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A B S T R A C T   

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

1. Introduction 

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

The drawback of using alloys at high temperatures in oxidising as 
well as in reducing (e.g. in H2/H2O) conditions is the unavoidable for
mation of metal oxide scales [6,7]. The most popular ferritic steels 

belong to the group of chromia formers, as they form chromium oxide 
(Cr2O3) on their surface [8]. The oxide has a protective function due to 
slow cation Cr3+ diffusion in the oxide, protecting the metallic core from 
rapid oxidation. Chromia has a satisfactory level of electrical conduc
tivity (~1− 10 mS cm− 1 at 600− 800 ◦C) [9] for applications requiring 
electrical current conduction, e.g. sensors, fuel cells, membranes. Silica 
or alumina forming ferritic alloys are typically less prone to high tem
perature oxidation, but they have negligible electronic conductivity, 
resulting in high electrical resistance of the oxide scale [10–13]. 

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

The porous structure of the alloy is characterized by a high surface 
area available for oxidation. The specific alloy powder particle size 
distribution determines the porosity and surface and thus it has a strong 
influence on the corrosion behavior of the porous components. The large 
area of the alloy available for oxidation, on which Cr2O3 will form, can 
cause relatively fast depletion of Cr from the bulk. Chromium depletion 
below a specific level will lead to breakaway oxidation. The threshold 
level of bulk Cr content for maintaining its protective action was 
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determined by Huczkowski et al. to be ~12 wt.% [18,19]. 
Several studies about the oxidation processes of the porous ferritic 

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

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

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

2. Experimental 

The porous alloy substrates were obtained from the company: 
Höganäs AB (experimental product MW2, Höganäs, Sweden). Porous 
steel sheets were prepared by proprietary tape-casting of steel particle 
slurry, drying, debinding, and sintering. Before the corrosion exposures, 
an alloy sheet with dimensions of 100 × 100 × 0.4 mm3 was cut into 
smaller pieces. For continuous thermogravimetric analysis, samples 
were cut into pieces with approximate dimensions of ~3 × 3 × 0.35 
mm3, where 3–4 pieces were placed simultaneously in the crucibles. For 
tomography, samples were cut into elongated samples with approximate 
dimensions of ~6 × 1 × 0.35 mm3. Before further use, samples were 
cleaned in an ultrasonic bath of ethanol followed by acetone. 

High-temperature corrosion exposures were performed using a 
Netzsch TG 209 F3 Tarsus thermobalance. Measurements were carried 
out in air with a flow rate of 50 mL min− 1. Used heating and cooling 
rates were 180 ◦C h− 1. An isothermal hold was maintained for 100 h at 
700 ◦C, 750 ◦C, 800 ◦C, 850 ◦C and ~40 h at 900 ◦C (due to instabilities 
of the thermobalance for long measurements at high temperatures). 
Results were plotted as relative weight change, with respect to the 
weight of the samples before the oxidation. The typical initial weight of 
the samples was ~200 mg. The prediction of the alloy lifetime was based 
on the extrapolation of the weight gain data presented in the double 
logarithmic plot (which allowed fitting by linear regression). The con
fidence interval was determined by the prediction band method, 
assuming a 95 % confidence level. 

Post-mortem characterizations were performed on samples prepared 
by ex-situ oxidation at conditions corresponding to isothermal expo
sures, i.e. the additional samples were oxidised continuously for 100 h at 
700 ◦C, 750 ◦C, 800 ◦C, 850 ◦C, and 900 ◦C in parallel to thermogravi
metric measurements. The characterization methods included scanning 
electron microscopy (SEM) evaluation using a Phenom XL (Thermo 
Fisher Scientific, Netherlands) instrument for observation of sample 
surfaces and polished cross-sections. A backscattered electron detector 
(BSE) was used for all SEM measurements. The qualitative elemental 
maps of the investigated samples were determined via energy-dispersive 
X-ray (EDX) spectroscopy using an integrated analyzer (Thermo Fisher 
Scientific, 25 mm2 Silicon Drift Detector). Maps of Cr and Mn were made 
based on Cr K and Mn L lines. EDX “spot” analyses of the chemical 
composition, were performed by scanning a small area (maximum ~5 ×
5 μm2) to improve signal. The error bars of the EDX (in the case of 
chromium content data) were calculated as the standard deviation of the 
mean of 15 measurements carried out in different regions for each 

