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Ferritic stainless steel (FSS) is widely used as an interconnect material in solid oxide cells (SOCs). However,
these interconnects degrade faster under simultaneous exposure to oxidizing and reducing atmospheres, a
phenomenon known as the dual atmosphere effect. This study used SUS430 to investigate the mechanisms
behind this effect. Oxidation behavior was compared for single air atmosphere, and dual atmosphere at 750 °C
after 50, 100, and 200 h. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) showed significant
hydrogen enrichment at grain boundaries after 200 h in the dual atmosphere exposure as compared to

the single atmosphere. To explore hydrogen’s role, first-principles calculations were performed evaluating
its adsorption energy on the (110) Fe—Cr crystal plane and its impact on Cr diffusion. The results revealed
that hydrogen’s presence raises the energy barrier for Cr diffusion and alters its pathway. This suggests that
hydrogen enrichment at grain boundaries is a major factor in the dual atmosphere effect, as it hinders Cr
diffusion, contributing to accelerated degradation of interconnect materials.

1. Introduction

Solid oxide cells (SOCs), including solid oxide fuel cells (SOFCs) and
solid oxide electrolysis cells (SOECs), are key technologies in the global
energy transition [1]. SOFCs generate electricity with highly efficiency
and low carbon emissions [2], while SOECs enable green hydrogen
production and energy storage [3]. Together, they support clean power
generation and carbon neutrality. A vital component of SOCs is the
interconnect, which links individual cells, conducts electricity, and
separates gases under high temperatures [4]. Its performance and dura-
bility are critical to the efficiency and longevity of SOC systems, making
it a focus of technological advancements for global deployment [5].

Ferritic stainless steel (FSS) is currently the most commonly used
interconnect material due to its moderate oxidation resistance, good
thermal compatibility with electrolyte materials, relatively low elec-
trical resistivity, ease of formability and manufacturability, and low
cost [6,7]. However, at the operating temperatures used by SOCs, FSS
forms Cr,05 scales with protective properties. Over time, the growth
of these Cr,Oj5 scales, which have moderated conductivity, can lead to
an increase in area specific resistance (ASR), the thickness of Cr,03
scales needs to therefore be limited [8]. Secondly, Cr,O5 reacts with
oxygen and water to form vapor phase hexavalent chromium, which
ultimately deposits out, including on the cathode, hindering the elec-
trochemically active sites and greatly reducing the cathode’s catalytic
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performance [9,10]. By applying protective coatings, the growth rate of
oxidized scales can be slowed down and the evaporation of chromium
can be reduced [5,6,11].

A significant issue that demands attention is the dual atmosphere
effect. Under the operating conditions of SOFCs and SOECs, when
the interconnect devices are exposed to two different environments
(Oxidizing air on the cathode side and a hydrogen-rich reducing envi-
ronment on the anode side), an enhanced oxidation effect is observed
on the air side of the interconnect devices [12-19]. The severity of these
dual atmospheric effects varies greatly in different studies [13,17,20].
Alnegren et al. [17] found that at 600 °C, hydrogen accelerates the de-
pletion of chromium, leading to severe oxidation. By contrast, at higher
temperatures such as 800 °C, the rapid diffusion of chromium helps
alleviate this effect. This is also seen by Kurokawa et al. [13] and Stygar
et al. [20] at 800 °C where the dual atmosphere effect was negligible.
They believe that thicker steel samples and pre-oxidation treatment to
form a stable protective layer can slow down hydrogen permeation.
Similarly, Goebel et al. [18] reported that pre-oxidation can serve as
a barrier for hydrogen gas, helping to protect the oxide layer from
damage. However, some studies present differing perspectives on the
mechanism of hydrogen and the significance of the dual atmosphere
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Table 1

Experimental conditions of SUS430 alloys at single atmosphere and dual atmosphere, % is by volume.
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Name Atmosphere 1 Atmosphere 2 Exposure/heat time (h)  Temperature (°C)
Single Atmosphere 43050 h  Air + 3% H,0  Air + 3% H,0 50 750
X 43% single) P 430 100 h  Air + 3% H,0  Air + 3% H,0 100 750
& 430 200 h  Air + 3% H,0  Air + 3% H,0 200 750
Dual Atmosphere 430 50 h Air + 3% H,0  2.91% H, + 94.09% Ar + 3% H,0 50 750
(430 Dual) P 430 100 h  Air + 3% H,0 2.91% H, + 94.09% Ar + 3% H,0 100 750
430 200 h  Air + 3% H,0  2.91% H, + 94.09% Ar + 3% H,0 200 750

effect. Variations in experimental conditions, such as material compo-
sition and environmental factors, may also contribute to discrepancies
in findings, highlighting the need for further investigation.

