of
how the high-temperature oxidation process impacts the degradation of the porous
alloys. Moreover, the data obtained from the experiments allowed to determine the
specific surface area of porous alloys which is essential in the context of the lifespan
prediction model.

My original contribution in this work was:
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Calculating the specific surface area of porous alloy before and after
oxidation.

Performing three-dimensional images analysis that revealed microstructural
changes, such as average pore size in the alloy after oxidation at high-
temperatures.

Comparing two-dimensional SEM images with three-dimensional

tomographic images and analyzing them.
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HIGHLIGHTS

« A high-temperature oxidation at
850 °C (10 h, 30 h, 100 h) and 900 °C
(10 h) of porous ferritic stainless steel
Fe22Cr was performed and
investigated by synchrotron
tomographic microscopy.

« Tomographic analysis of
corresponding regions in porous steel
before and after corrosion.

« Distinguish metallic core, oxide scale,
open and closed porosity phases.

« Quantification of microstructural
changes such as specific surface area
of steel, grain size distribution.

« 3D mapping of oxide scale thickness
and pore size distribution.
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GRAPHICAL ABSTRACT

ABSTRACT

The effect of high-temperature oxidation at 850 °C (10 h, 30 h, 100 h) and 900 °C (10 h) on porous (~30 %
porosity) ferritic stainless steel (Fe22Cr) has been investigated using synchrotron tomographic micro-
scopy, which allowed for visualisation, separation and quantitative analysis of the metallic core, closed
pores, open pores and oxide scale phase. The same regions within the samples were investigated before
and after oxidation performed at different conditions. Quantitative analysis of the tomographic data pro-
vided information on changes upon oxidation of the relative volume of the different phases, the specific
surface area (SSA) of the metallic core, the thickness of the oxide scale and pore size distribution. The
results were discussed in the context of thermogravimetric analysis of the samples and supported by
SEM imaging. It was observed that oxidation leads to an increase of the SSA of steel and the largest
increase (~50 %) was obtained for the sample processed for 100 h at 850 °C. It is demonstrated the open
porosity forms a network of connected channels within the sample and it dominates in the volume. In
addition, the 3D imaging revealed breakaway oxidation areas for samples, for which this phenomenon
remained undetected using 2D SEM analysis.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Due to high corrosion resistance, high chromium content alloys
are commonly used in certain types of nuclear reactors, turbines,
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and engines [1-3]. The properties of dense chromia (Cr,05) forming
alloys have been thoroughly studied in recent decades and they are
well described in the literature [4-6]. Selected ferritic steel alloys,
such as Crofer 22 APU or Crofer 22H were proposed as interconnect
materials in solid oxide fuel cell (SOFC) and solid oxide electrolysis
cell (SOEC) stacks [7-9]. The main superiority of these alloys for
application in solid oxide cells (SOC i.e. SOFC and SOEC) is high
electrical conductivity of the chromia scale at operating conditions
of SOC (~1 - 10 mS cm™~! at 600 - 800 °C) [10]. SiO, or Al,05 form-
ing alloys provide even higher corrosion resistance, but their much
lower electrical conductivity disqualifies them for such applica-
tions in SOC. Typically, SOC interconnectors in commercial applica-
tions are produced from ceramic materials, however they are
expensive and hard to manufacture in a specific shape. Thus, chro-
mia forming alloys are considered a promising alternative for these
components because of their electrical conductivity and ease of
fabrication. Additionally, porous form of FeCr alloys can play a role
of a support in metal-supported solid oxide cells (MS-SOC) because
of decreasing the weight and cost of the whole device.

Porous steel alloys have been investigated intensively by many
groups in the last years [11-13] because of their high application
potential, for instance in gas membranes and sensor systems. The
high amount of open porosity ensuring efficient gas transport is
a prerequisite for the mentioned applications. On the other hand,
open porosity results in orders of magnitude larger alloy-oxygen
interface area, which may significantly accelerate the oxidation
process. The oxide scale growth rate is a key factor for many poten-
tial applications of porous chromia forming alloys, since it leads to
the limitation of the size of the pores or even closing the pore chan-
nels by filling them with chromia during oxidation. Deeper analy-
sis of the oxidation mechanism of porous ferritic alloys, in
particular the oxide thickness growth and corresponding morphol-
ogy changes, closing porosity and the grain size distribution
changes, is essential for enabling their usage in SOC and gas mem-
branes as well as further broadening of their application field.

The mechanism of oxidation has been examined for dense fer-
ritic alloys but the porous form of these alloys has not been evalu-
ated in detail yet. Typically, the mechanism of oxidation is
investigated based on mass gain measurements and SEM/EDX
studies [5,14-17]. However, detailed information about oxide scale
growth dynamics and grain distribution changes is still unknown.
Up to now, there are only a few published works about the oxida-
tion process of porous alloys [14,18-23].

Glasscock et al. [18] investigated the potential of using the por-
ous Fe21Cr7AI1Mo0.5Y alloy as support for oxygen transport
membranes. They showed that porosity > 30 % with pore sizes
much larger than the maximum oxide thickness of 3 um is required
to prevent pore-blockage by oxide scale growth and to ensure good
gas transport throughout the lifetime of the device. The changes of
the alloy porosity were determined using BET adsorption, mercury
porosimetry, and image analysis of SEM micrographs. These meth-
ods allow for calculating the percentage of pore volume and esti-
mation of the pore size distribution but information about
changes of SSA and oxides scale morphology after oxidation is still
missing.

The most common tool used for determining microstructural
changes of the alloy due to oxidation is scanning electron micro-
scopy (SEM)[14], which, however, allows only for analysing ran-
domly selected cross-sections of the sample in 2D. The oxide
scale thickness cannot be properly evaluated from 2D images, as
the observed thickness depends on the orientation of the scale
layer with respect to the cross-section plane. Moreover, this value
can be inaccurate because of the irregular growth of the oxide scale
[24]. Therefore, analysis of the scale thickness should be performed
taking into account the 3 - dimensional geometry of the material
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and based on the imaging of a representative volume of samples,
and not only a cross-section.

X-ray tomographic microscopy (also called micro computed
tomography, uCT) is a non-destructive method, which provides
insight into the 3-dimentional morphology of different phases in
a material and enables their relative volumetric quantification, if
these phases are characterized by sufficient contrast [25]. This
advanced method was used for the observation of microstructure
changes, phase composition changes, and damage mechanisms of
different alloys by several research groups [26-37]. Kapat et al.
have investigated the influence of porosity and pore size distribu-
tion in a Ti6Al4V foam on its physicomechanical properties for
medical implant applications [26]. The porosity was determined
via 2D SEM image analysis, water displacement method and from
synchrotron tomographic microscopy. The decrease of porosity
was linked to the reduction of pore connectivity. Mokhtari et al.
[31] analysed FeCr alloys with a 30 - 70 % range of porosity created
by a dealloying process. The authors used tomographic microscopy
for calculation of the SSA and average pore size. Le et al [30] inves-
tigated the effect of porosity on the fatigue behaviour of
AlSi7Mg0.3 alloys obtained by the lost foam casting process. They
showed that stress concentrations at the pores are increased and
lead to local plasticity. Additionally, simulations of the influence
of pore shape on fatigue strength were performed and indicated
the real casting pores (more irregular) provide more significant
sensitivity on fatigue strength compared with spherical pores.
Thus, the examination of the real structure of porosity is essential
for predicting the properties (and lifetime) of the alloys. Syn-
chrotron tomography was also applied for studies of the porosity
evolution in freeze-cast iron foams [38,39] using setup providing
voxel size of 2.45 um. In several works, laboratory puCT with
2.5 um voxel size was performed to provide data on porosity, nec-
essary to be used in modelling of mechanical properties of porous
alloys [40,41]. In our recent work, we have demonstrated that syn-
chrotron tomographic microscopy allows for the separation and
quantification of porosity, metallic core, and oxide scale phases
in porous ferritic steel [24].

X-ray tomographic microscopy provides insight into the 3-
dimensional morphology, while SEM is limited to 2D images. Elec-
tron microscopy allows however resolving features of dimensions
beyond the spatial resolution of the uCT technique, meaning that
SEM images allow for recognising more details in the microstruc-
ture. For instance, nitride precipitate that can appear during oxida-
tion of the high chromium ferritic alloys [6,42,43] with a size from
submicron to a few microns are at the edge of the capabilities of
uCT. Thus, it might be possible to detect them, but not to analyse
their morphology. Achieving higher resolution with pCT is possible
at the expense of a significant decrease of the field of view, never-
theless, the resolution achievable with SEM cannot be reached by
uCT. In this work, it was important to investigate volume large
enough to obtain representative statistics of the measured quanti-
ties keeping a possibly high spatial resolution of images. Therefore,
we use both electron microscopy and synchrotron tomographic
microscopy as complementary methods, as such approach allows
for complex 3-dimensional analysis of the sample in a broad size
scale range, providing a full picture of morphology changes in por-
ous steel upon oxidation.

In this work, results of detailed studies of the 3-dementional
morphology the porous Fe22Cr alloy oxidised in air at 850 °C and
900 °C are presented. Specimens were investigated with SEM and
synchrotron tomographic microscopy before and after ex-situ oxi-
dation. For tomographic measurements before and after oxidation,
exactly the same area of each sample was localised, analysed and
the morphology before and after the process was compared. The
results allowed for evaluation of changes upon oxidation of the
SSA of the metallic core, oxide thickness and average grain size
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of the alloy for different oxidation conditions (time, temperature).
Moreover, breakaway oxidation centres were identified. To the
best of our knowledge, this is the first work addressing the changes
in microstructure, grains size, and oxide thickness of chromia
forming porous alloys by three-dimensional analysis.

2. Experimental
2.1. Sample preparation

A porous alloy sheet ~ 100 x 100 mm? with a thickness of
0.35 mm was obtained from Hogands AB (experimental alloy
MW?2, Hégands, Sweden). It was prepared by a tape-casting process
from a steel powder slurry, followed by drying, debinding, and sin-
tering in a reducing atmosphere (1250 °C, 30 min, Hy). The porosity
of the alloy determined by the producer is 30 %. Chemical compo-
sition of the alloy is presented in Table 1. Three series of samples
were prepared from the 0.35 mm thick sheet, which was cut into
smaller pieces of different sizes depending on the performed
experiment. In the first series, for the thermogravimetric analysis,
~3 x 3 x 0.35 mm? pieces of the alloy were prepared. The second
series was prepared for the ex-situ oxidation measurements, with
dimensions of ~ 10 x 10 x 0.35 mm?, and for X-ray tomography,
the third series consisted of elongated samples (~6 x 1 x 0.35 m
m?). Before use, samples were cleaned in an ultrasonic bath in
ethanol (99.9 %) followed by acetone (99.9 %).

2.2. Thermogravimetric analysis

The thermogravimetric analysis during oxidation of the alloy
was performed using a Netzsch TG 209 F3 Tarsus thermobalance.
The heating and cooling rates were 3 °C min~'. The experiment
was carried out in air atmosphere with a flow rate of 50 ml min .
Samples were exposed to a corrosive environment for 100 h at
850 °C and for ~ 40 h at 900 °C (due to instabilities of the ther-
mobalance for long measurements at high temperature). The
results were plotted as the relative mass change of the sample
and mass gain per surface area of the sample (determined from
the tomography measurements) over time.

2.3. Scanning electron microscopy

The second series of samples was oxidised ex-situ for 10 h, 30 h,
and 100 h at 850 °C and 900 °C for evaluation of the alloy morphol-
ogy changes. SEM imaging was performed using a Phenom XL elec-
tron microscope (Thermo Fisher Scientific, Netherlands) on
polished cross-sections of the samples. All SEM images were
recorded using backscatter electron detector (BSE). The microscope
is equipped with an EDX detector (Thermo Fisher Scientific,
25 mm? Silicon Drift Detector), which was used for elemental anal-
ysis of the steel (EDX analyses performed at acceleration voltage of
15 kV).

2.4. Synchrotron tomographic microscopy
Samples for the tomography investigation were oxidised under

the same conditions, as the samples for the SEM studies. X-ray
tomographic microscopy characterization of samples was per-

Table 1
Chemical composition of the alloy (provided by the producer).
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formed at the TOMCAT beamline of the Swiss Light Source (SLS)
at the Paul Scherrer Institute, Villigen, Switzerland. A parallel X-
ray beam with an energy of 40 keV was used. The detector setup
was composed of a scintillator converting X-rays into visible light,
an objective lens and a sCMOS camera with settings resulting in a
field of view (FOV) of approximately 0.8 mm x 0.8 mm and an
image pixel size of 0.325 pum. A total of 1001 projections over
180° were recorded, each with 1600 ms exposure, resulting in
scans lasting about 26 min. Each sample was investigated using
exactly the same setup before and after exposure to corrosive con-
ditions. During measurements after oxidation, the same region of
the sample, which was scanned before oxidation, was localised
and measured with identical parameters.

The reconstruction of the acquired tomograms was conducted
using the in-house developed pipeline available at the beamline
that provides complete tomographic volumes immediately after
data acquisition, allowing for quick adjustment of measurement
and reconstruction algorithm parameters. The acquired projections
were tomographically reconstructed after dark- and flat-field cor-
rection and phase retrieval with the Paganin algorithm [44]. Phase
retrieval was helpful in increasing the signal-to-noise and contrast-
to-noise ratios. The achieved contrast in the images reconstructed
with this approach allowed for a relatively straightforward mate-
rial segmentation based only on intensity thresholding, which
was performed using the commercial software Avizo 9.4. The
intensity ranges that were assigned to steel, porosity and oxide
scale, were selected based on the histogram minima defined for
one of the samples with a high oxidation degree (here referred to
as CT900.10). Then, exactly the same intensity ranges were applied
to all the analysed samples for segmentation of the particular
phases. The reconstruction provided 16-bit images with a dynamic
range from 0 to 65535, and it was calculated, that an increase by 1%
of the threshold value used for the steel phase, would result in
higher fraction of this phase by 0.5%. Although the absolute values
of calculated material fractions depend on the selected intensity
thresholds, applying the same intensity ranges for all the samples
allows for reasonable comparison of the oxidation-induced
changes. It was observed that the oxide scale of thickness about
1 pm was possible to detect in the reconstructed volumes, thus,
1 um was further considered as a spatial resolution of the analysed
images.

Avizo software was also used to evaluate the oxide scale thick-
ness distribution and to perform alloy grain separation for evalua-
tion of the grain size distribution. Moreover, a comprehensive
porosity analysis was performed, which allowed for estimating
changes upon oxidation of the average pore channel cross-
section as well as changes of the amount of open, closed and total
porosity. Direct comparison and observation of microstructural
alterations from the non-oxidised to oxidised state of the samples
was possible, since exactly the same region in the measured vol-
umes in both states was localised and analysed.

The role of porosity for applications of the allows as SOFC/SOEC
interconnects or gas membranes is connected to the efficiency of
gas transport. Thus, in this work, for the evaluation of the porosity
changes upon oxidation, the pores are considered as a network of
channels. The distribution of the pore channel thicknesses was
evaluated using an algorithm that computes the local thickness
of a selected material for each voxel in the binary volume. In this

Analyzed chemical composition, %

Target composition Fe Cr Ni Mo Mn

Cu Si Nb C [0} N S

Fe22Cr Bal. 22.0 0.03 0.01 0.23

0.02 0.08 0.02 0.04 0.58 0.07 0.01
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particular case, the binary volume consisted of pore pixels labelled
with “1” and other pixels (for any kind of material) labelled with
“0” are assigned to all the other voxels. The local thickness is
defined as the diameter of the largest possible ball containing this
voxel and fully inscribed within the analysed material (in this case
pores). This commonly used approach has been described in detail
in [45] and is implemented in the Avizo software in the “Thickness
Map” module. The same approach and algorithm were used for
determining the oxide scale thickness.

3. Results and discussion
3.1. Thermogravimetric analysis

Relative mass changes of the samples during exposure to air at
temperatures of 850 °C and 900 °C are presented in Fig. 1. The ther-
mogravimetric data were compared with separate ex-situ mass
measurements. For samples oxidised at 850 °C, ex-situ (pink data
points in Fig. 1) and isothermal mass gains (pink solid line) are
comparable, but for alloys oxidised at 900 °C, significantly different
values were obtained. However, in the case of the ex-situ oxida-
tion, the samples spent a longer time at high temperatures due
to the heating and cooling process. For such a high temperature
as 900 °C, it can cause higher values of ex-situ measured mass gain
but the oxidation rate is considerably slower at lower tempera-
tures so, this effect is negligible for samples oxidised at 850 °C. A
previous investigation [24] has shown that the oxidation process
of porous Fe22Cr alloy follows a parabolic rate law thus, its kinetics
is limited by diffusion of Cr®>* cations. The threshold level of mass
gain for breakaway oxidation appearance was established as about
6 wt%.

3.2. SEM analysis of samples before and after oxidation

EDX analysis on polished cross-sections was used to evaluate
the alloy’s chemical composition. The final results were 21.3 wt%
Cr and 0.26 wt% Mn, with iron as a balance. Taking into consider-
ation the relatively high inaccuracy of the EDX method, the chem-
ical composition was in agreement with the producer data. The
morphology of the surface and polished cross-section of the alloy
is presented in Fig. 2. The particles are well connected and necks
between the grains are well visible (Fig. 2D). Also from cross-
section images, the interfaces between grains are noticeable
(Fig. 2B).

Fig. 3 shows the SEM images of oxidised samples. The sample
oxidised at 850 °C for 10 h is presented in the first column

0.5
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850 °C|

A 900 °C
v 80 °C
-1 - —a - -
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Fig. 1. Isothermal (solid line) and ex-situ (markers) mass gain of samples oxidised
at 850 °C and 900 °C.
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(Fig. 3 A, E, I). Images taken at higher magnification revealed the
presence of a thin layer of an oxide scale varying in thickness in
the range of 1-2 um. The oxide scale observed for a sample oxi-
dised at 850 °C for 30 h (Fig. 3 B, F, ]J) appears locally thicker (1-
4 um) than it is for a sample that has been oxidised for 10 h. Fur-
ther oxidisation of the alloy up to 100 h (at 850 °C) leads to break-
away oxidation (Fig. 3 C) which, in this case, appeared at the
surface of the sample. The sample was penetrated up to 150 pm
by the breakaway oxidation area. Even at lower magnifications,
the oxide scale around the grains is visible on the whole cross-
section. The oxide thickness observed in these images (Fig. 3C, G
and K) does not significantly differ from the sample oxidised at
850 °C for 30 h (Fig. 3 B, F, ]) and can be estimated to 1 - 5 um.
For the alloy oxidised at 900 °C for 10 h (Fig. 3 D, H, L) breakaway
oxidation was not observed in the prepared cross-section and the
oxide thickness was approximately 2-5 pm, which is comparable
with both, the sample oxidised at 850 °C for 100 h, and the sample
oxidised at 850 °C for 30 h. However, the tomographic microscopy
experiment has revealed that the breakaway oxidation region
occurred also for the sample oxidised at 850 °C for 30 h
(CT850.30) and for the sample oxidised at 900 °C for 10 h
(€T900.10) but this aspect will be elaborated in the next section.
In our previous work, a change in the slope of the thermogravimet-
ric curve after 10 h of oxidation at 900 °C was observed. It corre-
sponds to 6% mass gain which was determined as the breakaway
oxidation appearance threshold value for Fe22Cr alloy [24]. This
confirms that analysis of SEM images is not sufficient to determine
changes in alloy morphology and 3-dimensional analysis is neces-
sary for accurate breakaway oxidation region detection.

3.3. Synchrotron tomographic microscopy

3.3.1. Oxide scale thickness and morphology

Although SEM imaging allows for estimation of the scale thick-
ness, as discussed in the introduction, its evaluation from 2D cross-
sections can be misleading. Moreover, there might be some varia-
tions in the whole volume. For instance, the breakaway oxidation
centres appear as large, irregular features in locations remote from
each other. Therefore, their size cannot be evaluated from the 2D
cross-section of a sample, as the result strongly depends on the
location of the cross section. Moreover, the breakaway oxidation
centres can be easily overlooked if the cross-section is prepared
in a wrong location. Thus, for a detailed analysis of the complex
morphology of the alloy, synchrotron tomographic microscopy
was performed. Detailed information about mass changes for the
samples used in the tomography experiment was gathered in
Table 2. The applied sample name relates to the series of the sam-
ple after tomography measurement in order to distinguish results
from tomography from the other techniques.

Fig. 4 presents a visualisation of sample CT850.100 before (Fig. 4
A) and after (Fig. 4 B) oxidation obtained by volume rendering of
the reconstructed data with reconstructed slices (Fig. 4 C and D)
corresponding to the clipping planes visible in the 3D images
Fig. 4 A and B (the front planes). The necks between the grains
are clearly visible and in the case of the oxidised samples, it is
apparent that the contrast between different phases allows to dis-
tinguish the oxide phase from the metallic core. Consequently,
material segmentation was performed for each sample, and its
material statistics (summarized in Table 3) evaluated.

Oxide growth, caused by diffusion of either cations or anions, is
a temperature activated process. Our previous research [24] has
shown, that indeed, temperature plays a key role in oxidation
kinetics of porous alloys.. Thus, this study is focused on the com-
parison of the oxidation process for samples oxidised at different
temperatures, but with the same holding time. Fig. 5 and Fig. 6 pre-
sent results of material segmentation before and after exposure for
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Fig. 2. SEM images of A, B) cross-section; C, D) surface of as-received MW?2 alloy.

CT850.10 and CT900.10 samples, respectively. For both samples,
the same region before (Fig. 5 A, Fig. 6 A) and after (Fig. 5 B,
Fig. 6 B) oxidation is presented. As seen in both Fig. 5 and Fig. 6,
the oxide scale has grown on the surface of the alloy‘s grains. In
the case of sample CT850.10 (Fig. 5), the oxide scale is relatively
smooth and covers tightly the grains surface. In the SEM images
there is a small oxide roughness visible (Fig. 31) for this sample,
but it cannot be resolved in tomographic images. The roughness
of the oxide scale in CT900.10, appears significantly larger
(Fig. 6) as compared to CT850.10 (Fig. 5). Additionally, some poros-
ity within the oxide scale is present, which was also observed in
SEM images of a sample oxidised under the same conditions
(Fig. 3H).