sample. Phase analysis was performed by X-ray diffractometry (XRD) 
using a Bruker D2 Phaser with an XE-T detector. XRD measurements 
were done using Cu anode (Kα =1.5405 Å), with 2Θ range 10 – 90◦ (step 
0.02◦, integration time 1 step s− 1). Cross-sections for SEM observations 
were prepared by embedding the samples in epoxy (EpoFix, Struers) and 
polishing them down to a 1 μm finish (Struers consumables). 

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

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

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

3. Results and discussion 

3.1. Characterisation of the raw porous alloy 

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

The alloy is a ferritic (BCC crystallographic structure) stainless steel. 
As given by the alloy producer, the alloy contains ~22 wt.% of Cr, 0.23 
wt.% Mn and 0.08 wt.% Si. Other elements include Ni, Cu, and Mo in 
amounts <0.03 wt.%. The chemical composition of the alloy, as given by 
the producer, is presented in Table 1. It is also confirmed by EDX 
analysis that shows ~21.3 wt.% Cr and 0.26 wt.% Mn plus iron as bal
ance. At high temperatures, the metallic core is protected from heavy 
oxidation by a compact, slowly growing chromium oxide layer. High 
chromium content (~22.0 wt.%) should lead to an increased lifetime of 
the alloy due to an increased Cr reservoir available for the formation of 
the oxide scale. The addition of Mn can lead to the formation of the 
external Mn-Cr oxide spinel, which results in lower Cr evaporation [34, 
35]. Similar alloys, produced by Höganäs AB were used in other studies 
[24,25,33]. The alloy composition is quite similar to the state-of-the-art 
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high temperature fuel cell alloys: Crofer 22 APU/H (VDM Metals, Ger
many) or Sanergy (Sandvik, Sweden). 

To describe the complex microstructure of the non-oxidised porous 
alloys in more detail, tomographic microscopy was performed. The 3D 
microstructure of the alloy reconstructed from the series of projections is 
presented in Fig. 1C–D. Comparing Fig. 1B and D, the surface 
morphology obtained from tomography seems well reconstructed and is 
similar to that obtained via SEM. The porosity of the reference sample, 
obtained by the Avizo software is ~32.2 % and consists almost purely of 
open pores, which is in good agreement with the Archimedes-method 
and SEM measurements (~30 %). In the addition to porosity, the to
mography allows for a calculation of the specific surface area, which is 
critical for the full assessment of corrosion properties at high tempera
tures. The specific surface area value obtained for the studied alloy was 
determined to be 0.022 m2 g− 1. The values can be compared with the 
available literature data. For example, Brandner has reported detailed 
processing of porous FeCr alloys in his PhD report [36]. He has obtained 
the surface area of ~0.02 m2 g− 1 for raw powders (gas atomized, SF 
20− 53_B2 – particle fraction 20− 53 μm) used for sintering of porous 
alloys and a surface area of 0.007 m2 g− 1 for the ~18 % porous sintered 
product (sintering at 1250 ◦C for 3 h). Increasing the sintering temper
ature to 1350 ◦C led to a decrease of porosity to ~4 % and surface area to 
a level of ~0.001 m2 g− 1. In our work, the powders have been produced 
by a water atomization process (as evidenced by the irregular shape of 
the particles), which results in lower green density, thus higher resulting 
porosity and surface area after sintering. Stefan et al. have studied a 
porous FeCr alloy from the same producer, Höganäs AB. The authors 
analyzed the surface area by nitrogen absorption (BET) and reported a 
value of ~0.017 m2 g− 1, in line with our work [25]. Due to the relatively 
small amount of alloy availability, it was not possible to determine the 
BET area for our alloy. Rose et al. have also pointed out difficulties in 
determining the surface area of porous 430 alloys with the BET tech
nique [37]. Due to the relatively low surface area of the porous alloys, 
the area determination is not simple due to the small amount of the 
adsorbed gas. In contrast to BET, tomography can be used on relatively 
small samples with good reproducibility, but its availability is much 
smaller and the data requires tedious post-processing. 

