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Abstract
The effect of O 

2
 traces on the oxidation behavior of iron and a Fe–Cr steel intercon-

nect material (Crofer 22 APU) in a 5 % H 
2
 + 3 % H 

2
 O (bal. Ar) environment at 550 

and 600 ◦ C has been investigated. The reaction of O 
2
 with H 

2
 in the gas at 550 and 

600  ◦ C is slow, allowing O 
2
 traces to reach the samples, despite an excess of H 

2
 

in the gas. Traces of unreacted O 
2
 resulted in increased oxidation rate as well as 

hematite formation on iron. The rate of iron oxidation increased with the level of O 
2
 

in the range of 2–550 ppm. The acceleration of oxide growth by O 
2
 traces is attrib-

uted to a greater oxygen activity gradient across the iron oxide scale. To remove O 
2
 

from the gas, a nickel component was positioned upstream from the samples which 
allowed the gas to equilibrate. Consequently, iron oxidized without hematite forma-
tion. Moreover, the use of the nickel component greatly improved the reproducibility 
of results for both iron and Crofer 22 APU. The use of a catalyst for the O 

2
 + H 

2
 

reaction in H 
2
/H

2
 O exposures proved essential because it provides better control of 

experimental conditions and thereby more reliable experimental outcomes.

Keywords  Interconnect · SOFC · Corrosion · Iron · Low pO2 · Trace O 2

Introduction

Solid oxide fuel cells (SOFCs) and electrolyzer cells (SOECs), collectively 
known as solid oxide cells (SOCs), have recently attracted increasing scientific 
and industrial interest due to their potential for highly efficient and low-emission 
energy conversion [1–4]. SOCs hold substantial commercialization promise, as 
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they can facilitate the production of green electricity and hydrogen, thereby con-
tributing to the decarbonization of hard-to-abate sectors [1, 2].

Achieving the full potential of SOC technology hinges upon reliable oper-
ation. Component integrity and longevity, particularly of the cell stack, affect 
performance and reliability [5–7]. An individual SOC is made up of an anode, a 
cathode, and an electrolyte [7]. The stack is made by connecting individual cells 
with a so-called interconnect [8]. The interconnect enables the flow of electrons 
between the individual cells so that a useful voltage can be produced, as a single 
cell only offers approximately 0.7 V [8, 9]. Historically, ceramic interconnects 
have been used, but advancements in the other cell components have allowed 
operating temperatures to drop from up to 1000 ◦ C to 600–800 ◦ C, which per-
mits the use of more cost-effective metallic interconnect materials [10, 11].

Ferritic stainless steels (FSS) are currently preferred for metallic intercon-
nects due to their cost-effectiveness, machinability, and compatibility with other 
cell components [12, 13]. Despite these advantages, FSS are known to degrade 
when exposed to the operating conditions of a SOC, and numerous corrosion 
phenomena have been observed, such as chromium evaporation, continuous 
oxide scale growth, and the dual atmosphere effect [13]. All of these phenom-
ena negatively affect SOC performance and can lead to premature cell failure 
[14–16]. Coatings have been found to alleviate most of the concerns associated 
with the high pO2 side, but the low pO2 side still needs to be better understood 
[17–19]. Previous studies on the low pO2 side indicate that, in the 500–800 ◦ C 
range the most critical corrosion phenomena occur around 600 ◦ C [20, 21]. The 
oxidation behavior in the 700–800  ◦ C range is better understood compared to 
oxidation at 600 ◦C.

Few experimental studies of FSS degradation in H 2/H2 O environment at 
600  ◦ C have been published. Also, such experiments are expected to be chal-
lenging, e.g., because of relatively slow reaction kinetics in the gas. Therefore, 
it was deemed necessary to perform a methodological study of the experimen-
tal procedure. The present study reports on the influence of traces of unreacted 
O 2 in a H 2/H2 O gas mixture on experimental outcomes. Experiments were per-
formed on pure iron as well as on the FSS Crofer 22 APU.