Based on the obtained segmentation results, the oxide scale
thickness was evaluated using the “Thickness Map” module for
each voxel of the oxide phase, which allowed for visualisation of
the oxide thickness distribution. Examples of such visualisation
are illustrated in Fig. 7 A, C for sample CT850.30 and in Fig. 7 D
for sample CT900.10, which show 3-dimensional maps of the oxide
thickness. Fig. 7 B illustrates volume rendering of the oxide phase
in the corresponding region of sample CT850.30, based on which
the thickness map in Fig. 7 A was evaluated. The colour scale
assigned to voxels in Fig. 7A reflects the thickness of the oxide
layer evaluated for the corresponding voxels. As seen in Fig. 7A,
the breakaway oxidation area could be clearly identified for the
CT850.30 sample. Taking into consideration the whole investigated
volume of this sample, even more regions with breakaway oxida-

tion were found, supporting the higher mass gain measured for
the CT850.30 sample compared to sample CT900.10 (Table 2). In
contrast, the average thickness of the oxide scale is larger for
CT900.10 (Table 4) because as seen in Fig. 7 C and Fig. 7 D, the col-
our scale for the CT900.10 sample is shifted towards the red colour
in comparison to the sample CT850.30 colour scale for the whole
presented volume. For a deeper understanding of the places of
breakaway oxidation origin, in situ experiments are necessary.
Based on such thickness maps generated for each of the investi-
gated samples, the corresponding histograms were evaluated,
which are shown in Fig. 8.

In the histograms in Fig. 8, there is a clear maximum visible for
each investigated sample, except for CT850.10, which had the low-
est oxidation degree. The lack of a peak in the CT850.10 oxide
thickness histogram is related to the spatial resolution, which in
this case is about 1 um. Objects beyond this resolution, for instance
oxide layers thinner than 1 pm, cannot be assessed based on these
data. Thus, the sample CT850.10 is at the edge of the capabilities of
tomographic microscopy performed with parameters selected for
this work and therefore, this method could not be applied to sam-
ples with a lower degree of oxidation than CT850.10. Based on the
oxide thickness histograms, the mean oxide thickness values were
calculated and summarized in Table 4. For the CT850.10 sample it
was 1.12 pm, for the CT850.30 sample oxidised the oxide scale
thickness was 2.11 um and it increased to 2.45 pm for samples
CT850.100 and CT900.10. These values are lower than in the case
of SEM images analysis of the oxide scale thickness. However,
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Fig. 3. SEM cross-section images of the alloy oxidised A, E, I) for 10 h at 850 °C; B, F, ]) for 30 h at 850 °C; C, G, K) for 100 h at 850 °C; D, H, L) for 10 h at 900 °C. The red arrows
indicate the porosity and roughness of the oxide scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Table 2

List of samples with mass changes.
Sample name Oxidation conditions Initial weight [mg] Final weight [mg] Am/mg [%]
CT850.10 850 °C,10 h 18.13 18.61 2,65
CT850.30 850°C,30 h 7.35 7.77 5.71
CT850.100 850 °C, 100 h 13.75 14.90 8.36
CT900.10 900 °C, 10 h 12.84 13.53 5.37

SEM images show only a specified slice, which does not represent
the whole sample volume, so the results of the tomography-based
calculations are more comprehensive.

Material segmentation allows for calculation of the amount of
different phases (alloy - oxide - pore), which is directly linked to
the oxidation degree. In sample CT850.10, the oxide scale occupies
18.8 % of the sample's volume (volume occupied by a material,
excluding porosity), which is calculated from the material segmen-
tation results (Table 3), as a fraction of the volume of the oxide
divided by the sum of alloy and oxide scale‘ volumes. The volume
of the of the oxide scale contribution calculated for this sample
from the measured mass gain (Table 2), is 11.6 %. Such difference
is caused by several factors. Small porosity and roughness of the
oxide scale visible in SEM images (examples are marked with the
arrows in Fig. 3G and K) cannot be resolved in the tomograms.
Therefore, the volume assigned to the oxide scale evaluated from
the tomographic data, includes also these features and thus, it is
significantly larger than the value obtained from the mass gain
measurements that consider only fully dense material. Possible
other reason might be a changing volume of the alloy phase, based
on a decreasing diameter of alloy particles, altering oxide growth

from a typical outward diffusion driven to a complex one, where
formation of internal porosity/voids can be expected. In other
words, porosity and roughness beyond the resolution were labelled
as the oxide material and thus, the oxide phase assigned via mate-
rial segmentation has a lower density than theoretical Cry,03
density.

In case of sample CT900.10, the fraction of the oxide phase
based on material segmentation results (Table 3) was 34.9 % of
the sample‘s volume, again assuming that the total sample volume
is a sum of oxide scale and alloy contributions (Table 3). Based on
mass gain data of the same sample (Table 2), the determined oxide
scale fraction is 22.2 %, which is a significantly lower value as com-
pared to tomography-based calculations. The roughness and
porosity of the oxide scale in CT900.10, which partially are not
resolvable in tomography, as well as the microstructural changes,
are significantly larger (Fig. 6) compared with CT850.10 (Fig. 5),
so the difference of the oxide scale contribution calculated based
on tomographic microscopy and mass gain data is even more sig-
nificant in case of CT900.10. As mentioned above, these calcula-
tions of phase fraction do not take into account the porosity and
roughness of the oxide scale, which is beyond the tomographic
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Fig. 4. Volume rendering of the reconstructed tomographic volume of sample CT850.100 a) before and b) after oxidation with reconstructed slices corresponding to the
clipping planes (front planes) in the 3D images.

Table 3
Material statistics before and after oxidation (vol %).
Sample Oxidation conditions Steel Oxide Open pores Closed pores Oxide / (Oxide + Steel)
Before After Before After Before After Before After After
CT850.10 850°C,10 h 67.85 62.46 - 14.42 32.04 2297 0.10 0.14 18.76
CT850.30 850 °C, 30 h 67.57 57.40 - 20.50 32.35 22.00 0.07 0.10 26.32
CT850.100 850 °C, 100 h 67.40 52.70 - 26.80 32.51 20.40 0.09 0.10 33.71
CT900.10 900 °C, 10 h 61.41 46.50 - 24.90 38.52 28.50 0.07 0.10 34.87

Fig. 5. Visualisation of the metallic core (turquoise) and oxide scale (orange) based on volume rendering of the results of material segmentation for sample CT850.10 A)
before oxidation, B) after oxidation at 850 °C for 10 h. Black arrows show exemplary regions where pore channels are blocked by the oxidation process. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Visualisation of the metallic core (turquoise), the oxide scale (orange) and
the closed porosity (green) based on volume rendering of the results of material
segmentation for sample CT900.10 A) before oxidation, B) after oxidation at 900 °C
for 10 h. Black arrows show exemplary regions where pore channels are blocked by
the oxidation process. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

microscopy resolution (around 1 um?), though still visible in SEM
images.

Detailed statistics of phase composition for each sample were
gathered in Table 3. For each of the investigated samples, the con-
sumption of the steel phase is clearly visible. The longer the oxida-
tion time, the more advanced the transition of the alloy into the
oxide scale is observed like in the case of CT850.100 and
CT900.10. The contribution of the oxide scale for the CT900.10
sample is similar to the CT850.100 sample, which demonstrates
the strong temperature effect on the oxide scale growth.

Higher oxidation degrees lead to the breakaway oxidation
observed as large oxide agglomerates in certain locations. Under-
standing their formation process is crucial for the usage of the alloy
because it determines the lifetime and possible applications of the
alloy. In Fig. 7, presenting a map of the oxide scale thickness with
corresponding oxide scale morphology of the same region, the
breakaway oxidation centre is clearly observed as the red colour

Materials & Design 215 (2022) 110492

area. Similar features were detected also in the measured volumes
of CT850.100 and CT900.10 samples (not shown here). The average
oxide scale thickness for the CT850.30 sample is 2.11 um (Table 4)
but locally it reaches significantly higher values in the breakaway
oxidation region. According to the SEM analysis, the breakaway
region appears only for the sample oxidised at 850 °C for 100 h
but the tomographic experiments revealed that it has occurred also
for the CT850.30 and CT900.10, demonstrating the necessity of the
3D analysis for detailed oxidation process research. The results of
tomography studies presented here, indicate that the previously
established threshold for breakaway oxidation appearance
of ~ 6 wt% mass gain was slightly overestimated, since breakaway
oxidation also occurs for lower mass gain values, as in case of sam-
ples CT850.30 (5.71 wt%) and CT900.10 (5.37 wt%).

3.3.2. Specific surface area and particle size

Material segmentation of the reconstructed volumes allows for
generating a surface of each selected material, and consequently to
evaluate its SSA, as a ratio of the surface area and weight. The SSA
of the non-oxidised alloy was 0.020 m?g ! and it was observed that
it changes after the oxidation process depending on the time of
oxidation and on the temperature. The obtained values (Table 4)
show a 10 % growth of SSA after 10 h of oxidation at 850 °C
(CT850.10), while after 100 h at the same temperature
(CT850.100), SSA grew by>50%. A similar increase (~50 %) was
observed for the CT900.10 sample. During oxidation, the oxide
scale growth is irregular (as showed in Fig. 6), so the surface of
the remaining alloy becomes more irregular as well, which
explains the increase in its surface. It should be noted that due to
the resolution limitation, in case of the more oxidized samples
SSA might underestimated, however in the SEM images we observe
that the fine roughness and porosity, which is not resolved in
tomography is significant rather for the oxide scale, and less signif-
icant for the steel, for which SSA is evaluated.

Additionally, the total weight of the alloy fraction becomes
smaller, which was also evaluated based on the obtained material
statistics. Thus, the SSA of the alloy increases during the oxidation
process. This results in an increased oxygen-alloy contact area,
which in turn, facilitates further oxidation. On the other hand,
oxide scale growth provides a diffusion barrier for chromium
cations, which slows down the oxidation process. In the case of
the investigated samples, this effect seems to counterbalance the
effect of SSA growth.

Another important factor in the oxidation process is the grain
size distribution of the porous alloys, as it is strongly related to
the SSA. Moreover, oxidation processes of porous Fe22Cr alloy
are determined by the diffusion of Cr>* cations from the bulk to
the surface, so for smaller particles, the diffusion path is shorter,
which in turn accelerates the oxide scale growth. Tomographic
microscopy is a well-suited tool for analysis of the particle size
in porous alloys. For this purpose, particle separation was per-
formed for the binary volume of the metallic core separated from
other phases, which allowed for evaluation of statistics of steel par-
ticle size. Table 4 provides detailed information on particle size for
each investigated sample. Average particle size before oxidation
was very similar for each sample and it decreased during the oxi-
dation. Surprisingly, the largest change was observed not for the
sample CT850.100, which reached highest mass gain, but for the
sample CT900.10, which was oxidised at highest temperature.
The measured particle size was not related to the oxide morphol-
ogy, so the observed effect may be linked to the more advanced
breakaway oxidation in sample CT850.100. However, due to the
change of particles morphologies, it is often not possible to justify
if the particle separation was performed correctly for samples after
oxidation. Therefore, such analysis should be performed via in-situ
experiments. Further details, how the particle size distribution
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Fig. 7. A, C) Oxide scale thickness map for the CT850.30 sample with B) corresponding morphology of the same sample region and comparison with D) the oxide scale

thickness map for the CT900.10 sample.

analysis was performed are presented in the supplementary
material.

3.3.3. Effect of oxidation on porosity

Analysis of the tomographic measurements clearly demonstrate
that the open porosity dominates for the investigated alloy and
creates a system of connected channels, which is crucial for appli-
cations requiring efficient gas transport through the material, as it
is required for instance in membrane systems. Oxidation leads to
the growth of the oxide scale resulting in formation of closed
porosity and blocking of some pore channels, as it is visible for
instance in Figs. 5 and 6 in the locations marked by black arrows.
However, the obtained material statistics (Table 3) shows that even
after oxidation of the sample CT850.100, for which the most
advanced oxidation degree was reached, the initial character of
porosity was maintained, since the closed porosity was only ~ 0.
1 vol% of whole sample volume.

More importantly, during oxidation the overall porosity volume
fraction and the size of the pore channels decrease because of the
oxide scale growth. The porosity of the raw alloy calculated from
the tomographic data varied between 32.0% and 32.5% for samples
CT850.10, CT850.30 and CT850.100, which is in agreement with a
value obtained with Archimedes method of 31% (+2%). The sample
CT900.10 had a significantly larger initial porosity of 38.2%. After
oxidation, the porosity of samples has decreased to ~ 23%, 22%,
20.4% and 28.5% (Table 3) for samples CT850.10, CT850.30,
CT850.100 and CT900.10, respectively. These results, especially
for sample CT900.10, show the importance of comparing the
porosity before and after oxidation for the same volume, as the ini-
tial values may vary.

The size of the pore channels was evaluated as the “pore thick-
ness”, which was calculated for each voxel using the same Thick-
ness Map module, as for the oxide thickness evaluation. For the
calculation of the average pore thickness, pores with a diameter
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Table 4
Evaluation of morphology changes.
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Sample name Specific surface area

Average particle size

Average pore Oxide thickness

(SSA) [m?/g] [um] (>6 um) (average thickness > 1 um)
gauss fit) (lognormal fit > 1 pm)
Before After Before After Before After Before After
CT850.10 0.020 0.022 325 315 13.6 12.6 - 1.12
32.7 32.0 14.0 124
CT850.30 0.020 0.027 313 27.6 13.0 10.1 - 2.11
304 27.8 15.0 10.8
CT850.100 0.020 0.031 30.5 26.7 12.5 10.3 - 2.45
30.2 27.0 14.5 11.0
CT900.10 0.020 0.030 31.0 26.7 16.5 14.8 - 2.45
314 271 17.9 154
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Fig. 8. Oxide scale thickness distribution for A) CT850.10, B) CT850.30, C) CT850.100, D) CT900.10.

below 1 um were excluded from the statistics. As mentioned in the
previous sections, there are cracks within the oxide scale, which
are visible in SEM images (Fig. 3 K). In the case of tomography mea-
surements, they are not detected but they appear as a small change
in the grey scale. Moreover, such small objects do not significantly
change the total porosity, as their fraction in the whole porosity is
negligible.

The morphology and size distribution of porosity of samples
CT850.10 and CT900.10 is illustrated in the 3-dimensional maps
in Figs. 9 and 10, respectively. The colour scale corresponds to

10

the pore size value (blue is assigned to the smallest pores and
red to the biggest ones). Fig. 9A and 10A represent the porosity
thickness before oxidation and Fig. 9B and 10B after oxidation for
CT850.10 and CT900.10, respectively. In both cases, the colour
scales are shifted towards the blue colour after oxidation, this
being more apparent for CT900.10. The pore size shrinkage is also
clearly observed in clipping planes (Fig. 9C and Fig. 9D), which
illustrate pore channel thickness maps before and after oxidation
with exemplary regions of reduced pore size after oxidation
marked by arrows.
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Fig. 9. A) Visualisation of pore channels thickness size for the CT850.10 sample before and B) after oxidation with exemplary clipping plane C) before and D) after oxidation.
Morphology of the pore channels for the CT850.10 sample E) before and G) after oxidation with corresponding pore size distribution (F, G) and histograms of pore channels
size thickness (I, J). Black arrows indicate exemplary corresponding regions of pore thickness map before (C) and after (D) oxidation.

The channel structure and changes of pore morphology before
and after oxidation (purple colour), are illustrated in Fig. 9 E, G,
respectively, which show volume rendering of the porosity phase
obtained from material segmentation. These images show volume
elements marked in Fig. 9 A and B with orange frames. The corre-
sponding pores size distribution visualisation of the same volume
fractions are presented in Fig. 9 F and Fig. 9 H. Decreasing of poros-

11

ity is clearly visible not only from comparison of colour scale in the
pore channels thickness 3D maps, but also from decreasing of
pores volume after oxidation which is observed as reduction of
purple colour phase in Fig. 9 G as compared to Fig. 9 E. In the his-
tograms of the pore thickness maps (Fig. 9 1, J), a decrease of the
average pore size is also visible, as a shift of the fitted lognormal
function peak and a smaller amount of pore voxels‘ counts for
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Fig. 10. Visualisation of pore channels thickness size for CT900.10 A) before B) after oxidation with C, D) corresponding histograms of pore channel size thickness.

the oxidised sample compared with the non-oxidised one. Results
of evaluation of changes in pore morphology, SSA, and oxide thick-
ness are summarized in Table 4.

4. Conclusions

A detailed study of the effect of high-temperature oxidation on
the morphology changes in porous Fe22Cr stainless steel in the
temperature range of 850 - 900 °C was performed using two com-
plementary imaging techniques. Synchrotron tomographic micro-
scopy provided insight into the complex 3-dimensional structure
of various phases of the samples, while scanning electron micro-
scopy allowed for resolving features beyond the spatial resolution
of the tomographic measurements.

Tomographic microscopy was performed using a monochro-
matic X-ray beam, which together with the optimization of the
reconstruction algorithm parameters, allowed not only for analysis
of the morphology, but also for distinguishing and quantification of
particular phases: the metallic core, oxide scale and porosity.
Image analysis performed for the reconstructed volumes was used
to analyse porosity and steel morphology changes, as well as the
oxide scale growth occurring during the oxidation process. Each
investigated sample was scanned before and after oxidation and
in both cases, exactly the same regions were localised and anal-
ysed. Additionally, SEM images showed the microporosity and

12

cracks of the oxide scale that were not visible in tomograms, which
was essential for understanding the results of material segmenta-
tion of tomographic data.

Analysis of the oxide scale has shown that for porous alloys the
3D analysis is necessary to evaluate the thickness of the oxide scale
because the measurement of oxide scale thickness performed from
2D SEM images strongly depends on the polishing plane and the
angle of polishing selection. The 3D analysis proved that for longer
oxidation (time effect), as well as for higher oxidation temperature
(temperature effect), the oxide scale thickness increases, which is
connected with the SSA growth of the alloy. After oxidation for
10 h at 900 °C (CT900.10 sample) the SSA has increased by 50 %
thus, the possible oxygen-alloy contact area has also become sig-
nificantly larger. However, the oxide scale is also a diffusion barrier
for Cr** cations and this effect seems to counterbalance the effect
of SSA growth on the oxidation process because no change of slope
is observed in mass gain measurements. The increase of SSA was
also confirmed by particle size analysis. For each investigated sam-
ple the average particle size decreased after oxidation which is
connected with the SSA growth and similarly to this effect, the
greatest fall of average particle size was observed for the most oxi-
dised samples.

Although the SEM analysis revealed breakaway region only for
the CT850.100 sample, the tomography experiment proved its
occurrence also for the CT850.30 and CT900.10 samples. This
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shows that the 3D analysis is necessary for oxidation research of
porous ferritic alloys. Nevertheless, SEM imaging, due to its higher
spatial resolution, is a complementary method that is necessary for
correct interpretation and full understanding of the tomographic
results. These studies show the breakaway oxidation regions after
oxidation in specific conditions but the origin of these regions
remains unknown. Moreover, for the CT850.30 sample a few
regions of breakaway oxidation have been identified thus, the mass
gain of this sample was even bigger than in the case of CT900.10
but for the sample oxidised at the same temperature for 100 h
(CT850.100) only one bigger place of breakaway oxidation was
detected. For establishing preferable areas for breakaway oxidation
appearance and their origin, in situ tomography studies are neces-
sary, which will be the scope of our further research.

The porosity analysis showed that it has a form of connected
channels and the open porosity dominates in the investigated
alloy. Although, closed porosity was also detected and its fraction
has increased during the oxidation, its amount was still so low that
it should have no significant effect on the alloy properties, at least
in the investigated range of oxidation degree. A more important
effect appeared to be the significant decrease of the size of the
open pores, caused by the growth of the oxide scale in the volume
of pores. For the sample with the highest degree of oxidation (for
the CT850.100 sample), the average pore channel size was
decreased by 24 % (taking into consideration fitted lognormal func-
tion), showing that the studied alloy cannot be efficiently used as a
gas membrane at so high temperatures.

The presented study provides a new characterization method of
porous ferritic alloys by quantitative analysis of distinguished
oxide, alloy and pore phases. The presented tomographic analysis
provided data, which can improve the understanding of porous
alloys failure caused by oxidation, modelling of the porous alloys*
oxidation process and allow for prediction of the porous alloy
lifetime.
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Particle size distribution analysis

In addition to the morphology and porosity of alloys, grain distribution might also be a key factor in
the corrosion process, as it is strongly related to the specific surface area. The mass gain
measurements (Figure 2) revealed that for porous Fe22Cr alloy the diffusion of Cr®* cations
determines the corrosion process, so for smaller particles, the diffusion path is shorter, which in turn
accelerates the oxide scale growth. In addition to that, a decrease in particle size is connected with
SSA increase (Table 4) which also leads to higher oxidation rate, as it was discussed in the 3.3.2
section.

Tomographic microscopy is a perfect tool for analysis of particle size and their connectivity in porous
alloys. For this purpose, particle separation was performed for the binary volume of metallic core
separated from other phases, which allowed for evaluation of statistics of steel particle size. In
Figure S1 A-B, the particle size distribution of the non-oxidised sample is presented with
corresponding histograms. The particle boundaries are clearly observed in narrow necks areas, so
the obtained distribution seems to correspond well with the real structure of the alloy. The
histograms for a non-oxidised sample and samples CT850.10, CT850.30, CT850.100, CT900.10 after
oxidation are presented in order to show changes in particle size distribution and the Figure S.1C-J.
The average value of particle size calculated from the fitted Gauss function is consistent with ‘raw’
data analysis (Table 4) thus, the contribution of particle size seems to be described as gaussian
dependence. Analysis of histograms of particle size before and after oxidation for all investigated
samples demonstrates that even after strong oxidation (like in the case of CT900.10 sample) the
shape of the histogram is preserved, so the Gauss fitting can be still applied. The count peak values
on ‘y’ axis before and after oxidation does not change significantly after oxidation but the fraction of
the smallest particle remarkably increases.

Table 4 provides detailed information on particle size for each investigated sample. The smallest
particles with volume below 100 um3 (which corresponds with ~6 um equivalent diameter) were
excluded from average calculations because of limited spatial resolution of the tomographic
measurements. Even taking into consideration this assumption, the mean particle size decreased
during corrosion exposure from 32.5 um to 31.5 um for the CT850.10 sample which was the least
oxidised sample while for the CT900.10 sample this parameter decreased from 31.0 um to 26.7 um.
These values correspond with a higher observed SSA increase for the CT900.10 sample than for
CT850.10 and is in agreement with the noticeable shift of average particle size on the histograms.

Up to now, there is still a lack of systematic study about particle size effect on the corrosion process
for ferritic alloys. Abe et al. [32] examined alloy grain size effect on corrosion resistance of dense
Inconel 600 in 850 °C steam. The average grain sizes used in this work were 90 um, 110 um, 180 pum
and 320 um and the corrosion process for each investigated fraction fulfilled the parabolic rate law.
Until the breakaway corrosion occurred the largest grain alloy revealed the slowest corrosion rate,
and for the smallest grain fraction the corrosion rate was the highest which is the same result as in
our study for porous Fe22Cr alloy. However, the comparison between dense and porous alloys could
not be accurate because one particle within porous alloy consists of many grains. The information
about the diffusion character of the corrosion process allows for supposing that for smaller particle
size alloy the corrosion rate is faster but more detailed research is still necessary.
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Figure S1. Grain distribution of non-oxidised sample with corresponding histograms of equivalent diameter of
‘raw’ sample compared with histogram of equivalent diameter after exposure for C,D) CT850.10 E,F) CT850.30
G,H) CT850.100 I,J) CT900.10.