In general, information about the specific surface area of the alloy is 
not easily obtainable. For comparison, a similar (chemical composition, 
thickness) dense alloy has a surface area of ~8 cm2 g− 1, a factor of ~28x 
smaller. This shows a striking difference in the surface area available for 

oxide formation on porous alloys. 

3.2. Corrosion exposures of porous alloys 

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

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

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

the slopes are similar, confirming that the parabolic rate law (
(

Δm
A

)2
=

kp ∗ t, where A is surface of the sample, Δm is a change of sample`s mass, 
kp is the parabolic rate constant and t is a time of oxidation) can be used 
for the description of corrosion kinetics. 

Fig. 1. SEM images of A) alloy cross section, B) surface and C, D) surface of the as-produced alloy generated from the tomographic reconstruction.  

Table 1 
Chemical composition of the alloy.   

Analyzed chemical composition, % 

Target composition Fe Cr Ni Mo Mn Cu Si Nb C O N S 

Fe22Cr Bal. 22.0 0.03 0.01 0.23 0.02 0.08 0.02 0.04 0.58 0.07 0.01  
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Based on the assumption of the parabolic rate law, Fig. 2C shows 
parabolic weight gain plots (per surface area) for the alloys. The 
calculated corrosion rates (kp values - slopes of the curves) are presented 
in Table 2. For comparison, for the FeCr porous alloy studied by Stefan 
et al., the kp values of 8 × 10− 15 g2 cm-4 s-1 at 700 ◦C and 1 × 10-12 g2 cm- 

4 s-1 at 800 ◦C were obtained [25]. The values are typical, as reported for 
chromia forming ferritic stainless steels [2]. The obtained values can be 
compared with a porous Al-forming alloy. In the case of FeCrAlY porous 
alloy (with comparable particle size) studied by Glasscock et al., the 
corrosion rate obtained at 850 ◦C was ~4 × 10-16 g2 cm-4 s-1. The 
corrosion rate of the Al-former is thus ~3 orders of magnitude lower 
than for the Cr-former. Unfortunately, the former cannot be used in 
applications where electronic conduction of the support is required. In 
other applications, like in oxygen transport membranes (OTM), alumina 
forming alloys have a clear advantage. For comparison with the results 
reported for dense alloys, Gavrilov et al. determined the parabolic rate 
constant for the Crofer 22 APU to be 5.6 × 10-14 g2 cm-4 s-1 after 100 h 
oxidation at 800 ◦C [38]. Skilbred et al. calculated this parameter for 
Sandvik Sanergy HT at 800 ◦C as 5.4 × 10-14 g2 cm-4 s-1 [39]. For Crofer 
22 H alloy, the values are 4.5 × 10-16, 1.1 × 10-14 and 3.3 × 10-13 g2 cm-4 

s-1 for 650, 750 and 850 ◦C, respectively [40]. 

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

The calculated corrosion rate values were used to determine the 
activation energy of the oxidation process. The plot of kp vs the inverse 
of the temperature is presented in Fig. 2D. The points follow a line with 
the activation energy of ~2.7 eV. As cited by Palcut et al., the activation 
energy of Cr diffusion in Cr2O3 is ~2.9 eV (280 kJ mol− 1) [42], therefore 
the obtained value corresponds well with the assumed Cr diffusion 
oxidation rate limitation. 

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

3.3. Post-mortem analysis of porous alloys 

SEM images of the surfaces of the alloys oxidised for 100 h at 700 ◦C, 
750 ◦C, 800 ◦C, 850 ◦C, and 900 ◦C are presented in Fig. 3A–I.   

