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� 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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a b s t r a c t

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 anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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 (Cr2O3) 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�1 at 600 – 800 �C) [10]. SiO2 or Al2O3 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 Fe21Cr7Al1Mo0.5Y alloy as support for oxygen transport
membranes. They showed that porosity � 30 % with pore sizes
much larger than the maximum oxide thickness of 3 mm 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
2

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, mCT) 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 mm. In several works, laboratory mCT with
2.5 mm 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 mCT 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
mCT. Thus, it might be possible to detect them, but not to analyse
their morphology. Achieving higher resolution with mCT 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
mCT. 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 � 100 mm2 with a thickness of
0.35 mm was obtained from Höganäs AB (experimental alloy
MW2, Höganäs, 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, H2). 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 � 3 � 0.35 mm3 pieces of the alloy were prepared. The second
series was prepared for the ex-situ oxidation measurements, with
dimensions of � 10 � 10 � 0.35 mm3, and for X-ray tomography,
the third series consisted of elongated samples (�6 � 1 � 0.35 m
m3). 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�1. The experiment
was carried out in air atmosphere with a flow rate of 50 ml min�1.
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 mm2 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).

Analyzed chemical composition, %

Target composition Fe Cr Ni Mo Mn

Fe22Cr Bal. 22.0 0.03 0.01 0.23

3

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 � 0.8 mm and an
image pixel size of 0.325 mm. 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 mm was possible to detect in the reconstructed volumes, thus,
1 mm 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
Cu Si Nb C O N S

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 ‘‘100 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 Cr3+ 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
Fig. 1. Isothermal (solid line) and ex-situ (markers) mass gain of samples oxidised
at 850 �C and 900 �C.

4

(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 mm. 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 mm) 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 mm
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, J) and can be estimated to 1 – 5 mm.
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 mm, 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
(CT900.10) 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

http://mostwiedzy.pl


Fig. 2. SEM images of A, B) cross-section; C, D) surface of as-received MW2 alloy.
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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. 3I) 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-
5

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 mm. Objects beyond this resolution, for instance
oxide layers thinner than 1 mm, 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 mm, for the CT850.30 sample oxidised the oxide scale
thickness was 2.11 mm and it increased to 2.45 mm 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, J) 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] Dm/m0 [%]

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
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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
6

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 Cr2O3

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 22.97 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.)
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microscopy resolution (around 1 mm3), 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
8

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 mm (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 m2g�1 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 Cr3+ 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.
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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 obtainedmaterial 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.
9

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.

Sample name Specific surface area
(SSA) [m2/g]

Average particle size
[mm] (>6 mm) (average
gauss fit)

Average pore
thickness > 1 mm)
(lognormal fit > 1 mm)

Oxide thickness

Before After Before After Before After Before After

CT850.10 0.020 0.022 32.5

32.7

31.5

32.0

13.6

14.0

12.6

12.4

– 1.12

CT850.30 0.020 0.027 31.3

30.4

27.6

27.8

13.0

15.0

10.1

10.8

– 2.11

CT850.100 0.020 0.031 30.5

30.2

26.7

27.0

12.5

14.5

10.3

11.0

– 2.45

CT900.10 0.020 0.030 31.0

31.4

26.7

27.1

16.5

17.9

14.8

15.4

– 2.45

Fig. 8. Oxide scale thickness distribution for A) CT850.10, B) CT850.30, C) CT850.100, D) CT900.10.
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below 1 mm 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.
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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 I, 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.
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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 Cr3+ 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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