Oxide scale thickness analysis

For a better understanding of the oxide scale growth, the additional histograms of the percent
contribution of oxide thickness are shown in Figure S2 for each examined sample. The dash lines divide
histograms into regions where cumulative counts for the oxide scale thickness are ~99 % and ~1 % of
all counts. Locally, the oxide scale that grew on two (or more) particles could be counted as one, but
this representation of the oxide thickness data demonstrates a small contribution of the highest values
in histograms, so the chosen calculation algorithm seems to be accurate.
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Figure S2. Percent contribution of the oxide thickness calculated for A) CT850.10, B) CT850.30, C) CT850.100 and D)
CT900.10.



5.3. High-temperature corrosion of ~ 30 Pct porous FeCr stainless

steels in air: long-term evaluation up to breakaway

The model that was proposed in the publication presented in Section 5.1. relied on
short-term oxidation tests. In this work, a validation of the proposed model based on
long-term oxidation experiments was performed at temperature ranging from 600°C to
900°C for three different alloy compositions: Fe20Cr, Fe22Cr, and Fe27Cr.

It was confirmed that the corrosion process for porous ferritic chromia-forming alloys
is limited by the diffusion process, and that the alloy lifespan depends on its chemical
composition. The alloys with higher initial chromium content proved to have a longer
lifespan at all considered temperatures.

The extrapolated weight gain curves of the Fe20Cr and Fe22Cr were in line with the
experimentally measured mass gains obtained by cyclic oxidation tests. The
experimentally determined times when breakaway corrosion appears were <1750 and
2750 hours for the Fe20Cr and Fe22Cr alloys oxidized at 700°C, respectively. On the
other hand, the lifespan that was calculated using the model (at the same temperature)
was 1250 h £ 535 h and 1460 h + 640 h for Fe20Cr and Fe22Cr, respectively. The
model seems to underestimate the lifetime of the alloys.

Interestingly, the long-term exposure of porous alloys to the temperature of 600°C
revealed that even 6000 h of oxidation did not significantly change the Cr content within
the alloys. Moreover, the porosity of the samples was barely impacted. The weight gain
curve for these samples revealed ~ 1 wt. % of change for Fe22Cr and Fe27Cr alloys
and ~2 wt. % for Fe20Cr alloy. It indicates that porous ferritic alloys are promising
material for application in devices operating at ~600°C.

My original contribution in this work was:

e Improving the high-temperature corrosion model for porous alloys by taking
into consideration different chemical compositions
o Validating the lifespan prediction model proposed in [DK1] based on long-

term oxidation experiments
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High-temperature Corrosion of ~ 30 Pct Porous FeCr ®

Check for

Stainless Steels in Air: Long-Term Evaluation Up

to Breakaway
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and S. MOLIN

In this work, a long-term (up to 6000 hours) corrosion evaluation of three porous (~ 30 pct of
initial porosity) ferritic iron-chromium alloys with different Cr contents (20, 22, and 27 wt pct of
Cr) was carried out at 600 °C, 700 °C, 800 °C, and 900 °C in air. Mass gain measurements and
SEM analyses revealed that at temperatures above 600 °C, all alloys exhibit breakaway
corrosion, whereas at 600 °C, none of the alloys were heavily oxidized even after 6000 hours.
Based on the results, the diffusion character of the corrosion of porous chromia-forming alloys
was identified. The microstructure changes at high temperatures in porous alloys containing 22
wt pct of Cr were determined in detail by transmission electron microscopy. The proposed
prediction model indicated that the lifetimes of the Fe20Cr and Fe22Cr alloys were determined
as 1250 hours (& 535 hours) and 1460 hours (£ 640 hours), respectively. It is in agreement with
the long-term oxidation experiment. For the Fe27Cr alloy, the deviation between predicted and
observed lifetimes occurs. The proposed model allows for qualitative estimation of the porous
alloys’ lifetime with experimentally validated accuracy.
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I. INTRODUCTION

THE porous form of ferritic alloys (characterized by
code centered cubic crystallographic structure—BCC)
was proposed as a support component in solid oxide
cells (SOCs).!" 3 The advantages of using porous alloys
in such devices are their lower price, which allows for
decreasing a cost of the whole device when compared
with the SOCs that used advanced ceramic components,
as well as the manufacturability of complex shapes.!*
Other possible applications of porous alloys include
their use as components of gas membranes® and sensor
systems.') However, use of porous iron-chromium
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alloys (as well as other porous alloys) at high temper-
atures is hindered by the limited knowledge of their
oxidation properties under operating conditions.

Porous alloys have significantly larger specific surface
areas than their dense forms, so the interface between
the air (oxygen source) and alloy is also greater. As
indicated in our previous work, the specific surface area
of a porous alloy is up to 28 times larger than that of its
dense form,!”’ which is expected to have a tremendous
impact on the corrosion kinetics. For the long-term
corrosion resistance of the ferritic FeCr alloys, the most
important factor is the chromium reservoir. During the
high-temperature exposure, the chromium oxidizes into
chromia up to the moment that there is large loss of
chromium in the alloy and oxidation of Fe starts. The
uncontrolled oxidation of Fe is called breakaway
corrosion process. Due to the increased interface area
between air and the alloy, for porous alloys, the
appearance of a breakaway corrosion is expected to be
faster than for the dense alloys. Nevertheless, the
influence of the alloys’ porosity on their corrosion
resistance has not been well described yet, and there are
still only a few papers on the corrosion of porous
alloys.® 14

Stefan et al. demonstrated that the corrosion process
of porous FeCr alloys follows the parabolic rate law,
which confirms the diffusion character of the corrosion
process for porous ferritic alloys (similarly to the case of
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dense alloys).!"'"! Boccaccini et al. indicated the similarity
of the creep mechanism between porous and dense
alloys at 650 °C to 800 °C, which is important for
metal-supported solid oxide fuel cell applications."’
High creep resistance protects against electrolyte bend-
ing during operation.

To ensure a sufficient (> 10,000 hours) lifespan of
devices containing components consisting of porous
ferritic alloys, specific requirements, such as gas perme-
ation and high conductivity under operating conditions,
have to be fulfilled. High chromium content (usu-
ally > 16 wt pct) alloys seem to be the only good choice
because of their high corrosion resistance in air and
hydrogen atmospheres. Many research groups have
demonstrated the use of dense forms of these alloys
(such as Crofer 22 APU and Crofer 22 H by Sanerg
which contain 20 to 24 wt pct Cr) in SOC systems
During the exposure, a slow diffusion of Cr** cations
leads to the formation of a continuous passive layer of
Cr,05 on the alloy surface that protects the alloy from
further oxidation.”' >! The same mechanism of the
corrosion process is observed for porous FeCr alloys.
Although there are metal oxides with better corrosion
protective properties than Cr,O3 (i.e., Al,O3 and
Si0,),?*2% they cannot be used for the discussed
application due to thelr poor electrlcal conduct1V1ty at
high temperatures (10 % to 5 X 107> mS cm at 500 °C
to 1000 °C for Al,O; and 107> to 2 x 10> mS cm ™' at
500 °C to 1000 °C for SiOz).m] In contrast, chromia
(Cr,03) has an electrical conductivity of 1 to 10 mS
cm™ " at 600 °C to 800 °C.*"

Several approaches have been developed to estimate
the lifespan of alloys in recent years. For instance,
Huczkowski er al. connected the thickness of an alloy
sheet with its lifespan.”” They observed that for
chromia-forming alloys, the time to the appearance of
breakaway corrosion increases with the specimen’s
thickness. For example, the lifespan of Crofer 22 APU
increases by almost 2 orders of magnitude when the
thickness of the oxidized sample increases from 0.1 to
I mm. Asens10 Jimenez et al. also confirmed a similar
dependence.*” On the other hand, Tucker et al. pro-
posed a 3 um thickness of oxide scale as a threshold
value for estimating the lifespan of the alloy.*!
Huczkowski et al. showed that there is a threshold
value of chromium content which provides a protectlve
feature (~ 12 wt pct of Cr in FeCr systems).?**? In our
previous work, a similar model for estimating the
lifespan of porous Fe22Cr was proposed, and it assumed
a 10 to 12 pct chromium content threshold band to
reach a breakaway corrosion formation point.”} This
model took into consideration only short-term oxida-
tion data, so it should still be verified by long-term
experiments.

The porous form of high chromium FeCr alloys is
considered a potential support material in SOCs. The
chemical composition provides sufficient electrical con-
ductivity for efficient current collection. The open
porosity of the investigated alloy allows for gas trans-
port through the material, which is an important feature
for reactant supply to SOCs electrodes. The growing
oxide consumes Cr and also decreases gas transport
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through the porous alloy, shortening its lifespan. To the
best of our knowledge, this is the first work addressing
the lifespan evaluation of the porous FeCr alloys based
on long-term oxidation tests. Defining the lifespan of the
porous ferritic FeCr alloys allows for the determination
of the lifespan of metal-supported SOCs and gas
membranes. Thus, long-term oxidation research is
necessary for the creation of the lifespan prediction
model of porous FeCr alloys.

This study describes an evaluation of the long-term
(up to 6000 hours) corrosion process for porous FeCr
alloys with different Cr contents (20 to 27 wt pct Cr) in
the 600 °C to 900 °C temperature range. The obtained
results were compared with the available dense alloy
data. Then, the lifespan of the alloys was estimated
based on information from post-mortem analyses such
as mass gains and changes in the chromium level during
exposure for each alloy composition.

II. EXPERIMENTAL
A. Sample Preparation

Porous metal sheets were sourced from Hégands AB
(experimental alloys Fe20Cr, Fe22Cr and Fe27Cr,
Hogands, Sweden). These alloys were produced from
powders with a particle size fraction < 53 um by a
tape-casting process and were sintered in hydrogen
(1250 °C for 30 minutes). The sintered sheets had
dimensions of ~ 10 x 10 cm? and a thickness of ~ 0.35
mm. The composition of each investigated alloy
reported by the producer is presented in Table S.1.
These data were confirmed by the Inductively Coupled
Plasma (ICP) spectroscopy and energy-dispersive X-ray
(EDX) methods.

The initial porosity of the samples reported by the
producer is 30 pct. This value was confirmed using two
approaches: the Archimedes method—Iliquid displace-
ment (using kerosene), and an electron microscopy
image analysis using the commercial Phenom PoroMet-
ric Software (Thermo Fisher). The porosity was deter-
mined by analyzing 20 pictures taken at a magnification
of 2500x for each analyzed specimen. The error bars
were calculated as a standard deviation of the mean
value. The porosity was also determined via the image
analysis method after selected time intervals for each
oxidation temperature.

For the long-term oxidation experiments, the alloy
sheet was cut into 1 x 1 cm squares. For the short-term
thermogravimetric experiments, samples with dimen-
sions of 1 x 2 cm were used. After cutting, the samples
were cleaned in an ultrasonic bath sequentially in
acetone and ethanol.

B. Long-Term Oxidation Tests

Long-term cyclic high-temperature oxidation was
performed in a chamber furnace in an air atmosphere
at 600 °C, 700 °C, 800 °C, and 900 °C. For each
temperature, at least 10 specimens of each alloy were
used for statistics/reproducibility. The oxidation cycles
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at 600 °C, 700 °C, and 800 °C had a duration of 100 and
150 hours initially (total 250 hours) followed by cycles
of 250 hours up to breakaway. For 900 °C, the cycles
were 10, 20, and 70 hours, totalling 100 hours. The
heating and cooling rates were 180 °C h™'. The samples
were periodically removed from the furnace and
weighed on a microbalance (Radwag XA 5Y.M, accu-
racy of 1 ug, Poland). The mass gain was calculated as
the relative mass change (pct) with respect to the initial
sample mass. The mass gain was also recalculated to the
surface specific mass gain (mg cm™?), using the surface
area information from our previous work (0.022
em? g !, calculated from a tomographic experiment!”).

C. Thermogravimetric Analysis

Short-term thermogravimetric experiments were per-
formed using a CI Precision MK5-2 (United Kingdom)
thermobalance. The oxidation time at a holding tem-
perature of 700 °C was 300 hours and a heating rate of
180 °C h™'. Measurements were carried out with an
airflow rate of 30 mL min~".

The lifetimes of the porous alloys were predicted
based on short-term isothermal thermogravimetric data
and the methodology developed in Reference 7. For
Fe20Cr and Fe27Cr, the threshold mass gain values for
the appearance of breakaway corrosion were calculated
as 5.1 and 8.3 pct, respectively (determined at 900 °C).
Short-term mass gain curves, presented in log—log plots,
were extrapolated using the linear regression method.
The confidence interval was determined by the predic-
tion band method, assuming a 95 pct confidence level.
The predicted lifetime was the intersection of the fitting
and the threshold mass gain values. These data were
compared with the cyclic oxidation mass gains and
scanning electron microscopy (SEM) micrographs of the
alloys.

D. Microscopy Analysis

The microstructure of the samples was analyzed using
scanning (SEM) and transmission (TEM) -electron
microscopy. A Phenom XL SEM microscope (Thermo
Fisher Scientific, Netherlands) was used to observe
changes on the surface and polished cross-section
microstructure of the alloys. A backscatter electron
detector (BSE) was used. Changes in the chemical
compositions were determined by energy-dispersive
X-ray spectroscopy (EDX) using an integrated analyzer
(Thermo Fisher Scientific, 25 mm? Silicon Drift
Detector).

The Cr content of the as-produced and differently
oxidized alloys was calculated as the average of 15 EDX
measurements carried out in different regions of the
samples. The error bars were determined as the standard
deviation.

The samples for the TEM investigations were pre-
pared as lamellae. They were prepared by sputtering the
sample surface with Ga™ ions emitted from a liquid
metal ion source (FIB). A thin Pt layer was deposited on
the region of interest to minimize the curtain effect while
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thinning the sample with the ion beam. The lamellae
were finished with thinning down to a level of several
dozen nanometers after being mounted in a TEM-ded-
icated copper grid.

The TEM/STEM analyses were performed using a Cs
probe-corrected Titan Cubed G2 60-300 microscope
(FEI) equipped with the ChemiSTEM™ system.
High-resolution STEM (HRSTEM) images were
acquired wusing a high-angle annular dark-field
(HAADF) detector.

III. RESULTS AND DISCUSSION

A. Characterization of the Raw Porous Alloys

The Fe20Cr, Fe22Cr, and Fe27Cr alloys have a
ferritic crystallographic structure and their chemical
compositions, as measured by the ICP and EDX
methods, which are presented in Table I. The alloys
differ mainly in the Cr and Mn content. A good
correlation between the values obtained by the ICP
and EDX methods was obtained. The results of both
techniques are also consistent with the alloy composi-
tion provided by the manufacturer (Table S.1).

The surface and cross-section SEM images of the
Fe22Cr alloy are presented in Figure 1. The surfaces of
the Fe20Cr and Fe27Cr alloys were similar and are
presented in Figure S.1. Figure 1(b) shows well-con-
nected steel particles with grain boundaries. The poros-
ity of the alloy is clearly visible. The results of the
porosity measurements were similar for all alloys. Using
the Archimedes method, the porosity was 30 £ 2 pct,
while the porosity was determined as 29 + 5 pct for each
investigated alloy by the image analysis of the polished
cross sections. Based on the image analysis, the average
pore size (equivalent diameter) was ~ 11 um, with a
median pore size of ~7 um (results summarized in
Table S.2). No significant differences in the morphology
or porosity of the alloys were observed, which justifies
also using the experimentally determined specific surface
area of the Fe22Cr sample for Fe20Cr and Fe27Cr
alloys.

B. Long-Term Corrosion Exposures of Porous Alloys

The alloys were oxidized at high temperatures
(600 °C, 700 °C, 800 °C, and 900 °C) in an air atmo-
sphere to determine the properties of the corrosion
kinetics. The results of the mass changes are presented in
Figures 2(a) through (d).

At 600 °C, even though the oxidation time was quite
substantial (6000 hours, 24 thermal cycles), the overall
mass gain was low, i.e., < 2 pct. A noticeable difference
can be observed between the Fe20Cr and the Fe22Cr/
Fe27Cr alloys. For the Fe20Cr, the first oxidation cycle
(0 to 100 hours) caused a rapid ~ 1 pct mass gain, which
later on developed similarly to the Fe22Cr/Fe27Cr
(further ~ 1 wt pct increase). The cause for the initial
mass gain is the formation of iron oxide in this initial
oxidation time, as will be substantiated later.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table I. Chemical Composition of the Alloys Obtained from the ICP and EDX Measurements

Analyzed Chemical Composition, Wt F  [Information from the ICP Measurement] EDX, Wt Pct
Target Composition Fe Cr Mn Ni Si Ti Co Ca Na Cr Mn
Fe20Cr bal 20.86 0.03 0.05 0.08 0.01 0.02 0.00 0.02 20.2 0.0
Fe22Cr bal 21.87 0.25 0.02 0.08 0.01 0.01 0.00 0.00 21.3 0.1
Fe27Cr bal 26.77 0.33 0.01 0.08 0.01 0.01 0.04 0.00 27.6 0.2

J

g
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- ‘

8
%

. -

Fig. 1—SEM (backscatter electron detector) images of (a, b) surface, (¢, d) cross section of the as-produced Fe22Cr alloy.

At 700 °C, the mass gain of the different alloys was
similar until ~ 2000 hours, where a deviation for the
Fe20Cr alloy was observed (at ~ 12 wt pct), due to the
start of breakaway oxidation. At ~ 2750 hours (~ 9 pct),
the Fe22Cr alloy started to increase its mass. For the
Fe27Cr, with the highest Cr content, the mass gain
increased steadily until ~ 4750 hours, when breakaway
could be observed via increased mass change.

At 800 °C and 900 °C, the mass gains were much
faster. At 800 °C, breakaway oxidation occurred in less
than 500 hours. At 900 °C, the time to breakaway for all

METALLURGICAL AND MATERIALS TRANSACTIONS A

the alloys was < 100 hours. The mass gain data show
the strong dependence on the temperature, and a
dependence on the alloy Cr content.

The appearance of breakaway corrosion could be
easily detected from Figures 2(b) and (c) as a change of
the curve’s slope. A deviation from linear dependence
was clearly visible for the Fe20Cr alloy after 2000 hours
of oxidation at 700 °C and after 500 hours of oxidation
at 800 °C. The same behavior was observed for the
Fe22Cr alloy after 3000 hours of oxidation at 700 °C
and 500 hours of oxidation at 800 °C. For the Fe27Cr
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Fig. 2—Percentage mass change of oxidized Fe20Cr, Fe22Cr, and Fe27Cr alloys at (a) 600 °C, (b) 700 °C, (c) 800 °C, and (d) 900 °C. (¢) The

Arrhenius plot for Fe20Cr, Fe22Cr, and Fe27Cr alloys.

alloy, linear dependence was observed for each temper-
ature and the first signs of breakaway corrosion
appeared after 4750 hours of oxidation at 700 °C, but
no trace of this was detected at 800 °C. The times that
breakaway corrosion were determined to occur are based
on macroscopically determined mass gain data. As
studied by tomography,®®! the breakaway can occur
locally in separated regions within the sample, which
does not cause a large, measurable mass gain. Rough
estimation of the mass gain for a totally oxidized (~ 43
wt pct mass gain) single particle of 20 yum diameter is
only ~ 10 ng, so, well below the balance accuracy
(~ 1 pg). Therefore, the macroscopically determined
start point of the breakaway oxidation is observed with
some delay and the local breakaway oxidation starts
earlier. Figures S.2 and S.3 present the mass gains of the
individual samples measured in each series. The scatter,
which corresponds to the breakaway corrosion starting
point, is noticeable. Therefore, the average breakaway
oxidation start time for the set of samples has to be
treated as a generalized, statistical process.

At 900 °C, the oxidation process is extremely fast.
After 100 hours of oxidation, full oxidation (~ 43 wt pct
mass gain) was observed for each investigated alloy. For
the Fe20Cr and Fe22Cr samples, the observed mass gain
was already significantly higher than for the Fe27Cr
after 30 hours of oxidation, which might indicate the
formation of breakaway corrosion regions for these
alloys.
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To determine the possible oxidation mechanism, the
mass gain data were plotted in a log—-log graph
(Figure S.4). The mass gains follow linear curves, with
a slope approaching n ~ 0.5, which indicates a diffu-
sion-limited oxidation process. Typically, outward
cation diffusion (Cr’") is the rate-limiting step in FeCr
alloys. This mechanism can be described by the
parabolic rate law using the equation:

<A?m>2 =kp xt, 1]

where S is the surface of the alloy, Am is a change of
the alloy’s mass, k, is the parabolic rate constant, and
t is the time of exposure to high-temperature condi-
tions. Typically, the k, values are dependent on the
temperature according to the Arrhenius equation:

E
kp =A% exp(—R—r?), 2]

which can be used to calculate the activation energy
(En)-

Based on the assumption of the parabolic kinetic law,
corrosion rate constants (k,) and activation energies
(EA) were fitted to Egs. [1] and [2] and are summarized
in Table II and presented in Figure 2(e).

The corrosion rates calculated from the parabolic rate
law were similar for each alloy composition at 600 °C
(1.2 x 107 t0 3.1 x 107'® g>em~* s7!) and at 700 °C
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Corrosion Parameters After Oxidation at Different Temperatures of Fe20Cr, Fe22Cr, and Fe27Cr Alloys

Table II.
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Table III. Chemical Composition of Regions Marked in
Fig. 5 (Obtained from EDX Measurements)
Region Cr (At. Pct) O (At. Pct) N (At. Pct)
1 35.7 64.3 —
2 34.7 65.3 —
3 35.8 64.2 —
4 88.0 — 12.0
5 87.9 — 11.9
6 89.4 — 10.6

(13 x 107" to 2.3 x 107" g2 em *s™'). Differences
were clearly visible for higher temperatures, namely for
800 °C and 900 °C (data collected in Tables II and III).
The data obtained at 800 °C correspond well to the
corrosion rates obtained for dense alloys with a similar
chemical composition, e.g., Crofer 22 APU. Magdefrau
et al. calculated the corrosion rate for Crofer 22 APU as
48 x 107" gZem * s at 800 °C." Skilbred er al.
determined this parameter as 5.4 x 107'* g?cm * s ' at
800 °C for Sandvik Sanergy HT.*# These data are in
line with the results obtained for the Fe22Cr alloy. Small
changes of this parameter could be caused by compo-
sitional differences such as the Cr content or the
presence of other minor alloying elements.?”