Fig. 2. Weight gain data presented as A) linear weight change, B) log-log plot, C) square weight change with respect to the initial surface area and D) Arrhenius plot.  

Table 2 
Corrosion parameters after oxidation at different temperatures.  

Temperature Weight gain @ 100 h Corrosion rate – kp 
kp temp / kp 700 ◦C 

Activation energy 

◦C % mg cm− 2 g2 cm− 4 s-1 eV 

900 (40 h) 10.4 0.50 1.3 × 10− 12 289 

2.69 
850 7.80 0.37 3.7 × 10− 13 82 
800 4.65 0.22 1.3 × 10− 13 28 
750 2.52 0.11 3.6 × 10− 14 8 
700 0.94 0.04 4.5 × 10− 15 1  
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The surface of the alloy oxidised at 700 ◦C shows, at low magnification, 
only slight changes in comparison to the not-oxidised alloy. The higher 
magnification shown in Fig. 3G reveals the formation of small (<1 μm), 
densely packed crystallites on the surface. The alloys oxidised at 750 ◦C 

and 800 ◦C show a clear change of the surface, which becomes rougher, 
but still, no large changes of the alloy microstructure are observed, i.e. 
pores are clearly visible. Higher magnification images (Fig. 3H and I) 
show the growth of larger crystallites. Especially at 750 ◦C, the platelet 

Fig. 3. SEM surface of samples A) non-oxidised; oxidised for 100 h at B, G) 700 ◦C, C, H) 750 ◦C, D, I) 800 ◦C, E) 850 ◦C and F) 900 ◦C.  

Fig. 4. XRD patterns of the reference and oxidised alloys: A) full range scan 20-80◦, B) magnification of the 32-38◦ range.  
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shape of the larger crystals growing from a layer of smaller crystals is 
visible. At 800 ◦C, the crystallites grow further. Severe microstructure 
change occurred for the alloy oxidised at 850 ◦C and 900 ◦C. High 
temperature leads to a porosity decrease. In the case of the alloy oxidised 
at 900 ◦C, a dense surface is visible. The alloy was completely oxidised, 
with no features of the initial porous alloy remaining. 

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

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

The alloy oxidised at 700 ◦C for 100 h shows only a minor peak at the 
position of the main peak of the Cr2O3 phase (ICDD PDF number 38- 
1479), visible in Fig. 4B. For the alloy oxidised at 750 ◦C for 100 h, 

new phases clearly formed, however the main alloy peak at ~45◦ is the 
most intense. 

The oxide peaks can be matched well to the Cr2O3 and possibly to 
Fe2O3 (ICDD PDF number 33-664) phases, which have similar structures 
and diffractograms. Peaks are shifted, most likely due to iron doping of 
the oxide phase or due to experimental conditions (sample displace
ment). For the samples oxidised at 800 ◦C (and higher) shifting of the 
peaks towards the Fe2O3 reference, the position could be observed. The 
sample oxidised at 900 ◦C shows only peaks from the oxide phase, 
whereby the metallic substrate is not detectable anymore. 

The enlargement of the main oxide peak area, presented in Fig. 4B, 
shows good agreement of the oxide position with the Fe2O3 peaks for the 
sample oxidised at 900 ◦C. For the other temperatures, there seems to be 
a mixed (Fe,Cr)2O3 oxide. 

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

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

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

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

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

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

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

The oxide scale is composed of Cr and O, which supplemented by the 
XRD results suggest formation of a pure Cr2O3 scale. Due to the presence 
of a minor amount of Mn in the alloy (~0.2 wt.%), the potential for
mation of an (Mn,Cr)3O4 spinel could be expected. However, even 
though a thorough analysis was performed, it did not show the forma
tion of the spinel phase. As seen in Fig. 7A, the Mn signal (qualitative) is 
mostly concentrated inside the grains, so this seems to be an artefact 
coming from EDX fitting. Additional higher magnification analyses (not 
shown here) did not reveal any signs of Mn-rich oxide on top of chromia. 
The amount of Mn in the studied alloy is lower than in Crofer 22 APU 
(Mn ~0.4 wt.%) which might be crucial in forming a continuous spinel 
scale. 