Although it has been confirmed that hydrogen diffuses from the fuel
side to the air side and affects the oxidation process on the air side,
the mechanism by which hydrogen causes the rupture of protective
oxidation scales has not been determined. There are several explana-
tions for this mechanism. Rufner et al. [14] suggested that the oxygen
partial pressure (po,) on the air side undergoes local changes due to
the permeation of hydrogen gas. In contrast, Yang et al. [12] suggest
that an increase in cation vacancy concentration in oxides accelerates
the growth of oxide scales. Given that hydrogen can influence defect
chemistry in oxides, it is important to consider whether it plays a
role in this process. However, a recent study by Gunduz et al. [19]
indicated hydrogen does not affect oxygen permeability or oxide scale
growth but impedes Cr diffusion along grain boundaries, leading to
Cr,O; degradation, most severe at 600 °C. The effect occurs over
the 500-800 °C range, though the critical hydrogen concentration is
unclear. Cr3* is impacted because it diffuses via cation vacancies, which
hydrogen alters, while 02~ diffusion remains largely unaffected.

In contrast, Yang et al. [12] believe that an increase in the concen-
tration of cation vacancies in oxides enhances the growth rate of scales.
In a recent study, Gunduz et al. [19] suggested that hydrogen does
not affect the permeability of oxygen and does not directly affect the
growth of oxide scales. On the contrary, they believe that hydrogen can
cause protective Cr,O3 scales to degrading due to reduced Cr transport
along metal grain boundaries.

Previous studies have extensively explored the impact of hydrogen
on the dual atmosphere effect, focusing primarily on the observation
and analysis of oxide layer morphology [18,19,21,22]. While these
investigations have proposed various hypotheses regarding hydrogen’s
role, they lack direct evidence of hydrogen presence at grain boundaries
under dual atmosphere conditions and fail to address its influence on
chromium diffusion from an atomic-scale perspective.

This study examines the oxidation behavior of SUS430 interconnects
under single (air with 3 vol.% H,0) and dual atmosphere conditions
(2.91% H,, 94.09% Ar with 3 vol.% H,0) at 750 °C for 50, 100,
and 200 h, with a focus on the oxide layer formed on the oxygen
side. By comparing the oxide layers under these conditions, significant
differences in morphology and composition were identified. Time-
of-flight secondary ion mass spectrometry (ToF-SIMS) [23] analysis
was employed to track hydrogen diffusion within the interconnects,
providing insights into hydrogen distribution and its potential role in
influencing oxidation processes.

To further investigate the atomic-scale mechanisms by which hy-
drogen affects chromium diffusion, Fe-17.5%Cr alloy was used as a
model system, and Density Functional Theory (DFT) [24] calculations
were performed. First, the adsorption energy of hydrogen on the grain
boundary surface of the Fe-Cr alloy was calculated to confirm hy-
drogen’s tendency to localize at grain boundaries. Subsequently, the
climbing image nudged elastic band (CI-NEB) method [25] was em-
ployed to determine the diffusion energy barriers of chromium with
and without hydrogen. Comparing these energy barriers provided a
quantitative assessment of hydrogen’s impact on chromium diffusion.
These findings theoretically demonstrate hydrogen’s role as a primary
driver of the dual atmosphere effect, offering valuable guidance for im-
proving the durability and performance of SOCs metallic interconnects
in industrial applications.

2. Experimental
2.1. Preparation of sample and exposure condition

The SUS430 stainless steel (Bare Fe, 16.00-18.00 wt% Cr, 1.00 wt%
Mn, 0.75 wt% Si, 0.12 wt% C, 0.06 wt% Ni, 0.04 wt% P, 0.03 wt%
S [26,27]) circular plate, with a diameter of 14 mm and a thickness
of 3 mm, was used as a sample in this experiment. After ultrasonic
cleaning, surface stains and impurities were removed using alcohol and
acetone.

A high-temperature dual atmosphere test bench was specifically
designed to ensure that both sides of the sample were exposed to
humid oxygen and hydrogen during high-temperature testing. High-
temperature ceramic sealing adhesive (Aremco Ceramabond 552) was
applied to ensure airtightness during the testing process. For the air
environment, compressed air mixed with 3 vol.% H,0 was supplied at
an intake rate of 80 mL min~!. On the hydrogen side, argon gas mixed
with 2.91 vol.% hydrogen and 3 vol.% H,O was used, with an intake
rate of 10 mL min~!. The details are shown in Table 1. The selection
of the gas composition and gas flow was based on the research of
Alnegren et al. [28]. The compressed gases were provided by BOC Ltd.
The exposure temperature was set to 750 °C, with exposure durations
of 50, 100, and 200 h, respectively.

In real-world applications, the air stream typically contains water
vapor, originating from ambient humidity and the oxidation products
of hydrogen fuel [29,30]. Water vapor undergoes partial thermal de-
composition (H,O = Hy + 1/20,). Our thermodynamic equilibrium
calculations for a 97% Air + 3% H,O atmosphere at 750 °C demon-
strate that the resulting hydrogen partial pressure is extremely low,
reaching only 1.33 x 10~!! atm [31]. Given this exceedingly low value,
we conclude that the hydrogen generated from this decomposition is
present in a minimal amount. This thermodynamically confirms that
its reducing effect is insignificant in such an oxidizing atmosphere.

