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A B S T R A C T   

This study investigates the corrosion of AISI 441 in simulated anode conditions of solid oxide fuel cells (SOFCs). 
Several parameters such as temperature, humidity, surface condition, pre-oxidation temperature and environ
ment, were investigated. Samples pre-oxidized at 800 ºC were protective at 550–900 ºC, while as-received 
samples showed protective behavior only at 900 ºC. Additional exposures performed at 600 ºC revealed the 
negative effect of increasing steam concentration, the beneficial effect of grinding, while pre-oxidation at 600 ºC 
did not improve the protectiveness. The role and the interplay of the aforementioned factors are discussed.   

1. Introduction 

Solid oxide fuel cells (SOFCs) are devices that convert the chemical 
energy of a fuel such as hydrogen into electricity through an electro
chemical reaction with high efficiency reaching up to 74% [1–4]. SOFCs 
have many advantages, such as fuel flexibility, mechanical reliability, 
silent operation, zero particulate emissions, etc. [1–3,5]. However, one 
cell only produces approximately 1 V according to the Nernst equation 
[6–8]. Thus, a component called an interconnect must be employed to 
electrically connect neighboring cells to form a stack in order to obtain 
sufficient power for most applications [6–9]. In addition to the electrical 
connection, a corrugated interconnect provides gas channels required 
for anodic and cathodic reactions. Owing to the development of new 
electrode and electrolyte materials as well as improved design, SOFCs 
can now operate at temperatures between 550 and 900 ºC [3,5,10]. This 
decrease in operating temperatures made it possible for the employment 
of metallic materials as interconnects. The best candidates among 
metallic materials are Cr2O3-forming ferritic stainless steels (FSS) owing 
to their good thermal expansion coefficient (TEC) compatibility with the 
other components of the cell, moderate oxidation resistance, relatively 
low area-specific resistance compared to Al2O3 and SiO2, simple 
manufacturing, and relatively low cost [6–9]. However, there are 
several problems associated with the employment of FSS as an inter
connect material in SOFCs, such as Cr evaporation [11–13], high 

area-specific resistance (ASR) [14] and high temperature corrosion 
[15–17]. Various strategies have been developed against Cr evaporation 
and high ASR. One approach is the deposition of thin films such as Co 
and Ce/Co to reduce Cr evaporation rate and Cr2O3 growth kinetics, 
respectively [18–20]. This strategy is also beneficial to reduce the ASR. 
A particular type of corrosion, the dual-atmosphere effect, occurs when 
hydrogen is used as a fuel, i.e., hydrogen diffuses in the metal from the 
fuel to the air side, causing the formation of Fe-rich non-protective oxide 
on the air side instead of protective Cr2O3 [21–23]. 

However, non-protective oxidation occurs not only on the air side of 
the interconnect in dual-atmosphere conditions. Fe-rich oxides form on 
the fuel side as well, which might additionally exacerbate the chemical 
degradation of the interconnect. In fact, many studies on the oxidation 
behavior of FSS in Ar-H2-H2O and Ar-H2O atmospheres are available in 
literature [24–28]. Several hypotheses have been proposed to reveal the 
mechanism of breakaway corrosion in humid and/or 
hydrogen-containing environments. Earlier hypotheses were mostly 
based on altering the oxide scale properties in H2O-rich environments, 
neglecting the effect of dissolved H on the transport of species such as Cr 
and O in the alloy [25,29–31]. 

However, other authors have demonstrated that, internal oxidation 
of Cr is favored under Ar-H2-H2O and Ar-H2O [24,26,28,32]. This effect 
is further intensified when more water vapor is introduced [24,28]. The 
authors hypothesized that hydrogen dissolved in the Fe-Cr alloy 
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expanded the lattice, which resulted in an enhanced oxygen transport 
[24,26]. The enhanced oxygen permeability thus favored internal 
oxidation, preventing the formation of an external protective Cr2O3 
layer as well as facilitating the formation of Fe-based non-protective 
oxides. In addition, dual-atmosphere exposures delivered clear experi
mental evidence of non-protective oxidation behavior of the air side of 
the FSS under dual-atmosphere conditions [15,17,21–23]. Therefore, 
both aspects should be investigated to further understand the effect of H 
and H2O on the formation of Fe-base oxides under dual (H2/H2O vs. Air) 
and single (H2/H2O) fuel conditions relevant for SOFCs. 

Young et al. [27] studied the effect of temperature on the oxidation 
behavior of several non-pre-oxidized FSS, including AISI 441, under 
single Ar-4%H2-20%H2O atmosphere 500–900 ºC to simulate the fuel 
side of the interconnects. The study showed that Fe-rich oxide formation 
occurred at low temperatures around 600 ºC, while above 600 ºC, pro
tectiveness was improved and at 800 ºC, only external Cr2O3 was 
observed. In that study, Ar-4%H2-20%H2O atmosphere was chosen to 
simulate the anode conditions in an SOFC while suppressing the Cr 
vaporization as a result of low pO2. Less humid environments containing 
e.g., 3% H2O are also relevant, especially for the stack inlet where water 
vapor concentration is lower than that of the outlet and deserve atten
tion. In our previous study [33], the effects of temperature and 
pre-oxidation on the air-side oxidation of AISI 441 steel under 
dual-atmosphere conditions were investigated. It was hypothesized that 
dissolved hydrogen decelerates grain boundary diffusion of Cr, resulting 
in non-protective Fe-rich oxide formation. To gain new insight on the 
effect of H on the breakdown of Fe-Cr steels, the fuel-side corrosion 
behavior of AISI 441 steel exposed in Ar-5%H2-3%H2O for 336 h be
tween 550 and 900 ºC was investigated in the present study. The effects 
of humidity and surface preparation were also studied at 600 ºC where 
the non-protective behavior is most pronounced. 

2. Materials and methods 

2.1. Sample preparation 

Hot-rolled 0.2 and 0.3 mm thick AISI 441 was used in this study. The 
chemical compositions of these sheets are given in Table 1. 