The breakaway spot, presented in Fig. 7B, shows high iron, chro
mium, and oxygen content (Table 3). Region 1, representing the alloy 
composition after oxidation, shows a Cr content of ~10 at.% with the 
remaining Fe. The alloy core has been thus heavily depleted from the 

Fig. 6. SEM cross-section images of the alloy oxidised for 100 h at A, D) 850 ◦C in place without breakaway corrosion, B, E) 850 ◦C for 100 h in a place with 
breakaway corrosion and C, F) 900 ◦C for 100 h. 
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initial ~21 wt.% of Cr content. Region 2, inside the breakaway zone, is 
mainly composed of iron (~34 at.%) with low Cr content (< 2at.%) with 
oxygen as balance. A similar composition is obtained for regions 3 and 4. 
Region 5 shows both high concentrations of iron, chromium, and oxy
gen. Analysing the breakaway region of the elemental map presented in 
Fig. 7B, it seems that Cr is mainly contained in a layer, that initially 
covered the steel grains. At some point, the Cr depleted grains started to 
oxidise, forming iron rich oxides. The chromia layer remained relatively 
stable and thus its structure is retained within the formed oxide. 

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

alloy might also affect breakaway corrosion appearance in these regions. 
In addition to SEM microscopy, tomographic studies of selected 

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

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

Fig. 7. EDX analysis(qualitative maps) of sample oxidised at 850 ◦C for 100 h. A) place without breakaway corrosion, B) place with breakaway corrosion.  

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

Region Fe at. % Cr at. % Mn at. % O at. % 

1 90.3 9.7 <0.1 – 
2 34.5 1.7 <0.1 63.8 
3 33.5 2.5 <0.1 63.9 
4 28.0 7.1 – 64.9 
5 20.7 13.9 0.2 65.2  
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contributes with ~17 % of the total volume. Based on the densities of the 
steel (7.7 g cm− 3) and the oxide (chromia density of 5.22 g cm− 3), the 
measured decrease of the steel phase corresponds theoretically to ~16 % 
oxide volume, which agrees well with the value determined by the 
tomography. 

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

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

3.4. Lifetime prediction of porous alloys 

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

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

The log-log weight gain plot can be used to extrapolate the linear 
curves to reach the weight gain limit of ~6 %, which would be the 
lifetime limit – time before the breakaway oxidation can be expected 
(Fig. 9A). The data for 900 ◦C and 850 ◦C seems to fit within the pro
posed model. For the lower temperatures, the predicted lifetimes are 
136 ± 20 h for 800 ◦C, 395 ± 50 h for 750 ◦C and 2916 ± 170 h for 700 

Fig. 8. Phase segmentation based on synchrotron tomography of samples: A) before oxidation, B) oxidised for 100 h at 800 ◦C and C) oxidised for 30 h at 900 ◦C 
(turquoise – steel, orange-oxide, purple – open pores, green- closed pores). 

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

Temperature Time Figure Steel 
vol% 

Oxide 
vol% 

Open 
porosity 
vol% 

Closed 
porosity 
vol% 

– – Fig. 8 
A 

67.7 – 32.2 0.1 

800 ◦C 100 
h 

Fig. 8 
B 

62.8 16.6 20.5 0.1 

900 ◦C 30 h Fig. 8 
C 

46.3 41.0 11.3 1.4  

Fig. 9. A) Log-log extrapolation of weight gain and B) chromium content in the alloy determined by EDX.  
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◦C. The predicted lifetimes seem quite low. For high temperature fuel 
cells, the desired lifetimes of the stacks are within the 10000− 40000 
hours range (for mobile and stationary systems, respectively). Therefore 
it seems that the porous alloys with the presented chemical composition 
and microstructure should be operated at temperatures lower than 700 
◦C. Alternatively, specially tailored protective coatings could be 
developed. 