Experimental Procedures

Samples

Sheets of 0.3 mm thick Crofer 22 APU (VDM Metals GmbH) and 0.5 mm thick 
≥99.99 wt.% iron (HMW Hauner GmbH & Co. KG.) were cut into 15 mm × 15 
mm coupons. After cutting, the samples were ultrasonically cleaned at 80 kHz 
for 10  min in acetone followed by 10  min in ethanol. The samples were then 
weighed. No further sample preparation was done for Crofer 22 APU. The com-
position of Crofer 22 APU can be seen in Table 1.
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Further Sample Preparation of Iron

The clean and weighed iron samples underwent a reduction step in a sealed single 
tube furnace (Entech AB). This process was performed to standardize the samples 
by reducing any surface oxides and improving bulk purity. The furnace was purged 
with 5% H 2 (bal. Ar) at a flow rate of 200 smL/min for 1 h before the temperature 
was ramped from ≈  50  ◦ C to 1000  ◦ C at a rate of 10  ◦C/min. The samples were 
held at 1000 ◦ C for 24 h. Subsequently, the furnace was ramped down to approxi-
mately 50 ◦ C, after which the samples were removed. To remove the surface impu-
rities resulting from the thermal treatment, the samples underwent a final polish-
ing sequence using a Tegramin 30 (Struers ApS) automatic polishing machine with, 
respectively, 1200, 2400, and 4000 grain SiC papers before further polishing with  
3 μ m- and 1 μ m diamond suspensions. After polishing, the samples were ultrasoni-
cally cleaned and weighed again, following the procedure described previously.

Exposures

System

The experimental setup used is illustrated in Fig. 1. The setup consists of a single 
tube furnace (Entech AB), a Julabo CORIO CD refrigerated/heating circulator, a 
three-necked round-bottom flask with coil condenser and heating mantle, metallic 

Table 1   Chemical composition of Crofer 22 APU in wt%

Fe Cr Mn Ti Cu La C S Si P Al

Bal. 22.8 0.45 0.07 0.01 0.08 0.002 <0.002 0.01 0.002 0.01

Fig. 1   Experimental setup used to simulate a fuel atmosphere. Labels a–h are described in Table 2
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tube endcaps, a gas trap, and a temperature-gas control unit. The purpose of differ-
ent components is described in Table 2. Not shown in Fig. 1 is the 40 mm (L) × 30 
(W) mm × 4 mm (H) alumina sample holder used for the exposures. The sample 
holder has three 40 mm (L) × 0.45 mm (W) × 1 mm (H) slits. All experiments fea-
ture triplicate samples, each slit holding one sample. The mass gains reported are 
average values based on 3 to 21 samples exposed under identical conditions. All gas 
lines carrying humidified gas to the furnace were wrapped with a heating cord kept 
at 70 ◦ C and insulated with AF/Armaflex Microban AF-4-010 insulation material. 
The humidity of the exposure gas was validated with a Michell Optidew Vision opti-
cal dew point hygrometer. Different lengths of PTFE tubing were used to introduce a 
controlled amount of O 2 into the exposure gas upstream of the furnace. Before every 
experiment the amount of O 2 present in the exposure gas entering the furnace was 
estimated in the following way: a mixture of 97% N 2 + 3 % H 2 O was run through the 
entire exposure system and the level of O 2 in the off-gas was measured by a zirco-
nia sensor (Rapidox 2100 Oxygen Analyser, Cambridge Sensotec Ltd.). Ideally, the 
measurements should be performed with the experimental gas mixture (5% H 2 + 3 % 
H 2 O (bal. Ar)). However, it is not possible to measure trace amounts of O 2 in a H 2/
H2 O mixture using a zirconia oxygen sensor. This is because the sensor itself (oper-
ating at 650 ◦ C, Pt) catalyzes the reaction between O 2 and excess H 2 . Thus, the gas 
reaches equilibrium inside the sensor, consuming the trace O 2 , thereby masking the 
true pO2 of the gas stream.

Environment

The exposures were performed at 550 ◦ C and 600 ◦ C in a nominally low pO2 atmos-
phere consisting of 5 % H 2 + 3 % H 2 O (bal. Ar) at a flow rate of 100 sml/min cor-
responding to ≈  23 cm/min. To maintain consistency throughout the text, oxygen 
levels are denoted by pO2 (partial pressure of O 2 ) rather than the more accurate 
term, oxygen activity. Before exposure the system was purged with 5 % H 2 + 3 % 

Table 2   Setup explanation

Item Purpose

Tube Furnace (a) Tube furnace fitted with a 40 mm I.D. tube made from sintered alumina. The 
furnace tube is fitted with stainless steel endcaps with O-ring seals.