The sheets were received in bright annealed condition with a surface 
roughness of 0.1–0.3 µm and average grain size of 29 µm according to 
ASTM E112 (Heyn intercept method). Two types of samples were pre
pared for exposure in dual- and single-atmosphere conditions. For dual- 
atmosphere exposures, circular specimens were obtained by employing 
a punch with a diameter of 21 mm, while for single atmosphere expo
sures, sheets were cut into rectangular-shaped samples in the di
mensions 20 mm × 10 mm. To reveal the effect of surface condition, 
samples with two different surface finishes were used in this study i) as- 
received, and ii) ground. Ground samples were prepared by grinding 
samples with 320–1200 grit emery papers from 0.3 to 0.2 mm thickness. 
Therefore, all investigated samples had a thickness of 0.2 mm. Sheet 
thicknesses of 0.2–0.5 mm are commonly used for interconnect appli
cations [34]. After the surface preparation step, samples were first 
rinsed with deionized water and cleaned in an ultrasonic bath succes
sively in acetone and ethanol twice for 10 min in each. A Mettler Toledo 
XP6 microbalance with 1 μg sensitivity was used to weigh the samples 
before and after pre-oxidation. 

2.2. Pre-oxidation 

Three different pre-oxidation procedures were followed in this study 

and with the parameters summarized in Table 2. 
The first procedure, called 800Air, was performed in a tube furnace 

at 800 ºC for 20 min under Air+ 3%H2O atmosphere with a flow rate of 
280 sml min-1. Samples were directly inserted into the pre-heated 
furnace and taken out after 20 min and cooled in laboratory air. The 
samples were weighed after the pre-oxidation, revealing a mass gain of 
approximately 0.008 mg/cm2, which correlates well with the previous 
studies [17]. The thickness of the oxide scale (50 nm) after 800Air 
procedure is calculated based on the mass gain. The second procedure, 
called 600Air, was performed in an identical manner to 800Air but at 
600 ºC for a duration of 36 h instead of 20 min. The third procedure, 
called 600H2, was performed at 600 ◦C for 10 h in Ar-5%H2 + 0.3%H2O. 
The steel specimens were heated to 600 ◦C and cooled down with a 
heating rate of 1 ◦C min-1 in a flow of Ar-5%H2 + 0.3%H2O. In order to 
establish 0.3% humidity, Ar-5%H2 gas was first bubbled through a 
round bottom flask at room temperature and then passed through a 
cooling condenser kept at − 8 ◦C. The H2O concentration was controlled 
by a chilled mirror hygrometer (Michell Optidew Vision) and found as −
8 ◦C which corresponds to 0.3%H2O. It should be noted that all humidity 
concentrations refer to absolute humidity. 

The duration of the second and third procedures was chosen to 
obtain equally thick (50 nm corresponding to 0.008 mg/cm2 oxygen 
uptake) pre-oxidation layers on as-received samples in order to compare 
the protectiveness and oxygen uptake of differently formed pre- 
oxidation scales. 

2.3. Dual-atmosphere exposures 

The details of the experimental procedure for the dual-atmosphere 
exposures can be found elsewhere [15]. The dual-atmosphere expo
sure parameters performed in this study are summarized in Table 3. The 
air atmospheres were set as Air+ 3%H2O. 

The first set of exposures investigates the effect of temperature and is 
performed between 550 and 800 ◦C in 97%(Ar-5%H2)+ 3%H2O, which 
corresponds to Ar-4.75%H2-3%H2O in parallel with Air+ 3%H2O for 
336 h on as-received and 800Air-pre-oxidized samples. Since the 
hydrogen concentration is almost the same with the dry gas, it is referred 
in the text as Ar-5%H2-3%H2O. The dewpoint of the gas was controlled 
with a chilled-mirror hygrometer and measured as 24.4 ◦C. The fuel 
sides of the samples (exposed to low pO2) were investigated in this 
study. As previously reported, the most severe dual-atmosphere effect at 
the air side was observed at 600 ◦C [16,33]. Therefore, additional ex
posures were performed at 600 ◦C to study the effect of grinding, 
pre-oxidation parameters, and the effect of humidity. Ground 
non-pre-oxidized and differently pre-oxidized samples (800Air, 600Air, 
600H2 procedures) were exposed in the same conditions as in the ex
posures with varying temperature. To study the effect of humidity on the 

Table 1 
Chemical composition of the AISI 441 steel (in wt%).  

Material Fe Cr Mn Si Ti Nb Ni C S P N 

AISI 441/ EN 1.4509 Bal.  17.56  0.35  0.59  0.173  0.39  0.26  0.014  0.001  0.03  0.017  

Table 2 
Pre-oxidation procedures performed in this study.  

Pre- 
oxidation 

Temperature 
(ºC) 

Atmosphere Duration Mass 
gain 
(mg/ 
cm2) 

pO2 

(bar) 

800Air  800 Air + 3%H2O 20 min  0.008 0.2 
600Air  600 Air + 3%H2O 36 h  0.009 0.2 
600H2  600 Ar-5%H2 +

0.3%H2O 
11 h  0.009 1.23 

× 10- 

26  
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fuel side, dual-atmosphere exposures were performed for 336 h under 
simulated fuel conditions with different water vapor concentrations at 
600 ◦C. Either dry Ar-5%H2 or 80%(Ar-5%H2)+ 20%H2O, which cor
responds to Ar-4%H2-20%H2O, was used on the fuel side, while the air 
side was exposed to Air + 3%H2O in both cases. In all dual-atmosphere 
exposures, the flow rate of the fuel side was 100 sml min-1 while the flow 
on the air side was 8800 sml min-1. The high flow rate on the air side was 
selected to reach the flow-independent Cr evaporation regime [12]. A 
chilled mirror-hygrometer was used to control the humidity level on the 
fuel and air sides. When dry hydrogen was used, the dew point was 
measured as − 24 ◦C, which corresponds roughly to 900 ppm water 
vapor. In order to avoid thermal stresses, a heating/cooling rate of 1 ◦C 
min-1 was chosen. All exposures were performed at least twice in order 
to be sure that the results are reproducible. 

