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1 Abstract

Ferritic stainless steel interconnects must be able to withstand high contents of steam on the fuel side of
solid oxide electrolysis cells (SOEC) and on solid oxide fuel cells (SOFC) that run high fuel utilization.
SOEC fuel environment is often simulated by diluting mixtures H.O/H; with inert gas due to safety
restrictions on handling hydrogen. The current study investigates the influence of the absolute pressure
of H>O/H: at a constant pO; using different levels of dilution with Ar on the corrosion behavior of the
ferritic stainless steels AISI 441 and Crofer 22 APU up to 500 h. It is shown that Crofer 22 APU has the
same oxidation rate regardless of the absolute pressure of H./H,O, but the lower alloyed AISI 441
oxidizes rapidly due to iron-rich oxide formation when the water content is increased to 40%.

2 Introduction

Ferritic stainless steels are used as interconnects in solid oxide fuel cells and electrolyzers (SOFC and
SOEC), where they electrically connect stacked cells and separate the oxidant and fuel gases. The
formation of chromia scales provides protection against rapid oxidation of the interconnects, and chromia
is considered sufficiently electrically conductive at operating temperatures of around 600-900 °C, as
opposed to silica or alumina scales [1,2]. The interconnects can be exposed to high concentrations of
steam on the fuel facing side, especially in the case of steam electrolysis [3]. The presence of water vapor
is known to accelerate oxidation and promote break-away corrosion, i.e. the formation of rapid-growing
Fe oxide on stainless steels [4]. To form a continuous protective chromia scale on a steel, the flux of C
from the alloy towards the metal/oxide interface must exceed that of the inward flux of oxygen ions [5].
Or in other terms, the supply of Cr must be larger than the consumption, otherwise Fe-rich oxide, which
has a higher concentration of defects, will form, which leads to much faster oxidation.

This makes the oxidation of stainless steels rather complex. It is interesting to consider first alloys that
form chromia as the only oxide scale. Hultqvist et al. have shown that pure chromium oxidizes faster in



H>O than in O, at 900 °C [6]. Hansel et al. have studied the oxidation of pure chromium at 1 000 °C and
concluded that the oxidation rate increases in the presence of water vapor but only at low pressures of
oxygen, i.e. in pure steam or mixtures of steam and hydrogen [7]. Accelerated oxidation in the presence
of water vapor has also been reported on Fe and Ni base alloys, even though a protective chromia layer
had been formed [8,9]. This indicates that the defect chemistry of chromia changes in the presence of
water vapor and/or at low partial pressure of oxygen. Chromia is considered to be an extrinsic p-type
conductor at temperatures below 1000 °C, but it is reported to change to an n-type conductor at oxygen
pressures close to its dissociation pressure [10,11]. Therefore, both of n-type and p-type can behavior
can occur in a thermally grown chromia due to the pO, gradient over the scale. Galerie et al. have also
shown that the thermally grown chromia scale exhibits exclusively n-type behavior when chromium or
ferritic steel is exposed to water vapor at 900 °C. Holt and Kofstad have observed that the defect
chemistry of pure chromia changes when the absolute pressure of hydrogen is varied at a constant pO-
[12]. Furthermore, Guillou et al. have exposed the ferritic steel AISI 441 at 800 °C and measured ten
times higher electrical conductivity of the scales formed in air than in Ar-1 %H,—9 %H-0. This indicates
a change in defect chemistry when the atmosphere is changed to humid hydrogen.

Hultquist et al. [6] have suggested that the increased ionic conductivity of chromia is due to the
incorporation of interstitial hydrogen during the dissociation of water vapor, which increases the
concentration of Cr vacancies. Those authors reported a change to more outward growth of the oxide in
water vapor, which they attributed to this hydrogen doping effect. Another mechanism has been
suggested by Galerie et al. In this mechanism, the smaller radius of OH- compared to O%, in combination
with more oxygen vacancies (indicated by a change to n-type conductor), allows for faster inward
diffusion of oxygen and a change to a predominantly inward growth of the oxide [11]. Several studies
have shown a change from outward growing oxide in air to inward growing oxide in pure H,O or in
H2/H20 [8,13,14]. Another aspect to consider is the microstructure of the oxide. Diffusion in chromia, at
the useful temperature interval of chromia-forming alloys, has been shown to occur mainly through grain
boundary transport [15]. It has been shown that the chromia formed in Hz/H2O environments has smaller
grain structure than chromia formed in air, which could explain the more rapid oxidation observed by
some authors [8].