Circulator (b) Controls the temperature of the coil condenser (24.4 ◦ C for 3 % H 
2
O).

Three-necked flask (c) Water container kept at 30 ◦ C. The exposure gas is humidified before going to 
the coil condenser.

Coil-condenser (d) The coil condenser is used to accurately set the dew point of the humidified gas.
Control Unit (e) Sets the desired gas type and flow. Controls the temperature ramping and set 

points of the furnace and the heating mantle.
Endcaps (f) Hermetically seals the alumina tube from the surrounding atmosphere.
Gas Trap (g) Creates a water seal allowing gas to leave the furnace but not enter.
PTFE Tubing (h) Used for gas transport. Later changed to AISI316L steel tubing. All gas lines 

carrying humidified gas to the furnace were wrapped with a heating cord kept 
at 70 ◦C.
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H 2 O (bal. Ar) at 1000 sml/min for 30 min and for > 16 h at 100 sml/min. Tempera-
ture was ramped with 23 ◦C/min. The samples were furnace-cooled approximated as 
510.65e−0.003x where x is time in minutes and 510.65 a temperature controller value. 
To avoid condensation, the samples were removed when the temperature reached 
50 ◦C.

Catalyst and Oxygen Getter

To remove traces of unreacted O 2 from the gas, a nickel component was positioned 
upstream from the samples, allowing the gas to equilibrate. The component was 
fabricated from ≥99.99 wt% nickel and consisted of an array of staggered, parallel, 
tubes (0.5 mm wall thickness) providing a total surface area of 209 cm2 . Figure 2a 
shows the geometry of the nickel component. Figure 2b is a schematic of the furnace 
tube showing the location of the nickel component relative to the samples. Under 
isothermal conditions, the temperature of the nickel component was within 50◦ C of 
the sample temperature.

Nickel oxidation is not spontaneous in the nominal (equilibrated) experimental 
gas (5% H 2 + 3 % H 2 O (bal. Ar)). Yet, traces of O 2 present in the actual, non-equilib-
rium, gas are expected to react with nickel. Thus, O 2 is known to react rapidly with 
nickel, both at room temperature and elevated temperature, undergoing dissociative 
chemisorption and charge transfer to form oxide [22, 23]:

In an oxidizing environment, absent from H 2 , Eq.  1 is followed by nucleation of 
NiO(s) on the surface [22, 23]. In the present case, the gas has a large excess of H 2(g) 
which is reported to form highly mobile atomic hydrogen on the nickel surface [24]:

(1)
1

2
O2(g) + Ni(s) ⇌ NiO(ads).

Fig. 2   a Geometry of the nickel component. b Schematic of the furnace tube with the nickel component 
and samples
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Adsorbed hydrogen is reported to react rapidly with NiO(s) at >250 ◦ C to form Ni(s) 
and H 2O(g) [25]. In the present case it is suggested that NiO reacts already in the 
adsorbed state:

This scenario (Eqs.  1–3) is in line with reports showing Ni/NiO systems effec-
tively catalyzes the reaction between O 2 and H 2 [26–28]. During the experiments no 
decrease in efficiency of the nickel component was observed.

Because of the rapid reaction between O 2 and nickel, the nickel component is 
also an efficient O 2 getter in oxidizing conditions (in the absence of H 2 ) at high 
temperatures:

The efficiency of the nickel component as an O 2 getter was confirmed in experi-
ments at 600 ◦ C in 97% N 2 + 3 % H 2 O and in 100% N 2 . The tests were run with a gas 
flow of 100 sml/min and a temperature ramp of ≈ 22 ◦C/min.

Figure 3 illustrates the pO2 measured at the furnace outlet. In a system config-
ured with minimized levels of trace O 2 and in the absence of the nickel compo-
nent the system maintained a stable baseline of 3 ppm O 2 in dry N 2.

(2)H2(g) ⇌ 2H(ads).

(3)NiO(ads) + 2H(ads) ⇌ Ni(s) + H2O(g).

