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A B S T R A C T   

A key component of a Solid Oxide Fuel Cell (SOFC) is the interconnect, which connects individual fuel cells in 
series to form a fuel cell stack. The interconnect is exposed to air and fuel in parallel; these so-called dual-at-
mosphere conditions cause severe corrosion on the air-side. This work investigates interconnect coatings that can 
mitigate this effect. Physical Vapour Deposition (PVD) coatings of Cr2O3, CeO2, YSZ, and Al2O3 on ferritic 
stainless steel (AISI 441) were exposed under dual-atmosphere conditions for up to 3000 h. The evolution of the 
corrosion products was evaluated using optical microscopy and Scanning Electron Microscopy (SEM) in com-
bination with Energy-dispersive x-ray Spectroscopy (EDS). The SEM analysis showed that a chromia coating was 
not sufficient to reduce the dual-atmosphere effect, while other coatings on the fuel-side suppressed the dual- 
atmosphere effect by forming a barrier to hydrogen permeation. The best outcomes were observed with Al2O3 
coatings on the fuel-side, which drastically reduced the dual-atmosphere effect. A 30 nm Al2O3 coating displayed 
acceptable Area-Specific Resistance (ASR).   

1. Introduction 

In recent years, extensive research efforts have focused on improving 
the performance, durability, and cost-effectiveness of Solid Oxide Fuel 
Cells (SOFCs). Researchers have explored various aspects of the SOFC 
technology, including the materials, cell design, and system integration 
[1–4]. One area of research has been the development of metallic in-
terconnects. These interconnects are essential for achieving the desired 
electrical potential and for facilitating the flow of electrical current 
between the cells. Metallic interconnects offer certain advantages over 
ceramic counterparts, such as lower costs ease of manufacturing. 
However, they are also subject to corrosion, resulting in increasing 
electrical resistance, and material stability challenges under the harsh 
operating conditions of SOFCs. One of the primary considerations for 
metallic interconnects is their stability in the face of high-temperature 
oxidation. The interconnect materials must withstand exposure to oxi-
dising and reducing atmospheres, high temperatures (typically 
600◦C-800 ◦C), and long-term operation. Commonly used metallic 
interconnect materials include ferritic stainless steels, such as Crofer 22 
APU and AISI 441, owing to their favourable high-temperature oxida-
tion resistance profiles, thermal expansion coefficients that match those 
of other cell components, and reasonable costs. 

However, metallic interconnects are susceptible to degradation 
processes, such as Cr evaporation and the dual-atmosphere effect. Cr(VI) 
evaporation from the steel can poison the cathode, thereby reducing cell 
performance and durability [5–8]. Furthermore, this depletes the 
interconnect of Cr, which may result in Fe oxide formation. The for-
mation and growth of a Cr2O3 scale on the interconnect surface increases 
its electrical resistance, impairing the overall performance of the fuel 
cell [9]. Various approaches have been explored to mitigate these 
challenges, so as to enhance the performance and durability of metallic 
interconnects. These measures include the development of protective 
coatings, alloy modifications, and surface treatments. Protective coat-
ings, such as manganese (Mn)- and cobalt (Co)-based spinels [5,10–18], 
have demonstrated effectiveness in reducing Cr(VI) evaporation and 
improving interconnect stability. Reactive elements, such as cerium 
(Ce), have been investigated for their beneficial effects on Cr2O3-form-
ing alloys, including selective chromium oxidation and scale growth rate 
reduction [19–22]. 