The oxidation process before the occurrence of
breakaway corrosion can be considered similar to the
oxidation of dense alloys, even with more complex
geometry. The complex geometry is accounted for in the
limited Cr reservoir (due to the high surface-to-volume
ratio), but the underlying phenomena remain the same.

As presented in Figure 2(e), the values of activation
energies were similar (~ 3 eV) for each alloy. The
chemical composition, e.g., the different Cr contents
and addition of Mn, had no visible effects on the
dynamics of oxidation. The activation energy is consis-
tent with the values reported for ferritic chromia
formers. Wang et al. calculated the activation energy
of chromium diffusion in Cr,O5 as 240 to 280 kJ mol !
(~ 2.5t0 2.9 eV).B® Talic et al. calculated the activation
energy of the corrosion process for Crofer 22 APU as
310 kJ mol ™! (= 3.2 eV).*” Palcut er al. determined the
activation energy of the same alloy as 2.6 ¢V.*!

C. Post-mortem Analysis of Porous Alloys

1. Scanning electron microscopy study

SEM images of the cross sections of the heavily
oxidized alloys at 800 °C and slightly oxidized at 600 °C
are shown in Figure 3, whereas the images of the alloys
oxidized at 700 °C, which show an intermediate oxida-
tion stage, are presented in more detail in Figure 4.
Additionally, SEM images of the surfaces of Fe20Cer,
Fe22Cr, and Fe27Cr alloys after oxidation at 700 °C for
3000 hours are presented in Figure S.6 (Supplementary
Material).

In the first row (Figures 3(a) through (c¢)), images of the
Fe20Cr, Fe22Cr, and Fe27Cr alloys oxidized at 800 °C
for 100 hours are presented. All samples show well-de-
fined and distinguishable oxide scale, which was detected
via X-Ray diffraction measurement as Cr,05.”? The XRD
patterns of unoxidized Fe22Cr alloy, as well as after
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Fig. 3—SEM images of Fe20Cr (a, d, g), Fe22Cr (b, e, h), and Fe27Cr (¢, f, i) alloys oxidized at 800 °C for 100 h (a, b, c¢), 500 h (d, e, f) and

oxidized at 600 °C for 6000 h (g, h, 1).

different steps of oxidation are also presented in
Figure S.7 (Supplementary material). The Fe20Cr alloy
shows the highest amount of the oxide formed, with some
pores entirely filled and, therefore, exhibiting significantly
reduced porosity. The oxide is severely cracked, indicat-
ing its brittleness and poor mechanical properties.

For the Fe22Cr and Fe27Cr alloys, the cross sections
after 100 hours at 800 °C show similar a microstruc-
ture—a thinner layer (below 5 um) of Cr,Os;, when
compared with the Fe20Cr alloy, was observed.

The second row of Figure 3 shows microstructures of
the Fe20Cr, Fe22Cr, and Fe27Cr alloys after 500 hours
of oxidation at 800 °C. The Fe20Cr alloy (Figure 3(d))
presents a fully oxidized sample with no recognizable
initial morphology and porosity. The mass gain of the
sample was ~ 43 pct, which confirms full oxidation of
the available chromium and iron.!”! For both the Fe22Cr
and Fe27Cr alloys (Figures 3(e) and (f)), the microstruc-
tures show the remaining metallic core and also some
heavily oxidized regions where breakaway oxidation
appeared. Most of the samples still show a retained
initial porosity reduced by the formed oxide.
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In contrast to oxidation at 800 °C, where breakaway
oxidation for all the alloys had already occurred by
500 hours, oxidation at 600 °C had a less severe effect.
Even after 6000 hours of oxidation, the oxide scale was
only easily visible on the Fe20Cr sample (Figure 3(g)),
whereas on the higher Cr-content alloys, it was slightly
visible (Figures 3(h) and (i)). Breakaway oxidation was
not observed for any of these samples. The SEM
micrographs correspond well with the mass gain of the
samples. For the Fe20Cr sample, the mass gain was ~
1.8 pct whereas for both the Fe22Cr and Fe27Cr, the
mass gains were ~ 1 pct. To justify the higher mass gain
of the Fe20Cr, an additional EDX analysis was per-
formed for this alloy oxidized at 600 °C for 6000 hours.
The obtained chemical element maps are presented in
Figure S.5 (Supplementary material). A two-phase
structure consisting of iron oxide (inner layer) and
chromium oxide (outer layer) can be observed in the
regions around the pores. The formation of such
structures could be caused by the iron oxidizing only
slightly slower than the chromium at 600 °C. At higher
temperatures, the chromium oxidizes significantly faster

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 4—SEM images of Fe20Cr (a, d, g), Fe22Cr (b, e, h) and Fe27Cr (c, f, i) alloys oxidized at 700 °C for 100 h (a, b, c), 1000 h (d, e, f),

3000 h (g, h), and 4500 h (i).

than the iron, so the two-phase structure is not observed
in that case.

Further analysis was focused on samples oxidized at
700 °C, which seems to be the upper limit temperature
for possible long-term operation of FeCr porous alloys.
SEM images of the cross section of the alloys oxidized at
700 °C for different times are presented in Figure 4.

In the first row (Figures 4(a) through (c)), images of
the Fe20Cr, Fe22Cr, and Fe27Cr alloys oxidized for
100 hours are shown. For each chemical composition,
the oxide scale is barely visible at the surface of the
particles. These micrographs correspond to an ~ 1.5 pct
mass gain for each investigated sample.

The second row of Figure 4 reveals microstructures of
Fe20Cr, Fe22Cr, and Fe27Cr alloys after 1000 hours of
oxidation at 700 °C. For each presented sample, the
oxide scale is distinguishable and limits the initial
porosity (discussed later in detail), but no breakaway
corrosion region was detected. The mass gain for the
Fe20Cr samples after 1000 hours at 700 °C is 4.8 pct,
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whereas for the Fe22Cr and Fe27Cr oxidized under the
same conditions, the mass gains are 5.6 and 6.1 pct,
respectively.

Images of the Fe20Cr and Fe22Cr samples after
3000 hours of oxidation at 700 °C are presented in
Figures 4(g) and (h), respectively. The Fe20Cr alloy
(Figure 4(g)) is fully oxidized with no sign of metallic
core and initial porosity, which corresponds with
the ~ 40 pct mass gain. For the Fe22Cr alloy
(Figure 4(h)), breakaway corrosion regions were
detected but the metallic core is still visible. This result
is in agreement with the mass gain plot (Figure 2(b)) that
shows a deviation from the linear dependence of the
mass growth after 3000 hours of oxidation at 700 °C.

In contrast to the Fe20Cr and Fe22Cr alloys, no
breakaway corrosion region was identified for the
Fe27Cr samples after 3000 hours of oxidation at
700 °C. After 3000 hours of oxidation at 700 °C, the
mass gain for the Fe27Cr samples was ~ 8.5 pct, while
for the Fe20Cr and Fe22Cr samples, it was 40 and 12.5
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Fig. 5—EDX analysis (qualitative maps) of sample oxidized at 700 °C for 4500 h.

pct, respectively. The mass gain measurements
(Figure 2(b)) for the Fe27Cr also did not show a rapid
increase in the mass change.

After 4500 hours of oxidation at 700 °C, breakaway
corrosion appeared for Fe27Cr alloy (Figure 4(1)), which
corresponds to a 9.4 pct mass gain of the samples. It seems
to be the start of the sample’s accelerated oxidation,
which might be caused by the appearance of breakaway
corrosion only in one region of the whole sample, and
thus, no rapid mass change, as observed in Figure 2(b).

2. Internal precipitations

Detailed analysis of the SEM images indicated the
presence of internal precipitates (e.g., Figure 5) in some
of the particles of the Fe22Cr and Fe27Cr alloys
oxidized at > 700 °C. For oxidation at 600 °C, no
precipitates were observed.

For the Fe20Cr alloy, which has the lowest Cr
content, no formation of the precipitates was detected
among the studied samples, but their formation cannot
be unambiguously ruled out.

For the Fe22Cr, the precipitates were observed after
oxidation at 700 °C for 3000 hours, whereas they were
not visible after 1000 hours of oxidation. For oxidation
at 800 °C, the precipitates were already visible after
100 hours.

For the Fe27Cr alloy, the precipitates were observed
after 1000 and 100 hours for oxidation temperatures of
700 °C and 800 °C, respectively.

A typical microstructure and chemical composition of
the precipitates are presented in Figure 5 based on the
Fe27Cr alloy oxidized at 700 °C for 4500 hours. The
darker regions inside the particles exhibit increased signal
from the nitrogen and chromium elements (based on
EDX). The specific elemental compositions obtained for
the point measurements indicated in Figure 5 are sum-
marized in Table I1I. Points 1 to 3 correspond to oxide
scale—Cr,03—whereas an analysis of points 4 to 6
revealed the presence of nitrogen and chromium, with no

2252—VOLUME 54A, JUNE 2023

apparent oxygen signal, indicating the formation of a
Cr—N phase. Due to the low concentration of N in the raw
alloy, the nitrogen is believed to have diffused from the
atmosphere (air) to inside the grains.

Cr,N is a stable phase for ferritic alloys which contain
less than 20 wt pct of Cr in a nitriding atmosphere in a
temperature range of 500 °C to 1000 °C. Cr,N also
appears for alloys with more than 20 wt pct of Cr.[*”!

Miyamoto et al. investigated the Fel8Cr system in a
nitriding atmosphere in a temperature range of 470 °C
to 670 °C. They recognized disk- and rod-shaped CrN
structures and rod-shaped Cr,N structures in the cross
sections of the samples. A Cr,N phase probably
transformed into CrN during nitriding at 670 °C.1*%" A
mostly rod-shaped precipitated phase was observed for
the samples investigated in this study.

For the samples oxidized at 700 °C and 800 °C, mixed
structures of CrN and Cr,N probably appeared. Inter-
estingly, Bianco et al. indicated that purposeful con-
trolled nitriding of the dense ferritic alloys could
improve their performance when used as interconnec-
tors in solid oxide fuel cells.*"! In our case, the samples
were not prenitrided before further experiments, but
spontaneous nitridation was observed during the long-
term oxidation study.

Based on the limited number of analyzed samples, it
seems that a higher temperature (= 700 °C) and higher
Cr content in the alloys lead to formation of the CrNy
precipitates. The large surface area (and surface-to-vol-
ume ratio) of the porous alloys possibly also helps
ensure a possible high flux of N, as similar nitridation
has not been reported in the case of dense alloys with a
similar chemical composition and exposed to similar
conditions (e.g., Crofer 22 APU oxidized up to
900 °C).

The binding of Cr by N can cause an increase in
chromium consumption within the alloy, not connected
to the formation of oxide scale, which can decrease the
lifetime of porous ferritic alloys.
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Fig. 6—SEM (surface) and STEM (FIB-lamellae cut) images of Fe22Cr alloy oxidized at (a, b) 600 °C for 3000 h; (¢, d) 600 °C for 6000 h; (e, f)

700 °C for 100 h; (g, h) 700 °C for 3000 h.

3. Transmission electron microscopy study

Detailed characterization of the alloy-oxide was
carried out on the FIB-cut lamellac by STEM. The
analysis of the samples included the Fe22Cr after 3000
and 6000 hours at 600 °C and after 100 and 3000 hours
at 700 °C. SEM images from the FIB-cutting process are
also included. The lamellae were cut from the top parts
of the particles, where the Pt cap layers are visible. The
STEM images show the microstructure differences
between differently oxidized samples (Figure 6).

In Figure 6(b), an alloy—oxide interface of the alloy
oxidized for 3000 hours at 600 °C is presented. A thin,
continuous (~ 20 to 40 nm) layer of oxide phase is
visible but between the oxide and alloy phases, some
voids were detected (white color). The voids in the
alloy—oxide interface did not appear continuously and
their widths were ~ 30 to 50 nm. After 6000 hours of
oxidation at 600 °C, voids were also observed on the
alloy—oxide interface (Figure 6(c)). The chromium oxide
in the region close to the alloy had a fine grain structure
and the further away from the alloy, the larger the oxide
grains. The thickness of the discontinuous layer of voids
was still about 30 to 50 nm, but the thickness of the
continuous oxide scale increased to approximately 100
to 200 nm.

The changed chromium oxide grain size within the
oxide scale layer was observed after 100 hours of
oxidation at 700 °C (Figure 6(f)). The smallest grains
were located near the alloy (about 10 to 50 nm in
diameter) and the bigger grains were further away from
the alloy with diameters of approximately 50 to 250 nm.
The total thickness of the oxide scale was about 0.7 to
1.5 um, which was in agreement with the analysis of the
SEM images. The diameter of the voids was about 30 to
50 nm, so no changes of their size were identified in
comparison with the samples oxidized at 600 °C.

After 3000 hours of oxidation at 700 °C, all grains
had a similar diameter of ~ 200 to 300 um (Figure 6(g)).
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There were also cracks within the oxide scale which also
confirm destructive impact of the oxidation process.

The chemical composition of the lamellae was ana-
lyzed by EDX for the Fe22Cr samples oxidized at
600 °C for 6000 hours (Figure 7(a)) and at 700 °C for
3000 hours (Figure 7(b)). The results indicate that the
oxide scale is composed of chromia scale. A small
addition of Mn to the alloy did not result in the
formation of a continuous Mn—Cr spinel layer, probabl
because the amount of Mn was too small (0.23 wt pct).l”!
A trace of silicon (probably as a silica phase) can also be
observed at the steel-chromia interface on the sample
oxidized at 700 °C at 3000 hours.

4. Chromium reservoir

The formation of a protective chromia scale depends on
the available chromium content in the bulk. Above a
certain threshold value, the formation of a continuous
chromia scale can be sustained, whereas below the
threshold value, the oxidation of iron starts taking place,
i.e., as an occurrence of breakaway oxidation. Determin-
ing the threshold value of the chromium content is
important for predicting the lifetime, as it defines the
conditions of breakaway oxidation formation.

Huczkowski et al. established a threshold value of
chromium content (10 wt pct) which determines the
occurrence of breakaway oxidation. Our previous
research® confirmed that this threshold value is in
the range of 10 to 12 wt pct of Cr for short-term (up to
100 hours) oxidation experiments. The changes in the
chromium content based on long-term oxidation
research are presented in Figure 8.

For oxidation at 600 °C, even after 6000 hours,
negligible changes in the chromium content were noted
for all the alloys (Figure 8(a)). Barely visible microstruc-
ture changes were observed vie SEM for samples
oxidized at 600 °C, while the mass gains of these
samples did not exceed 2 pct.
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Fig. 7—EDX analysis based on TEM images for samples (a) oxidized at 600 °C for 6000 h, and () oxidized at 700 °C for 3000 h.

In the case of oxidation at 700 °C, changes in the
chromium content were measurable (Figure 8(b)). For
the Fe20Cr alloy, the level of the chromium content
decreased from the initial 22 wt pct to ~ 14 pct after
1000 hours of oxidation, which is only 2 pct above the
threshold band, and then after 2000 hours of oxidation,
the samples were fully oxidized. For the Fe22Cr alloy,
the Cr content after 3000 hours of oxidation was
calculated as 12.7 pct (£ 0.9 pct), which could be in
the threshold band. The SEM analysis of this sample
showed the formation of breakaway corrosion, but only
in a few regions at the edges of the samples. For the
Fe27Cr alloy, breakaway corrosion was not visible in
the SEM images, and the chromium content after
3000 hours of oxidation at 700 °C was determined as
19.3 wt pct, which is definitely in the safe band.

In comparison to lower temperatures, the chromium
content in the samples oxidized at 800 °C decreased
faster (Figure 8(c)). Exposure for only 250 hours was
sufficient for breakaway corrosion to occur in the
Fe20Cr and Fe22Cr alloys. The chromium content of
these alloys was 8.5 and 8.4 pct, respectively. This is
consistent with the assumption that breakaway corro-
sion starts at ~ 12 wt pct remaining Cr in the alloy.
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The Fe27Cr alloy had the highest remaining chro-
mium content after 250 hours of oxidation at 8§00 °C
(15.5 wt pct), which was still significantly above 12 wt
pet; therefore, no breakaway corrosion was expected in
this case. However, after 500 hours of oxidation at
850 °C, the remaining chromium in the Fe27Cr alloy
was ~ 8.5 wt pct, which is below the threshold band and
breakaway corrosion was expected to form. This is
supported by the SEM analysis (Figure 3(f)) and mass
gain data (Figure 2(c)), where breakaway oxidation was
indeed detected.

5. Porosity changes

Experimentally determined porosity changes caused
by the oxidation are shown in Figures 8(d) through (f)
for samples oxidized at 600 °C, 700 °C, and 800 °C,
respectively. A loss of porosity can lead to the functional
failure of the porous element.

For the samples oxidized at 600 °C, the porosity did
not change even after 6000 hours of exposure, which is
consistent with the small mass gain (Figure 2(a)) and no
visible microstructural changes (Figures 3(g) through

(1))
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Fig. 8—Cr content in the alloy determined by EDX for Fe20Cr, Fe22Cr, and Fe27Cr alloys oxidized at (a) 600 °C, (b) 700 °C, and (c) 800 °C.

Porosity of the samples oxidized at (d) 600 °C, (e¢) 700 °C, and (f) 800 °C.

Noticeable changes in porosity were observed for
samples oxidized at 700 °C. For the Fe20Cr alloy, a
small decrease in the porosity was observed during the
first 1000 hours of the experiment and then a fast
decrease in porosity followed. A similar, two-stage type
of decrease in porosity was also observed for the
Fe22Cr. Rapid porosity loss occurred after 3000 hours,
which is consistent with the mass gain data and the
occurrence of breakaway oxidation, as observed by
SEM (Figure 4(h)). For the Fe27Cr samples, a mono-
tonic decrease in porosity was observed up to
4500 hours.

For the samples oxidized at 800 °C, the porosity loss
was more pronounced than at lower temperatures. The
Fe20Cr alloy was fully oxidized after 500 hours of
oxidation. For the Fe22Cr and Fe27Cr samples, a
monotonic porosity loss was also observed. After
500 hours of exposure, the first indications of break-
away corrosion were observed for these samples
(Figures 3(e) and (f)), which is consistent with the high
mass changes—14.1 and 10.4 pct for the Fe22Cr and
Fe27Cr, respectively.

D. Lifetime Prediction of Porous Alloys

Based on the determined threshold chromium content
and oxidation kinetics data, a lifetime prediction can be
established.

In our previous work, we used only short-term
oxidation data for the long-term prediction. This study
supplements the short-term isothermal oxidation data
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with a long-term cyclic oxidation validation. Moreover,
in this study, changes in the chromium content were
studied in a wider range of temperatures and for three
alloys with different initial Cr contents, which are
presented in Figures 8(a) through (c).

Isothermal (700 °C) thermogravimetric mass gain
data for the alloys are presented in Figure 9. For each
alloy, a threshold value of the mass gain, when
breakaway corrosion should have appeared, was recal-
culated based on the experimentally determined value
for the Fe22Cr alloy (6 wt pct).l”) Assuming that
breakaway corrosion starts when the Cr content in the
alloys decreases to ~ 12 wt pct (top of the threshold
range, 10 to 12 wt pct), the critical Cr consumption
(equivalent to a specific mass gain) can be calculated for
each of the alloys. For the Fe20Cr and Fe27Cr alloys,
the critical mass gain was 5.1 and 8.3 wt pct,
respectively.

For the Fe20Cr and Fe22Cr alloys, the cyclic and
isothermal mass gains show good agreement. The
prediction model indicated that the lifetimes of the
Fe20Cr and Fe22Cr alloys were determined as
1250 hours (£ 535 hours) and 1460 hours
(£ 640 hours), respectively. Even though the relative
error of the predicted alloy’s lifetime seems to be
relatively high, an assumed prediction band is deter-
mined for the log-log scale plot, resulting in artificially
high values of the relative error. The extrapolated curves
for the Fe20Cr and Fe22Cr are in line with the
experimentally measured mass gains, as presented in
Figures 9(a) and (b).
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Fig. 9—Linear extrapolation of thermogravimetric data for (a) Fe20Cr alloy, (b) Fe22Cr alloy, and (¢) Fe27Cr alloy. For each chemical
composition, a threshold level of chromium content and cyclic weight measurements were also plotted.

The experimentally determined times when break-
away corrosion appears are < 1750 and 2750 hours for
the Fe20Cr and Fe22Cr alloys, respectively. The model
seems to underestimate the lifetime of the alloys.

The breakaway oxidation time observed as a change
of the slope for the mass gain data could be mislead-
ing, as proved by a comparison of the thermogravi-
metric plot for the Fe27Cr oxidized at 700 °C
(Figure 2(b)) and a SEM image (Figure 4(i)). The
mass gain measurements reveal the occurrence of
breakaway corrosion with a delay of a few hundred
hours. The lifetime prediction obtained from the
proposed model seems to be more accurate and better
reflects the real lifetime of porous alloys. Such differ-
ence in the estimated lifetime based on the mass gain
measurements and real lifetime was also proven by the
SEM and tomography studies.*”

For the Fe27Cr alloy, the cyclic and isothermal mass
gain data show a visible difference. The cyclic measure-
ments provide an 8.3 wt pct mass gain after 3000 hours,
but the predicted lifetime of the alloy is about
5070 hours (£ 2740 hours).

For the Fe27Cr alloy, breakaway corrosion did not
appear after 3000 hours of oxidation at 700 °C. It was
observed after 4500 hours of oxidation at 700 °C. The
shorter lifetimes provided by the prediction model could
be caused by the log—log scale effect. The relative
distance between 1000 and 2000 hours in the log—log
plot was small, so the calculated lifetimes could be
disturbed.

The main goal of the applied prediction model was a
rough estimation of lifetimes of he alloys. Additionally,
the best way to predict the lifetime of a porous alloy was
to consider the chromium content data, mass gains, and
microscopy analysis.

IV. CONCLUSIONS

In this work, the lifetime of porous FeCr alloys was
predicted based on a long-term (up to 6000 hours)
corrosion evaluation in a wide temperature range
(600 °C to 900 °C). Alloys with a similar microstructure,
but different chemical compositions (Fe20Cr, Fe22Cr,
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Fe27Cr) were studied. The main difference was the
chromium content, which is a key factor in determining
the lifetimes of the alloys.

Oxidation at 600 °C did not cause severe degradation of
any of the alloys. The oxide growth rate was low (~ 10~
g® em~* s~ ') and did not change the chemical composition
due to Cr consumption, nor modifies the porous structure
of the alloy by filling of pores by oxidation products.
Oxidation at 700 °C was characterized by an increased
oxide growth rate (~ 107" g ecm~* s™ 1), which caused a
visible alteration of the properties of the samples. For the
oxidation at 800 °C, rapid %rowth of oxide scale was
observed (~ 1073 g em™* s71).