(4)
1

2
O2(g) + Ni(s) ⇌ NiO(s).

Fig. 3   pO
2
 downstream of the furnace with and without the nickel component. The legend refers to the 

pO
2
 before the gas enters the system. In dry 100% N

2
 with initial 100 ppm O 

2
 , the component reduced 

pO
2
 from 10−4 to 10−6 atm, whereas in 97% N 

2
 + 3% H 

2
 O, a lower equilibrium pO

2
 of ∼ 10−18 atm was 

achieved
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To evaluate the gettering performance, a controlled amount of O 2 was introduced, 
establishing a measured pO2 of 100 ppm (10−4 atm) for the cold system. After reach-
ing approximately 400 ◦ C, the nickel component functioned as an O 2 getter, reduc-
ing the pO2 in the output gas from 10−4 atm to a stable level of ≈ 10−6 atm. Tests 
performed at various initial O 2 levels consistently converged to this same pO2 value, 
suggesting that ≈ 10−6 atm represents the experimental lower limit under these con-
ditions. The lower limit is likely bounded by either the component’s kinetics as a 
getter or the sensor’s detection capabilities. In contrast, exposure to a humidified 
atmosphere (97% N 2 + 3 % H 2 O) resulted in a markedly lower equilibrium pO2 of 
approximately 10−18 atm.

The much lower pO2 in the humid environment is attributed to the reduction of 
water by nickel:

The signal from the oxygen sensor corresponds to the equilibrium H 2/H2 O ratio gen-
erated by Eq. 5; see Fig. 3. The equilibrium concentration of H 2 generated by Eq. 5 
is ≈ 300 ppm.

Analysis

Gravimetric analysis was performed by weighing the samples before and after 
exposure on a Mettler Toledo XP6 microbalance. A Leica EM TIC 3X Broad Ion 
Beam mill was used to prepare cross sections and a JEOL JSM-7800F Prime SEM 
equipped with an Oxford Instruments Energy-Dispersive X-ray spectrophotometer 
was used for the analysis of microstructure and chemical analysis. X-ray diffraction 
was carried out with a Bruker D8 Discovery in Bragg–Brentano geometry with Mo 
k 
�
 radiation (0.7093 Å) to detect crystalline phases formed. Optical analysis was 

used to estimate oxide type, oxide coverage, and severity of corrosion.

Results and Discussion

Initial 600 ◦ C Results

The initial exposures of Crofer 22 APU at 600  ◦ C resulted in mass gains of 
1.06  ±  0.32  mg/cm2 after 24  h and 1.11  ±  0.12  mg/cm2 at 168  h, respectively 
(Fig.  4). This can be contrasted with previous results from this lab by Alnegren 
et  al.  [29] for a similar alloy, Crofer 22H at 850  ◦ C, using the same experimen-
tal setup and the same nominal gas composition. Alnegren et. al [29] reported 
0.15 ± 0.01 mg/cm2 and 0.32 ± 0.02 mg/cm2 after 24 and 168 h, respectively; see 
Fig. 4. High mass gains have been reported previously for FSS in H 2/H2 O environ-
ments at 600 ◦ C, due to the formation of non-protective oxides. Conversely, higher 
temperatures favor the formation of protective chromia scales [20, 21, 30]. However, 
the lack of reproducibility at 600 ◦ C seen in Fig. 4 is particularly striking.

(5)H2O(g) + Ni(s) ⇌ NiO(s) + H2(g).
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To investigate the causes behind the relatively poor reproducibility at 600  ◦ C, 
pure iron was investigated under the same exposure conditions and using the same 
experimental setup. While iron is not suitable as an interconnect material pure iron 
was selected to elucidate this issue because its oxidation behavior is fundamentally 
simpler compared to the oxidation of Crofer 22 APU. Figure 5 shows mass gains 
recorded after exposures performed with three identical furnaces and in multiple 
runs; each bar represents one sample. Figure 5 shows a large variation between dif-
ferent furnaces but also for the same furnace. The scatter in results between different 
runs and also between furnaces is significant and indicates that there is a problem 
with the exposure environment.