2.4. Single atmosphere exposures 

From the dual-atmosphere exposures, it is not possible to obtain mass 
gains, since the mass gains on the fuel and air sides are not equal. 
Furthermore, the interaction of the sample with the gold sealant does 
not allow for accurate gravimetry. Therefore, to obtain mass gains, 
single atmosphere exposures in tube furnaces were performed under Ar- 
5%H2-3%H2O between 550 ◦C–900 ◦C for 336 h by exposing samples 
with and without 800Air-pre-oxidation with the same heating/cooling 
rate. The humidity was controlled by the same chilled mirror hygrom
eter and the corresponding dew point was found as 24.4 ◦C. The flow 
rate in this case was selected as 250 sml min-1. The lowest temperature 
for single atmosphere exposures was selected as 550 ◦C as in our pre
vious study the samples were protective at 500 ºC [33], while the upper 
limit was selected as 900 ◦C to further investigate the effect of temper
ature on the protectiveness of AISI 441 on the fuel side. The samples 
were weighed before and after exposures using a Mettler Toledo XP6 
microbalance. The mass gain of a pre-oxidized sample refers to the mass 
gain obtained during the exposure carried out after pre-oxidation. 

2.5. Characterizations 

After the exposures, cross-sections were prepared using a Leica TIC 
3X broad ion beam for SEM-EDX investigations. A FEI ESEM QUANTA 
200 equipped with an Oxford X-max 80 EDX detector and a Zeiss LEO 
Ultra FE-55 equipped with an in-lens detector were used for cross- 
sectional SEM-EDX investigations. For further investigations of cross- 
sections, site-specific lift-outs were performed in a FEI Versa 3D 
focused ion beam/scanning electron microscope (FIB-SEM) equipped 
with an Oxford Instruments OmniProbe 100 micromanipulator. 
Analytical scanning transmission electron microscopy (STEM/EDX) 
analyses were carried out in a FEI Titan 80–300 TEM/STEM equipped 
with an Oxford Instruments INCA X-sight EDX system. 

3. Results 

3.1. Effect of temperature on as-received and 800Air-pre-oxidized 
samples 

Fig. 1a shows the fuel side oxide scale thickness values obtained in 
dual atmosphere exposures performed under Ar-5%H2-3%H2O atmo
sphere between 550 and 800 ◦C for 336 h on as-received and 800Air-pre- 
oxidized samples. The as-received samples showed a remarkable 
improvement in protectiveness over 650 ◦C resulting in lower oxide 
scale thickness values. The 800Air-pre-oxidized samples showed a 
completely protective behavior between 550 and 800 ◦C after 336 h. 
Oxide thickness values continuously increased from 550 to 800 ◦C. At 
800 ◦C, the as-received samples had slightly thicker oxide scales in 
comparison with the pre-oxidized samples. 

To complement the thickness data in Fig. 1a with mass gain data and 
to expose samples at 900 ºC, the experiments were repeated in the same 
atmosphere in single atmosphere conditions between 550 and 900 ºC for 
336 h. The obtained mass gain data are presented in Fig. 1b. The 
remarkable improvement in protectiveness of as-received samples above 
650 ºC is also reflected in the recorded mass gains. On the as-received 
samples, at 900 ºC, slightly higher mass gains were obtained to 800 ºC 
while at 900 ºC both specimens demonstrated almost equal mass gains. 
This comparison clearly showed that the as-received sample forms a 
fully protective Cr2O3 scale at 900 ºC. 

An additional comparison between Fig. 1a and b revealed that the 
thickness and mass gains correlate well between 550 and 800 ºC which 
shows that same trend exist on the fuel side of the dual atmosphere 
exposures and single fuel exposures as expected. 

Fig. 2 shows the SEM cross-sections of as-received samples exposed 
between 550 and 900 ºC for 336 h in Ar-5%H2-3%H2O and Fig. 3 shows 
the SEM-EDX mappings of the same regions. According to Figs. 2 and 3, 
at 550 and 600 ºC, the oxide scales were almost identical and composed 
of an outward grown porous Fe3O4 layer according to SEM-EDX and 
XRD analysis (not given here). At 550 ºC, a continuous internal oxidation 
zone (IOZ) was present below the outward grown Fe3O4 layer. However, 
at 600 ºC, the continuity of the IOZ was interrupted and locally replaced 
by an inward grown (Fe,Cr)3O4 phase. According to several studies, the 
IOZ layer consists of unreacted Fe, Cr2O3 and Cr rich (55 at% cation) 
(FeCr)3O4 type oxides [15,24,35–37]. At 650 ºC (Figs. 2c and 3c), no IOZ 
was detected in the steel subsurface. Instead, an outward grown oxide 
layer composed of a lamellar structure and an inward grown, multi-layer 
oxide subscale consisting of two different layers were observed. In the 
SEM-EDX analysis, only Fe as a cation is detected in the outward grown 
part of the oxide layer. The inner part of the oxide scale comprises of an 
(Fe,Cr,Mn)3O4 layer (EDX analysis 28.9 at% Fe, 19.8 at% Cr and 0.4 at% 
Mn) and a Cr-rich sublayer (EDX analysis 32.6 at% Cr, 15 at% Fe and 
0.6 at% Mn) next to the metal-oxide interface (Fig. 3c). A detailed 
TEM-EDX analysis of samples exposed at 650 ºC is given in Fig. 4. Ac
cording to Fig. 4, the lamellae were composed of pure Fe embedded in an 
Fe3O4 matrix. No Cr was detected in the TEM-EDX analysis. The for
mation of the lamellar structure is the direct result of the eutectoid re
action from FeO into Fe+Fe3O4, as previously reported [38–40]. The 
samples were heated and cooled at 1 ºC/min, and thus the slow cooling 
rate presumably allowed the eutectoid transformation to take place at 
that temperature. At 700 ºC, similarly to 650 ºC, the oxide scale consisted 
of one outward and one inward grown layer (Fig. 3d). The outward 
grown scale consisted of two different phases. One phase was found as a 
band just over the original steel surface with a darker contrast as 
compared to the continuous phase above it. According to the literature, 
this dark phase (marked Fe3O4) is identified as magnetite seam, which 
nucleates at the FeO/metal interface as a result of the eutectoid trans
formation [39,40]. No lamellar structure was found on the samples 
exposed at 700 ºC. The magnetite seam and lamellae formation have 
been discussed in several studies [41–43]. According to the SEM-EDX 
mapping, the Cr concentration of (Fe,Cr)3O4 sublayer at 700 ºC was 

Table 3 
Different dual atmosphere exposure conditions used in this study.  