The initial porosity of the samples decreased from the
initial 30 pct during exposure, except for the samples
oxidized at 600 °C. These results are consistent with the
Cr consumption analysis. The Cr level for the samples
oxidized at 700 °C and 800 °C decreased, but was
constant for the samples oxidized at 600 °C. The
long-term results confirmed that, for the samples con-
sisting of 12 wt pct of Cr (or below), the formation of
breakaway corrosion was detected via SEM imaging.

A comparison of the mass gain data with SEM
micrographs indicated that determining the formation
of breakaway corrosion based on a change in the slope
of the thermogravimetric data can be misleading. The
SEM images of the Fe27Cr alloy oxidized at 700 °C for
4500 hours revealed the occurrence of breakaway cor-
rosion (Figure 4(i)), but no changes in the slope in the
mass gain plot (Figure 2(b)) were observed. The time of
the formation of breakaway corrosion estimated based
on the mass gain plot should be decreased by a few
hundred hours.

An analysis of the mass gains, SEM and TEM images,
and thermogravimetric data in the context of predicting
the lifetime of a porous alloy confirmed that an assumed
9 wt pct of chromium content in the alloy was the limit
value that determined the appearance of breakaway
corrosion (independently of the alloy’s chemical com-
position). The applied prediction model made it possible
to roughly estimate each alloy’s lifetime and confirmed
the diffusion character of the corrosion process for
porous alloys. The lifetime prediction was compared
with the long-term experimental oxidation results. The
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convergence of these data proved the concept of
estimating the lifetime of porous alloys based only on
short-term results. The model seems to accurately
predict the lifetime of the alloys, more precisely than
can be evaluated based on the average mass gain data.

To sum up, the corrosion process for porous alloys
was revealed to be limited by a diffusion process (slope
of the mass gain plots). The alloy’s lifetime depended on
its chemical composition—the more chromium in the
‘raw’ alloy, the longer the lifespan. Such porous alloys
can be considered promising materials for high-temper-
ature applications, especially at 600 °C, where a long
lifetime can be achieved.
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Supplementary material for:
High-temperature Corrosion of ~30% Porous FeCr Stainless Steels in Air: Long-
term Evaluation up to Breakaway

D. Koszelow?, M. MakowskaP®, A. Drewniak?® G. Cempura’, P. Jasinski?®, S. Molin?

& Advanced Materials Centre, Faculty of Electronics, Telecommunications and Informatics,
Gdansk University of Technology, 80-233 Gdansk, Poland
b |_aboratory for Nuclear Materials, Laboratory for Synchrotron Radiation and
Femtochemistry, Paul Scherrer Institut, Villigen, Switzerland
¢ AGH University of Science and Technology, Faculty of Metal Engineering and Industrial
Computer Science, International Centre of Electron Microscopy for Materials Science, al.
Mickiewicza 30, 30-059 Krakow, Poland

Table S.1. Chemical composition of the alloys given by the producer

Analyzed chemical composition, % [information from the producer]
Target Fe Cr Mn Mo Ni Cu Si Nb C @] N
composition
Fe20Cr Bal. | 20.0 | 0.03 | 0.02 | 0.07 | 0.03 | 0.08 | 0.02 | 0.01 | 0.03 | 0.01
Fe22Cr Bal. | 220 | 023 | 001 | 0.03 | 0.02 | 0.08 | 0.02 | 0.04 | 058 | 0.07
Fe27Cr Bal. | 27.0 | 0.30 | 0.04 | 0.01 | 0.00 | 0.08 | 0.02 | 0.01 | 0.03 | 0.02

Table S.2. Pores statistic obtained from SEM images analysis

Alloy (magnification) Range of Average Median Porosity [%]
equivalent equivalent equivalent
diameter [um] diameter [um] diameter [um]
Fe20Cr (1500x) 1.76 -70.1 12.4 7.47 29.40
Fe20Cr (2500x) 1.06-71.2 11.2 6.09 29.58
Fe22Cr (1500x) 1.76 - 74.4 11.2 6.84 27.68
Fe22Cr (2500x) 1.11-58.6 10.9 6.82 27.33
Fe27Cr (1500x) 176 -77.4 10.2 5.90 26.64
Fe27Cr (2500x) 1.08 - 65.2 11.5 7.45 29.37




Figure S.1. SEM images of non-oxidised A) surface, C) cross-section of Fe20Cr alloy and B) surface, D)
cross-section of Fe27Cr alloy.
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Figure S.2. The mass gain of the individual A) Fe20Cr B) Fe22Cr and C) Fe27Cr specimens oxidised at

600°C.
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Figure S.3. The mass gain of the individual A) Fe20Cr B) Fe22Cr and C) Fe27Cr specimens oxidised at
700°C.
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Figure S.4. The log-log plot of mass gain data for Fe20Cr, Fe22Cr and Fe27Cr oxidised at A) 600°C, B)
700°C, C) 800°C and D) 900°C. The dash lines represent 0.5 slope lines.
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Figure S.5. EDX analysis of Fe20Cr alloy after 6000 h oxidation at 600°C.
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Figure S.6. SEM images of A, C) Fe20Cr, B, E) Fe22Cr and C, F) Fe27Cr alloy surface after oxidation at
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Figure S.7. XRD patterns of the reference Fe22Cr alloy and after different steps of oxidation.



54. Pre-oxidation of porous ferritic Fe22Cr alloys for lifespan

extension at high temperature

In order to extend the lifespan of the porous ferritic alloys, the pre-oxidation process
performed at 850°C and 900°C was proposed. The idea of pre-oxidation relies on the
increase of Cr203 grain size (for chromia-forming alloys) as well as a decrease in the
relative number of grain boundaries at high temperatures. It leads to altering the grain
and grain boundary diffusion fluxes in the oxide scale formed at high temperatures. In
consequence, the total diffusion flux of Cr cations decreases, slowing down the
oxidation rate at high temperatures which are below the pre-oxidation temperature.

In this work, the positive effect of the pre-oxidation process on the porous ferritic
Fe22Cr alloy’s lifespan was investigated. It was revealed that the most significant
parameter for the lifespan extension is the temperature of the pre-oxidation process.
The longest lifespan was achieved for samples pre-oxidized at 900°C for 40 min. At
these conditions, a relative weight gain was ~5 times lower than for reference samples.
Therefore, the pre-oxidized porous ferritic alloys can be considered as the replacement
of the ceramic’s components in IT-SOCs.

My original contribution in this work was:

e Performing synchrotron tomography experiments at TOMCAT beamline at
Paul Scherer Institute in Switzerland and data analyzing thus obtained data
e Determining the lifespan extension of porous alloy achieved via pre-oxidation

process
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Pre-oxidation of porous ferritic Fe22Cr alloys was extensively studied in this paper. Weight gain measurements
and SEM analysis revealed that pre-oxidation performed at 900°C for 40 min increased the lifespan of the alloy. A
Cr evaporation study did not disclose any significant influence of the pre-oxidation process on the Cr content in
the alloy. For a more detailed assessment, TEM imaging and X-ray tomography measurements of pre-oxidized
samples were performed. These analyses showed that alteration in the grain and grain boundary diffusion

fluxes might be the key for explaining the corrosion prevention role of pre-oxidation.

1. Introduction

Advanced alloys are essential for high-temperature devices,
including gas turbines, engines, and heat exchangers [1-3]. In recent
years, ferritic high-chromium alloys have been considered as support
materials for solid oxide cells (SOCs) [4-9]. Advanced ceramic compo-
nents, which are widely used in SOCs, are expensive and difficult to
manufacture [10]. Thus, the application of alloys allows for decreasing
the cost of the device and provides shape flexibility.

The typical operating temperature of SOCs exceeds 600°C [11], thus
the basic hindrance to using metallic components is the corrosion pro-
cess [12]. The oxide scale, which is the result of the corrosion process,
limits the lifespan of the whole device by decreasing the electrical
conductivity of the metallic support. Alloys protection from
high-temperature corrosion relies upon the formation of a passivating,
protective layer on their surface that limits further oxide growth.
[13-15].

One of the elements that forms the passivating layer of oxide scale on
the alloy surface in typical SOC operating conditions is chromium.
Chromia (Cr,0s) has a reasonably high conductivity (~ 1 — 10 mS cm ™!
at 600 °C—-800°C [16]) combined with low oxide scale growth. Cr-based

* Correspondence to: Gdansk University of Technology, Poland.
E-mail address: damian.koszelow@pg.edu.pl (D. Koszelow).

https://doi.org/10.1016/j.corsci.2024.112129

ferritic alloys like Crofer 22 APU or Crofer 22 H are considered a support
material in solid oxide cells [17]. [18-21]. For alloys that contain more
than 26 wt% of Cr, the brittle sigma phase occurs at high temperatures,
which is not desirable in the context of solid oxide cell application [22].

The corrosion process has been described in detail throughout the
last decades for dense alloys [23-25]. Nevertheless, there are only a
limited number of publications about the corrosion of porous ferritic
alloys, especially in the context of their lifetime in solid oxide cell
operating conditions [26-32]. Koszelow et al. showed that for the same
chemical composition and thickness of the alloy sheet, the specific sur-
face area of a porous alloy (~30% porosity) can be 28 times higher than
that of a dense form [30]. It indicates a higher contact area between the
alloy surface and air, which is a key factor in defining the oxide scale
growth rate process.

There are several approaches to evaluate the threshold value of the
alloy’s lifespan. Tucker et al. defined a threshold value for the oxide
scale thickness (~3 um), which determines the lifespan of the porous
alloy [33]. This assumption allowed to settle the possible temperatures
and times of oxidation for a Fe22Cr porous alloy in a 9:1 Hy0:Hj; envi-
ronment. Nevertheless, in their work, a limited reservoir of Cr inside the
alloy particles was not taken into consideration. In this study, the
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lifespan is defined as the time for the occurrence of breakaway oxida-
tion, which is a Fe-rich oxide scale formed in the case of depletion of the
scale-forming element in the alloy. The same definition of alloy lifespan
was applied by Stefan et al., who determined the formation of the
breakaway corrosion region for Fe22Cr alloy oxidized at 800°C for
~200 h in air environment [34]. Oxidation tests performed in 2.5% Hy0
and 5% Hy/Ar revealed the priority of (Fe,Cr)304 spinel formation, and
no breakaway corrosion region was detected.

Koszelow et al. studied the corrosion process of a porous Fe22Cr
alloy in the context of its lifespan. They investigated the kinetics of the
corrosion process based on the isothermal weight gain obtained at
temperatures ranging from 700 °C to 900 °C. Moreover, the chromium
content in the alloy was determined after selected time intervals of
oxidation [30]. It allowed for the creation of a simple lifespan prediction
model for porous alloys based on the data of only 100 hours of oxidation.
According to this model, the lifespan of the alloy depends on the chro-
mium reservoir in the alloy. In the earlier work by Huczkowski et al., the
authors determined the threshold amount of Cr in the Crofer 22 APU
alloy to be 16 wt% [35,36].

Following the parabolic law of oxidation by the Fe22Cr alloy was
confirmed in our previous study [26,29]. For chromia forming ferritic
alloys, outward Cr-cation diffusion is often cited as the prevalent
oxidation mechanism, though with the incorporation of reactive ele-
ments, the oxidation mechanism can be modified to be driven by anion
inward diffusion [37,38].

The idea of pre-oxidation for chromia-forming alloys means an
oxidation at a temperature higher than the intended operation temper-
ature to create a well-defined oxide scale, increase the size of CrpO3
grains and decrease the grain boundaries of the oxide scale. Assuming
that the migration of Cr cations is faster in the grain boundaries than
within the chromia grains, the effective diffusion flux of Cr cations de-
creases, a slowdown of the corrosion rate during oxidation at lower
temperatures can thus be observed.

Talic et al. investigated the effect of pre-oxidation on the oxidation
resistance of dense 0.8 mm — 0.9 mm Crofer 22 APU sheets [39]. They
performed pre-oxidation at 900°C for 2 h and at 1100°C for 5 h, followed
by oxidation exposures at 800°C. It was confirmed that the oxidation of
Crofer 22 APU follows the parabolic rate law. The authors emphasized
that the positive impact of pre-oxidation is likely associated with alter-
ations in the Cr species transport characteristics within the thermally
formed Crp0Os3 layer, resulting from a modification of the grain size
and/or the defect structure.

Hong et al. investigated the pre-oxidation effect of ferritic T92
stainless steel [40]. They confirmed that the weight gain is 3 times lower
for pre-oxidized samples when compared with samples without the
pre-oxidation step. There are only a few publications regarding the
pre-oxidation process effect on porous ferritic alloys.

Tucker et al. performed pre-oxidation tests of porous P434L
(16.66 wt% of Cr, 0.94 wt% of Mo, 0.85 wt% of Si, Fe-balanced) alloy
[41]. They revealed ~5 times lower relative weight gain for
pre-oxidized (at 850°C for 10 h) samples when compared with the
weight gain of as-sintered samples at 700°C in air as well as in a
hydrogen/steam environment. The same effect was observed for a
LSCF-coated porous P434L alloy in an air and oxygen environment.

Even though the positive effect of the pre-oxidation process was
confirmed for dense and porous ferritic alloys, there is still a lack of
knowledge about the limitations of this process, including the effect of
temperature on pre-oxidation, which can be used to improve the
corrosion properties, and the pre-oxidation time. Information about the
possible lifespan extension of porous pre-oxidized alloys is missing.

In this study, the pre-oxidation process for porous Fe22Cr alloy was
investigated in the context of its possible application at high tempera-
tures, e.g., as SOC support on the air side. The pre-oxidation tempera-
tures were selected based on our previous studies, which revealed
experimentally that the lifespan of the porous alloy is >2 000 h at 700°C
[30,42]. However, at 900°C the determined lifespan was only ~10 h.
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Therefore, for operating at 700°C, the pre-oxidation process was
investigated at 850°C and 900°C to provide sufficient oxide scale grain
growth and prevent quick breakaway corrosion formation. The X-ray
tomography experiments and weight gain measurements allowed us to
settle the parameters (temperature and time) of the pre-oxidation pro-
cess for porous Fe22Cr, which were tested at 700°C and 750°C. These
conditions were established based on a correlation between the oxide
scale growth expressed by weight gain and 3D microstructure changes
observed at different steps of high-temperature oxidation at 850°C.
Based on oxidation tests, the selected pre-oxidation conditions were
validated.

2. Experimental
2.1. Sample preparation

The sheets of porous Fe22Cr alloy were provided by Hoganéas AB. The
alloy was produced by a tape-casting method from powder (<53 pm),
and the as-received sheet was debinded and sintered in hydrogen
(1250°C for 30 min). The composition of the alloy given by the producer
is presented in Table 1. This information was confirmed by Inductively
Coupled Plasma (ICP) spectroscopy and energy-dispersive X-ray (EDX)
measurements. The producer reported the porosity of the alloy as 30%,
which was confirmed by the Archimedes method (using kerosene as a
medium) as well as by the analysis of scanning electron microscope
(SEM) images using dedicated PoroMetric Software (Thermo Fisher).
The porosity was evaluated based on the SEM images, as a mean value of
results obtained from 20 images taken at 2500x magnification. The
measurement uncertainty was calculated as a standard deviation of the
mean value obtained from image analysis.

For the oxidation tests, the samples with a size of 10 x10 mm? were
cut from a 0.4-mm-thick porous alloy sheet of Fe22Cr. For the X-ray
tomographic study, elongated samples with dimensions of 6 x1 mm?
were prepared. Then the samples were cleaned in acetone, followed by
ethanol, for 10 min in an ultrasonic bath.

2.2. Oxidation tests

For the pre-oxidation tests, four series of samples were prepared.
Two of them were pre-oxidized at 850°C for 4 h and the remaining two
series were pre-oxidized at 900°C for 40 min. One set of samples con-
sisting of a series of samples pre-oxidized at 850°C for 4 h and 900 °C for
40 min, and reference samples (without the pre-oxidation step) were
oxidized at 700°C. The second set (the same as the first one) was exposed
to 750°C. All oxidation tests were performed in a chamber furnace
(Kittec Squadro) in a lab ambient air atmosphere (relative humidity
~30%). For each pre-oxidation process and for the reference samples, 7
samples were used. Detailed information about the oxidation conditions
of the investigated samples is presented in Table 2.

The time and temperature of the pre-oxidation were chosen based on
our previous study of porous alloys™ oxidation in order to obtain ~1% of
weight gain after pre-oxidation. The reference samples were investi-
gated to confirm the lifespan extension effect of the pre-oxidized porous
alloy. The heating and cooling rates were 180 °C h™! and the full time of
oxidation was calculated without these processes. The oxidized samples
were removed from the furnace after 250 h intervals in order to weigh
them using a microbalance Radwag XA 5Y.M. with an accuracy of 1 ug.

The weight gain of the samples was calculated as a relative (per-
centage) mass change with respect to the initial sample mass. In the
weight gain plots, the points represent the average mass change for the
set of samples. The weight changes were also recalculated taking into
consideration the specific surface area information, which is 0.022 cm?
g1 (obtained from the tomographic study presented in our previous
work [29]). The oxidation tests were terminated for selected samples in
order to perform post-mortem analysis.
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Table 1
A composition of the porous Fe22Cr alloy given by the producer.
Element Fe Cr Mn Mo Cu Si Ni C Nb
wt% Bal. 22 0.23 0.01 0.02 0.08 0.03 0.01 0.02
enables a realistic comparison of oxidation-induced changes. It was
Ta],’le 2 . . . noted that for these tomographic measurements, it is possible to
Oxidation conditions of the investigated porous Fe22Cr alloys. s . . . i
distinguish objects of ~1.5 pm in the reconstructed volumes; hence,
Set Preoxidation Preoxidation time Oxidation 1.5 um was regarded as the resolution of the analyzed images.
no. temperature [°C] [min] temperature [°C]
1 900 40 700 2.5. Scanning electron microscopy analysis
2 850 240 700
3 900 40 750 ‘ qs
4 850 240 750 In order to evaluate the morphology changes of pre-oxidized samples

2.3. Chromium evaporation

Cr(VI) evaporation measurements were carried out in horizontal
tube furnaces using an airflow of 6000 slemin-1 for up to 500 h. Cr(VI)
vaporization is a significant issue in terms of the longevity of the fuel cell
stack. Therefore, it is necessary to quantify the rate of Cr(VI) evapora-
tion during the exposure. Cr(VI) vaporization was measured for all
samples using the denuder technique, which allows in situ de-
terminations of Cr(VI) evaporation. A detailed description of the Cr(VI)
evaporation measurement procedure can be found elsewhere [43]. At
least two sets of three samples were exposed, and Cr(VI) evaporation
measurements were performed at regular intervals.

2.4. Synchrotron tomographic microscopy

In order to validate the positive effect of the chosen pre-oxidation
conditions (~1 wt% weight gain), the X-ray tomographic study was
performed at the TOMCAT beamline of the Swiss Light Source (SLS) at
the Paul Scherrer Institute, Villigen, Switzerland. The cut and cleaned
rectangle-shaped sample was stuck to the metallic holder using wax to
prevent any horizontal or vertical motion during the experiment. A
parallel X-ray beam with an energy of 40 keV was used. The detector
configuration comprised a scintillator that turned X-rays into visible
light, an objective lens, and a sSCMOS camera that generated an image
characterized by a pixel size of 0.325 ym and a field of view of around
0.8 mmx0.7 mm. With a total of 1001 projections across 180° recorded,
each with a 1600 ms exposure, scans took roughly 26 minutes to com-
plete. The scans were performed for the sample after selected time in-
tervals of oxidation in air at 850 °C using a heat blower. A thermocouple
indicated that the temperature fluctuation was ~5 °C. The tomograms
were generated for the sample after 3h, 5.5h,7.5h, 10 h, 12.5h, 15h,
17.5h, 20 h, 22.5 h, 25 h, 27.5 h, and 30 h of oxidation.

The collected tomograms were reconstructed utilizing the in-house
developed pipeline accessible at the beamline, which gives entire
tomographic volumes immediately after the data acquisition and en-
ables the rapid modification of the measurement and reconstruction
algorithm parameters. The obtained projections were tomographically
reconstructed after dark- and flat-field correction and phase retrieval
(according to the Paganin method [44]). Signal-to-noise and
contrast-to-noise ratios were improved with the use of phase retrieval.
The achieved contrast in the images reconstructed with this approach
allowed for a relatively straightforward material segmentation based
only on intensity thresholding, which was performed using the com-
mercial software Thermo Scientific Avizo 9.4. The intensity ranges
assigned to the steel, porosity, and oxide scales were determined based
on the histogram minima for one of the samples with a significant degree
of oxidation. For phase segmentation, the same intensity ranges were
then applied to the measured tomograms. Although the absolute values
of estimated material percentages are dependent on the intensity
thresholds chosen, applying the same intensity ranges to all samples

after further oxidation at lower temperatures, scanning electron mi-
croscopy was employed. The images of porous alloys oxidized without a
pre-oxidation step were taken as references. SEM imaging was per-
formed using a Phenom XL electron microscope (Thermo Fisher Scien-
tific, Netherlands) on polished cross-sections of the samples. All SEM
images were recorded using a backscatter electron detector (BSE). The
microscope was equipped with an EDX detector (Thermo Fisher Scien-
tific, 25 mm? Silicon Drift Detector), which was used for elemental
analysis of steel (EDX analyses performed at an acceleration voltage of
15 kV).

The morphology changes of porous alloys that are caused by the
oxidation process are crucial for determining the effect of pre-oxidation.
Thus, in this work, morphology changes as well as phase composition
are evaluated in detail for the first hours of oxidation.

2.6. Transmission electron microscopy analysis

The samples for TEM imaging were prepared as lamellae. They were
prepared by sputtering the sample surface with Ga* ions emitted from a
liquid metal ion source (FIB). The lamellae were finished with thinning
down to a level of several dozen nanometers after being mounted in a
TEM-dedicated copper grid.

The TEM/STEM analyses were performed using a Cs probe-corrected
Titan Cubed G2 60-300 microscope (FEI) equipped with the Chem-
iSTEM™ system. High-resolution STEM (HRSTEM) images were ac-
quired using a high-angle annular dark-field (HAADF) detector.

3. Results and discussion
3.1. Non-oxidized alloy analysis

The surface morphology and cross-sectional microstructure of the
unoxidized porous Fe22Cr alloy are presented in Fig. 1. The necks be-
tween particles are clearly visible for both surface (Fig. 1 D) and cross-
sectional (Fig. 1 B) images. The porosity of the alloy is easily recogniz-
able, even for low magnification images (Fig. 1 A, C). Using the Archi-
medes method, the porosity was calculated as (30 &+ 2) %. The SEM
image analysis method revealed (29 + 5) % porosity, which is in
agreement with both the Archimedes method and the value given by the
producer (~30%) data.