It has been shown that higher contents of Cr are required to form protective chromia scales in FeCr alloys
in the presence of water than in atmospheres of air [4]. The increased ionic conductivity due to a change
in the defect structure and/or faster diffusing hydroxides requires a higher flux of Cr from the alloy to
make up for the faster oxidation and to avoid the oxidation of Fe. An additional hypothesis has been
presented by Essuman et al. after observing the internal oxidation of Cr in Fe-Cr alloys exposed to Ar-
H>O and H/H-0 at 900 °C. Those authors propose that the dissolution of hydrogen in the alloy causes
increased oxygen flux, resulting in Cr being oxidized and tied up inside the alloy, thus reducing the
outward flux of Cr towards the metal/oxide interface.

Both the pO- and the presence of hydrogen seem to affect the defect chemistry of chromia. However, the
pO. seem to have a rather weak influence on the oxidation rate of thermally grown chromia [16-19]. In
a low- pO- environment Hansel et al. have shown that the oxidation rate of pure chromium increased
when the absolute pressure of hydrogen and water vapor was increased, but the pO, remained constant.
Consequently, it is of interest to further investigate the influence of the absolute pressure of H./H-O on
the corrosion of ferritic stainless steels, since their durability relies on the formation of a protective
chromia scale. Furthermore, safety restrictions when handling high concentrations of hydrogen, often
lead to experiments being carried out by dilution with inert gas, like Ar or N2, keeping the ratio of H2/H.O
the same as for the intended simulated environment. This might not always be a representative test
environment. In the current study, two commercial ferritic stainless steels are exposed to simulated
SOFC/SOEC fuel side gases with different absolute pressures of Ho/H,O. The higher alloyed Crofer 22



APU is compared to the cheaper AISI 441. We aimed to study the role of water vapor at constant pO; as
well as to test the possibility of using the investigated materials as interconnects in SOC.

3 Experimental

The materials studied were Crofer APU and AISI 441, both ferritic stainless steels. Their compositions
can be found in Table 1. Steel sheets with 0.3 mm thickness were cut into 15x15 mm? specimens that
were then cleaned with ultra-sonic agitation in acetone and ethanol.

Table 1. Composition of the investigated steels in weight%. The compositions were given by the
manufacturers for the received batches.

Steel Cr Mn | Ti Nb | Si Ni c N S P Al La
AISI 441 | 1756 | 0.35 | 0.173 | 0.39 | 0.59 | 0.26 | 0.014 | 0.017 | 0.001 | 0.03 | - -
CROFER | 22.2 | 0.46 | 0.06 | - 0.03 | 0.02 | 0.005 0.02 | 0.016 | 0.02 | 0.06
22 APU

Exposures of the materials were carried out in simulated interconnect fuel side conditions inside a
horizontal tubular furnace (Al.Os tube) with an inner diameter of 46 mm. A gas mixture of Ar-5 % H,
was bubbled through a humidifier set at 80 °C and equilibrated with a coil condenser set at the
temperature of 76.4 °C, which resulted in the gas composition of Ar- 40% H,O- 3% H; that was used in
one of the experiments. In order to reduce pH and pH-O but to keep pH2/pH-O constant, the humidified
gas was diluted with Ar to achieve gas compositions of Ar- 1.5% H»- 20% H,O and Ar- 0.75% H.- 10%
H>0. These environments will hereinafter be referred to as 10% H,O, 20% H,0, and 40% H,O for the
purpose of simplicity. The gas compositions and flow rates used in the experiments are summarized in
Table 2. The furnace temperature was 850 °C, and the total gas flow rate was 250 smL min? in all
experiments, which corresponds to a mean flow velocity of 1.0 cm s inside the reaction chamber. The
gas tube that connects the condenser and reaction chamber was heated above 100 °C with a heating cord
to ensure that no condensation occurred. An Optidew Vision Precision Dew-Point Hygrometer (chilled
mirror) was used to safeguard correct water content.