Exposure Temperature 
(ºC) 

Atmosphere 
(Anode side) 

Duration pO2 (Bar) 

Temperature 
Dependency 

550–800 Ar-5%H2-3% 
H2O 

336 h 2 × 10-26 

(550 ºC) 4 ×
10-19 (800 
ºC) 

High humidity 600 Ar-4%H2-20% 
H2O 

336 h 8.55 × 10-23 

Low Humidity 600 Ar-5%H2 336 h 1.1 × 10-27  
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determined as 30.8 with a slight enrichment (32.2 at% Cr) at the 
metal-oxide interface. At 800 ºC, the oxide scale can be separated into 
three regions, namely: i) the outermost region composed of an undu
lating gas-scale interface including regions with darker and brighter 
contrast, ii) the intermediate region between the outermost layer and 
the pore-band with a dark contrast, and iii) the region below the pore 
band with a slightly darker contrast than the intermediate layer. Ac
cording to SEM-EDX mapping, the region below the pore band is rich in 
Cr2O3 (almost 40 at% Cr according to EDX) this matches XRD results 
(not given here) showing the presence of Cr2O3. The region above the 
pore band corresponds to (Fe,Cr,Mn)3O4 containing 10.6 at% Fe 30.7 at 
% Cr, 4.4 at% Mn confirmed by XRD. The outer region is rich in Fe, 
corresponding to FeO+Fe3O4, though in some localized regions Cr was 
also detected on the outermost region. Since Fe is mostly concentrated 
on the outermost part of the oxide scale, it is suggested that Fe-rich 
phases formed during the earlier stages of oxidation. Later on, with 
the establishment of a passivating Cr2O3 layer, these phases transformed 
gradually into Cr-rich mixed oxides. Additionally, internally oxidized Ti 
particles were detected in the surface-near region below the oxide scale. 
No magnetite seam or lamellae were detected at 800 ◦C. Similar oxide 
scales were also obtained on AISI 441 FSS exposed at 800 ◦C in H2/H2O 
mixtures by Ardigo et al. [44]. At 900 ◦C, a typical protective 
double-layered oxide scale, composed of a (Cr,Mn)3O4 cap layer on a 

Cr2O3 layer, was obtained. However, at the gas-oxide scale interface, 
Mn-rich whiskers can be seen. Internally oxidized Ti was also present 
below the oxide scale. Clearly, increasing the temperature enhances the 
protectiveness of the oxide scales on as-received samples, especially 
above 800 ◦C. 

Fig. 5 depicts the fuel-side SEM cross-sections of 800Air-pre-oxidized 
samples exposed in dual conditions between 550 and 800 ºC for 336 h 
including the SEM-EDX mapping of 800 ◦C. In addition, SEM cross- 
sections and SEM-EDX mapping of 800Air-pre-oxidized samples 
oxidized in single atmosphere conditions at 900 ◦C were also included in 
Fig. 5. According to the SEM images, the specimens pre-oxidized in these 
conditions exhibited consistently protective behavior within the 
selected temperature range after 336 h. Oxide scales were composed of 
typical duplex scales consisting of (Cr,Mn)3O4 and Cr2O3. From 
550–900 ◦C, a gradual increase in oxide scale thickness was observed 
owing to the acceleration in Cr2O3 growth rate with increasing 
temperature. 

3.2. Effect of humidity 

Fig. 6 presents SEM images of cross-sections of the fuel side of as- 
received and 800Air-pre-oxidized samples exposed in dual conditions 
with different simulated fuels (dry Ar-5%H2, Ar-5%H2-3%H2O and Ar- 

Fig. 1. Oxide scale thickness and mass gains of as-received and 800Air-pre-oxidized samples obtained through single and dual exposures for 336 h. a) Oxide scale 
thickness values of samples exposed in dual atmosphere exposures between 550 and 800 ºC a) Mass gains obtained in single atmosphere (Ar-5%H2-3%H2O) between 
550 and 900 ºC. 

Fig. 2. Cross-sectional SEM images of the oxide scales formed in Ar-5%H2-3%H2O at 550–900 ºC after 336 h. a) 550 ºC, b) 600 ºC, c) 650 ºC, d) 700 ºC, e) 800 ºC, f) 
900 ºC Except 900 ºC images were captured from the dual atmosphere exposure samples. 

A. Chyrkin et al.                                                                                                                                                                                                                                



Corrosion Science 203 (2022) 110338

5

4%H2-20%H2O) at 600 ºC for 336 h. Dry Ar-5% H2 contained approxi
mately 900 ppm H2O according to dew point measurements. The ob
tained results showed that the as-received samples exhibited a 
protective scale only in dry conditions while Fe-rich non-protective 
oxides formed in 3% and 20% humidity-containing gases. A comparison 
between 3% and 20% humidity showed that corrosion was more severe 
for higher H2O content. Furthermore, 800Air-pre-oxidized samples 
showed protective behaviors in dry and 3% H2O-containing environ
ments, while in 20% H2O pre-oxidized samples exhibited sporadic non- 
protective oxide nodules. The non-protective scales have a similar 
microstructure from gas-oxide interface to metal-oxide interface: i) 
Outward grown Fe3O4 layer, ii) Inward grown (Fe,Cr)3O4 spinel layer, 
and iii) IOZ layer. The protective scales are typically composed of a (Cr, 
Mn)3O4 cap layer and a Cr2O3 inner layer. As previously reported in 
numerous studies ([24,28,45], increased humidity deteriorates the 
protectiveness of chromia scales, even the pre-formed ones, as shown in 

the present study. 

3.3. Effect of surface treatment 

Fig. 7a shows the mass gain values of as-received, ground and 
800Air-pre-oxidized samples exposed in Ar-5%H2-3%H2O. The mass 
gains clearly showed that the as-received sample had a much greater 
mass gain (2.6 mg/cm2) in comparison with ground and pre-oxidized 
samples, indicating non-protective behavior, as shown in Figs. 2b and 
3b. The mass gain values of ground and pre-oxidized samples were 
identical and very low; thus, protective behavior was observed on 
ground and pre-oxidized samples (Fig. 7a). Fig. 7b and c illustrate the 
fuel- and air-side SEM cross-sections of ground samples, respectively. 
According to Fig. 7b and c, a very thin protective oxide scale of around 
33 ± 8 nm on air and 146 ± 21 nm on fuel side was observed on both 
sides. Additionally, a recrystallization layer with a depth of 1 µm was 

Fig. 3. Fuel side cross-section SEM-EDX mapping of as-received samples exposed in Ar-5%H2-3%H2O after 336 h. a) 550 ºC, b) 600 ºC, c) 650 ºC, d) 700 ºC, e) 800 ºC, 
f) 900 ºC. Except 900 ºC analysis was performed on the dual atmosphere exposure samples and please note the different magnifications. 
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detected below the Cr2O3 scale. The average grain size within this layer 
was approximately 100 nm. 