The dual-atmosphere effect, particularly at intermediate tempera-
tures (around 600 ◦C), is a significant concern for metallic interconnects 
[23,24]. When exposed to air and fuel gases simultaneously, the inter-
connect experiences different chemical reactions, leading to complex 
corrosion processes. Yang et al. [25,26] have observed that an alloy 
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exposed to dual-atmosphere conditions behaves differently from an 
alloy that is exposed to single-atmosphere conditions. Although it has 
been commonly accepted that diffusion of hydrogen from the fuel-side 
to the air-side influences the oxidation process, the mechanism behind 
the breakdown of the oxide scale is not fully understood. Moreover, the 
reported severity of the dual-atmosphere effect varies widely among 
different studies [24,27–29]. At high temperatures (800◦C-850 ◦C), 
several authors [25,26,30,31] have noted iron enrichment of the pro-
tective scale on the air-side. At lower temperatures (600◦C-700 ◦C), the 
air-facing side of the sample undergoes severe corrosion, with the for-
mation of hematite nodules and, over time, the formation of a thick 
hematite oxide layer [32–34]. Since iron oxides are poorly protective, 
the scale grows several orders of magnitude faster than chromium oxide, 
leading to faster material degradation and loss of performance. This 
phenomenon has been observed for various alloys, such as AISI 441 [23, 
24,35], AISI 430 [36,37], Sanergy HT [38], and Crofer APU 22 [39], to 
cite the alloys most commonly used for interconnect applications. Other 
researchers [40] have proposed that a higher Cr concentration in the 
alloy may help reduce the dual-atmosphere effect by slowing hydrogen 
diffusion [26,34]. Several explanations for this phenomenon have been 
put forward. Rufner et al. [28] have suggested that the partial pressure 
of oxygen (pO2) on the air-side could be locally modified by the 
permeating hydrogen. Yang et al. [26] have suggested that it may be due 
to an increased number of cation vacancies in proximity to the air-side, 
leading to hydroxide species formation, which would enhance the 
growth rate of the scale. Other authors [41] have proposed theories in 
which the lattice is distorted due to the presence of hydrogen. Recently, 
Gunduz et al. [33] have argued against the above mentioned mecha-
nisms, instead they have suggested that the effect of hydrogen on Cr2O3 
scale protectiveness is related to the reduction in Cr transport along the 
grain boundaries. 

A common factor in the afore-mentioned studies is the uncoated fuel- 
side of the sample. Research conducted by Goebel et al. [35] has shown 
the efficiency of pre-oxidation of the sample, especially on the fuel-side, 
for delaying the onset of the breakaway oxidation. The longer time that 
the sample is pre-oxidised, the longer it can sustain the dual-atmosphere 
effect, indicating the importance of a protective oxide layer on the 
fuel-side of the sample. Nevertheless, pre-oxidation does not seem to 
solve the problems of dual-atmosphere corrosion on the long-term [33, 
42,43]. Tomas et al. [43] showed that even 5h of pre-oxidation at 800 ◦C 
was not sufficient to inhibit dual-atmosphere corrosion. Kurokawa et al. 
[44] showed that chromia reduces hydrogen permeation by four orders 
of magnitude at 800 ◦C. However, hydrogen will still permeate through 
the oxide scale and induce the dual-atmosphere effect. In the present 

study, we investigate fuel-side coatings and their effectiveness to miti-
gate dual-atmosphere corrosion due to their hydrogen barriers 
properties. 

In this work, barrier coatings to reduce the dual-atmosphere corro-
sion for Intermediate-Temperature Solid Oxide Fuel Cells (IT-SOFCs) are 
investigated. This work evaluates the efficiencies of fuel-side AISI 441 
samples coated with Cr2O3, CeO2, YSZ, and Al2O3 with respect to 
reducing the dual-atmosphere effect, as well as electrical resistance. 
Different coating thicknesses are investigated. 

2. Materials and methods 

2.1. Sample characteristics and preparation 

The composition and characteristics of the material used in this study 
are described in Table 1 and Table 2. 

Samples were coated by the company Alleima AB using a proprietary 
PVD process. Coin-shaped samples (Ø 21 mm) were stamped out of a 
metal sheet (0.3 mm thickness) using a hydraulic press. The experi-
mental matrix and exposure characteristics are listed in Table 2. An 
ultrasonic cleaning procedure that consisted of a bath for 20 min in 
acetone and 20 min in ethanol was performed before any thermal 
treatment. All the samples were then pre-oxidised at 800 ◦C ± 5 ◦C for 
20 min in air +3 % H2O with a ramp rate of 5C min− 1 up and down, 
under a flow rate of 280 mL min− 1. 