Since the Alnegren et. al. data prove that the system is capable of reproduc-
ibility, two scenarios were hypothesized to have caused reproducibility issue. The 
first hypothesis being that the exposure gas does not fully equilibrate at 600 ◦ C as 
opposed to at 850 ◦ C. The experimental gas upstream from the hot zone in the fur-
nace contains traces of O 2 which are expected to react with H 2 at high temperature, 
forming water. However, at intermediate temperatures, when the reaction is slower, 
the gas reaching the samples may contain small amounts of O 2 . Also, the level of 
O 2 reaching the samples would vary, depending both on the position in the furnace 
and between runs. The non-equilibrated gas hypothesis is supported by XRD (not 
shown) which confirms the presence of hematite on both Crofer 22 APU and iron 
samples exposed at 600 ◦ C. For hematite to be stable at 600 ◦ C, a pO2 of approxi-
mately 10−14 atm is required but the theoretical pO2 for 5 % H 2 + 3 % H 2 O (bal. Ar) at 
600 ◦ C is 4.6 × 10−25 atm; see Table 3. The presence of hematite thus proves signifi-
cant local variations in pO2.

Fig. 4   Mass gains for Fe22Cr steels exposed at 600 ◦ C and 850 ◦ C in 5 % H 
2
 + 3 % H 

2
 O (bal. Ar). The 

data at 600 ◦ C refer to Crofer 22 APU while the 850 ◦ C dataset is from [29] on Crofer 22H. From an oxi-
dation point of view, the materials are highly similar. Error bars represent the standard deviation
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The second hypothesis concerns wüstite formation. Wüstite is just stable, ther-
modynamically, under the experimental conditions (see Table  3), and since the 
growth rate of wüstite is high compared to magnetite, the scatter in the results 
could be due to a difference in early wüstite formation on the surface. A variation 
between samples in the nucleation of wüstite during early exposure is expected 
to result in mass gain variations. The problem would be accentuated by the rela-
tively short exposure time of 24  h. Figure  6 shows the cross section of one of 
the iron samples. XRD (not shown) confirms the presence of hematite, magnet-
ite, and wüstite. Below 570 ◦ C wüstite undergoes eutectoid decomposition into a 
mixture of �-Fe and magnetite. Partial decomposition of wüstite happens during 
cooling, giving rise to a characteristic microstructure seen in Fig.  6. The ratio 
of wüstite to the other oxides is roughly four to one which illustrates the fact 
that wüstite formation plays an outsize role with regards to early mass gains. To 
test whether wüstite formation is causing the large fluctuations in mass gain at 

Fig. 5   Iron samples exposed to 5 % H 
2
 + 3 % H 

2
 O (bal. Ar) at 600 ◦ C for 24 h. Results from three identi-

cal furnaces and for multiple runs are shown

Table 3   Equilibrium pO
2
 in 

5 % H 
2
 + 3 % H 

2
 O (bal. Ar) at 

550 ◦ C and 600 ◦ C as well as 
dissociation pressures for iron 
oxides. Calculations were made 
using data sourced from [31]

550 ◦C 600 ◦C

5%H
2
 / 3%H

2
O 7.6 x 10−27 atm 4.6 x 10−25 atm

Fe
0.947

O/Fe N.A. 1.48 x 10−25 atm
Fe

3
O

4
/Fe 1.55 x 10−27 atm N.A.

Fe
0.947

O/Fe
3
O

4
N.A. 1.54 x 10−25 atm

Fe
3
O

4
/Fe

2
O

3 1.76 x 10−16 atm 0.90 x 10−14 atm
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600 ◦ C, additional experiments were conducted at 550 ◦ C, below the phase stabil-
ity field of wüstite.

Iron 550 ◦ C Results

The iron samples exposed at 550 ◦ C, with a high level of O 2 present, showed a red 
discoloration; see Fig. 7. The optical images in Fig. 7 show that the direction of gas 
flow has a major effect on oxide morphology. Thus, the leading edge of the samples 
shows a red discoloration while the middle and downstream parts exhibit different 
shades of gray. Figure 7a and b shows cross sections of the oxide scales from the 
gray and red areas, respectively. The oxide thickness is about 5 μ m in the former 
case and 7 μ m in the latter. These oxide thicknesses are in good agreement with the 
observed mass gains considering an oxide scale consisting of hematite and mag-
netite. The SEM top-view images in Fig. 7(c-g) show a high density of needle-like 
crystallites in the red regions while the number density of needles is much lower 
in the gray areas. The red color and the needle-like crystallites indicate hematite. 
However, the pO2 corresponding to equilibrium in the exposure gas, pO2 = 7.6 × 
10−27 atm, is far below the level which allows hematite formation, 1.76 × 10−16 atm 
at 550 ◦ C. Hence, the exposure gas cannot be at equilibrium if hematite is present. 
The leading-edge effect seen as the color changes from red to gray is in addition a 
“smoking gun” for the presence of trace levels of highly reactive contaminants (i.e., 
O 2 ) in the flowing gas. This all implies that the reaction of H 2 with traces of O 2 
entering the furnace is not sufficiently fast to eliminate the effect of O 2 on the sam-
ples and avoid hematite formation.