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

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

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

Shen et al. have performed long term durability tests of metal- 
supported solid oxide electrolysis cells. In their design, the cell has 
porous metal sheets on both sides (hydrogen/steam and air/oxygen). 
The employed steel is based on a 434 composition, which has 16− 18 wt. 
% Cr. The authors performed ~1000 h long aging test. The authors did 
not observe breakaway oxidation within the studied period. The oxide 
scale thickness has been determined to be ~2 μm for the air side and ~1 
μm for the hydrogen side. Brandner has reported in his PhD thesis, 
oxidation results of ~18 % porous Crofer 22 APU sheets [36]. The ex
periments were carried out in air at 800 ◦C. The surface specific weight 
gain after 1000 h was ~0.5 mg cm− 2. Based on his observations, the 
lifetime of such alloy has been predicted to be between 200− 500 h 
-relatively short for possible practical application. Schiller et al. have 
presented a ~2400 h long test for a porous metal-supported electrolysis 
cell carried out at 800 ◦C [44]. The porous metal substrate was based on 
Plansee ITM alloy (Fe based, ~26 wt.% Cr, with the addition of ~1 wt.% 
Y2O3). The porous metal support did not undergo breakaway oxidation 
within the test time, which seems to survive much longer than our 
simple prediction. Though the microstructure and composition of the 
alloy were quite similar to that studied here, the support was exposed to 
a reducing atmosphere (hydrogen/steam). Exposures in reducing at
mospheres result in lower corrosion rates than in air, which seems 
especially visible in the case of porous alloys [25,45]. Also, the addition 
of even a small amount of Y2O3 might play a major role in extending the 
alloy lifetime in harsh conditions [46]. 

Due to the complex geometry of the porous alloys and foams, their 
oxidation limited lifetime is much shorter than for dense alloys. To fully 
develop a reliable lifetime model for porous alloys, more long-term, 
controlled condition exposure studies are needed, also including sam
ples with different microstructures. 

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

4. Conclusions 

This work has evaluated short term (~100 h) high temperature 
corrosion properties of a ~30 % porous Fe22Cr alloy in the temperature 
range 700 ◦C – 900 ◦C. To determine the specific surface area, syn
chrotron tomographic microscopy was applied. This technique allowed 
obtaining the surface value (~0.022 m2 g− 1) from a relatively small 
sample. The corrosion results demonstrate that the corrosion rate of 
porous alloys is similar to corrosion rates of dense alloys, i.e. the com
plex shape has no visible effect on the underlying corrosion phenomena. 
The corrosion kinetics is acceptable at 700 ◦C, whereas at higher tem
peratures the alloy microstructure changes considerably even after only 
100 h of exposure. Oxidation of samples at 850 ◦C and 900 ◦C leads to 
breakaway corrosion and the alloy becomes fully oxidised after 100 h at 
900 ◦C. The tomographic analysis was also performed on oxidised alloys 
and it allowed for a determination of the relative content of the steel/ 
oxide/pore phases. Using tomography, it is possible to analyse 3D mi
crostructures of the alloys quantitatively, which strongly supplements 
the weight gain and microscopic analyses. 3D visualization achieved 
from tomographic microscopy gives also a better insight into the amount 
distribution of breakaway spots as compared with 2D imaging. 

Based on the obtained experimental results, a methodology for life
time prediction has been proposed. Based on the experimentally derived 
critical oxidation level (weight gain of ~6%), a double logarithmic plot 
was used to extrapolate the data from lower temperatures. The predicted 
lifetime at 700 ◦C is ~3000 h, which is relatively short. The results show 
that there is a need for longer term studies, which will be the focus of our 
future work. 

CRediT authorship contribution statement 

D. Koszelow: Investigation, Methodology, Data curation, Visuali
zation, Writing - original draft. M. Makowska: Writing - review & 
editing, Formal analysis, Validation. F. Marone: Writing - review & 
editing, Software, Validation. J. Karczewski: Validation, Data curation. 
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