2.2. Composition and structural characterization

After exposure, the samples were cut into cross-sections and pol-
ished. Morphological and cross-sectional analyses of the samples were
performed using a field-emission scanning electron microscope (FE-
SEM, TESCAN VEGA 4) equipped with energy-dispersive X-ray spec-
troscopy (EDS, Oxford Instruments). The phase structures of the metal
and oxide layers were characterized using X-ray diffraction (XRD,
SIEMENS D500D) with Cu Ka radiation. Data were collected over a 20
range of 20-80°, with a step size of 0.05°.

2.3. Tof-SIMS measurements

The grain boundaries of the cross-sectioned sample were exposed by
swabbing the surface with Kaling’s No. 2 etchant (5 g copper chloride,
100 mL hydrochloric acid, and 100 mL ethanol) for 30 s.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) has
been widely used to study high-temperature oxidation mechanisms in
metals [32] and corrosion processes in engineering alloys [33-35].
In our work, ToF-SIMS measurements were performed at Cranfield
University using a TESCAN SOLARIS X microscope with a dual-beam
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Fig. 1. SEM cross-section of SUS430 in cathode side exposed to the single atmosphere (air with 3% H,0) at 750 °C for 50 h (a), 100 h (b), and 200 h (c), along
with corresponding surface XRD analysis (d). XRD analysis phase identification used Powder Diffraction Files (PDF): Fe-Cr alloy (PDF #00-054-0031), Cr,0; (PDF

#01-070-3755) and (CrMn),0, (PDF #00-045-0504).

Table 2

The comparison of the thickness between the entire oxide scale, the protective oxide scale, and the oxide scale in the literature.

Exposure time (h) Entire oxide scale (pm)

Protective oxide scale (pm)

Protective oxide scale in Ref. [36] (um)

Single Dual Single Dual Single
0 0 0 0 0 0
50 2.30 6.49 0.15 0.50 0.54
100 7.80 10.48 1.50 1.64 1.08
200 19.80 37.04 1.80 1.67 2.16
k, (um? s71) - - 391 x 10°° 4.30 x 107° 3.0 x 10°°
Error - - 0.15 0.08 -

system containing the Triglav immersion optics column and the in-
tegrated Focused Ion Beam with xenon plasma (iFIB + Xe) optics
column, all housed within a single chamber. This system combines the
imaging capabilities of a scanning electron microscope (SEM) with the
ability to perform surface modifications using a focused ion beam (FIB).
High-precision elemental composition data were obtained with a mass
resolution of 6000. The ion beam could be focused to 1-2 pm. Negative
ion signals were collected, and the sputtering area was 20 pm x 20
pm. The FIB dwell time was 12 ps, and the number of frames was 320.

2.4. DFT calculation

The DFT calculations in this work were performed using the Quan-
tum ESPRESSO software package [37]. A supercell containing 33 iron
(Fe) atoms and 7 chromium (Cr) atoms was constructed to simulate
the properties of the Fe-17.5%Cr alloy. The electronic configurations
of Cr and Fe were set as Cr 3d°4s! and Fe 3d®4s2. The generalized gra-
dient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional was used to model electron-ion interactions and describe

exchange—correlation effects. The spin-polarization effect was included
to account for the magnetic properties of the elements. Convergence
tests were carried out, and the plane-wave cutoff energy was set to
350 electron volts (eV) along with a 2 x 2 x 5 Monkhorst-Pack
k-point grid, achieving total energy errors below 10 eV per atom.
For geometry optimizations, the threshold for force convergence was
set to 0.001 eV/A. For Cr diffusion, the nudged elastic band (NEB)
method [38] was used to identify the minimum-energy pathway. Subse-
quently, the climbing-image nudged elastic band (CI-NEB) method was
applied to refine the pathway, ensuring that the maximum force on
each atom was reduced to below 0.01 eV/A. This approach allowed for
the accurate determination of the diffusion energy barrier associated
with Cr diffusion.

3. Results and discussion
3.1. Oxidation in a single atmosphere

Fig. 1(a)-(c) show the microstructure of the entire oxide scales of
the bare material SUS430 exposed to air with 3% H,0 at 750 °C for
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Fig. 2. SEM cross-section of SUS430 in cathode side exposed to the dual atmosphere (one side in air with 3% H,O; the other side in 2.91% H,, 94.09% Ar with
3% H,0) at 750 °C for 50 h (a), 100 h (b), and 200 h (c), along with corresponding surface XRD analysis (d). XRD analysis phase identification used PDF cards:
Fe—Cr alloy (PDF #00-054-0031), Fe,O; (PDF #01-089-0599) and SiO, (PDF #00-042-1401).