Exposures were carried out in discontinuous fashion, which means that the furnace was cooled down to
room temperature before each gravimetric measurement, and the samples were placed back in the furnace
to continue the experiment. The reactor tube was flushed with dry Ar—5 % H, for at least 20 min at
2000 smL mint before the experiments were resumed. A heating rate of 2.5 °C min** was employed and
natural cooling of the furnace resulted in a lower rate compared to heating. After exposure, the specimens
were subjected to gravimetric analysis using a Mettler Toledo XP6 balance. The difference in mass gain
before and after exposure was calculated. Samples were removed after 24 h, 72 h, 168 h, and 500 h.

Table 2. The gas composition of the experiments.

Water content in Atmosphere employed Exposure (Number of hours
atmosphere exposed)

250 ml mint of
0,
40% 5% Ha-Ar with 40% H,0 | 2+ 7% 168,500

125 ml mint of 5% H,-Ar

0,
20% with 40% H;0

24,72, 168, 500

75 ml/min of 5% H,-Ar

0,
10% With 40% H;0

24,72, 168, 500




Plan view and cross section images of the samples, as well as compositional information, were obtained
using scanning electron microscopy with a FEI Quanta FEG 200 ESEM and a Zeiss LEO ULTRA 55
FEG-SEM, both equipped with an INCA X-Sight energy-dispersive X-ray spectroscopy (EDX) system.
Cross sections of samples were prepared both by polishing epoxy mounted samples as well as by broad
ion beam milling (BIB) with a Leica EM TIC 3X instrument. Grazing incidence X-ray diffraction was
performed on the oxide scales of the exposed samples with a Siemens D5000 diffractometer.

4 Results

The mass gain data from all experiments are plotted in the graph in Figure 2. The oxidation rate for
Crofer 22 APU was the same regardless of the water concentration. In 10% and 20% HO, the oxidation
rate for AISI 441 was the same as for Crofer 22 APU. However, in 40% H,O, AISI 441 had a much
higher mass gain after 24h, with an average of 0.38 mg cm2 compared to 0.14 mg cm2 in 10% and 20%
H.,O. After 24 h, the oxidation rate of AISI 441 in 40% H,O was about the same as in the other
experiments.

Figure 3 shows the squared mass gain plotted against time. Except for AISI 441 in 40% H-O, the
parabolic rate law was followed by all samples, according to Eq. (2) where Am is the change in mass, A
is the total sample area, t is the exposure time, k, is the parabolic oxide rate constant, and C is the
integration constant that is dependent on the starting conditions [5]. If Am =0 att=0then C=0. The
corresponding k, values are given for the tested ferritic stainless steels in their respective exposure
atmospheres in Table 3. If the initial rapid oxidation of AISI 441 in 40% HO is subtracted, it can be
seen that parabolic oxidation proceeds after 24 h. This indicates that, after rapid oxidation at the start of
the experiment, a protective oxide is established within the time period of 0-24 h.
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Table 3. k, values from linear regression of parabolic plots.

AISI 441 - AISI 441 - AISI 441 - Crofer 22 APU - Crofer 22 APU - Crofer 22

10% 20% 40% - 10% 20% APU -
corrected 40%

1.4E-13 1.4E-13 8.5E-14 1.2E-13 1.2E-13 1.2E-13

To investigate the different oxidation behavior of AlISI 441 in 10-20% and 40% H-O, cross sections of
the oxide scale were prepared after 24 h and 500 h. The cross sections of AISI 441 after exposure to 10%
H0O are shown in Figure 4 as well as an EDX line scan across the oxide of the 24 h sample. The contrast
in the oxide and the compositional EDX data show that the oxide consists of duplex layers, where the
inner oxide is rich in Cr and the outer oxide contains both Cr and Mn. Figure 5 shows the XRD patterns
from these two samples, from which it is possible to conclude that the oxide layer consists of inner
corundum (Cr»O3) and outer spinel ((Cr,Mn)s;04). It can be seen in the micrographs that the majority of
the oxide growth occurred in the chromia layer between 24 and 500 h. After 500 h, two crystal phases
of Mn3;O4 where identified by XRD: spinel phase and the tetragonal phase, hausmanntite. This is likely
attributed to the outward diffusion of Mn, which is known to diffuse rapidly through chromia [20].