The composition of the investigated alloy, determined by the pro-
ducer, is shown in Table 1. For confirmation of this data, Inductively
Coupled Plasma Spectroscopy (ICP) and EDX measurements were per-
formed. The obtained compositions are presented in Table 3. The ICP
data corresponds with the composition provided by the producer. The
EDX measurement revealed some small differences in the Cr and Mn
levels. However, taking into consideration limitations in the accuracy of
this technique, the resultant composition of the investigated alloy cor-
responds well with the producer data.
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Fig. 1. SEM images of A, B) cross-section; C, D) surface of as-received
Fe22Cr alloy.

3.2. Pre-oxidized samples morphology

The impact of the pre-oxidation process on the longevity of porous
alloys is determined by modifications in the fluxes of grain and grain
boundary diffusion. For the evaluation of this effect, a detailed

Corrosion Science 234 (2024) 112129

morphology analysis is necessary. In Fig. 2, SEM images of a porous alloy
surface are presented. In the first row (Fig. 2 A — C), images of the Fe22Cr
alloy pre-oxidized at 850°C are shown. The second-row images illustrate
the porous Fe22Cr alloy pre-oxidized at 900°C for 40 min.

The images of the samples after the pre-oxidation taken at 2000 x
magnification (Fig. 2 A and D) reveal well-connected particles with
easily observed necks between them. The oxide scale phase is noticeable
on the particle surface for both considered samples. At this low magni-
fication, no significant morphological difference between the porous
alloy pre-oxidized at 850°C for 4 h and pre-oxidized at 900°C for 40 min
is visible.

For the alloys'™ images taken at 5000 x magnification (Fig. 2 B and E
for the Fe22Cr alloy pre-oxidized at 850°C for 4 h and pre-oxidized at
900°C for 40 min, respectively), the oxide scale is easily detectable on
the particle surface. A difference in chromia crystal size is observed
between the considered samples. Based on the images taken at 5000 x
magnification, it seems that bigger chromia crystals could be detected
for the sample pre-oxidized at 850°C for 4 h than for the sample pre-
oxidized at 900°C for 40 min.

Images taken at 10 000 x magnification for the alloy pre-oxidized at
850°C for 4 h and pre-oxidized at 900°C for 40 min are shown in Fig. 2 C
and F, respectively. Microstructural differences are easily observed
when comparing the oxide scale crystals size. Chromia crystals are larger
for the sample pre-oxidized at 850°C for 4 h — their width reaches up to
5 um. On the other hand, chromia crystals observed on the surface of the
porous alloy pre-oxidized at 900°C for 40 min are ~ 1 — 2 pm in width.

In Fig. 3 SEM images of the cross-section of the porous Fe22Cr alloy
pre-oxidized at 900°C for 40 min are presented. The images were ob-
tained by Focus Ion Beam preparation of the sample for TEM imaging.
The analysis of the pre-oxidized sample image (Fig. 3A) reveals the
slightly visible oxide scale on the alloy surface. Nevertheless, the
thickness of the oxide scale is <0.5 pm, therefore the morphology of the

Table 3
Chemical composition of the alloys obtained from ICP and EDX measurements.
Analysed chemical composition, wt% [information from the ICP measurement] EDX, wt%
Target composition Fe Cr Mn Ni Si Ti Co Ca Na Cr Mn
Fe22Cr Bal. 21.87 0.25 0.02 0.08 0.01 0.01 0.00 0.00 21.3 0.1
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Fig. 2. SEM images of the alloy surface after (a-c) pre oxidation at 850°C for 4 h, (d-f) pre-oxidation at 900°C for 40 min.
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Fig. 3. SEM images of the porous Fe22Cr cross-section after pre-oxidiation at 900°C for 40 min taken at A) 2000 x, and B) 4000 x magnification.

pre-oxidized samples is macroscopically similar to the raw samples
presented in Fig. 1A - B. For the images taken at 4000 x magnification
(Fig. 3B) the continuous oxide scale layer can be recognized on the
surface of alloy particles. The thickness of the oxide scale is below
0.5 ym.

3.3. Pre-oxidation conditions validation via 3D microstructure analysis

In spite of the fact that SEM imaging is a technique that allows for the
evaluation of the oxide scale thickness for different samples, it can also
be misleading. A specific polished cross-section might not be represen-
tative for determining the microstructure of the sample, especially for
porous samples, which consist of many different-size particles that form
a high-specific surface area structure. In order to observe the micro-
structural changes of porous metallic alloys, a 3D analysis is necessary.
Thus, synchrotron tomography was employed to analyze the selected
samples.

The visualization of the sample oxidized at 850 °C for 5.5 h obtained
by volume rendering of the reconstructed slices is presented in Fig. 4A.
The necks between the alloy particles are easily observed, as well as the
porosity of the sample. Phase contrast allows for distinguishing the
metallic core, oxide scale, and porosity phases. Thus, material segmen-
tation was performed based on the different gray scales of each phase.
An exemplary slice of the selected piece of the reconstructed volume that
was used for detailed analysis is presented in Fig. 4B. The segmentation
of the selected volume is illustrated in Fig. 4C, where orange is assigned
to the oxide scale, and the metallic core is represented by turquoise.

The investigated time intervals of the tomographic analyses (3 h and
5.5 h) are not exactly the same as the pre-oxidation process performed at
850°C (4 h). It means that the observed microstructural changes cannot
be directly compared with the microscopic data obtained with SEM
analysis. Nevertheless, tomographic measurements enable the observa-
tion of microstructural changes both before and after the chosen pre-

oxidation time. Therefore, the analysis of the tomographic data
conclusively allows for the validation of the required pre-oxidation time
to achieve a positive impact on the alloy lifespan.

In Fig. 5, the results of material segmentation for the Fe22Cr alloy
before (Fig. 5 A) and after different times of pre-oxidation (3 h, 5.5 h,
and 30 h for Fig. 5B-D, respectively) performed at 850 °C are presented.
The different colors are assigned to the particular phase: the oxide scale
is represented by orange, and the metallic core is represented by tur-
quoise. For each of these images, the same region of sample was selected
in order to observe the microstructural changes during the oxidation
process. For the unoxidized sample (Fig. 5A) the necks between particles
are clearly visible, as are the pores within the whole sample's volume.
The surface of the metallic core is smooth, and no signs of oxide scale
were detected.

After 3 h of oxidation (Fig. 5B) the oxide scale is apparent, but there
are still regions without visible chromia on the alloy's surface (marked
by the black arrow). However, the resolution of the tomographic mea-
surements is ~1.5 ym. Therefore, it seems likely that the oxide scale
thickness does not exceed 1.5 um and it cannot be recognized via
microtomographic techniques. For the sample oxidized for 5.5h at
850°C (Fig. 5C), the regions of the uncovered alloy's surface are still
observed (marked by the black arrows). However, the first signs of oxide
scale can be recognized in the place that corresponds with the region
marked by the black arrow in Fig. 5B. In Table 4a relative volume for
each detected phase is summarized. A small difference in the oxide scale
amount between the sample oxidized for 3 h and 5.5 h (from 23.9 vol%
to 24.6 vol%) indicates that even longer pre-oxidation time than
assumed 4 h, that cause ~1 wt% weight gain, can be applied to achieve
a positive effect from the pre-oxidation process.

After 30 h of oxidation at 850 °C, the oxide scale was detected not
only on the whole alloy surface but also inside the alloy's particles
(Fig. 5 D). Moreover, in some regions, the extension of the oxide scale
regions occurred. This observation is consistent with the tomographic

Fig. 4. A) Visualisation of the sample oxidized at 850 °C for 5.5 h obtained by volume rendering of the reconstructed slices, B) exemplary slice of the sample region
selected to the detailed analysis, C) material segmentation of the chosen reconstructed volume.
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Fig. 5. Material segmentation for the Fe22Cr alloy (a) before and (b-d) after 3 h, 5.5 h and 30 h of oxidation performed at 850°C, respectively.

Table 4
Material statistics after oxidation at 850°C.

Time of oxidation [h] Alloy [vol%] Oxide scale [vol%]

3 76.1 23.9
5.5 75.4 24.6
30 68.9 31.1

analysis of the Fe22Cr alloy performed in our previous study [42]. The
relative oxide scale volume increased from 24.6% after 5.5 h of oxida-
tion to 31.1% after 30 h at the same temperature. The oxidation at
850°C (and higher) leads to fast formation of breakaway corrosion when
6 wt% of relative weight gain is reached (based on our previous study).
On the other hand, oxidation at high temperatures can be applied for a
shorter time for the pre-oxidation process.

3.4. Oxide scale growth kinetics at 700°C

The relative weight gain for all investigated porous Fe22Cr samples
is presented in Fig. 6. The first set of samples was pre-oxidized at 900 °C
for 40 min, and the second one was pre-oxidized at 850 °C for 4 h. The
weight gain after the pre-oxidation steps was 1.05% and 1.12%,
respectively. Then, further exposure of the samples was performed at
700 °C (Fig. 6A and C). The relative weight gain for the pre-oxidized

samples is significantly lower when compared with the reference sam-
ples (oxidized at 700°C without the pre-oxidation step). For the refer-
ence samples, a threshold value of 6 wt% in relative weight gain was
reached after 1500 h of oxidation at 700°C.

The samples pre-oxidized at 900°C for 40 min reveal lower relative
weight gain than samples pre-oxidized at 850°C for 4 h. Our previous
study of porous alloys™ long-term performance disclosed that ~ 6 wt% is
a threshold value of relative weight gain for breakaway corrosion
appearance in Fe22Cr alloys. The same relative weight gain data as in
Fig. 6A is also presented in a log-log scale, as shown in Fig. 6C. The cross
point between the linear extrapolation of the relative weight gain data
and the dashed line, which represents the threshold value of 6 wt% in-
dicates the predicted lifespan of the alloy. The lifespan of the alloy pre-
oxidized at 900°C for 40 min was calculated as (3765 + 450) h, and for
the alloy pre-oxidized at 850°C for 4 h, the lifespan was (2220 + 310) h.
The measurement uncertainty for the lifespan estimation was calculated
taking into consideration the 95% prediction band. The uncertainty of
the weight gain measurements was counted as the standard deviation of
the mean. Then, the weight gain of the samples pre-oxidized at 850°C for
4 h and further 2000 h oxidation at 700°C was (5.41 £ 0.73) %. This
weight gain range reached the threshold limit of 6 wt%, thus the ob-
tained result indicates breakaway corrosion region appearance in this
case. For the samples pre-oxidized at 900 °C, the measured weight gain
after 2000 h of oxidation at 700°C was much lower: 3.91 wt%.

The weight gain measurements allow for the determination of the
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Fig. 6. Percentage mass change of raw, pre-oxidized at 850°C for 4 h and pre-oxidized at 900°C for 40 min alloys oxidized at (a) 700°C for 2000 h and (b) 750°C for
1000 h. (c) Log-log plot the data presented in (a) with the lifespan prediction lines. The 6 wt% dash line represents the assumed threshold level for the breakaway
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oxidation kinetics for the investigated alloy. Based on the weight gain
data illustrated in the log-log scale (Fig. 6 C), the slope of the curves was
calculated using linear regression. For the pre-oxidized samples, two of
the first points were excluded from the analysis. For the reference
samples, the calculated slope was 0.42, and for both series of pre-
oxidized samples it was 0.69. This change of slope indicates that
another mechanism started to determine the oxidation kinetics of the
investigated alloy after the pre-oxidation step. This is analyzed in detail
in Section 3.9.

The available literature data as well as our previous study reveal that
Cr-based ferritic alloys follow a parabolic law of corrosion expressed by

2
equation (A—Sm> = kpt, where Am [g] is the weight gain of the sample, S

is the surface area of the alloy [cmz], tis time of oxidation [s], and k; is
the parabolic rate constant [g2 cm ™4 s’l]. Based on the available surface
area data for the Fe22Cr alloy determined in our previous work
(220 em? g~ 1), weight gain data has been recalculated per surface area,
which allowed to calculate corrosion rate parameters for comparison
with data from bulk alloys (Figure S.3.). The parabolic rate constant of
the corrosion process found in this study is 1.2 x 1071* g2 em™* s for
raw samples, 9.7 x 1071 g2 cm™* ™ for samples pre-oxidized at 850°C,
and 5.1 x 107'° g% em™* 57! for samples pre-oxidized at 900°C. In our
previous study, the k; value was determined for the same porous Fe22Cr
alloy as 4.5 x 107 '° g2 cm™* s~ for oxidation at 700 °C (without the pre-
oxidation step). The difference between these results is due to the
character of the oxidation experiments: in our former work we carried
out short term isothermal exposures, whereas in the present work, we
carry out long term cyclic exposures. The value obtained for raw alloys
agrees with the literature data for similar alloys (Crofer 22 APU/H).
Falk-Windisch et al. calculated the k, value for Crofer 22 H as 4.5 x
10716, 1.1 x 107 and 3.3 x 1073 g2 em * 57! for 650, 750, and 850
°C, respectively [45]. Stefan et al. obtained the kj, values of 8 x 10715 g2
em*s'and 1 x 10712 g2 cm™* s7! from the oxidation tests performed
for porous Fe20Cr alloy at 700°C and 800 °C, respectively [46].

3.5. Oxide scale growth kinetics at 750°C

Fig. 6 B shows the relative weight gain of samples that were pre-
oxidized at 900°C for 40 minutes and 850°C for 4 hours, during oxida-
tion at 750°C (sets no. 3 and 4 in Table 2). The weight gains were 1.26%
and 1.12%, respectively. Like the samples that were oxidized at 700°C,
the reference alloy, that was oxidized at 750°C without the pre-
oxidation step, showed the highest relative weight gain when
compared to the samples that had already been pre-oxidized. The dif-
ference in weight gain between the alloys pre-oxidized at 850°C for 4 h
and the alloys pre-oxidized at 900°C for 40 min is negligible after 500 h
of oxidation. After 750 h of oxidation at 750 °C, the higher increase in
weight gain for samples pre-oxidized at 900°C for 40 min is noticeable.
In contrast to the samples pre-oxidized at 850°C for 4 h, for samples pre-
oxidized at 900°C for 40 min, breakaway corrosion regions were
detected (Figure S.2. in supplementary materials).
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3.6. Cr evaporation

In addition to oxidation kinetics, Cr evaporation from porous alloys
has been determined. The results of Cr evaporation for raw samples, pre-
oxidized alloys at 850°C for 4 h, and pre-oxidized alloys at 900°C for
40 min are presented in Fig. 7 A-C, respectively. The cumulative Cr
evaporation curves reveal only slight changes between raw alloy
oxidation and the oxidation of pre-oxidized alloys. The highest total Cr
evaporation is observed for the alloy pre-oxidized at 900°C for 40 min,
which is 2.32 x 10~* mg cm™2 after 500 h and the lowest one is 1.57 x
10~* mg cm™2 for the alloy pre-oxidized at 850°C for 4 h. The Cr
evaporation rate is also comparable for all investigated samples, and
varies from ~2 x 107 mgem 2 h™! to 8 x 1077 mgem 2 h™L. No
significant difference between the Cr evaporation of raw alloys and pre-
oxidized alloys is visible. It seems that the pre-oxidation process does not
significantly change the rate of Cr evaporation from the alloy.

The chromia present on the alloy surface undergoes evaporation, due
to the formation of volatile hexavalent Cr species. These compounds
constitute the reason for the deterioration of the oxygen electrode in
SOC systems [14,45]. Therefore, the influence of Cr evaporation for the
ferritic Cr-based ferritic alloys was investigated, especially in the context
of potential interconnector material in SOCs [47-50].

Falk-Windisch et al. studied the effect of temperature on chromium
vaporization and oxide scale growth for Crofer 22 H and Sanergy HT
alloys [45]. They performed Cr evaporation measurements at 650°C,
750°C, and 850°C for 500 h, revealing that both steels showed rather
similar oxidation and vaporization behavior. Furthermore, they
demonstrated that a decrease in temperature of 100°C results in a
fivefold reduction in overall weight gain, but the vaporization of Cr
decreases by a factor of 2-3.

Reisert et al. investigated Cr evaporation for a 434 L porous alloy
pre-oxidized at 850°C for 10 h in air with 3% of H,O [51]. The specific
surface area of the studied alloy was 0.025 m? g~!. The obtained Cr
evaporation rate was 6.3 x 107® mgcm™ h™!. The higher value
compared with this work is due to the lower temperature and humidity
in the present experiments.

However, the Cr evaporation rate curves for the porous Fe22Cr alloy
(Fig. 7) do not reveal the same tendency as it was indicated by other
studies for bulk alloys with similar chemical composition [47,52,53]. It
may be connected with a higher specific surface area for the porous
alloy, so the larger possible area for the evaporation process. Moreover,
the level of Mn within the alloy particles is possibly insufficient to form a
Mn-rich spinel layer on their surface, thus the linear trend of the evap-
orated Cr is observed for the investigated alloy.

Koszelow et al. proved that based on the changes in Cr content inside
the alloy particles, it is possible to estimate the possible lifespan of the
porous Cr-based alloy [29]. Since there isn’t a clear difference between
reference and pre-oxidized alloys in terms of Cr evaporation, it may
indicate that the pre-oxidation process doesn’t have a significant effect
on the oxide scale growth and thus, it does not influence the alloy’s
lifespan. The Cr evaporation rate for the raw alloy is noticeably higher
than for the pre-oxidized samples for the first hundred hours of the

The results of Cr evaporation for (a) raw samples (b) alloy pre-oxidized at 850°C for 4 h, (c) alloy pre-oxidized at 900°C for 40 min.
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exposure. It corresponds with the weight gain results that revealed a
significantly higher weight increase for raw samples when compared
with the pre-oxidized samples (see Fig. 6 A). This shift in weight gain is
also visible in the log-log plot (see Fig. 6 C).

3.7. Morphological SEM analysis after aging

According to the oxidation model, breakaway corrosion regions
should be apparent for the sample pre-oxidized at 850°C for 4 h and
further oxidized at 700°C for 2000 h. To validate the lifespan prediction
model, SEM was employed for the pre-oxidized and aged samples. In
Fig. 8, SEM images of the pre-oxidized and aged samples for 2000 h at
700°C are shown.

In the first row (Fig. 8A - C) the porous pre-oxidized at 850°C for 4 h
and further oxidized at 700°C for 2000 h Fe22Cr alloy was shown. The
image taken at 700 x magnification (Fig. 8A) reveals the breakaway
corrosion region. It is in agreement with the oxidation exposure mea-
surements (Fig. 6A), which show that the threshold weight gain limit
(6 wt%) was reached for the porous alloy pre-oxidized at 850°C and
further sintered at 700°C for 2000 h. However, a large region without
breakaway corrosion is observed for this sample. It means that the alloy
is at the beginning of breakaway corrosion formation.

The images taken at 2000 x and 5000 x magnification (Fig. 8B and C,
respectively) allow for determining the chromia thickness, which is ~
3 um. The oxide scale is apparent on the whole alloy surface, and it
tightly covers all particles. Moreover, the oxide scale seems to occupy
the pore regions observed before oxidation. The phenomenon of
replacing the pore volume by the formation of the oxide scale was
confirmed in our previous work [42].

The second-row images (Fig. 8D - F) show the porous Fe22Cr alloy
pre-oxidized at 900°C for 40 min and further oxidized at 700°C for
2000 h. At lower magnification (Fig. 8D), the oxide scale is easily
detectable on the particle surface. However, no signs of breakaway
corrosion regions are observed. It corresponds to the weight gain mea-
surements (3.91% of weight gain after 2000 h of oxidation at 700°C) and
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the lifespan prediction model, which indicate that breakaway corrosion
might be apparent only after 3800 h + 400 h.

Higher magnification images of the porous Fe22Cr alloy pre-oxidized
at 900°C for 40 min and further oxidized at 700°C for 2000 h are pre-
sented in Fig. 8 E and Fig. 8 F (taken at 2000 x and 5000 x, respectively).
The chromia layer seems to be smooth and tightly covers the whole alloy
surface. The thickness of the oxide scale is ~ 2 um.

3.8. Grain size changes (TEM analysis)

Detailed characterization of the alloy-oxide was carried out on the
FIB-cut lamellae by STEM. The analysis of the sample pre-oxidized at
900°C for 40 min was performed to determine the microstructural
changes of the oxide scale, especially in the context of chromia grain size
(Fig. 9). The analysis of the alloy pre-oxidized at 900°C for 40 min after
further oxidation at 700°C for 2000 h was performed to observe the
microstructural changes in detail (Fig. 10).

In Fig. 9A, the structure of the oxide scale layer is presented. A
continuous layer of chromia is visible on the top of the alloy surface. The
thickness of the oxide scale layer is in the range of 100 nm to 350 nm.
Nevertheless, the voids between alloy and oxide scale are also detected,
which is consistent with our previous study of long-term oxidized
Fe22Cr alloy [26]. For the Fe22Cr alloy pre-oxidized at 900°C for 40 min
and further oxidized at 700°C for 2000 h the oxide scale thickness is in
the range from 3 um to 4 pm (Fig. 10A). The voids between alloy and
chromia are also visible.

In Fig. 9B, a higher magnification image of the alloy-oxide scale
interface is presented. The voids are clearly observed, and their width
ranges from ~70 nm to ~150 nm. Moreover, the differences in the oxide
scale thickness are also visible, as shown in Fig. 9A. On the other hand,
the higher magnification image of the pre-oxidized sample after further
2000 h oxidation reveals the elongated shape of the chromia grains,
which form near the oxide scale-air interface. The width of these chro-
mia grains is in the range from 0.5 ym to 1.5 um. However, the oxide
scale grains placed near the alloy particles are undistinguishable.

Fig. 8. SEM images of the pre-oxidized at A-C) 850°C for 4 h, and D-F) 900°C for 40 min Fe22Cr alloy after further 2000 h of oxidation at 700°C.
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Fig. 9. TEM images of the porous Fe22Cr alloy pre-oxidized at 900°C for 40 min.

A detailed microstructure analysis of the oxide scale grains is pre-
sented in Fig. 9C. The grain size in the oxide scale layer differs between
the alloy-oxide scale and oxide scale-air interfaces, similar to the sample
aged at 700°C for 2000 h. The grains of the chromia at the alloy-oxide
scale interface are undistinguishable. On the other hand, the oxide
scale grains, which are located near the air, have a size range of ~50 nm
to 150 nm. The grain boundary between these huge grains is presented
in Fig. 9D. It is revealed that the grain boundary is incoherent, so the
neighboring crystals are oriented in different directions. Thus, the
diffusion of Cr species is probably determined by the grain boundary
diffusion coefficient.