2.2. Dual-atmosphere exposures 

All the dual-atmosphere experiments were conducted using the 
experimental set-up described by Alnegren et al. [23]. The sample 
holder construction is based on a design by Montana State University, 
and further information on this set-up can be found elsewhere [28]. Gold 
rings were used as gaskets for the circular samples, to ensure a gas-tight 
seal. All of the coin-shaped samples were exposed to a humid 
dual-atmosphere at 600 ◦C. The following gas mixtures were used: Ar – 
5 % H2 – 3 % H2O at a flow rate of 120 smL•min− 1 on the fuel-side; and 
air +3 % H2O at a flow rate of 8800 smL•min− 1 on the air-side. To adjust 
the humidity level to 3 %, all gas mixtures were bubbled through a 
heated water bath and subsequently through a temperature-controlled 
reflux condenser set to 24.4 ◦C. All exposures were conducted at a 
temperature of 600 ◦C ± 5 ◦C. The exposures were ended after 1000 h 
for the uncoated and the Cr2O3-, CeO2-, and yttria-stabilised zirconia 
(YSZ)-coated samples, and after 3000 h for the Al2O3-coated samples. 

2.3. Analysis 

Photographs of the samples were taken after different exposure times 
using a Nikon SMZ800 camera equipped with a ring light. For the cross- 
sectional analyses, the samples were cut with an oil-free, low-speed saw 
(Struers Minitom). Cross-sections of all the samples were then prepared 
using a Leica EM TIC 3X Broad Ion Beam (BIB) with an acceleration 
voltage of 8 kV and a current of 3 mA. The resulting cross-sections were 
analysed using the JEOL 7800F Prime SEM. Imaging was performed 
with an acceleration voltage of 10 kV, and Energy-Dispersive x-ray 
(EDX) analysis was performed with an acceleration voltage of 20 kV. 

2.4. Area-Specific Resistance measurement 

To determine the Area-Specific Resistance (ASR) contribution of the 
fuel-side coatings, selected samples were pre-oxidised according to the 

Table 1 
Composition of the studied steel (in wt%), as specified by the manufacturer.  

Materials Fe Cr C Mn Si Ni Ti Nb Al N P S 

AISI 441 Bal. 17.53 0.016 0.40 0.59 0.15 0.172 0.41 0.007 0.015 0.024 <0.001  

Table 2 
Experimental matrix of the coating systems used and their exposure times.  

Coating on the fuel-side Thickness (nm) Exposure time (h) 

Uncoated / 1000 
Cr2O3 ~200 1000 

CeO2 ~50 1000 
CeO2 ~200 1000 

YSZ ~50 1000 
YSZ ~200 1000 

Al2O3 ~30 3000 
Al2O3 ~100 3000 
Al2O3 ~300 3000 
Al2O3 ~600 3000  
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procedure described above and thereafter exposed for 500 h under the 
single-atmosphere condition (Ar – 5 % H2 + 3 % H2O) at a flow rate of 
400 smL•min− 1 at 600 ◦C. The ASR is the measured resistance (R) 
multiplied by the contact area (A). A sputter mask with an opening of 10 
× 10 mm2 was placed on the sample, which was then coated with gold 
for 2 min using the Quorum 150 sputter coater and a sputtering current 
of 60 mA. This procedure was repeated for the reverse side of the 
sample. The sputtering step was used to produce electrodes with a 
defined area. The samples were then painted with Metalor M − 9875 
gold paint. Sintering of the gold paint was achieved in a two-step pro-
cess: a drying step for 10 min at 150 ◦C; and a sintering step for 1 h at 
600 ◦C. This ensured good contact between the sample and the platinum 
electrodes. The exposed samples were then mounted in a ProboStat™ 
(NorECs, Norway) measurement set-up using a 1-cm2 platinum wire and 
grid to contact the sample electrodes and a Keithley 2400 source meter. 
The applied current was set to 100 mA cm− 2. The resistance was 
measured by the 2-point, 4-wire method at 600 ◦C in Ar – 5 % H2 + 3 % 
H2O for 1 h. During the subsequent cooling of the sample, the ASR was 
monitored to check for semi-conductive behaviour. The uncoated side of 
the sample was ground before the gold sputtering, so as to minimise the 
contribution of that surface; as a consequence, the obtained values were 
not divided by two. 