Figure 6 shows cross sections and EDX maps of AISI 441 samples exposed to 40% H,O after 24 and
500 h. After 24 h, the oxide had become more uneven in thickness than the 10% H,O sample. The oxide
that formed in 40% H,O had protrusions of seemingly outward-growing oxide distributed over the
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surface and had thinner, flatter parts connecting the protrusions. Some of the protruding oxide was richer
in Fe, but lacked oxygen, which indicates that these were originally Fe-rich oxides that were reduced
during the ramp down and purging of the furnace. The other outer parts of the oxide contained about 2:1
Cr to Fe, but the inner part contained mostly Cr. Figure 7 shows XRD peaks from the AISI 441 samples
exposed to 40% H,0, and together with the information from EDX, it seems that the oxide is made of
an inner layer of chromia and an outer layer of (Cr,Fe);04. The Si-EDX map in Figure 6 shows an
interesting contrast. Enrichment of Si can be seen at the metal/oxide interface. A contrast in Si within
the oxide scale can also be seen where there is more Si in the inner part than in the outer part of the oxide.
This could be an indication that one part of the oxide, the Cr-rich part, grew inward and incorporated the
existing Si of the alloy, and the more Fe-rich part grew outwards. This is in agreement with the work of
Ardigo et al. who exposed AISI 441 at 800 °C to Ar- 1% H»- 9% H,0 and found an oxide morphology
similar to the one in the current study [14]. Using inert gold marker experiments as well as an isotope
tracer experiment, those authors showed that the magnetite phase grew outward and the chromia grew
inward. Figure 6 also shows that the Fe-rich protruding oxide has a thickness after 500 h similar to that
after 24 h. Therefore it can be concluded that the Fe-rich spinel does not seem to have grown significantly
after 24 h. In contrast, the Cr-rich oxide had increased in thickness. This is in good compliance with the
mass gains in Figure 2 and would explain the reduction in oxidation rate after 24 h in the following way:
Both Fe and Cr were initially oxidized and formed (Cr,Fe)sO4 with high ionic conductivity. After some
limiting thickness was achieved, the inward flux of oxygen anions was sufficiently reduced for the
enrichment of Cr at the metal/oxide interface. After this, a transformation to the corundum phase
occurred, which has much lower ionic conductivity and a lower oxidation rate.

Figure 8 shows micrographs of cross sections of Crofer 22 APU after 500 h exposure to 10% and 40%
H.0. EDX (not shown here) shows that the inner part consisted of chromia and the outer part consisted
of MnCr spinel. Some Mn-rich internal oxides beneath the chromia scale were also found, and these are
expected to also have spinel crystal structure [22,23].

Parabolic kinetics for all samples after 24 h indicate diffusion-controlled oxidation. The similar kp values
in 10%, 20% and 40% H-O indicate that once a protective oxide is established, the ionic conductivity of
the scale is similar in all environments. If the oxidation rate of the steel is governed by the growth of the
slow-growing chromia scale, the similar kp values would indicate that there cannot be a significant
difference in the defect concentration of the chromia in the different atmospheres. Thus, the results
indicate that the dominating defect structure of the protective scale was governed by the pO2, which was
constant in all experiments here. However, several authors [18,24—26] have suggested that the dominant
defect structure could be governed by the inner part of the oxide and therefore more dependent on the
pO; at the metal/oxide interface than the pO; of the atmosphere. Or in other words, that oxidation rate
has weak dependence on the pO; of the atmosphere. Therefore, the results could also be interpreted as a
weak dependency of the defect chemistry of the protective scale on the change in absolute pressure of
H2/H>0. Nevertheless, the similar oxidation rate constants in the differently diluted atmospheres indicate
that formation of Fe-rich oxide, which was observed on AISI 441 in 40% H-O, is not due to a difference
in chromia defect chemistry. An alternative explanation for the rapid oxidation of FeCr alloys in steam
has been suggested by Murata et al., who found that, after exposure of a Fe-10Cr alloy to steam at 750
°C, the major part of the hydrogen could be found in the (Fe,Cr);O4. Those authors also measured the
diffusivity of Fe in (Fe,Cr)s04, with and without hydrogen, and found that hydrogen increased the rate
of Fe diffusion dramatically. It is possible that the transition from unordered oxide to a protective oxide
goes via a spinel phase ((Fe,Cr)sO4), and in the presence of hydrogen and water, this spinel is less
protective. This causes a more rapidly growing (Fe,Cr)s:04 in 40% H2O than in the more diluted
atmospheres, which grows thicker before the inward flux of oxygen decreases sufficiently for a
continuous chromia layer to be established. Thus, the crucial step for securing better corrosion resistance
in Ho/H,O environments could be the initial transient oxidation before continuous chromia formation. If
this transient period is reduced, better long-term durability of the ferritic stainless steel could be expected
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as a result. One method of improving the oxidation resistance has been presented by Ardigo et al. [27],
who found that when samples of AISI 441 were polished and exposed to Ar- 1% Hz- 9% H,0 at 800 °C,
protective chromia was formed, but when the steel was exposed in its as-rolled state more rapid oxidation
with an outer (Fe,Cr)s04 and inner (Fe,Cr),O3 was observed. Those authors have explained this with a
higher residual stress in the subsurface of the polished samples, which likely allows for faster Cr transport
due to more dislocations.