50 h, 100 h, and 200 h, respectively. At this temperature, the metal
elements on the surface of the alloy react with oxygen, and an uneven,
thin oxide layer was found after 50 h of exposure. With continuous
exposure to oxygen, the oxide grew thicker, with a microstructure
which was characterized by the presence of two distinct layers, a denser
oxide layer close to the substrate and an external ‘flaky’ oxide, as shown
in Fig. 1(b). This high aspect ratio morphology of the lamellar crystals
may be due to the presence of compressive stresses or dislocations
inside the oxide during the growth process; these both promote the
rapid diffusion of cations in an axial direction parallel to the scale sur-
face [39-41]. After 200 h of exposure, the thickness of the entire oxide
scale is about 19.8 pm, and the scale appears dense and adherent, with
no visible gaps or significant defects. The compact nature of the scale,
combined with the lack of internal oxidation or porosity, indicates
that the single atmosphere promotes the formation of a protective and
continuous oxide layer that inhibits further corrosion. However, a small
amount of flaky oxide remains on the surface. The oxide composition
of the formed layers was further investigated by XRD in Fig. 1(d). All
spectra show the presence of Cr,O3, but the substrate peak of Fe-Cr
alloy gradually weakens with increasing oxide layer, and is hardly
observed after 200 h of exposure. The peak of the Cr,MnO, spinel phase
becomes more pronounced after 200 h of exposure, which is similar
findings reported by Spotorno et al. [42]. As the oxide layer thickens,
the intensity of the chromium and spinel peaks increases. In addition to
the Cr,MnO, spinel, the CrMnFeO, spinel phase may also form. This is
expected, as the manganese and iron contained in the alloy can diffuse
through Cr,05 and form spinel on the outer surface of the oxide [43].
The second peak in the 200 h single-atmosphere spectrum (260 = 28.9°)
corresponds well in position to the main peak of SiO, (refer to the SiO,
peak in Fig. 2d). This SiO, signal originates from slight volatilization of

the high-temperature ceramic sealant used in the experimental setup,
which contains SiO,.

3.2. Oxidation in dual atmosphere

Fig. 2(a)-(c) show the air-side oxide microstructure on SUS430
exposed to a dual atmosphere after 50 h, 100 h, and 200 h, respectively.
The thickness of the oxidation scale in single- and dual-atmosphere
conditions is shown in Table 2. Note: The oxide thickness reported here
includes the height of outermost whiskers, representing total surface
damage.

After 50 h of exposure, the oxide layer thickness is approximately
6.5 pm, which is thicker and more uniform compared to the oxide
formed in a single atmosphere. The surface exhibits a jagged morphol-
ogy. This structure could be related to compressive stress or dislocations
within the oxide layer, as previously mentioned for the oxide grown in
a single atmosphere. Over time, the oxide layer thickens from 6.5 to
10.4 pm, retaining flake- or whisker-like structures on the surface due
to compressive stress or dislocations. Additionally, internal corrosion
may occur, leading to crack-like corrosion inside the SUS430 substrate,
as shown in Fig. 2(b). After 100 h of exposure, the entire oxide scale in
the dual-atmosphere condition (approximately 10.4 + 2 pm) is overall
thicker than that in the single-atmosphere condition (approximately
7.8 +2 pm).

Table 2 is provided to distinguish between the entire oxide scale
and the protective oxide scale. Moreover, the calculated parabolic
rate constants (k,) are compared with literature values to objectively
evaluate the oxidation kinetics. The calculated k, values were found to
be 3.91 x 107% um? s~! in a single atmosphere and 4.3 x 107% um? s~!
in a dual atmosphere. These results are consistent with the kp value of
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Fig. 3. SEM cross-section of SUS430 in cathode side exposed to the single atmosphere at 750 °C for 200 h (a) and the line scan. (b) SEM cross-section of SUS430

exposed to the dual atmosphere at 750 °C for 200 h (c) and the line scan (d).

3.0 x 107% pm? s~! reported by Brylewski et al. [36] for SUS430 alloy.
The agreement between the values confirms that the oxidation kinetics
observed in the present work are consistent with previously established
studies, indicating typical oxidation behavior under the investigated
conditions.

After 200 h of exposure, the average oxide layer thickness reaches
approximately 37 + 3 pm, with voids or pores observed. The formation
of these voids is likely a consequence of the degradation of the under-
lying Cr,0j5 scale. In high-temperature environments, especially under
dual-atmosphere conditions with water vapor, the protective Cr,O3
scale can undergo volatile degradation by forming gaseous CrO,(OH),
species [44]. This process disrupts the dynamic equilibrium between
scale growth and evaporation. If the evaporation rate exceeds the
formation rate, micro-voids can initiate within the Cr,O5 layer or at
its interface with the alloy [17,44]. These defects subsequently act
as nucleation sites for larger voids. Furthermore, they compromise
the protectiveness of the chromia layer, facilitating the outward dif-
fusion of iron cations (Fe?*). The outward-growing iron-rich spinel
layer then encapsulates and amplifies these initial defects, leading
to the macroscopic pores observed within the spinel matrix. While
the outward diffusion of metal cations can also contribute to void
formation via the Kirkendall effect [28,45], the mechanism linked to
chromium volatility is considered dominant in this case, as it directly
correlates with the conditions that lead to protective scale breakdown
and Cr depletion. Moreover near the substrate, in addition to crack-like
Cr, 05 formations, point-like elemental enrichments are observed in the
substrate material, as shown in Fig. 2(c). EDS analysis indicates that
these point-like enrichments are also Cr,O5, as shown in Table 3.