3. Results 

3.1. Overview of the samples 

Fig. 1 shows an overview of the air-sides of the different samples 
exposed for 1000 h at 600 ◦C under dual-atmosphere conditions. Apart 
from the uncoated sample used as reference, the 200 nm Cr2O3 coating 
was tested because pre-oxidation has been shown to minimise the 

ingress of hydrogen. The CeO2 coating was chosen as barrier material 
because of its acceptable conductivity at low pO2. YSZ and Al2O3 were 
chosen because of their hydrogen barrier properties. The uncoated and 
Cr2O3-coated samples both show severe corrosion, as almost the entire 
sample surface is covered with a non-protective, Fe-rich oxide scale. The 
thicker chromia scale applied by PVD does not seem to slow hydrogen 
permeation to a sufficient degree to preserve the protective behaviour 
on the air-facing side of the sample. The CeO2-coated samples suffer 
milder corrosion. Some Fe-rich nodules can be observed on the surfaces 
of these samples. Based on visual examination, both CeO2-coated sam-
ples exhibit a similar level of corrosion, regardless of the coating 
thickness. The YSZ-coated samples show lower corrosion levels 
compared to the CeO2-coated samples. From a visual analysis, the 
thicker YSZ coating (200 nm) seems to be more effective at reducing the 
ingress of hydrogen, as the sample shows fewer Fe-rich nodules 
compared to its thinner counterpart (50 nm YSZ coating). After 1000 h 
of exposure under dual-atmosphere conditions, the thicker Al2O3 coat-
ings (~300 nm and~600 nm) show minimal corrosion, while the 
thinner coatings (~30 nm and~100 nm) exhibit slightly more Fe-rich 
nodules. 

3.2. Uncoated and chromia-coated steel 

Fig. 2 shows the SEM micrographs of the uncoated and Cr2O3-coated 
samples. The top-views of the air-side of both the uncoated and Cr2O3- 
coated samples (Fig. 2a and b) show a mostly corroded surface that is 
covered by an Fe-rich oxide layer. A thin Cr-rich layer is still visible on a 
small area of the sample surface for both the uncoated and Cr2O3-coated 
samples. The cross-section of the air-facing side of the uncoated sample 
(Fig. 2e) reveals a thick oxide scale (~40 μm), composed of an outer Fe- 
rich oxide that is roughly 20 μm in thickness, and an inner (Fe,Cr)3O4 

Fig. 1. Photographs of the air-facing sides of selected alloys exposed to dual-atmosphere conditions (Ar-5% H2 + 3 % H2O//Air + 3 % H2O) at 600 ◦C for 1000 h 
(value indicated underneath each coating label is the thickness of the coating). The insets show high-magnification SEM images. In the cases of the Al2O3 coatings, the 
SEM images represent the samples exposed for 3000 h, as the exposures were continued because the Al2O3-coated samples exhibited the best behaviours against the 
dual-atmosphere effect. 
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spinel (~20 μm in thickness). A small Internal Oxide Zone (IOZ) is 
observed underneath the spinel. Previous studies [23,28] have docu-
mented the presence of similar corrosion products on AISI 441 that was 
exposed to dual-atmosphere conditions. Fig. 2f shows the cross-section 
of the air-side of the Cr2O3-coated sample. On the sample surface, 
there is a thick (~40 μm) oxide layer that is composed of a Fe-rich oxide 
scale, roughly 20 μm in thickness, and underneath this layer is a 
20-μm-thick (Fe,Cr)3O4 spinel. Beneath the spinel lies an IOZ that is 
partially encapsulated by a thin Cr2O3 layer. 

The top-view images of the fuel-side of the sample (see Fig. 2c and d) 
show a homogeneous Cr2O3 oxide layer covering the sample surface in 
both cases. The cross-section of the fuel-side of the uncoated sample (see 

Fig. 2g) shows a thin (<100 nm) and continuous Cr2O3 layer. The fuel- 
side of the Cr2O3-coated sample (Fig. 2h) exhibits a homogeneous Cr2O3 
layer that is roughly 200 nm in thickness. 

Those observations are in accordance with the results of previous 
studies [23,35] showing that uncoated AISI 441 ferritic stainless steel 
suffers severe corrosion after 1000 h of exposure at 600 ◦C under 
dual-atmosphere conditions, even when the steel sample is pre-oxidised. 
A thick, Fe-rich oxide scale is identified on the surface of the air-side of 
the sample. The pre-oxidation step is designed to simulate the condi-
tioning of the stack before operation. Furthermore, it is expected to 
generate a protective Cr2O3 layer that acts as a diffusion barrier to both 
oxidation of the alloy and the transport of hydrogen from the fuel-side to 