Fig. 8 illustrates the cross-sectional SEM analysis of fuel and the air 

sides of the as-received samples, exposed between 550 and 800 ºC for 
336 h in Ar-5%H2-3%H2O vs. Air + 3%H2O. A comparison of the 
thickness values between fuel and air side is also given in Fig. 8. 

Fig. 4. Cross-sectional SEM images and line TEM-EDX analysis of the lamellar structure on as-received sample exposed at 650 ◦C in dual atmosphere conditions 
under Ar-5%H2-3%H2O after 336 h. a,b) Cross sectional SEM images, c) TEM image the area where the line scan has performed. D) TEM-EDX line scan data. 

Fig. 5. Cross-sectional SEM images of 800Air-pre-oxidized samples exposed in Ar-5%H2-3%H2O between 550 and 900 ◦C. Except 900 ◦C analysis was performed on 
the dual atmosphere exposure samples. Note the different magnifications. 

A. Chyrkin et al.                                                                                                                                                                                                                                



Corrosion Science 203 (2022) 110338

7

Fig. 6. Fuel side cross-sectional SEM images of as-received and 800Air-pre-oxidized samples exposed at 600 ºC for 336 h in dual atmosphere conditions under 
different fuel utilization. Red and White boxes are representing non-protective and protective regions respectively. Note the different magnifications. 

Fig. 7. Mass gains of as-received, 800Air-pre-oxidized and ground samples under single Ar-5%H2-3%H2O (a) and Cross-sectional SEM images of fuel (b) and air side 
(c) of ground non-pre-oxidized samples exposed in dual Ar-5%H2-3%H2O and Air+ 3%H2O atmosphere at 600 ºC up to 336 h. Note the different magnifications. 

Fig. 8. Comparison of air and fuel sides of as-received samples exposed in Ar-5%H2-3%H2O and Air+ 3%H2O dual atmosphere conditions for 336 h between 550 and 
800 ºC. 
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According to the images and the thickness values, it is clear that the non- 
protective iron oxides on the air side are much thicker compared to ones 
formed on the fuel side. Furthermore, in both air and fuel sides, the 
thickness of iron oxide layers decreases as the temperature rises, 
showing the beneficial effect of temperature. 

Fig. 9 depicts the fuel side of the 600Air- and 600H2-pre-oxidized 
samples after 336 h of dual-atmosphere exposures at 600 ºC with Ar-5% 
H2-3%H2O on the fuel side. These sample were pre-oxidized for 36 h and 
11 h respectively in order to achieve a pre-oxidation scale of the same 
thickness as 800Air. Fig. 9 clearly showed that 600Air and 600H2 pre- 
oxidation procedures resulted in non-protective behavior on the fuel 
side. These results show that, only 800Air pre-oxidation procedure re
sults in a protective behavior on the fuel side at the entire temperature 
range (550–800 ºC). 

4. Discussion 

4.1. Temperature dependence and Cr diffusion 

The effect of temperature on the protectiveness of the oxide scale on 
the air side dual atmosphere conditions was discussed in the previous 
study on as-received and pre-oxidized AISI 441 steel [33]. Considering 
that the steel grade 441 is fully protective in air (single atmosphere) at 
600–800 ºC [16], the main reason for non-protective Fe-base oxide 
formation on the air side of the samples exposed in dual-atmosphere 
conditions is interpreted as the impeded Cr diffusion especially at the 
grain boundaries in the steel. This interpretation was based on the 
analysis of the available kinetic data, i.e., oxygen permeability, chromia 
scaling rate, Cr diffusivity in BCC, and activation energies. Wagner’s 
criteria for internal/external oxidation [46] and maintenance of an 
already formed external scale [47] were employed to carry out the 
analysis. For more details, the reader is referred directly to [33]. 

At 550 and 600 ºC the oxide scales were much more porous 
compared to the ones formed at 650, 700 and 800 ºC. Formation of more 

porous outward grown Fe3O4 layers at lower temperatures was also 
observed by Young et al. [27]. At 550 and 600 ºC, below the magnetite 
layer, the inward grown part consists of an IOZ while at temperatures 
above 600 ◦C the IOZ layer was replaced with the (Fe,Cr)3O4 spinel 
layer. It is proposed that the formation of a thick inner (Fe,Cr)3O4 layer 
slowed down the cation transport toward the surface compared to only 
an IOZ being present, thus a pore free scale was obtained. It was also 
shown in previous studies that when this layer contained more Cr it 
decelerated the growth of the external layer [35]. 

A comparison of the oxide scales formed at 650 and 700 ◦C revealed 
a lamellar structure due to eutectoid decomposition of FeO into 
Fe+Fe3O4 was present at 650 ◦C while no lamellar structure was 
observed at 700 ◦C. Instead, a magnetite layer termed as magnetite seam 
was formed at the FeO-original metal interface. Shizukawa et al. [41], 
found by exposing Fe-Au alloys that the Au layer formed at the 
metal-oxide interface and proposed that this layers acts as a barrier 
against Fe diffusion towards the substrate and promoted eutectoid 
transformation by enriching the FeO layer. These results suggest that the 
magnetite seam formation acts in the same way by preventing the 
diffusion of Fe towards the metal. Yet in the present study, although the 
magnetite seam layer was present at the metal-oxide interface on the 
samples exposed at 700 ◦C the lamellar structure was missing. However, 
the Fe diffusion rate within the FeO matrix which is a function if iron 
vacancy concentration also plays a crucial role as showed by Tanei et al. 
[48]. Tanei showed by high temperature XRD analysis that, the wustite 
formed at higher temperatures contained less iron vacancies, which 
resulted in the retardation of eutectoid transformation. Therefore, it is 
also reasonable to assume that the scale formed at 700 ºC contains more 
Fe+2 ions compared to 650 ◦C. Thus, cooling with 1 ◦C/min might not be 
slow enough for the eutectoid transformation to occur. 