Improved control of trace O 2 in the gas supply was achieved by replacing all 
PTFE tubing with stainless steel tubing. This lowered the O 2 concentration in the 
input gas to 2–3 ppm. To investigate how the level of O 2 in the upstream gas affects 
iron oxidation, a series of experiments were performed where a controlled amount 
of O 2 was added to the experimental gas. It was observed that, under ambient 

Fig. 6   SEM cross section image of the oxide scale formed on iron after 24 h in 5 % H 
2
 + 3 % H 

2
 O (bal. 

Ar) at 600 ◦ C. No attempt was made to remove or reduce O 
2
 traces of the input gas for this exposure. 

The different scale constituents are indicated: a hematite, b magnetite, c eutectoid magnetite + �-Fe, d 
Wüstite. The white lines mark the regions of different oxides and only acts as a visual aid to help sepa-
rate the oxide phases
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conditions, 1 m of ø6 mm PTFE tubing led to a stable permeation rate of ≈ 3.5 × 
10−8 moles of O 2 per minute (9 ppm O 2 per meter PTFE tubing) from the ambient 
air into the exposure gas. These values match well with the literature values for the 
O 2 permeability of PTFE [32, 33]. Based on this finding, pre-decided levels of O 2 in 
the input gas were achieved by including a measured length of PTFE tubing into the 
humidifier part of the setup.

Figure  8 illustrates the effect of O 2 traces in the input gas, in the range 
2.5–550  ppm, on mass gain, revealing a strong correlation between oxide growth 
and the O 2 level. Due to how the O 2 levels were determined, see Sect. 2.2, the val-
ues presented are indicative rather than exact. However, there is nothing to suggest 
a change in the O 2 permeation rate when the gas changes to 5 % H 2 + 3 % H 2 O (bal. 
Ar) from 97% N 2 + 3% H 2O.

The mass gain which was 0.07 mg/cm2 at 2.5 ppm O 2 increased by a factor of 
four when the O 2 concentration in the input gas was raised to 20 ppm. The large 
scatter in mass gain observed at 550 ppm O 2 is attributed to local non-uniformities 
in the gas stream. At this concentration, high reactivity leads to a decrease in the O 2 
concentration as the gas flows over the samples, resulting in the leading-edge effect 
seen in Fig. 7.

The strong dependence of mass gain on the O 2 level in the upstream gas shows 
that iron oxidation is strongly influenced by the traces of O 2 that reach the samples 
due to incomplete equilibration of the gas. The presence of O 2 traces at the sample 
surface is expected to dramatically increase the pO2 at the gas/oxide interface com-
pared to a situation where water is the only oxidant. This will result in a correspond-
ingly greater driving force for oxidation, explaining both the faster oxide growth 
with increasing levels of upstream-O2 , and the appearance of hematite. Furthermore, 
the situation changes from H 2 O being the only oxidant to a situation where O 2 is 
expected to be the main oxidant. This shows that at intermediate temperatures even 
trace amounts of O 2 can have an outsize impact on the corrosion rate.