Fig. 2. SEM micrographs of the top-views of the air-side of: a) the uncoated sample, and b) Cr2O3-coated sample; the top-views of the fuel-side of: c) the uncoated 
sample and d) the Cr2O3-coated sample; cross-sections of the air-side of: e) the uncoated sample and f) the uncoated sample; and cross-sections of the fuel-side of g) 
the uncoated sample, and h) the Cr2O3-coated sample, all of which were pre-oxidised for 20 min at 800 ◦C and exposed to the dual-atmosphere (Ar-5% H2 + 3 % 
H2O//Air + 3 % H2O) for 1000 h at 600 ◦C. Insets: Higher-magnification images of selected scale regions. 
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the air-side. Kurokawa et al. [44] exposed Fe–16Cr steel at 800 ◦C and 
showed that after a continuous thermally grown chromia layer had 
formed, the permeation of hydrogen was reduced by four orders of 
magnitude. 

Despite having a thicker Cr2O3 layer on the fuel-side, the PVD Cr2O3- 
coated sample suffers a similar level of corrosion to that of the uncoated 
sample. This indicates that PVD-coated Cr2O3 is not sufficient to miti-
gate the dual-atmosphere corrosion effect. The exact mechanism of 
hydrogen permeation through an oxidised ferritic stainless steel is un-
known, however is it commonly speculated that hydrogen permeates as 
protons through the Cr2O3 layer while transport through the metal is 

attributed to atomic hydrogen transport [44,45–47]. 

3.3. Ceria-coated steel 

Fig. 3 depicts the SEM micrographs of the samples that were coated 
with either 50 nm or 200 nm CeO2. Fig. 3a and b shows the top-views of 
the air-facing sides of the samples. The sample surfaces are mostly 
covered by a protective Cr-rich oxide layer with some Fe-rich nodules, 
which are approximately 100 μm in diameter. Slightly more Fe-rich 
nodules can be observed on the 50 nm CeO2-coated sample, in accor-
dance with the optical images in Fig. 1. In the cross-section of the air- 

Fig. 3. SEM micrographs of CeO2-coated samples representing the top-views of the air-side of: a) the 50 nm CeO2-coated sample and b) the 200 nm CeO2-coated 
sample; the top-views of the fuel-side of: c) the 50 nm CeO2-coated sample and d) the 200 nm CeO2-coated sample; the cross-sections of the air-side of: e) the 50 nm 
CeO2-coated sample and f) the 200 nm CeO2-coated sample; and the cross-sections of the fuel-side of: g) the 50 nm CeO2-coated sample and h) the 200 nm CeO2- 
coated sample, all of which were pre-oxidised for 20 min at 800 ◦C and exposed to the dual-atmosphere (Ar-5% H2 + 3 % H2O//Air + 3 % H2O) for 1000 h at 600 ◦C. 
Insets: Higher-magnification images of selected scale regions. 
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side of the 50 nm CeO2-coated sample shown in Fig. 3e, two micro-
structures are evident: the nodule, and the protective scale. The nodule 
is composed of an Fe-rich oxide top layer, roughly 10 μm in thickness, 
and underneath there is a spinel (Fe,Cr)3O4 with a thickness of 
approximately 5 μm. Underneath the spinel, an IOZ can be observed. 
The protective scale comprises a homogeneous and protective Cr-rich 
oxide (<100 nm) that covers the remainder of the sample surface. 
Fig. 3f depicts the cross-section of the air-side of the 200 nm CeO2- 
coated sample. Features similar to those of the 50 nm CeO2-coated 
sample are observed. The nodule is composed of an Fe-rich oxide of 
roughly 15 μm in thickness. Underneath the Fe-rich top layer, a roughly 

10-μm-thick (Fe,Cr)3O4 spinel is observed, followed by an IOZ. The 
difference in thickness compared to the 50 nm CeO2-coated sample is 
attributed to the fact that the nodule was not cut through its centre. The 
Cr-rich oxide (<100 nm) is similar to that observed on the 50 nm CeO2- 
coated sample. 