In Fig. 10C-D the alloy-oxide scale interface is presented at higher
magnifications. The size of some oxide scale grains can be estimated as
to be in the range from 25 nm to 50 nm. Nevertheless, some of the oxide
scale grains do not reveal clear grain boundaries, so their size cannot be
easily determined. In addition to that, the darker regions within the
oxide scale layer might indicate different phases.

The EDX analysis of the oxide scale layer formed after pre-oxidation
at 900°C and further oxidation at 700°C for 2000 h is presented in
Figure S.5 and Figure S.6 in the supplementary part of this work. The
analysis revealed the presence of elements such as Cr, O, and Fe in the
examined alloy. Notably, the absence of detectable manganese can be
attributed to its low concentration in the alloy (0.2 wt%). The significant
presence of iron-rich regions within the oxide scale may indicate the
onset of breakaway corrosion formation for the investigated alloy. This
conjecture is reinforced by the detected quantity of Cr in the steel, which
amounts to ~14 wt%. However, there is also a possibility that the
presence of an iron-rich phase near the alloy - oxide scale interface is

possible due to Fe diffusion from the alloy to the oxide scale. Sabioni
et al. investigated the diffusivities of Fe and Cr within the chromia
formed on Fel5Cr alloy [54]. They revealed that the effective diffusion
of Fe is greater than the diffusion of Cr at 750°C. On the other hand, the
chromia formed on a Fel5Cr alloy was called as ‘thermodynamic bar-
rier’ for iron diffusion because of the very low oxygen pressure at the
alloy — oxide scale interface.

3.9. Discussion of a grain boundary diffusion mechanism

The pre-oxidation process influences the number of grain boundaries
of Cr species in chromia via an induced increase of chromia grain size
[55-62]. The outward Cr>" cation diffusion is directly connected with
the microstructure of the oxide scale for Cr-based ferritic alloys. The
presence of structural defects like dislocations or grain boundaries leads
to an increase in the effective diffusion coefficient. Moreover, it was
proved that there is a direct connection between the parabolic weight
gain and the diffusion mechanism because the transport of reactants
(cations or anions) through an oxide scale is a diffusion-limited process
for ferritic alloys [57].

The slope of the curves obtained from the linear regression of the
weight gain data (Fig. 6C) changes from 0.42 (for raw alloys) to 0.69 (for
both pre-oxidized sets of samples). From the slope change analysis, the
two first points were excluded for the pre-oxidized samples. Despite the
higher value of the slope of the weight gain data for the pre-oxidized
samples, which could indicate shortening the lifespan of the alloy, the
lifespan extension for these samples is observed in comparison to the
raw alloy.
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Fig. 10. TEM images of the porous Fe22Cr alloy pre-oxidized at 900°C for 40 min and aged at 700°C for 2000 h.

It was mentioned in Section 3.4. that the corrosion kinetics for the
investigated Fe22Cr alloy follow the parabolic rate law [26,30]. It is also
in agreement with the literature data collected for compositionally
similar alloys, like Crofer 22 H or Crofer 22 APU [21,63,64]. These
studies stated that following the parabolic rate law by the investigated
alloys means that the outward Cr cation diffusion from the alloy parti-
cles to the oxide scale surface determines the corrosion phenomenon.
Nevertheless, altering the grain and grain boundary diffusion fluxes by
the pre-oxidation process seems to change the dominant character of the
corrosion phenomenon, causing a slope change of the weight gain curve
(Fig. 6C).

The increase of the slope to 0.69 for the pre-oxidized samples means
that another competitive process influences the corrosion process. As the
microstructural changes caused by the pre-oxidation, slow down the
outward Cr cation diffusion process, the inward oxygen anion diffusion
may play a relevant role for the corrosion phenomenon. However, the
inward oxygen anion diffusion is described by the parabolic law of
corrosion, as well as the outward chromium diffusion, so it cannot
determine the increase of the weight gain curve’s slope. On the other
hand, Sabioni et al. investigated the relation between the oxidation
growth rate of chromia scales and self-diffusion in CroO3 [59]. They
revealed that the oxygen diffusion is faster than the chromium diffusion
in chromia, both in the bulk and in the grain boundaries. Nevertheless,
they confirmed that the calculations clearly indicate that neither bulk
nor grain-boundary diffusion of oxygen can be responsible for the
observed growth rate. To adequately elucidate the observed alteration in
oxidation kinetics for the pre-oxidized porous alloy, further investiga-
tion is required.
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The most crucial factor for lifespan prediction for porous alloys is the
Cr reservoir inside the alloy's particles. The lack of Cr in the alloy leads
to breakaway corrosion formation. At SOC's operating temperatures, the
Cr level decrease is caused by two processes: Cr consumption for oxide
scale (Cry03) formation and Cr evaporation [45]. Kim et al. investigated
Cr volatilization of small (~25 um) and large grain (~250 pm) Crofer 22
APU at 800°C for 700 h [50]. They revealed that the Cr evaporation rate
for both samples is initially decreasing, but appears to stabilize at 400 h.
The same behavior was observed by Stanislowski et al. for Crofer 22 APU
[52,53]. However, the pre-oxidation process does not significantly
impact the Cr evaporation rate for the porous Fe22Cr alloy, probably
due to a lack of Mn, which precludes the formation of a protective spinel
phase (see Fig. 7).

Based on the weight gain data (Fig. 6) it seems that the extension of
the porous alloys™ lifespan is possible for the pre-oxidized samples when
compared with the raw porous alloys. Moreover, the pre-oxidation
process performed at 900°C for 40 min leads to a reduction of the
relative weight gain by ~5 times (Figure S.3) when compared with the
reference samples. The same result was achieved by Tucker et al. for the
P434L ferritic porous alloy pre-oxidized at 850°C for 10 h and further
oxidized at 700°C for 500 h [41]. Hong et al. obtained ~3 times lower
weight gain for pre-oxidized bulk T92 alloy at 700°C for 1 h at 21% Ny
and 79% Oy atmosphere when compared with reference samples
oxidized at 650°C [40].

An enhanced understanding of the pre-oxidation process’s influence
on the corrosion phenomenon is a complex issue. Taking into consid-
eration the obtained results, it seems that a mix of parabolic and linear
processes causes an increase of the weight gain curve slope. It was
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confirmed that high temperature conditions do not only lead to oxide
scale grain growth but also change the microstructure of the alloy, as
was postulated in our previous work [42]. Therefore, for a detailed
explanation of the pre-oxidation effect on the corrosion phenomenon in
ferritic Cr-based alloys, further studies including 3D analysis of the
pre-oxidized and oxidized samples are necessary. Based on the results
presented in this work, the tomographic measurements of the porous
alloy should be performed when the change of slope starts, for example
as a part of synchrotron operando studies. In addition, the study of Cr
and O diffusion coefficients in an oxide scale formed for pre-oxidized
ferritic alloys should be performed by secondary ion mass spectrom-
etry (SIMS) with the O'® isotope to determine the nature of the weight
gain curve slope change that was observed in this study.

4. Conclusions

In this work, the impact of the pre-oxidation process on the corrosion
properties of the porous ferritic Fe22Cr alloy was investigated. Based on
possible applications of porous alloys as supports and interconnect ele-
ments in solid oxide cells, the aging temperature for this study was
chosen to be 700°C and 750°C. For the pre-oxidation process, temper-
atures of 850°C and 900°C were chosen based on our previous study.
The role pre-oxidation was evaluated by combining thermogravimetry,
Cr evaporation measurements as well as SEM, TEM and synchrotron-
based X-ray tomography analyses.

Weight gain measurements lasted up to 2000 h (plus the pre-
oxidation process time) for the samples oxidized at 700°C. Although
the values of weight gain after the pre-oxidation process were close
between samples pre-oxidized at 850 °C (1.12%) and samples pre-
oxidized at 900°C (1.05%), the achieved alloy’s lifespan was different.
After 2000 h, the alloy pre-oxidized at 850°C reached the threshold level
for breakaway corrosion appearance, which is 6 wt%. For the samples
pre-oxidized at 900 °C, the measured weight gain after 2000 h of
oxidation at 700°C was significantly lower (3.91 wt%).

The conclusions from the SEM images were consistent with the
weight gain data. For the samples pre-oxidized at 900°C and further
oxidized at 700°C for 2000 h, there was no evidence for breakaway
corrosion appearance. Regions of fully oxidized alloy were instead
detected in samples pre-oxidized at 850°C and further oxidized at 700°C
for 2000 h. Nevertheless, the SEM technique did not allow for evaluation
of morphological changes after the pre-oxidation process.

For the detailed analysis of morphological and compositional
changes in pre-oxidized porous alloys, X-ray tomography measurements
were performed. The X-ray tomography study revealed that the oxide
scale growth is not regular in the alloy’s volume. After 5.5 h of oxidation
at 850 °C, there were regions with only limited chromia growth. The
difference between samples oxidized at 850°C for 3 h and oxidized at
850°C for 5.5 h was not significant in the context of oxide scale thickness
or the oxidized regions. Nevertheless, after 30 h of oxidation at 850 °C,
the oxide scale covered the alloy surface tightly. Moreover, oxide scale
"paths," which connected some oxidized regions, were detected. It is in
agreement with our previous study concerning the lifespan prediction of
porous Fe22Cr at higher temperatures, like 850°C and 900°C.

The detailed analysis of the oxide scale grain size was achieved by
TEM imaging. TEM images revealed that after the pre-oxidation step at
900°C for 40 min, the grain size of chromia cannot be easily determined
for the oxide scale close to the alloy particle, while the size of chromia
grains close to the air interface was 50 nm — 170 nm. On the other hand,
the chromia grain size for the sample pre-oxidized at 900°C for 40 min
and aged at 700°C for 2000 h was determined to be in range from 25 pm
to 75 um for chromia grains close to the alloy particle.

Cr evaporation measurements were performed for raw and pre-
oxidized samples to observe if the process influenced the oxide scale
growth rate. The analysis performed at 700°C for 500 h did not show
any particular changes between raw and pre-oxidized samples. Thus, the
pre-oxidation process might slow down the Cr®" cation diffusion by
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altering the grain and grain boundary diffusion fluxes, but it did not
significantly influence Cr evaporation from the alloy particles.

Taking into consideration all analyses performed, the pre-oxidation
process could extend the possible lifespan of the porous Fe22Cr alloy.
The most important factor for this extension is the temperature of the
process. The longest lifespan was achieved for samples pre-oxidized at
900°C for 40 min. The proficient use of the pre-oxidation process could
extend the lifespan of the metallic component in the MS-SOCs and allow
for more efficient operation of these devices at intermediate
temperatures.
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To determine the morphology changes of the porous Fe22Cr alloy under oxidation
conditions (850°C), a larger representative region was chosen for the analysis, as presented
in Figure. In these images, the visualisation of the volume rendering obtained from the
reconstructed data was shown for unoxidized sample (Figurel A) and for samples oxidised for
3 h,5.5hand 30 h at 850 °C (Figurel B-D, respectively). For each presented volume the front
slice was segmented to distinguish the metallic core and oxide scale phases. The turquoise
colour represents alloy and orange colour represents oxide scale. For the samples oxidized
for 3 h (Figure S.1 B), the oxide scale is visible. However, there are also regions without oxide
scale. After additional 2.5 h of oxidation at 850 °C, 5.5 h in total (Figurel C) most of the alloy
surface is covered by the oxide scale. Nevertheless, there are still regions where the oxide
scale has not been detected. For the sample oxidised for 30 h at 850 °C (Figurel D) the oxide
scale seems to cover entire alloy surface. Moreover, the oxide scale grows inside the alloy's
particles.



Figure S.1. The visualisation of the volume rendering obtained from the reconstructed data,
with one slice after the segmentation process for (a) unoxidized sample (b-d) after 3 h, 5.5 h
and 30 h of oxidation performed at 850 °C, respectively.

Figure S.2. SEM images of the porous Fe22Cr alloy pre-oxidized at A-C) 850°C for 4 h, D-F)
900°C for 40 min and further oxidized at 750°C for 750 h.
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Figure S.3. Square weight change with respect to the initial surface area for the porous
Fe22Cr alloy.

Figure S.5. TEM-EDX elemental maps for oxide scale of the sample pre-oxidized at 900°C
for 40 min and further oxidized at 700°C for 2000 h.
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Figure S.6. TEM-EDX elemental line scan for the sample pre-oxidized at 900°C for 40 min
and further oxidized at 700°C for 2000 h.

The detected elements are Cr, Fe, and O. The distribution of iron and oxygen indicates that
the oxide scale layer is not uniform in chemical composition. The regions within the oxide scale
layer that is close to the air are enriched in Fe. The TEM-EDX linear analysis confirms that
there is depletion of Crin the alloy particles close to the oxide scale from 22 wt % (initial amount
of Cr in the alloy) to ~14 wt %. These TEM-EDX analyses might indicate that due to the lack
of Cr reservaoir, the Fe-rich oxides formation started. On the other hand, the weight gain data
(Figure 6 C) indicates that there is above 1500 h of possible oxidation time up to breakaway
corrosion formation. Moreover, based on the lifetime prediction model that was described in
our previous work [30], the Cr level in the alloy obtained from TEM-EDX analysis is above the
threshold level (10 wt % — 12 wt % of Cr) for the breakaway corrosion formation.



5.5. Glass-ceramic joining of Fe22Cr porous alloy to

Crofer22APU: interfacial issues and mechanical properties

In order to confirm that the beneficial effect of the pre-oxidation process of porous
alloy can be applied in the MS-SOC systems, glass-ceramic joints consisting of porous
Fe22Cr alloy were fabricated. Glass-ceramics are widely used to seal the gaps
between solid oxide cell and interconnector. These materials are relatively easy to
obtain and it is easy to adjust their chemical composition and mechanical properties.
As MS-SOC components, glass-ceramics have to provide thermo-mechanical stability.
Moreover, they have CTE that matches other components.

In this study, the joints of porous Fe22Cr alloy to a dense Crofer 22 APU were
fabricated using silica-based, Ba-containing glass-ceramic. The research revealed that
there are no defects and cracks at the porous alloy/glass ceramic interface of as-
obtained joints. Moreover, the oxidation tests performed at 700°C for 500 h did not
cause any undesirable changes either.

SEM imaging revealed oxide scale at the surface of the porous alloy and its interface
with glass-ceramic. Nevertheless, the mechanical strength of the samples did not
change after oxidation tests: before thermal exposure an average tensile strength was
7.4 MPa £ 0.5 MPa; after this process it was 7.7 MPa £ 2.9 MPa.

This study proved that pre-oxidized porous alloys offer advantageous engineering
features, such as structure-wide gas permeability. In addition, the development of a
dense-to-porous joint has an important role in producing dependable, effective, and
sustainable MS-SOCs.

My original contribution in this work was:

e Determining the boundary conditions of the aging tests based on previous
results presented in [DK1] and [DK3]
e Analyzing the corrosion experiments’ results in the context of joint stability in

SOC operating conditions
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ARTICLE INFO ABSTRACT

Keywords:
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This work deals with the joining of porous Fe22Cr ferritic stainless steel to a dense Crofer22APU plate by using a
silica-based, Ba-containing glass-ceramic. The chemical and interfacial stability and the mechanical properties of
the joints were evaluated before and after thermal ageing at 700 °C for 500hrs. The sintering behaviour of the
glass was assessed by using heating stage microscopy (HSM) to study the influence of a porous metal substrate on
the shrinkage of the joining material. Scanning electron microscopy revealed that there were no defects or cracks

at the porous alloy/glass-ceramic interface for both the as-joined samples and the samples after thermal ageing at
700 °C for 500 h. However, at this exposure temperature, the porous alloy started to form an oxide scale at the
interface with the glass-ceramic and the internal surface of the porous alloy. Finally, the evaluation of the
mechanical properties by tensile testing showed that the properties were not affected by thermal ageing at

700 °C.

1. Introduction

The porous metallic alloys sector is a major area of interest within the
field of high-temperature engineering materials. The functional role of
the porosity can be exploited in catalytic reactors (thanks to the high
surface area for reactions), filters and metal-supported solid oxide cells
(MS-SOCs).

Previous studies have evaluated the oxidation resistance of these
alloys in the dense form [1-4] and they have been used for many de-
cades as MS-SOCs [5], but recent studies on high-temperature corrosion
of porous metal alloys [6-9] led to increasing interest due to important
engineering features such as open porosity which allows gas transport
and therefore these materials can be used for gas permeation mem-
branes. Therefore, porous ferritic stainless steels (FSSs) constitute suit-
able candidate materials for use as metallic interconnects with
high-temperature ceramic fuel cells [9,10] and gas separation mem-
branes [11-13].

Solid oxide cell (SOC) technology has been developed due to its
higher efficiency compared to combustion engines, silent operation and

* Corresponding author.
E-mail address: fabiana.disanto@polito.it (F. D’Isanto).

https://doi.org/10.1016/j.ceramint.2022.06.166

fast charging. Improvements in materials, cell design and manufacturing
processing have led to a very high level of technical refinement. More
recently, due to the tendency of the cell to fail and assembling issues
associated with the use of complex ceramic parts, there has been interest
in alternative MS-SOC which can be exploited in the temperature range
of 650-800 °C [14] thanks to their low cost, flexibility, robustness and
manufacturability benefits. MS-SOCs allow for a lower cost balance of
plant components (BoP) and higher redox stability.

To choose the most suitable material to produce interconnects, it is
desirable to match the coefficient of thermal expansion (CTE) of the
metal to that of the electrolyte [15]. Most manufacturers prefer Fe and
Cr-based materials as ferritic stainless steels (e.g. 430 alloy), which are
commonly used for automotive exhaust manifolds and mufflers thanks
to their inexpensive and high-temperature resistance. This is the reason
why FSSs have substituted the more expensive and difficult to manu-
facture ceramic interconnects in SOC design [16,17].

One of the major challenges in the design of solid oxide cell stacks is
the selection of joining materials for sealing the metallic interconnect.
The sealant role is fundamental to assure high durability and long-term
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performance. The most common sealing materials are glass-ceramics
due to the simplicity of the sinter-crystallization process and the possi-
bility to tailor their composition and thermo-mechanical properties.
Moreover, several studies have reported that they can exhibit higher gas
tightness than other typical sealants (i.e. brazing alloys) and superior
stability in extreme working conditions [18-20]. Another advantage of
using glass-ceramics is linked to the presence of a residual glassy phase
after the sinter-crystallization process, which can minimize thermal
stresses and provide self-healing properties that are very useful in
thermal cycling conditions [21]. Furthermore, the formation of crys-
talline phases within the glass phase improves mechanical properties
and drives the choice of the composition in terms of thermo-mechanical
compatibility involving the coefficient of thermal expansion (CTE)
matching with the SOC components [22].

The selected sealant inevitably influences the stability and the
chemical compatibility at the interface between the sealant material and
the SOC components. Some studies have shown that undesirable inter-
facial reactions are possible between Cr-based stainless steels and glass-
ceramic sealants. For example, the BaCrO4 phase that has a high CTE
(~21-23 x 10~® K1) can form at the interface between Ba-containing
glass-ceramics and Cr-containing metal interconnects [20,23].

Despite this, many research groups have studied and demonstrated
the affinity and the effectiveness of glass-based sealants in solid oxide
cells [24-27] and many suitable BaO-SiO-Al;03-based systems have
been successfully developed for SOC applications [25,28], but the cur-
rent state of the art associated to the joining of porous to bulk alloys in
SOCs by glass-based materials is very limited [29].

Previous studies [30] carried out oxidation tests of mixed
glass-ceramics with FSS powders and revealed decreased oxidation rate
compared with raw steel powder and suggested that the resulting oxide
scale can enhance the sealant properties.

However, very few studies have dealt with the oxidation processes of
porous ferritic stainless steels and there has been no detailed investi-
gation of the joining and integration issues of these materials. A sys-
tematic understanding of how the stainless-steel porosity and the
consequent corrosion reactions affect the interfacial behaviour with
glass-based materials is still lacking.

This study describes the joining of porous Fe22Cr alloy to a dense
Crofer 22APU plate with a silica barium-based glass-ceramic. The
interfacial behaviour between the silica barium-based glass-ceramic and
both dense and porous alloy interconnects will be discussed with
particular focus on the morphological and chemical characterisation at
the interface before and after thermal ageing at 700 °C for 500 h in air.
Finally, tensile tests were performed on joined samples, comparing the
tensile strength and the fracture surface between as-joined and aged
specimens.

2. Materials and methods

The Fe22Cr porous alloy substrate (of composition Cr = 22 wt%; Mn
= 0.23 wt%; Si = 0.08 wt%,; Ni, Cu, Mo < 0.03 wt%, with Fe repre-
senting the balance), was produced by Hoganas AB (Hoganas, Sweden)
and characterised for its resistance against high temperature oxidation
in a study by Koszelow et al. [9]. The ~0.4 mm thick porous sheet was
manufactured by tape-casting of a steel particle slurry, followed by
drying, debinding and sintering at 1250 °C in a pure Hy atmosphere for
30 min. Dense steel coupons were cut from a 0.3-mm-thick plate of
Crofer22APU (Cr = 23 wt%, Mn = 0.45 wt%, La = 0.1 wt%, Ti = 0.06 wt
%, Si and Al < 0.05 wt% with Fe representing the balance) provided by
VDM Metals (Verdohl, Germany). Both porous and dense substrates
were cleaned in acetone and ethanol for 10 min each in an ultrasonic
bath. The joining material was a Ba-based glass-ceramic, referred to as
GC2 [31]. The original glass was produced using conventional melting
and casting from the following high-purity grade raw materials: SiOy
(Sigma Aldrich, 99.5% purity) with 55 mol%, BoOs(precursor H3BOsg,
Sigma Aldrich, 99% purity) with 8 mol%, Al,O3 (Alfa Aesar, 99.9%
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purity) with 4 mol%, CaO (precursor CaCO3 Sigma Aldrich, 99% purity)
with 7 mol % and BaO (precursor Ba;CO3 Thermoscientific, 99.8% pu-
rity) with 26 mol%. All the raw material powders were mixed for 24 h
and melted in a Pt-Rh crucible in an electric furnace (LHT418PN2,
Nabertherm GmbH, Lilienthal/Bremen, Germany) in air at 1500 °C for 1
h (the first 30 min a lid covered the crucible). The melt was cast onto a
metal plate and the glass was subsequently ball-milled and sieved
(particle size <38 pm). The sintering behaviour of the glass powders on
the porous substrate, as well as on Al,O3 inert substrate was investigated
using heating stage microscopy (HSM; Hesse Heating Microscope, Ger-
many), with a heating rate of 5 °C/min, from room temperature up to the
melting point identified by the instrument.