In high-temperature oxidation or corrosion environments, oxygen
diffuses into the metal or alloy and reacts with specific active elements,
forming an internal oxidation zone (IOZ) [46]. Internal oxidation is
primarily driven by oxygen diffusion and the selective oxidation of
alloying elements [47]. Since these oxides do not form a continuous

Table 3
EDS spectra data from points in Fig. 2(c).

Spectrum (wt.%) Point 1 Point 2

Fe 63.11 82.61

Cr 15.22 5.99

o 10.61 b.d.1.(<0.5)
C 7.88 8.33

Si 0.23 0.12

Au 291 2.95

Total 100.00 100.00

Note: Spectrum point 1 is located in the dark-colored elemental enrichment region,
while spectrum point 2 is in the light-colored area. b.d.l. indicates below the detection
limit. The detection limit for oxygen is approximately 0.5 wt%.

protective layer, they exist instead as dispersed particles, as shown
in Fig. 2(c). These oxide particles may be distributed along grain
boundaries, within grains, or in a finely dispersed state at the nanoscale
to submicron scale. Over time, oxygen continues to diffuse and react
with deeper regions of the metal, which may cause the I0Z to gradually
extend further into the material. The exact distribution of these oxide
particles, that is, whether they are located between grains or inside
grains, could be further investigated in future work using transmission
electron microscopy.

The oxide layer appears more irregular and disrupted compared
to the single atmosphere. The entire oxide scale appears to consist of
three distinct layers: an outer layer of Fe,O;, a middle spinel phase
of (Fe,Cr);0, [48,49], and an inner layer of Cr,O3 adjacent to the
substrate. The prominent presence of iron oxides suggests that the out-
ward diffusion of Cr within the interconnect may be inhibited for some
reason, resulting in an increased outward diffusion of Fe, potentially
occurring simultaneously.

The oxide layer composition was further investigated using XRD,
as illustrated in Fig. 2(d). In contrast to the XRD results (Fig. 1(d))
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Fig. 4. SEM cross-section of SUS430 in cathode side exposed to the single atmosphere at 750 °C for 200 h (a) and the EDS maps (b-e), and schematic illustration
of the single atmosphere test. (f) SEM cross-section of SUS430 exposed to the dual atmosphere at 750 °C for 200 h (g) and the EDS maps (h-k), and schematic

illustration of the dual atmosphere test (1).

under single-atmosphere conditions, Fe,0; emerged as the predomi-
nant phase, while peaks corresponding to the bare Fe-Cr alloy were
also identified. However, with the progressive thickening of the oxide
layer, the intensity of the Fe-Cr alloy peaks diminished and became
nearly undetectable after 200 h of exposure. It is important to note that
high-temperature ceramic adhesives, primarily consisting of SiO, [50],
were employed during the dual-atmosphere experiments to ensure
gas tightness. Upon sample retrieval post-exposure, adhesive particles
may have detached and deposited onto the sample surface, potentially
introducing impurities that contributed to elevated noise levels in the
XRD spectra.

3.3. Comparison between single atmosphere and double atmosphere

To better compare the differences in the oxide layer on the air side
under single and dual atmospheres, line scans (as shown in Fig. 3) and
mapping (as shown in Fig. 4) were performed for samples exposed at
750 °C for 200 h in single and dual atmospheres.

The SEM images of the single atmosphere sample in Fig. 3(a)-(b)
show that the oxide layer is relatively evenly distributed between the
substrate and the outer surface. The corresponding line scan in Fig. 3(b)
reveals that the oxygen concentration sharply increases at the surface
(') and remains stable, indicating that the oxide layer is predominantly
concentrated near the surface. The Fe concentration decreases within
the oxide layer (a’ to b’), while Cr and Mn show some variation in
distribution, with Cr being somewhat enriched within the oxide layer.

In contrast, the SEM images of the dual atmosphere sample in Fig.
3(c)—(d) reveal a distinctly layered structure in the oxide layer, with
different oxidation behaviors observed near the outer and inner sur-
faces. The line scan in Fig. 3(d) shows that Fe has a high concentration
near the outer surface (¢’ to d'), slightly decreases in the middle layer
(d’ to €’), and further drops near the interface between the oxide layer
and the substrate (e’ to f'). Conversely, Cr exhibits the opposite trend,
with low concentrations at the outer surface, increasing in the middle
layer, and becoming significantly enriched near the oxide-substrate

interface, potentially forming a protective Cr,05 layer [17,19,28]. The
Mn concentration, on the other hand, shows no significant variation
within or outside the oxide layer. The occasional sharp drops in the
oxygen signal (e.g., between ¢’ and d’ in Fig. 3(d)) are artifacts caused
by the line scan traversing microscopic pores within the oxide layer, as
evidenced by the dark contrast in the corresponding SEM image (Fig.
3(e)).