An enrichment of the (Fe,Cr)3O4 layer with Cr at elevated tempera
tures above 650 ◦C (Fig. 3.) slowed down both the growth of outward 
and inward grown layers. Especially above 700 ◦C, the oxide scales on 
the as-received specimens gradually transformed into continuous Cr2O3 

Fig. 9. Fuel side cross-sectional SEM images of 600Air and 600H2-pre-oxidized samples exposed in dual atmosphere conditions after 336 h at 600 ºC a,b) 600H2-pre- 
oxidized sample, c,d) 600Air-pre-oxidized sample. 
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layer, albeit still overlaid by iron-rich oxides at 800 ºC (Figs. 2e, 3e). At 
900 ◦C, in addition to the whisker-like manganese-rich features at the 
gas-oxide interface, a typical protective double-layered oxide scale 
consisting of (Cr,Mn)3O4 and Cr2O3 was obtained. On the other hand, 
the pre-oxidized specimens exhibited protective scales composed of (Cr, 
Mn)3O4 and Cr2O3 in the entire temperature range (550–900 ◦C). 

The beneficial effect of temperature was also reflected in the mass 
gain values. At 800 ◦C, due to the Fe incorporation to the oxide scale, as- 
received samples demonstrated a slightly higher mass gain compared to 
the 800Air-pre-oxidized sample. At 900 ◦C, both samples showed almost 
identical mass gains, which indicates that as-received samples are more 
protective at 900 ◦C than at 800 ºC. This is a clear result of enhanced 
bulk Cr transport toward the metal-oxide interface at elevated temper
atures (>700 ºC), which promotes protective scaling. 

The effect of cold work was also investigated in the present study 
(Fig. 7a, b). As-received samples showed much higher mass gains 
(2.5 mg/cm2) in comparison with the ground and 800Air-pre-oxidized 
samples, which showed similar mass gains. This indicates that ground 
and 800Air-pre-oxidized samples showed a protective behavior 
(Fig. 7a). In Fig. 7b it is clear that, due to the grinding, a recrystallized 
layer formed just below the original metal surface, which increased the 
grain boundary density significantly as the average grain size in this 
layer was approximately 100 nm. In Fig. 7c it was shown that the 
recrystallization layer is not only beneficial on the fuel side but also 
improves the protectiveness on the air side. The effect of the grain size of 
the metal on the protectiveness of Cr2O3 scales has also been discussed in 
the literature and it has been shown that small grain size increases the Cr 
flux towards the metal-oxide interface, which is beneficial to maintain 
the presence of an already formed Cr2O3 [49]. In contrast, as-received 
samples were completely covered with Fe-base non-protective oxide as 
the grain size for annealed AISI 441 is 29 µm. Thus, this effect is an 
additional indirect proof of the key role of Cr diffusion in the 
dual-atmosphere/hydrogen effect since as-received AISI 441 is not 
protective in the as-received condition. 

4.2. Effect of water vapor on the oxidation of as-received and 800Air-pre- 
oxidized samples 

Cr2O3 scales are known to grow faster in humid and/or hydrogen- 
containing gases [50–52]. When H2O is the main oxidant, Cr2O3 
grows predominantly inward, as demonstrated by O18/O16-tracer ex
periments [52]. This provides better adherence to the metal [50,53–55] 
and results in a relatively fine-grained structure [50,56,57]. The effect of 
water/hydrogen has been argued to be similar to that of reactive ele
ments [58], by H2O segregating to GBs and thus pinning them, which 
blocks the grain growth. Yet, according to the studies of Zurek et al. [52] 
and Niewolak et al. [59], the addition of Mn substantially decreased the 
mass gain compared to Ni-Cr and Fe-Cr alloys in H2/H2O mixtures. In 
fact, the mass gains were even lower than Mn containing Ni-Cr and Fe-Cr 
alloys oxidized in air [52,59]. The same trend was also observed by 
Guillou et al. [60] on alloy 230 which is a Ni-Cr alloy that contains 
0.5 wt% Mn. Since, Cr2O3 grows mainly inward in H2/H2O environ
ments, Niewolak et al. [59] claimed that, the presence of spinel as a 
continuous cap layer slows down the diffusion of water vapor species 
such as hydroxides, thus ending up with a slower growth rate on the fuel 
side. 

In the present study water vapor had a detrimental effect on the 
protectiveness of the as-received and 800air-pre-oxidized samples as 
shown by the cross-sectional SEM images (Fig. 6). In dry conditions as- 
received samples formed only Cr2O3 scales since the pO2 at 600 ºC in dry 
Ar-5%H2 (1.1 ×10-27 bar) is well below the FeO dissociation pressure 
(1.3 ×10-25 bar). However, increasing the humidity concentration to 3% 
resulted in the formation of Fe-rich oxides while further increasing the 
humidity concentration to 20% H2O resulted in even thicker Fe-rich 
non-protective layers. The same effect of water vapor was also 
observed by Hooshyar et al. [45] at 600 ºC on 304 L resulting in thicker 

outward grown Fe3O4 and inward grown (Fe,Cr)3O4 layers. Hooshyar 
et al. [45] showed that, the breakaway oxidation is preceded by the 
formation of Cr2O3. In other words, Cr2O3 forms first but cannot be 
maintained on the surface. The failure of pre-oxidized Cr2O3 scales will 
be discussed in the subsequent section. It should be noted that, when the 
water vapor concentration increases from 3% to 20%, both pH2O and 
pO2 increases while pH2 decreases simultaneously. These factors were 
individually investigated by Hooshyar et al. [45]. The authors concluded 
that, rather than pO2 and pH2, pH2O is responsible for the failure of the 
Cr2O3 scale in H2/H2O mixtures. Yet no explanation was given for the 
effect of increasing pH2O. Essuman et al. [24] investigated Fe-10Cr and 
Fe-20Cr model alloys in Ar-4%H2-7%H2O and Ar-7%H2O between 900 
and 1050 ºC and also found that, under low pO2 environments 
increasing water vapor concentration resulted in the formation of 
Fe-rich scales and a drastic increase in mass gains. Essuman et al. [24] 
claimed that, this trend is correlated with the enhanced internal 
oxidation of Cr by the expansion of Fe-Cr lattice due to dissolved 
hydrogen. Dissolved hydrogen in return, increases the oxygen perme
ation towards the metal thus preventing Cr diffusion towards the sur
face. However, several studies showed that dissolved hydrogen has no 
effect on oxygen permeability [61–63]. Thus, it is speculated that Cr2O3 
fails earlier in 20% water vapor, hence the Fe-rich scales will have 
grown thicker compared to the 3% H2O water vapor containing envi
ronment. The indication for earlier failure of Cr2O3 scale can be found by 
comparing the progression between inward grown layers: in 3% H2O, 
only localized (Fe,Cr)3O4 formation was observed while in 20% H2O, 
more inward grown spinel was present. Yet, time resolved exposures 
with very short exposure durations are needed to clarify this hypothesis. 