A small quantity of a slurry paste composed of ethanol (70 wt%) and
glass powder (30 wt%) was manually deposited with a spatula between
the two metal alloys (squared specimens ~11 mm X ~11 mm) to be
joined. Preliminary tests carried out with different configurations led to
the most effective joint with pre-oxidised (900 °C, 2h as dwelling time,
ata 5 °C/min as heating/cooling rate) dense Crofer22APU placed on the
top. The joining process was carried out in air at 950 °C for 1h (5 °C/min
as heating/cooling rate) in a muffle furnace (L5/13/P330, Nabertherm
GmbH, Lilienthal/Bremen, Germany). During the heat treatment, a
stainless-steel weight was placed on top of the sandwich structure to
apply a pressure of around 1.5 kPa. A Computed Tomography (CT) scan
(Fraunhofer IKTS, Hermsdorf, Germany) was used to obtain morpho-
logical and qualitative density information of the joined sample under
the following parameters: 9.25 pm as resolution, 280 kV as acceleration
voltage and 1s the exposure time for each projection. The reconstruction
of the joint consists of creating a 3D model of the analysed volume by the
CT software.

The same heat treatment identified for the joined sample was also
used to produce a dry pressed glass-ceramic pellet, using uniaxial
pressure of 12 MPa, to thermo-mechanically characterise GC2 glass-
ceramic. The coefficient of thermal expansion (CTE) and the dilato-
metric softening point of as-cast GC2 glass and as-joined glass-ceramic
were measured using a dilatometer (Netzsch, DIL 402 PC) equipped with
an alumina sample holder, at a heating rate of 5 °C/min, applying a
constant compressive force, between the sample and the piston of 0.25
N.

Some joined samples were cross-sectioned and prepared for SEM and
EDS analyses, while others were subjected to ageing treatment at 700 °C
for 500 h in a muffle furnace (Carbolite Gero, Hope Valley, UK). This
temperature was chosen based on the results obtained by Koszelow et al.
[9] focused on the corrosion study of the same Fe22Cr porous alloy up to
900 °C. Some joint samples underwent tensile testing before and after
thermal ageing using a method modified from the ASTM C633-01
standard. The tests were carried out using a Syntech 10/D machine
(MTS Systems Corporation, Minnesota, USA). Each joint was adhered to
two loading fixtures (Fig. 1) by using Araldite® 2015 epoxy resin and
thermally treated at 85 °C for 1h to crosslink. The cross-head speed was
set to 0.5 mm/min. The tensile strength was calculated by dividing the
maximum force by the area of the joint which measured 11 mm x 11
mm. A field-emission scanning electron microscope (FESEM; SupraTM
40, Zeiss, Oberkochen, Germany) equipped with an energy dispersive
X-ray analyser (EDS, Bruker, Germany) was used to characterise the
morphology of the samples, which were previously polished using SiC
papers (grit size 600-4000) and coated with Cr. A benchtop scanning
electron microscope (SEM, JCM-6000 plus, Jeol, Peabody, Massachu-
setts, USA) was used to observe the fractured surface of the samples
following mechanical testing. X-ray diffraction (XRD) analysis of the
fractured surface of a joined sample after ageing was conducted using an
X’Pert Pro MRD diffractometer, with Cu Ka radiation (PANalytical
X’Pert Pro, Philips, Almelo, The Netherlands), and with the aid of X-Pert
HighScore software, while the phases were identified using the JCPDS
database provided by PDF-4 ICDD (International Centre for Diffraction
Data, Newton Square, Pennsylvania, the USA).
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Fig. 1. Configuration used for the mechanical tensile test.

3. Results and discussion

Fig. 2 reports the experimental curves obtained from heating stage
microscopy (HSM) analyses of the as-cast GC2 glass powder pellets on
the porous Fe22Cr alloy (curve 1) and on an inert AloO3 support (curve
2), where the linear shrinkages % are plotted against the temperature.
The first two characteristic temperatures are the points at which linear
shrinkage of the glass starts (T) and assumes the maximum value (Tps):
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Fig. 2. Heating Stage Microscopy (HSM) curves of the GC2 glass (5 °C/min
heating rate) on the Fe22Cr porous alloy (curve 1) and on the inert Al,O3
support (curve 2); characteristic temperatures of GC2 glass identified with HSM
are shown below the figure.
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they are 705 °C and 790 °C on the porous alloy, 696 °C and 802 °C on the
Al,O3 substrate. The temperature at which the first signs of softening are
observed (DT) was identified at 811 °C (onto Fe22Cr) and 822 °C (onto
Al03), while the sphere temperature (ST) was at 893 °C on the porous
alloy and 872 °C on Al,03, where the height of the sample is equal to the
width of the base. The half-sphere temperature (HT), which is the
temperature at which the height of the sample is half the width of the
base, was measured at 1028 °C on the Fe22Cr porous alloy and at
1040 °C on the inert substrate. Finally, the flow temperature (FT) was
evident at 1079 °C and 1076 °C; the latter is the temperature at which
the height of the sample drops to below one-third of the base. A visible
plateau between 800 and 1000 °C was observed and this represents the
crystallization phenomenon that occurs. A significant expansion of the
glass powder pellet is visible for the GC2 glass onto the Fe22Cr porous
alloy, which is evidently absent on the inert substrate; this is likely due
to gaseous species developed at T higher than 920 °C, determined by the
oxidation of the porous alloy during the GC2 viscous flow sintering.
Based on these observations, the conditions for joining the porous
samples to the bulk alloys were determined to be a temperature of
950 °C with a dwelling time of 1h in air. This sinter-crystallization heat
treatment led to the formation of GC2 glass-ceramic with BaSi;Os as
crystalline phase (CTE ~ 12.5 x 107 K’l), obtained by the partial
devitrification of the GC2 parent glass [32].

In order to evaluate the thermo-mechanical properties of the
microstructure obtained with the above-mentioned joining thermal
treatment, dilatometry was used to measure the coefficient of thermal
expansion (CTE) of the GC2 glass-ceramic as well as that of the parent
glass (Fig. 3). The CTE value of the GC2 as-cast glass is 9.2 x 107® K1
between 200 and 500 °C, while the glass transition temperature (Tg) and
the dilatometric softening point are 665 °C and 688 °C respectively
(Fig. 3, curve 1). It can be observed from the dilatometric analysis of the
GC2 glass-ceramic that Ty is slightly lower (658 °C) with respect to the
original glass and within experimental error, while the softening point is
the same. However, there was evidence of an increase in the coefficient
of thermal expansion of the glass-ceramic (10.7 x 10°° K’l) in com-
parison with that of the GC2 glass as suggested by the change in the
slope of the curve (Fig. 3, curve 2). The transformation of the parent
glass into a glass ceramic led to a significant improvement of the CTE in
the view of the thermomechanical compatibility of the final joined
structure, since the CTEs of both the substrates to be joined (Crofer22-
APU and Fe22Cr) are around 11 x 107® K~! (200700 °C).

The sandwiched samples were processed, using the procedure
described in the experimental section.

As observed in Fig. 4 a, the SEM image of the cross-section of the

joined sample showed excellent adhesion of the GC2 glass-ceramic with
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Fig. 3. Dilatometric curves of the GC2 as-cast glass (curve 1) and GC2 glass-

ceramic obtained after sinter-crystallization at 950 °C for 1h (curve 2); 5 °C/
min heating rate.
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Fig. 4. SEM images of the cross-section of (a) Crofer22APU/GC2 glass-ceramic/Fe22Cr porous alloy, (b) Crofer22APU/GC2 glass-ceramic interface (back-scattered)
and (c) GC2 glass-ceramic/Fe22Cr porous alloy interface (back-scattered) obtained after sinter-crystallization at 950 °C for 1h.

Fig. 5. CT-scan of a Crofer22APU/GC2 glass-ceramic/Fe22Cr porous alloy joined sample thermally treated at 950 °C for 1 h. (a) 3D-model; sectioning plane (b) close
to the porous alloy, (c) in the middle of the glass-ceramic, (d) close to Crofer22APU. The big pore on the right could be due to the manual slurry method used to
produce the joined specimen.
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both the porous and dense metal alloys. No cracks or delamination are
visible at the glass-ceramic/substrates interface resulting in a contin-
uous joint along the entire length of the interface. Furthermore, there
was no evidence of any reactions taking place by the interaction be-
tween the Crofer22APU/porous alloy and the glass (Fig. 4 b,c); an
average joint thickness of 520 pm was obtained using a pressure of 1.5
kPa. The presence of a few closed pores, homogeneously distributed in
the glass-ceramic, could probably be due to the manual slurry method
used to produce the joined specimens. On the other side, the larger voids
observed only at the Fe22Cr porous alloy/GC2 glass-ceramic interface is
probably due to gaseous species released from the porous substrate
during sintering which occurred by viscous flow. Further SEM investi-
gation carried out on a Crofer22APU/GC2 glass-ceramic/Crofer22APU
joint (not reported here), showed the absence of these such big voids
at both dense alloy/glass-ceramic interfaces, thus confirming that the
bigger porosity is due only to the presence of the Fe22Cr porous alloy.

Most of the porosity was concentrated at the porous alloy/GC2 glass-
ceramic interface as evidenced by SEM as well as computed tomography
(CT) that was carried out on a joined sandwich-like specimen (Fig. 5). In
Fig. 5a, a reconstructed 3D model of the sample is shown, while in the
other images (Fig. 5 b-d), 3 cross-sections are represented at a different
distance from the porous alloy surface; these scans were taken close to
the Fe22Cr/GC2 glass-ceramic interface (Fig. 5b), in the middle of the
joining area (Fig. 5c) and finally further from the interface with the
porous alloy. It is evident that most voids are located at the Fe22Cr/GC2
glass-ceramic interface, while in the other sections very few pores are
shown.

More details concerning the Fe22Cr porous alloy/GC2 glass-ceramic
interface are shown in FE-SEM images on a cross-sectioned joined
sample in Fig. 6. Close inspection at the interface shows that, despite the
presence of pores that are concentrated in the lower part of the joining
area, no cracks are located both in the joining area and at the interface.
Strong adhesion between the GC2 glass-ceramic and the porous
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substrate can be observed (Fig. 6a). The distribution of the crystalline
phases produces a dense network of needle-like interlocked crystallites
embedded in the residual glassy phase. EDS analysis in Fig. 6d (spectrum
1) revealed the presence of Ba, Si and O, indicating the crystallization of
a BaSiyOs crystalline phase, homogeneously dispersed within the darker
glassy matrix which reasonably shows a higher level of Al and Ca and a
lower content of Ba and Si (spectrum 2); this hypothesis was supported
by XRD diffraction pattern of GC2 glass-ceramic after joining heat
treatment at 950 °C, 1h in air, as reported by Smeacetto et al. [32]. As
shown in Fig. 6¢ and the corresponding EDS in Fig. 6d (spectrum 3), the
glass infiltrates the porous alloy very well during the
sinter-crystallization treatment; infiltration distance levels of up to 50
pm from the GC2 glass-ceramic/Fe22Cr porous alloy interface are
evident.

Tensile testing was used to evaluate the mechanical properties of the
joined samples. The tests carried out on as-joined Crofer22APU/GC2
glass-ceramic/Fe22Cr porous alloy samples showed an average tensile
strength of 7.4 + 0.5 MPa (identified with oy, in Fig. 7). This value is
slightly higher than the tensile strength of the majority of glass-ceramic
sealants reported in the literature (3.8-6.3 MPa) and used for joining
Crofer22APU and Crofer22H [33].

Macrographs of the fracture surface of 3 as-joined specimens are
shown in Fig. 7. While most of the fractured area of the Fe22Cr porous
substrate in Fig. 7 seems to show exposed metal alloy, however, EDS
analyses (not reported here) revealed many parts of the surface covered
by the GC2 glass-ceramic; in some areas, large sections (in white) of the
GC2 glass-ceramic suggest the presence of cohesive failure, while small
white specks show evidence of fractured glass-ceramic that had
impregnated the pores of the Fe22Cr substrate. Inspection of the oppo-
site part shows small fractured black specks of Fe22Cr embedded in the
GC2 glass-ceramic. These observations suggest that the impregnation of
the glass-ceramic into the Fe22Cr porous alloy enhances the interfacial
strength. Indeed, part of the failure seems to be occurring in the porous

Fig. 6. Cross-section FE-SEM images at lower (a) and higher (b) magnification of the Fe22Cr porous alloy/GC2 glass-ceramic interface after sinter-crystallization at
950 °C for 1h; (c) infiltration of the glass-ceramic in the porous alloy of the joined sample; (d) EDS analyses of the GC2 glass-ceramic in the joining area.
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Fig. 7. Macrographs of as-joined and aged Crofer22APU/GC2glass-ceramic/Fe22Cr samples after tensile testing.

Fe22Cr just beyond the area of GC2 impregnation due to stress con-
centration in the porous alloy (due to the absence of GC2 glass-ceramic).
Overall there is mixed adhesive/cohesive failure, where the adhesive
failure is mainly localised at the porous/GC2 interface. Fig. 8a shows a
magnified fracture surface of the glass-ceramic on the Crofer22APU side
after mechanical testing; the bright phase well visible in the back-
scattered SEM image identified by the EDS analysis as BaCrO4, was
mainly located on the edges of the joined area and was present on both
the porous and the dense metal alloy.

Fig. 9 shows a cross-section of a joined sample after ageing at 700 °C
for 500 h. There was no evidence of cracks following ageing, thus
implying that detrimental thermal stresses did not occur. In addition, the
microstructure of the GC2 glass-ceramic did not seem to be affected by
the heat treatment (Fig. 9a). However, Fig. 9b shows evidence of the
formation of an oxidation scale on the pores surface; oxidation was also

apparent at the GC2 glass-ceramic/porous alloy interface (Fig. 9¢). Due
to the large surface/volume ratio of the porous samples, there is a risk
that oxide formation (typically CroOs [34]) can potentially lead to
depletion of Cr within the porous alloy. In a previously cited work [9],
the surface of the same porous alloy, which was exposed to a tempera-
ture of 700 °C for 100hrs, did not show any significant microstructural
changes in comparison to alloy samples that had not been aged. The
weight gain at 700 °C after 100 h was reported to be around 1%.
However, a sample that had been exposed to 750 °C for the same time,
experienced a weight gain of ~2.5% and was characterised by changes
at the surface; a small amount of oxide had clearly formed at the surface
which exhibited signs of greater roughness which may have resulted by
the fact that the surface of the porous alloy was slightly rough. From
Fig. 9d the formation of a darker layer covering the Fe22Cr porous alloy
following ageing is apparent. Based on the results of the EDS analysis the

Fig. 8. SEM images of top views of fracture surface of an as-joined (a) and an aged (b) Crofer22APU/GC2glass-ceramic/Fe22Cr porous alloy sample after mechanical
testing (Crofer22APU side); EDS analyses carried out on the fracture surfaces in the joining area.
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Fig. 9. FE-SEM images of a cross-section after ageing at 700 °C for 500hrs: (a,c) Fe22Cr porous alloy/GC2 glass-ceramic interface and (b) Fe22Cr porous alloy; (d)
higher magnification of Fe22Cr porous alloy and EDS analysis carried out on the porosity edge of the porous alloy.

scale seems to be composed of a mixed Fe and Cr-based oxide and, since
the latter is visible also further from the glass-ceramic/Fe22Cr porous
alloy interface, it could be due to a longer ageing heat treatment (700 °C
for 500hrs).

The results of mechanical testing for the thermally-aged samples
exhibited an average tensile strength of 7.7 + 2.9 MPa, a value that was
similar to the as-joined samples. Inspection of the macrographs in Fig. 7
shows that the samples suffered a completely or mainly adhesive failure.
Fig. 8b shows a higher magnification of the fracture surface of the
Crofer22APU after ageing at 700 °C for 500 h following mechanical
testing. The EDS analysis showed high atomic% of Ba and Cr and
therefore the presence of barium chromate can be hypothesized also

after ageing.

XRD analysis that was carried out on the Crofer22APU side (on the
porous side, the remaining glass-ceramic layer was not enough) after
ageing and mechanical testing, is shown in Fig. 10. The main peaks
matched with those of the orthorhombic barium silicate (Sanbornite
with chemical formula BaSi;Os, PDF card n. 01-071-1441), which was
the main phase present after ageing. Prior to the ageing treatment, the
only phase that was present was BaSi»Os as previously reported for the
as joined glass-ceramic system before ageing heat treatment [32].
However, following ageing, new phases emerged like those reported in
previous studies with similar glasses [25], where the formation of
additional Ba-Ca-silicate phases that were not homogeneously
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Fig. 10. XRD pattern of the fracture surface (Crofer22APU side) of a Fe22Cr/GC2 glass-ceramic/Crofer22APU joined sample after ageing at 700 °C for 500 h.
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distributed within the microstructure was observed. In the present work
a secondary phase identified as the barium calcium boron silicate
(named Itsiite [35], crystal system: tetragonal, space group: I-42m)
BayCaSiyB5014, with PDF card n. 04-021-1159 was found. In addition,
some low-intensity peaks were identified as the BaCrO4 phase, con-
firming the EDS analyses carried out at the same fracture surface.
Finally, the three peaks at about 206 = 22.8°, 26 = 30.2° and 26 = 34.5°
could likely be attributed to BaAl»Si2Og (ref. code 00-012-0725). In the
present work, the glass-ceramic joining material was subjected to a
thermal ageing temperature that was 40 °C higher than the GC2
glass-ceramic Tg value. These findings, while preliminary, suggest that
this system is prone to further devitrification at temperatures slightly
above the Tg. Despite this, the mechanical behaviour of the joints is not
affected by this microstructural rearrangement. Further research should
be undertaken to investigate the thermomechanical behaviour at tem-
peratures higher than 700 °C.

4. Conclusions

The possibility of using porous metal alloys provides interesting
engineering features thanks to their functional porosity, which make
these candidate materials for metal-supported solid oxide cells. The
development of a dense to a porous joint can play a key role in the
manufacture of reliable, efficient and durable metal-supported SOCs.
The novelty of this study concerns the joining of porous stainless steel to
a dense one with a glass-ceramic obtained from sinter-crystallization of a
glass sealant. Different aspects concerning the interfacial issues and
mechanical properties were discussed, evaluating an optimal adhesion
and mechanical stability in Crofer22APU/GC2 glass-ceramic/Fe22Cr
porous alloy joints, before and after thermal ageing carried out at
700 °C for 500hrs. The morphological analysis found no defects or
cracks at the porous alloy/glass-ceramic interface, neither in the as-
joined samples nor in samples after ageing at 700 °C for 500 h. How-
ever, at this temperature, the porous alloy started to experience the
formation of an oxidation scale at the interface between the Fe22Cr
porous alloy and the GC2 glass-ceramic, as well as around the wall of the
pores of the porous alloy. The mechanical strength of the joined samples
was not affected by thermal ageing (7.4 MPa + 0.5 before and 7.7 MPa
+ 2.9 after ageing).

The current study provides the first assessment concerning the
joining of a porous to a dense alloy using glass-ceramics and makes the
groundwork for future research into MS-SOC development.
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6. Conclusions

The dissertation describes the research regarding the porous ferritic alloys high-
temperature oxidation. The set of five publications, included in this work, presents the
comprehensive study of porous alloys oxidation kinetics, morphology changes and
lifespan prediction. The two hypotheses (presented in Section 2) were proved and
elaborated on in the attached publications.

The first hypothesis was: It is possible to create a lifespan prediction model for
porous ferritic chromia-forming alloys based on short-term oxidation exposure
experiments at high-temperatures.

In the first publication [DK1], a simple lifespan prediction model for porous chromia-
forming ferritic alloys was proposed based on the short-term oxidation tests and post-
mortem analysis of exposed Fe22Cr samples. The model took into consideration the
specific surface area of porous alloy as well as the Cr reservoir in the alloy’s particles.
Then, based on the change of slope that was detected for samples oxidized at 900°C,
the 6 % of weight gain was established as the threshold level for the possible lifespan
of the alloy.

The model was validated based on long-term cyclic oxidation experiments that were
performed at temperatures ranging from 600°C to 900°C for up to 6000 h for three
different porous alloy compositions: Fe20Cr, Fe22Cr, and Fe27Cr [DK3]. The lifespan
of ~3000 h predicted by the model for Fe22Cr oxidized at 700°C was confirmed by
long-term tests. However, as the model relies on extrapolation of weight gain curve in
a log-log plot, its uncertainty was found to be relatively high.

In order to enhance understanding of microstructural changes in the porous alloys
occurring at high-temperature oxidation environment, a detailed synchrotron X-Ray
tomography study was performed [DK2]. It allowed for the separation and
quantification of porosity, metallic core, and oxide scale phases. Moreover, the
tomographic study provided information that can improve the lifespan prediction model
of the porous alloys by determining the breakaway corrosion formation regions.

The second hypothesis was: It is possible to extend the lifespan of porous ferritic
chromia-forming alloys operating at high temperatures by performing an initial

pre-oxidation process.
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This hypothesis was proved based on comprehensive corrosion experiments which
took into consideration different pre-oxidation conditions [DK4]. It was confirmed that
the temperature of the pre-oxidation process is a crucial parameter for the positive
effect on porous alloy’s lifespan. Moreover, the pre-oxidation performed at 900°C leads
to significant increase of porous alloy lifespan (additional ~2000 h of lifespan).

The possible application of pre-oxidized porous Fe22Cr alloy was investigated by
considering porous-to-bulk ferritic alloys joining using Si-based glass-ceramic [DKS5].
The stability of as-fabricated system, which can be compared with sealing system in
MS-SOC stack, was confirmed at 700°C, which is the typical operating temperature of
IT-SOCs.

Researching the impact of high temperature oxidation process on porous alloys
yielded promising results, but also showed that there are still many details that need
to be investigated. The proposed lifespan prediction model does not take into
consideration, for example, various particles size which constitute the porous alloy
microstructure. Furthermore, there is still lack of information about the impact of initial
porosity on the alloys’ lifespan. The application of porous alloys in metal-supported
solid oxide cells requires additional study regarding gas permeability throughout the
alloy structure as well as the electrical conductivity measurements. Nevertheless, the
results presented in the dissertation provide an essential data of high-temperature
oxidation of porous ferritic chromia-forming alloys and its possible lifespan in devices

operating at elevated temperatures.

My original achievements which have been highlighted in the thesis are:

e Formulating the lifespan prediction model of porous alloys based on short-
term isothermal oxidation experiments

e Determining the microstructure changes such as porosity, oxide scale
thickness, and specific surface area of porous alloys in high-temperature
oxidation conditions

e Validating the proposed lifespan prediction model via long-term oxidation
tests

e Confirming that pre-oxidation process performed at 900°C can lead to
lifespan extension of porous alloys
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