Based on the variations in Fe and Cr concentrations, the oxide
layer under dual atmosphere conditions can be divided into three
distinct layers: a Fe-rich outer layer (¢’ to d’), a Fe-Cr mixed middle
layer (d’ to €’), and a Cr-rich inner layer (¢’ to f') near the substrate
interface. This structure is consistent with findings reported in the
literature [17,19,28]. The complex oxide formation process observed in
dual atmospheres is likely influenced by the diffusion of oxygen and the
interaction with the reducing atmosphere, resulting in more intricate
oxide layer formation mechanisms.

Combining the line scans and mapping analysis of this study with
the results obtained by Alnegren et al. [17] using TEM, the outward
growing Fe,0; layer (Fe, Cr);0, layer growing inward beneath Fe,0;
layer, and a continuous Cr,O5 band coated with (Fe, Cr);0, layer on
the metal oxide interface. The innermost region of this area consists of a
mixture of metal and oxides, with the primary oxide component being
Cr,05 [28,45,51]. This phenomenon has also been reported in other
studies. According to Pujiaksono et al. [51], this metal/oxide mixture
may result from immiscibility gaps in the Fe—Cr—0 spinel phase system.

Compared to the oxide layer on the air side under single atmosphere
conditions, the most notable difference in the dual atmosphere oxide
layer is the growth of hematite (Fe,03). The formation of this iron
oxide is detrimental for interconnect applications because the growth
rate of iron oxides is several orders of magnitude faster than that
of chromium oxides, resulting in poor corrosion protection perfor-
mance [52]. The breakaway oxidation of iron oxides tends to initiate
at one or a few localized points and then spread laterally, rather than
occurring uniformly across the entire sample surface [53].
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Fig. 6. Schematic diagram of Fe33Cr7 supercell (a) and the same structure after hydrogen adsorption (b) in the (110) crystal plane.

The formation of Fe,05 is associated with the evaporation of the cracks and localized chromium enrichment shown in Fig. 2c. Firstly,
protective Cr,O5 layer and the presence of water vapor. At the in- when water vapor reaches the interface between the metal and the
terface between the substrate material and the oxide layer, a distinct oxide layer, it forms an H,-H,O redox atmosphere [55]. This re-
chromium-enriched layer is observed, with a tendency to extend in- dox environment alters the oxygen transport mechanism, accelerating

ward [15,54]. This observation is supported by the inward-extending the diffusion of oxygen anions (O%>7) into the substrate. Under such
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conditions, further oxidation of the substrate proceeds with minimal
resistance from the oxide layer. Secondly, the protective Cr,05 layer
in the oxide scale reacts with water vapor to form hydroxides, which
gradually volatilize as CrO,(OH), [44]. The chemical reaction is as
follows:

Cry05(5) + 205(¢) + 2H,0(g) — 2Cr0,(OH) () M

As the Cr,0O5; layer continues to volatilize, it becomes thinner,
and its oxidation resistance significantly declines [56]. At the same
time, numerous voids and cracks form within the Cr,05 layer, further
facilitating the outward diffusion of iron cations (Fe2*) and the inward
diffusion of oxygen anions (0?~) [57]. In the chromium-depleted re-
gions, a non-protective oxide, (Fe, Cr);0,4, forms [19,28,58]. Since the
mobility of Fe ions is higher than that of Cr ions, Fe ions preferentially
migrate outward and react with oxygen at the surface, forming an
iron-rich outer oxide layer [59].

During this process, Fe,0; is believed to grow outward and lat-
erally, gradually eroding and dissolving the original Cr,O5 layer. As
the chromium oxide layer becomes increasingly iron-rich and loses its
protective properties, breakaway oxidation subsequently initiates in the
next alloy grain, further accelerating oxidation and corrosion [17,19,
28].

Fig. 4 provides a schematic illustration of the single atmosphere
(f) and dual atmosphere (1). The EDS maps provide two-dimensional
spatial distribution of key elements, offering complementary evidence
to the line scans (Fig. 3) for delineating the distinct layered structure of
the oxide scale. The only difference between the two conditions is the
presence of hydrogen on the fuel side, so we hypothesize that hydrogen
is the main cause of the dual atmosphere effect. Additionally, hydrogen
can diffuse through the stainless steel substrate, with a permeation
rate of approximately 0.0126 cm? s~ at 750 °C [60]. However, how
hydrogen permeation specifically affects the properties of the oxide
layer on the air side remains unclear. Some studies suggest that hy-
drogen may be absorbed into the oxide layer in the form of hydroxide
ions, creating defects that could increase the outward diffusion rate
of metal ions [12]. If this is the case, the thickness of the protective
chromia (Cr,03) layer formed under dual-atmosphere conditions would
be expected to be greater than that formed under single-atmosphere
conditions. However, in this study, no significant difference in oxide
layer thickness between the dual and single atmosphere conditions
could be distinguished through microscopic images.