For both samples, the top-view images of the fuel-side (see Fig. 3c 
and d) show a homogeneous oxide scale with no apparent signs of 
corrosion. Fig. 3g shows the cross-section of the fuel-side of the 50 nm 
CeO2-coated sample. A thin (<50 nm) and continuous Cr2O3 layer un-
derneath the continuous CeO2 coating are evident. The cross-section of 
the fuel-side of the 200 nm CeO2-coated sample (Fig. 3h) shows a 

Fig. 4. SEM micrographs of YSZ-coated samples representing the top-views of the air-side of: a) the 50 nm YSZ-coated sample and b) the 200 nm YSZ-coated sample; 
the top-views of the fuel-side of c) the 50 nm YSZ-coated sample and d) the 200 nm YSZ-coated sample; the cross-sections of the air-side of e) the 50 nm YSZ-coated 
sample and f) the 200 nm YSZ-coated sample; and the cross-sections of the fuel-side of g) the 50 nm YSZ-coated sample and h) the 200 nm YSZ-coated sample, all of 
which were pre-oxidised for 20 min at 800 ◦C and exposed to the dual-atmosphere (Ar-5% H2 + 3 % H2O//Air + 3 % H2O) for 1000 h at 600 ◦C. Insets: Higher- 
magnification images of selected scale regions. 
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continuous CeO2 layer on top of a thin (<50 nm) and continuous Cr2O3 
oxide layer. 

In summary, the 50 nm and 200 nm CeO2-coated samples exhibit 
similar behaviour. Some nodules can be observed after 1000 h of 
exposure, although no severe breakaway oxidation is observed. Reactive 
elements (RE: Ce, Y, La etc.) are known to reduce the corrosion rate by 
changing the diffusion mechanism from outward diffusion of chromium 
to inward diffusion of oxygen [19,20]. Previous research [48] has shown 
that a thin layer of Ce drastically reduces the thickness of the Cr2O3 layer 
when exposed in air at 850 ◦C. Alnegren et al. [49] have shown that a 
thin layer of Ce (~10 nm) can reduce the chromia thickness by 
approximately a factor of three after exposure for 4500 h in Ar – 40 % 
H2O – 3 % H2 at 850 ◦C. In the present work, the Cr2O3 layer on the 
fuel-side of the CeO2-coated samples (Fig. 3g and h) is approximately 
half as thick as the chromia layer observed on the fuel-side of the un-
coated sample (see Fig. 2g), revealing a beneficial effect of Ce. An 
additional benefit of a cerium oxide coating on the fuel-side might be its 
efficiency as a diffusion barrier coating that prevents inter-diffusion 
between the ferritic steels and the nickel-rich anode or the contact 
paste, preventing austenization [50]. 

3.4. YSZ-coated steel 

SEM micrographs of samples coated with either 50 nm or 200 nm of 
YSZ are shown in Fig. 4. Fig. 4a and b show the top-views of the air-side 
of the YSZ-coated samples. In both cases, the sample surface is covered 
mostly by a protective Cr-rich oxide scale, together with the presence of 
some Fe-rich nodules, which are approximately 80 μm in diameter for 
the 50 nm YSZ-coated sample, and 60 μm in diameter in the case of the 
200 nm YSZ-coated sample. The cross-section of the air-side of the 50 
nm YSZ-coated sample (see Fig. 4e) shows two different microstructures: 
an Fe-rich nodule, and the protective oxide scale. The nodule is 
composed of an Fe-rich oxide (~10 μm in thickness) on top and a (Fe, 
Cr)3O4 spinel underneath (~5 μm in thickness). An IOZ is visible under 
the spinel. A thin and homogeneous Cr-rich oxide, approximately 50 nm 
in thickness, is covering the remainder of the sample surface. Fig. 4f 
shows the cross-section of the air-side of the 200 nm YSZ-coated sample. 
A thin (<100 nm) and homogeneous Cr-rich oxide layer is covering the 
sample surface. The area fraction of the nodules is very low, which ex-
plains why no nodules are observed on the cross-section. It is likely that 
these nodules have the same microstructure as the nodule observed in 
the 50 nm YSZ-coated sample. 