As it is challenging to consistently ensure such low levels of O 2 for a system in 
daily use, it was decided to investigate the effect of an O 2 catalyst/getter. The utilized 
catalyst/getter is made from nickel and is placed in the furnace tube, upstream from 
the samples. Nickel was selected for this application because of its catalytic prop-
erties, reactivity with oxygen, and thermodynamic stability in the exposure gas, as 
well as its wide availability. Henceforth, the nickel catalyst/getter will be designated 
as the nickel component. A sample exposed at 550 ppm O 2 with the nickel compo-
nent is shown in Fig. 9. The exposures with the nickel component resulted in a well 
adherent, dense oxide with a thickness of around 0.6 μ m; see Fig. 9a. Further, com-
paring the top-view image in Fig. 9b with the top views from the exposure without 
the nickel component in Fig. 7c–g shows a more uniform oxide in the former case. 
The mass gains measured for the iron samples exposed with various levels of delib-
erately added trace O 2 while utilizing the nickel component are shown in Fig. 9c. In 
Fig. 9c, the data points representing the nickel component exposures are positioned 
along the horizontal axis according to the concentration of O 2 in the gas entering the 
furnace, measured as described in Sect. 2.2. The position on the x-axis is therefore 
not representative of the atmosphere experienced by the samples in those exposures. 
The results in Fig.  9c clearly show that with the nickel component upstream, the 
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gas effectively equilibrates so that even a high O 2 contamination of 550 ppm in the 
upstream gas has no effect on the oxidation rate of iron. Figure 9c further shows that 
the mass gains achieved at 2.5 ppm without the nickel component are similar to the 
mass gains achieved with the nickel component. The mass gain plateau at low levels 
of upstream-O2 indicates that the rate of reaction between O 2 and H 2 is sufficiently 
fast to reduce the level of O 2 reaching the samples to a point 

where it does not influence oxide growth. An experiment using a platinum cata-
lyst at 550 ppm O 2 produced results indistinguishable from those achieved with the 
nickel component (Fig. 9c).

The difference in oxidation behavior apparent from a comparison of Figs. 7 and 
9 shows that the nickel component had a significant effect on oxidation behavior. 
Accordingly, XRD analysis (Fig. 10) confirms the presence of hematite (e.g., peak 
at 2 �=15 ◦ ) on samples exposed to the experimental gas mixture (5% H 2 + 3 % H 2 O 
(bal. Ar)) when the input O 2 concentration was ≥ 19 ppm. In contrast, hematite was 
not detected at about 2 ppm O 2 in the input gas. Furthermore, when the nickel com-
ponent was utilized no hematite was detected even with a high level of 550 ppm O 2 
in the input gas.

Revisiting 600 ◦C

Based on the experience gained from the exposures of iron at 550 ◦ C, see Sect. 3.2, 
exposures of iron and Crofer 22 APU were repeated at 600  ◦ C. The aim was to 
assess whether the poor reproducibility seen in Figs. 4 and 5 could be improved by 
introducing the nickel component, thereby minimizing the influence of trace O 2.

Iron at 600 ◦ C Revisited

The influence of removing trace O 2 from the input gas on the mass gain of iron at 
600 ◦ C in 5 % H 2 + 3 % H 2 O (bal. Ar) is shown in Fig. 11. The results demonstrate 
a pronounced decrease in mass gain and a significant reduction in data scatter. Pre-
viously, the average mass gain after 24 h was 0.56 ± 0.56 mg/cm2 , whereas after 
removal of trace O 2 it decreased to 0.09 ± 0.04 mg/cm2 . The high reproducibility 
indicates that the large mass gain scatter measured initially at 600 ◦ C is due to O 2 
traces in the gas and not to wüstite formation.

Crofer 22 APU at 600 ◦ C Revisited

The reduction in trace O 2 also affected Crofer 22 APU at 600 ◦ C in 5 % H 2 + 3 % 
H 2 O (bal. Ar), as shown in Fig. 12. The high mass gain of Crofer 22 APU compared 
to iron is interesting and the oxidation behavior of FSS under low-pO2 conditions 

Fig. 7   SEM imaging of iron after 24 h in 5 % H 
2
 + 3 % H 

2
 O (bal. Ar) at 550 ◦ C with 550 ppm of O 

2
 . At 

the top are optical images showing leading-edge behavior. The optical images also show the location of 
a–g on the sample. a, b are cross-sectional electron images from two different regions of the sample. c–g 
are top-view electron images

▸
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will be further investigated. However, for the present study, it is important to note 
that both the mass gain and scatter were reduced after 24 and 168 h of exposure, 
although the effect was less pronounced than for pure iron. The recorded mass gains 
remain considerably higher than those reported for Crofer 22H at 850 ◦C.