The situation of the 800Air-pre-oxidized samples is different. In the 
present study it was shown that, 800Air-pre-oxidized samples showed 
protective behavior in Ar-5%H2-3%H2O within the investigated tem
perature range while they partially failed at 600 ºC under Ar-4%H2-20% 
H2O. In the present study, the thickness of the oxide scale in 3%H2O 
humidity corresponds to 64 ± 17 nm while under 20% H2O, in the 
protective region, the corresponding value is 82 ± 20 nm. These values 
indicate that, the oxidation rate of the 800Air-pre-oxidized sample in 
20% water vapor is slightly higher. That a higher concentration of H2O 
increases the scaling rate can also be found by comparing the thickness 
of as-received sample oxidized in dry Ar-5%H2 (~900 ppm H2O) and 
the ground non-pre-oxidized sample exposed in Ar-5%H2-3%H2O. In the 
former the measured thickness was 97 ± 20 m while on the latter the 
scale thickness was measured as 146 ± 21 nm. The reason why 
increased pH2O increases oxidation rate of Cr2O3 both on non-pre- 
oxidized and 800Air-pre-oxidized samples are unclear at the moment. 

4.3. Effect of different pre-oxidation procedures on the protectiveness 

Pre-oxidation is a widely used method to protect metallic intercon
nect materials against high temperature oxidation in SOFC applications 
[64–68]. The beneficial effect of pre-oxidation in dual atmosphere 
oxidation was also shown by several authors [16,17,69]. Yet, results 
obtained by the present study showed that, only 800Air-pre-oxidized 
samples were protective in Ar-5%H2-3%H2O as shown by mass gains 
and thickness values (Fig. 1.) and microscopy (Fig. 5). On the contrary, 
the as-received samples (Fig. 2.) and 600Air and 600H2-pre-oxidized 
samples (Fig. 9) failed in the same environment at 600 ◦C. This is an 
important outcome since it was previously mentioned in the effect of 
water vapor section that as-received samples form a Cr2O3 layer first and 
fail afterwards. Thus, as-received samples fail similarly to samples 
pre-oxidized at 600 ◦C showing that the Cr2O3 scale that forms at 600 ◦C 
cannot be maintained. Hence, although the layer thickness values are 
identical for each pre-oxidation procedure, they do not show the same 
oxidation behavior indicating that other properties of these pre-formed 
layers determine its protectiveness. According to previous studies the 
following differences are expected: 
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1) It is expected that pre-oxidation at higher temperatures (800Air-pre- 
oxidation) will result in rather coarse-grained Cr2O3 scales [70] 
hence, lower growth rates at 600 ºC. At the same time, Cr2O3 
pre-grown at 600ºC and in particular in H2/H2O is expected to 
demonstrate faster scaling rates and worse protectiveness owing to 
the preformed fine-grained Cr2O3 scale. It has been shown in 
numerous studies that below 800 ◦C, grain boundary transport in 
oxide scales dominates the oxidation process [71,72], making the 
scaling rate sensitive to the Cr2O3 grain size. Another important 
factor affecting the grain size is the temperature. Sabioni et al. [70] 
studied the oxidation of Fe-15Cr model alloys in air and reported an 
average grain size of 400 nm at 750 ºC and 700 nm at 900 ºC. 
Hallström et al. [73] exposed pure chromium in O2 for 24 h at 650 ºC 
and observed 100 nm wide columnar Cr2O3 grains in the inner part 
of the scale while the outer layer consisted of 200 nm wide grains. 
The 100 nm wide grains were also obtained by Bataillou et al. [72] in 
the Cr2O3 grown after 50 h exposure at 700 ºC in impure argon. 
Therefore, the chromia grain size is expected to decrease in the order 
of 800Air, 600Air, 600H2.  

2) Spinel coverage differs depending on pre-oxidation and affect the 
scaling rate. Niewolak et al. [59] found that a cap layer of (Cr, 
Mn)3O4 forms substantially faster in air compared to H2/H2O. 
Furthermore, the authors observed a decrease in oxidation rate that 
is attributed to complete spinel coverage. In the present case it is thus 
reasonable to assume that 800Air pre-oxidation results in the most 
complete spinel coverage, followed by 600Air. The sample with least 
spinel coverage is expected to be 600H2. 

3) It has been shown earlier that Cr2O3 scales formed at lower tem
perature incorporated more Fe than scale formed at higher temper
ature [74]. Although this could explain the difference in 
protectiveness between 800Air and 600Air this hypothesis fails for 
the 600H2 samples. These samples were pre-oxidized in Ar-5–0.3% 
H2O where Fe oxide formation is not possible, thus these scales are 
expected to be Fe free. Consequently, further characterization of 
these pre-formed layers by advanced techniques such as TEM is 
needed to reveal the grain-size, texture and phase constituents. 

4.4. Comparison of air and fuel sides of the samples after exposure 

The most striking experimental observation in this study is the dif
ferences on the intensity of corrosion between fuel and air sides [33]. 
When the samples are exposed in the as-received condition, the oxide 
scales on the air side are at least twice as thick as those on the fuel side 
(Fig. 8). It is established above that Cr2O3 grows faster in H2/H2O than in 
air, the opposite behavior is observed here. The reason for this 
discrepancy is that after the failure of the Cr2O3 scales, Fe-rich non-
protective oxides grow on both sides of the specimen. Oxidation of pure 
iron in air and Ar/H2O or H2/H2O have been investigated in several 
studies [75–77]. According to Caplan et al. [75], pure iron oxidizes more 
slowly in Ar/H2O mixture than in air at 550 ºC. Furthermore, Turkdogan 
et al. [76] studied the effect of pH2O in H2/H2O mixtures on the growth 
of FeO layers and found a similar result. Additionally, Galerie et al. [77] 
also stated that, metal deficient p-type oxides such as NiO or FeO oxidize 
slowly in low pO2 environments as the concentration of the metal va
cancies are pO2 dependent and are higher in high pO2 environments. In 
addition to NiO and FeO, a study revealed that, Fe2O3 shows p-type 
semiconductor behavior in high pO2 environments and the pO2 de
pendency was equilibrated as: [V′ ′′

Fe]≈ (pO2)3/16 [78]. Furthermore, 
magnetite was also shown to be cation deficient and the deficiency in
creases at higher oxygen potentials [79]. Therefore, it is reasonable for 
Fe-rich oxides to grow faster in air compared to low pO2 H2/H2O 
environment. 