3.4. Hydrogen in grain boundary

To investigate how hydrogen permeation specifically affects the
characteristics of the air side oxide layer, we used ToF-SIMS technology
to capture two-dimensional images of hydrogen from single atmosphere
and dual atmosphere samples exposed to 750 °C for 200 h in Fig. 5.
The detected hydrogen signals may originate from atomic hydrogen,
hydroxide ions, or other hydrogen-containing species, depending on
their interaction with the oxide layer and surrounding environment.
Prior to this, the sample was etched to expose the grain boundaries. To
reduce errors, two-dimensional images are obtained within the same
sputtering time interval and the same sputtering range. To visualize
the grain boundaries, dashed lines were added to the image to illustrate
the grain boundaries. Fig. 5(a) and (d) show SEM images of sputtering
with clear grain boundaries. Fig. 5b and shows the two-dimensional
image of the hydrogen distribution after ToF-SIMS testing, where the
color contrast displays the changes in signal intensity and indicates
the relative differences in concentration. The enhancement of image
edge signals is an edge effect caused by the testing itself, and cannot
indicate the enrichment of elements in that area [61]. Aside from this
edge effect, no significant hydrogen enrichment was observed in the
single atmosphere samples, particularly at the grain boundaries marked
in Fig. 5(c). Additionally, no accumulation of hydrogen elements was
detected.
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However, in the two-dimensional image of the H distribution of the
dual atmosphere sample in Fig. 5(e), in addition to the edge effect of
the test itself, the intensity change of the signal can still be observed
at the center of the image, that is, hydrogen is slightly higher in
concentration at certain positions. Fig. 5(f) indicates the position of
the grain boundary with dashed lines, and it is clearly observed that
the location with high H concentration corresponds exactly to the
grain boundary of the dual atmosphere sample. Therefore, it can be
inferred that H from fuel measurement can diffuse into the interior of
interconnect steel and accumulate at grain boundaries, which may be
due to the lowest hydrogen evolution activation energy at grain bound-
aries and triple boundaries, which are the most favorable hydrogen
evolution points [62,63]. Although the ToF-SIMS data clearly indicate
hydrogen segregation at grain boundaries, the distribution of hydrogen
was only captured after 200 h of exposure. Revealing the dynamic
enrichment process of hydrogen may provide valuable directions for
future comprehensive elucidation of hydrogen accumulation kinetics.

Yang et al. [64] provided an early analysis of the dual atmosphere
effect from the perspective of hydrogen-doped oxide scales, suggest-
ing that this mechanism accelerates oxide scale growth. According
to the experiments of Skilbred et al. [65] and Alnegren et al. [17],
the effect of hydrogen on the oxidation rate under dual atmosphere
conditions can be estimated. Although the view that hydrogen is the
main factor causing the dual atmosphere effect has been confirmed
by many experimental results, there are still some studies that have
the opposite effect. Ani et al. [66] believe that the effect of hydrogen
on chromium diffusion in Fe-Cr alloys can be ignored. However, the
diffusion coupling experiment at 800 °C only proved that hydrogen
does not affect the lattice diffusion of chromium, and cannot explain
the effect of hydrogen on the lattice diffusion of chromium. Gun-
duz et al. [19] inferred through Wagner’s oxidation theory that the
mechanism by which hydrogen affects the protective properties of
chromium scales may be related to alleviating chromium migration at
grain boundaries. Although there is no direct experimental evidence to
prove that hydrogen affects chromium grain boundary diffusion, the
hydrogen accumulation at the grain boundary in the dual atmosphere
sample in this study makes this hypothesis more credible. The migra-
tion of chromium at grain boundaries may be restricted due to the
adsorption of hydrogen on their inner surfaces, which in turn hinders
chromium diffusion. However, in order to better understand the role of
hydrogen in the migration of chromium through iron chromium alloys
and the general dual atmospheric effect, further research is needed.
DFT calculations may be helpful in understanding the diffusion effect
of hydrogen on chromium.

3.5. Density functional theory computation

Based on the chromium concentration typically found in commer-
cially available SUS430 ferritic alloys (16-18 wt% Cr) [26,27], a unit
cell model of the Fe-Cr alloy (110) was established, containing 40
atoms (33 Fe, 7 Cr), as shown in Fig. 6(a). The crystal structure
was visualized using the VESTA software. This model size was chosen
to provide a balance between computational efficiency and accurate
atomic-scale representation of Fe-Cr interactions.

The Fe unit cell, which has a Body-Centred Cubic (BCC) structure
with Fm3 m symmetry, was optimized to obtain a lattice constant of
2.83 Ax2.83 Ax2.83 A, which closely matches the experimental value
of 2.867 A [67]. The optimized unit cell was then used to construct
a 2 x 2 x 5 supercell (40 atoms) with lattice parameters of 5.66 A x
5.66 Ax 14.15 A, allowing for a realistic simulation of Cr diffusion in a
ferritic matrix.