5 Conclusions

The influence of the absolute pressure of Hz/H,O at a constant pO was investigated to better understand
the mechanism of corrosion of ferritic stainless steel in simulated SOFC/SOEC fuel side environments.
It was found that the oxidation rate of the steels and morphology of the formed oxides were almost
identical regardless of the absolute pressure of H./H,O for the Crofer 22 APU, and protective oxide
behavior was seen for all the samples. The oxidation rate and morphology of the lower alloyed steel AlSI
44 was similar to the oxidation rate and oxide morphology of Crofer 22 APU in 10-20% H,O, however,
no protective oxide layer was formed initially on AISI 441 in 40% H,O. This led to rapid oxidation and
the formation of (Cr,Fe)sO4. Thus, the dilution of a Hy/H;O test atmosphere, compared to the real
application, can lead to a change in the oxidation mechanism. It was shown here that the absolute pressure
of H2/H-0 is an important parameter for the selective oxidation of Cr in FeCr alloys.
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Figure 1. Schematic drawing of the experimental setup used.
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Figure 2. Mass gain plotted against time for AISI 441 and Crofer 22 APU in all tested atmospheres.



0-6_|""|""|""|""| """"

0.5 W AISI441-10% O Crofer 22 APU -10% ]
Y27 @ AISI441-20% O Crofer 22 APU - 20% ]
g ] AIS| 441 - 40% Crofer 22 APU - 40% ]
< 0.4 J| % AISI 441 - 40% modified ]
E 1

g 0.3 n .
3 1 ]
> ]
= ]
[ ]
0.1 -
)] T ]
()] T ]
< ] ]
= 0.0 ;

LI R L B L B L L L AL B B AL B

0 100 200 300 400 500

Time (h)

Figure 3. Mass gain squared plotted against time for AISI 441 and Crofer 22 APU in all tested
atmospheres. The star-shaped data markers represent the mass gain of AlISI 441 exposed to 40% H.O,
where the mass gain after the first 24 h of time was subtracted in order to evaluate if parabolic oxidation
takes place after 24 h for AlISI 441 in 40% H.0.
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Figure 4. SEM micrographs of cross sections of AISI 441 exposed to 10% HO after 24 h (upper image)
and 500 h (lower image). EDX line scan data is presented for the 24 h cross section, and the position of
the line scan is indicated by a red line through the oxide in the upper image.
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Figure 6. SEM micrographs of cross sections of AISI 441 exposed to 40% H,O after 24 h (upper image)
and 500 h (lower image). EDX maps are given for both cross sections, and point analyses are given for
the 24 h cross section, presented in atomic%, where the position is indicated by the numbered red dots.
The position of the map analysis for the 500 h cross section is indicated by the white rectangle.
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Figure 7. X-ray diffractogram of AISI 441 exposed to 4% H,O after 24 h (lower spectrum) and 500 h
(upper spectrum).
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Figure 8. SEM micrographs of cross sections of Crofer 22 APU exposed to 10% H,O after 500 h (left
image) and 40% H.0O after 500 h (right image).
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