The second observation is the different protectiveness of the pre- 
grown chromia scale (800Air-pre-oxidation) on the air and fuel sides 
(50 nm). The chromia pre-grown at 800 ◦C for 20 min remained stable 

and protective on the fuel side (Fig. 1, Fig. 5) throughout the entire 
temperature range, while it failed on the air side at 550–700 ◦C after 
336 h [33]. Alnegren et al. [16] investigated samples that were 
pre-oxidized for 3 h at 800 ◦C. While the fuel side of these samples 
remained protective, they failed on the air side within 1000 h at 600 ◦C. 
However, it should be noted this occurs only under dual atmosphere 
conditions, the samples are entirely protective in single atmosphere air 
exposure. Therefore, both studies confirm that samples pre-oxidized at 
800 ºC in air are more protective on the fuel side than on the air side 
under dual atmosphere conditions. In normal circumstances, one would 
expect that the fuel side should be more corrosive owing to the presence 
of water vapor, since Cr2O3 scales grow faster in H2/H2O mixtures, as 
discussed previously. On the air side, the growth rate should be slow and 
protective. When compared, these atmospheres differ from each other in 
terms of oxygen potential. It can be speculated that increasing pO2 might 
result in higher oxidation rates of Cr2O3 scales. However, the growth 
rates of Cr2O3 scales are shown to be independent of oxygen partial 
pressure at 1000 ºC between 10-13 and 10-3 atm on Ni-30Cr model alloys 
[80]. It can be also speculated that the presence of H increases the 
growth rate of Cr2O3 scales. However, according to the results of 
Alnegren et al. [16], under dual-atmosphere conditions, on pre-oxidized 
samples (800 ºC, 3 h), the growth rates of Cr-rich thin oxide scales on the 
air side in the presence of dissolved hydrogen in the metal are approx
imately equal to the formed in single atmosphere. Therefore, the pres
ence of dissolved hydrogen in the metal does not increase the growth 
rate of Cr2O3 scales on the air side. The reason for failure on the air side 
is explained by the deceleration of Cr diffusion [33], since ground 
non-pre-oxidized samples were protective on the air side under the same 
oxidation conditions (Fig. 7c). However, as hydrogen diffuses from the 
fuel to the air side of the specimens the concentration of hydrogen 
should be higher on the fuel side than on the air side. Thus, any effects 
related to the presence of hydrogen, such as the deceleration of Cr 
transport to the surface, should lead to failure on the fuel side as well. 
Whether the samples fail or not is governed by the interplay between Cr 
consumption and supply. In general, if Cr consumption exceeds Cr 
supply, Cr2O3 cannot be sustained. In the present study, as-received 
samples and even 800Air-pre-oxidized samples failed on the air side 
while ground samples were protective on both the air and fuel sides due 
to enhanced Cr transport toward the surface. This illustrates that 
increased Cr transport due to the fine-grained recrystallization zone was 
sufficient to maintain the protective Cr2O3 scale. Thus, it can be spec
ulated that the failure of pre-oxidized samples on the air side in 
dual-atmosphere conditions can be related to an additional mechanism 
that affects the Cr consumption. One conceivable mechanism is Cr 
evaporation, which depletes the Cr supply of the material and is absent 
on the fuel side. Alnegren et al. [16] performed dual-atmosphere ex
posures in dry air and still observed Fe-rich oxide formation, although 
the intensity of the corrosion was less in dry conditions. Further dedi
cated experiments are needed to verify and/or quantify the effect of 
hydrogen on Cr transport in ferritic steels, establish the nature of this 
effect (GB or lattice diffusion), and develop appropriate mitigation 
strategies. 

5. Conclusion 

The steel grade AISI 441 demonstrated poor performance in a 
simulated SOFC fuel gas Ar-H2-H2O in comparison with air (single at
mosphere). In H2/H2O, the exposure parameters such as temperature, 
surface condition and humidity had the following effect on the oxide 
scale protectiveness:  

• As received samples exposed at 550–700 ºC, exhibited breakaway- 
type oxide scales composed of external Fe-rich oxides and inter
nally grown (Fe,Cr)xOy-rich IOZ or continuous sublayers. 

• Pre-formed chromia layers (50 nm) generally improve the perfor
mance of AISI441 in Ar-H2-H2O. However, the pre-oxidation 
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conditions play a key role in the protectiveness of the pre-grown 
oxide layer.  

• The scales pre-formed at 600 ºC demonstrated substantially lower 
protectiveness in comparison with those grown at 800 ºC.  

• Increased humidity breaks down the most protective chromia scale 
type (800Air), leading to the formation of Fe-rich nodules in Ar-5% 
H2-20%H2O at 600 ºC while the same chromia scale demonstrated 
full protectiveness in Ar-5%H2-3%H2O. Higher humidity is believed 
to accelerate the chromia scaling rate.  

• The breakdown of the oxide scale on the air side in dual-atmosphere 
conditions occurs because hydrogen impedes Cr diffusion. This effect 
should be at least equally strong on the H2/H2O side, yet a pre- 
oxidized scale (800Air) remains protective. The reason for this 
discrepancy is presently unknown.  

• Future work such as on model Fe-Cr and Fe-Cr-Mn alloys are needed 
to deconvolute the effect of grain size and spinel coverage on the 
protectiveness of 800Air-pre-oxidized specimens.  

• The results show that fuel side oxidation of the interconnect can 
cause severe degradation, in particular at IT-SOFC temperatures. The 
results suggest that a short high temperature pre-oxidation or stack 
conditioning step can reduce the degradation. 
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