The mass gain data collected with the nickel component (Figs. 11 and 12) show 
both lower average mass gains and improved reproducibility, indicating that the 
large scatter observed in earlier 600  ◦ C experiments was largely due to variations 
in trace O 2 reaching the samples. Hence, due to the relatively slow gas-phase reac-
tion between O 2 and H 2 , trace amounts of O 2 in the input gas can reach the samples 
and thereby exert a significant influence on the oxidation behavior. Importantly, the 
present findings show that the trace O 2 problem can be effectively alleviated through 
the use of an O 2 catalyst/getter, such as the nickel component, even when the input 
gas contains comparatively high oxygen levels. These findings should be applica-
ble to oxidation studies at intermediate temperatures under low-pO2 conditions for 
a wide range of materials such as austenitic steels, nickel-based alloys, as well as 
other FSS.

Conclusions

Oxide growth on iron and on Crofer 22 APU in a simulated SOC H 2/H2 O environ-
ment at 600 ◦ C is strongly influenced by a few ppm of O 2 in the exposure gas reach-
ing the samples. Meticulous control of oxygen levels is therefore necessary.

•	 The oxidation of pure iron at 550 ◦ C in a 5 % H 2 + 3 % H 2 O (bal. Ar) environ-
ment is profoundly influenced by ppm levels of O 2 . The oxide growth rate was 

Fig. 8   Effect of different trace O 
2
 levels in the input gas on the mass gain of iron after 24 h in 5 % H 

2
 + 

3 % H 
2
 O (bal. Ar) at 550 ◦ C in the absence of the nickel component. Each point represents a sample. The 

input O 
2
 concentration was measured in 97% N 

2
 + 3 % H 

2
 O. (w/o = without)
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found to be directly correlated with the O2 concentration in the input gas. The 
O 2 traces increase the oxidizing potential at the gas/oxide interface, as evi-
denced by the formation of hematite. Consequently, the larger resulting oxy-

Fig. 9   Iron samples exposed at 550 ◦ C for 24 h in 5 % H 
2
 + 3 % H 

2
 O (bal. Ar) with different trace O 

2
 

levels, in the presence of the nickel component. The top optical image shows the location of images (a) 
and (b). a Is a SEM cross section of the scale, b is a top-view SEM image, c mass gain as a function of 
the concentration of O 

2
 in the input gas in the presence of the nickel component/platinum catalyst. Data 

points from Fig. 8 are included for comparison. The input O 
2
 concentration was measured in 97% N 

2
 + 

3 % H 
2
 O (w/o = without)



	 High Temperature Corrosion of Materials          (2026) 103:18    18   Page 16 of 19

gen potential gradient across the oxide layer leads to significantly accelerated 
oxide growth compared to an environment free from trace O 2.

•	 Similarly, trace O 2 levels were found to influence oxide growth on Crofer 22 
APU at 600  ◦ C in H2∕H2O environments mimicking SOC fuel-side condi-

Fig. 10   XRD diffractograms showing the presence of hematite down to 19 ppm O 
2
 for samples exposed 

to 5 % H 
2
 + 3 % H 

2
 O (bal. Ar) at 550 ◦ C for 24 h. The listed ppm levels refer to O 

2
 in the furnace input 

gas. The ”Nickel” label indicates that a nickel component was present in the experiment

Fig. 11   Side-by-side comparison of the mean mass gain values recorded on iron at 600 ◦ C for 24 h in 5 % 
H 

2
 + 3 % H 

2
 O (bal. Ar) with the nickel component (After) and without it (Before). Error bars represent 

the standard deviation
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tions. This influence was observed to have a detrimental effect on experimen-
tal reproducibility.

•	 An O 2 catalyst/getter fabricated from nickel demonstrated high efficiency in 
removing trace O 2 from both the experimental gas ( 5% H2 , 3% H2O , bal. Ar ) 
and from dry N 2 . The application of this nickel component resulted in sig-
nificantly improved reproducibility for oxidation experiments in the H2∕H2O 
environment, a benefit observed for both pure iron (at 550 ◦ C and 600 ◦ C) and 
for Crofer 22 APU (at 600 ◦C).

•	 A method is presented enabling the introduction of well-controlled trace 
amounts of O 2 to an experimental gas using PTFE tubing.
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