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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
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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 CrpOs3 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 pym 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
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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 pm. 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

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 4 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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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* g em™* s for
raw samples, 9.7 x 1071 g2 cm™* 57 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).

W Rate of Cr
T
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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
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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 Cr3" 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.

10

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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