Fig. 5. SEM micrographs of Al2O3-coated samples representing the top-views of the air-side of: a) the 30 nm Al2O3-coated sample, b) the 100 nm Al2O3-coated 
sample, c) the 300 nm Al2O3-coated sample, and d) the 600 nm Al2O3-coated sample; the top-views of the fuel-side of: e) the 30 nm Al2O3-coated sample, f) the 100 
nm Al2O3-coated sample, g) the 300 nm Al2O3-coated sample, and h) the 600 nm Al2O3-coated sample; the cross-sections of the air-side of: i) the 30 nm Al2O3-coated 
sample, j) the 100 nm Al2O3-coated sample, k) the 300 nm Al2O3-coated sample, l) and the 600 nm Al2O3-coated sample; and the cross-sections of the fuel-side of: m) 
the 30 nm Al2O3-coated sample, n) the fuel-side of the 100 nm Al2O3-coated sample, o) the fuel-side of the 300 nm Al2O3-coated sample, and p) the 600 nm Al2O3- 
coated sample, all of which were pre-oxidised for 20 min at 800 ◦C and exposed to the dual-atmosphere (Ar-5% H2 + 3 % H2O//Air + 3 % H2O) for 3000 h at 600 ◦C. 
Insets: higher-magnification images of selected scale regions. 
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The cross-section of the fuel-side of the 50 nm YSZ-coated sample 
(Fig. 4g) shows a protective oxide scale. However, in Fig. 4h, the cross- 
section of the fuel-side of the 200 nm YSZ-coated sample shows micro- 
cracks in the coating, corresponding to approximately 20 % of the 
sample surface. The SEM image of the fuel-side (Fig. 4g) shows a thin 
YSZ oxide layer on top, followed by a thin Cr2O3 layer (<100 nm in 
thickness). The cross-section of the fuel-side of the 200 nm YSZ-coated 
sample (see Fig. 4h) shows the YSZ layer, which is approximately 200 
nm thick. As observed in Fig. 4d, the coating is cracked. However, the 
cracks do not seem to penetrate the entire thickness of the coating. The 
YSZ coating is still approximately 50 nm thick, underneath the cracks. A 
thin Cr2O3 layer (<100 nm in thickness) is observed under the YSZ 
coating. 

Yen et al. [51] studied a ZrO2 coatings on AISI 430 and showed a 
drastic reduction of hydrogen permeation compared to uncoated sam-
ple. Hatano et al. [52] performed hydrogen permeation tests on ZrO2 
coated (180 nm) SS430 and confirmed its excellent hydrogen barrier 
properties. In their work, they identified defects such as grain bound-
aries as permeation pathways for hydrogen in ZrO2. Better protection 
against the dual-atmosphere effect might be achieved with the 200 nm 
YSZ-coated sample if the coating was crack-free. 

3.5. Alumina-coated steel 

Since the Al2O3 coatings showed excellent protective behaviours 
after 1000 h, the exposures were prolonged to 3000 h. Fig. 5 shows SEM 

micrographs of the Al2O3-coated samples exposed for 3000 h. The top- 
view of the air-side (Fig. 5a–d) shows a protective oxide layer that 
covers most of the surface, as well as the presence of very few Fe-rich 
nodules. The nodule size seems to decrease with increasing coating 
thickness. The 30 nm Al2O3-coated sample exhibits nodules of approx-
imately 100 μm in diameter, while the 600 nm Al2O3-coated sample 
exhibits nodules that are approximately 50–60 μm in diameter. The 
cross-sections of the air-side of the Al2O3-coated samples are shown in 
Fig. 5i-l. All the samples show a thin (<100 nm) and homogeneous 
Cr2O3 oxide layer. No nodules are evident in the cross-sections. How-
ever, the few nodules observed in the top-view image are believed to 
have the same composition as the nodules observed in previous studies 
of FeCr alloys exposed to dual-atmosphere conditions [23,33,43]. 

The top-view images of the fuel-facing side of the Al2O3-coated 
samples (Fig. 5e–h) show a protective Al2O3 oxide layer that covers the 
entire surface. In the case of the 30 nm Al2O3-coated sample, it appears 
that some spinel oxide has overgrown the Al2O3 coating. Some crystal-
lites with apparently cubic facets can be observed on top of the surface, 
which are not visible with thicker Al2O3 coatings. The cross-sections of 
the fuel-side (Fig. 5m-p) of the Al2O3-coated samples show a thin and 
homogeneous Al2O3 layer on top and a thin Cr2O3 layer (<100 nm) 
underneath, for the 100 nm, 300 nm, and 600 nm Al2O3 coatings. In the 
case of the 30 nm Al2O3 coating, it is difficult to distinguish between the 
Cr2O3 layer and the mix of spinel and Al2O3 observed in the top-view 
image. No signs of spallation of the oxide scale are evident for the 
100 nm, 300 nm, and 600 nm Al2O3-coated samples, indicating good 