The (110) surface was selected to create a slab model for studying
the adsorption behavior of hydrogen and chromium diffusion because
it is experimentally identified as the most abundant surface in SUS430,
as evidenced by XRD analysis [68]. Furthermore, previous studies [69]
have shown that the (110) surface has lower surface energy, making
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Fig. 7. The energy variation curve of diffusion path of Cr in Fe-Cr alloy. The black curve represents the Cr diffusion energy barrier (Fe-Cr) without hydrogen,
while the red curve represents the Cr diffusion energy barrier (Fe-Cr-H) with hydrogen. The horizontal axis represents the distance of Cr diffusion path, and
the vertical axis represents the energy at different positions during the diffusion process. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

it more stable and representative of real oxidation and adsorption
processes in ferritic stainless steels.

To investigate the effect of hydrogen on chromium diffusion, a
hydrogen atom was placed near the inner surface of the (110) slab to
establish a hydrogen adsorption model, as shown in Fig. 6(b). Although
our earlier analysis indicated that the detected hydrogen signals might
originate from atomic hydrogen, hydroxide ions, or other hydrogen-
containing species, our calculations focused solely on atomic hydrogen.
This approach was chosen because atomic hydrogen is the most re-
active form and can directly interact with metal atoms, influencing
their diffusion characteristics. Additionally, simulating the effects of all
possible hydrogen species would significantly increase computational
complexity and resource requirements. Therefore, considering atomic
hydrogen allows for a more direct and feasible assessment of its impact
on chromium diffusion. The adsorption energy of hydrogen on the
inner surface of (110) shown in the figure is —0.166 eV, indicating a
spontaneous hydrogen adsorption at this location [70,71].

To study the diffusion characteristics of Cr in the two models, with
and without hydrogen, the naked elastic band method [38] was used to
calculate the diffusion energy barrier, as shown in Fig. 7. The diffusion
pathway of Cr is displayed on the left and right sides respectively, with
the starting point A (A’), the middle point B (B'), and the endpoint C
(C") of the diffusion pathway labeled. Cr and Fe atoms are represented
by the blue and gold spheres, respectively. In the absence of hydrogen
(Fe—Cr), the potential barrier energy for Cr diffusion is 4.4 eV. In the
presence of hydrogen (Fe-Cr-H), the energy barrier for Cr diffusion
significantly increases to 5.8 eV. After hydrogen was introduced, the
activation energy required for Cr diffusion increased by approximately
1.4 eV. This indicates that the presence of hydrogen significantly
increases the energy barrier for Cr diffusion [72,73].

The introduction of hydrogen increases the energy barrier on the
diffusion pathway of Cr, which means that Cr atoms require more
energy to overcome the potential barrier for diffusion [74]. This may
be attributed to the interaction between hydrogen and surrounding
atoms [75]. For example, hydrogen alters the local stress field or elec-
tronic structure of the crystal, increasing the resistance to Cr diffusion.
Hydrogen may form stronger chemical bonds with certain sites in
the diffusion pathway of Cr, stabilizing these sites and increasing the
migration energy of Cr [76]. The inhibition of Cr diffusion by hydro-
gen may also lead to the complexity of the hydrogen embrittlement

phenomenon, as hydrogen may play a “locking” role in the diffusion
path [76,77].

It should be noted that the DFT model in this work represents a
simplification of the actual complex scenario. While our discussion
focuses on the effect of atomic hydrogen (H), the signals detected by
ToF-SIMS include contributions from all hydrogen-containing species,
such as H, OH™!, and possibly others. Although atomic H is likely the
primary factor contributing to embrittlement, the potential synergistic
or competitive effects of other species should not be overlooked. Future
studies combining in situ characterization with simulations of different
hydrogen species will be essential to more accurately unravel the
microscopic mechanisms of hydrogen-induced embrittlement.

4. Conclusion

In this study, the oxide layer formed under dual atmosphere con-
ditions exhibits significant differences in thickness, composition, and
morphology compared to that formed in a single atmosphere. Un-
der dual atmosphere exposure, the oxide layer develops a stratified
structure, consisting of an outer Fe,O; layer growing outward, an
inward-growing (Fe, Cr);0, layer beneath it, and continuous Cr,0O4
bands at the metal-oxide interface. This layered structure indicates
that the actual enrichment of chromium and inward oxidation lead to
localized oxidation regions and cracks near the substrate material. The
oxide layer reaches a thickness of approximately 37.0 pm. In contrast,
after 200 h of oxidation in a single atmosphere, the sample forms a
continuous oxide layer with a thickness of about 19.8 pm, primarily
composed of Cr,03, along with FeMnFeO, or Cr,MnO, spinel phases.

The most significant distinction between the two atmospheres lies
in the growth of Fe,0;, which may be linked to hydrogen enrichment
at grain boundaries due to hydrogen diffusion from the anode side
into the interconnect. This study evaluated hydrogen adsorption on
the (110) Fe-Cr crystal plane and its effect on chromium diffusion
using first-principles calculations. The results indicate that hydrogen
increases the energy barrier for Cr diffusion, hinders Cr transport,
weakens the protective role of Cr,O3, accelerates Fe diffusion, and
ultimately exacerbates the degradation of the interconnect materials.
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