Fig. 6. Approximations of the extents of the Fe-rich phases covering the uncoated sample, Cr2O3-coated sample, CeO2-coated sample, YSZ-coated sample exposed for 
1000 h, and Al2O3-coated sample exposed for 3000 h under dual-atmosphere conditions (Ar-5% H2 + 3 % H2O//Air + 3 % H2O) at 600 ◦C. 
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adherence of the sputtered oxide. The 30-nm-coated sample shows some 
spallation that is localised to the edges. This is attributed to the clamping 
procedure. 

The most-desirable phase for this application is expected to be 
α-Al2O3. Belonoshko et al. [53] suggested that hydrogen diffusion in the 
corundum structure occurs between energy minima position preferen-
tially along the c-axis. Somjit et al. [54] attribute the excellent hydrogen 
barrier properties of α-Al2O3 to Al vacancies that trap hydrogen. In their 
study, it is also suggested that doping of the Al2O3 layer with Fe or Cr 
might reduce hydrogen permeability further. 

Nevertheless, α-Al2O3 is known to form at much higher temperatures 
(>1000 ◦C) even if the formation of α-Al2O3 at lower temperatures 
(800 ◦C) has been reported [55]. In a previous study [43] a similar 
PVD-sputtered Al2O3 oxide layer (~500 nm in thickness) has been 
investigated by GI-XRD. Since no sign of α-Al2O3 was found the Al-oxide 
is considered amorphous. 

3.6. Overview of the corrosion behaviour of the samples 

Fig. 6 shows the estimations of the surface fractions covered by Fe- 
rich oxide for the samples exposed under dual-atmosphere conditions. 
As seen in the SEM micrographs of the uncoated and Cr2O3-coated 
samples (see Fig. 2), most of the surface of each sample is covered by a 
poorly protective Fe-rich oxide scale (~65 %), indicating a limited 
protective effect of the PVD chromia layer against the dual-atmosphere 
effect. 

Both CeO2-coated samples show similar and much lower percentages 
of non-protective oxide (~2 %), as compared to the uncoated and Cr2O3- 
coated samples, demonstrating a beneficial effect of CeO2. However, an 
increase of the CeO2 thickness has only a limited effect. The corrosion 
products are present in the form of nodules that are scattered over the 
surface; no continuous Fe-rich oxide layer is observed (see Fig. 1), as in 
contrast to uncoated and Cr2O3-coated samples. 

The YSZ-coated samples show a further reduction in Fe-rich oxide 
coverage of the sample surface (~0.6 %–~0.1 %) compared to CeO2 
coatings. Previous research [56] has shown that YSZ is an effective 
hydrogen barrier. Matching with the observed resulting mild 
dual-atmosphere corrosion. 

The Al2O3-coated samples, exposed for 3000 h instead of 1000 h, 
show a very low level of Fe-rich oxide formation (<0.3 %). There seems 
to be a beneficial effect of a thicker coating. 

3.7. ASR measurements 

The electrical conductivity of the coated interconnects directly im-
pacts the eventual performance of a fuel cell. Therefore, the resistance 
value must be kept as low as possible and it should increase as little as 
possible over time. An ASR value of <100 mΩ cm2 is commonly reported 
as an acceptable threshold for ASR [57]. Fig. 7 shows the ASR results 
measured in humid H2 for the different coated samples after exposure in 
Ar – 5 % H2 + 3 % H2O for 500 h. On the uncoated “air” side, the oxide 
was removed. Uncoated samples exhibit an ASR of 15 mΩ cm2 on 

Fig. 7. ASR measurements performed in humid H2 at 600 ◦C on uncoated, Cr2O3-coated, CeO2-coated, YSZ-coated, and Al2O3-coated samples exposed for 500 h in 
Ar–5 % H2 + 3 % H2O at a flow rate of 400 sml•min− 1. The error bars represent the standard deviation. 
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average, while Cr2O3-coated samples exhibit an ASR of 30 mΩ cm2 on 
average. This correlates with the previous observation of Goebel et al. 
[9], who reported that the Cr2O3 layer is the main contributor to ASR. 
Uncoated samples exhibit a Cr2O3 layer that is approximately 100 nm in 
thickness, while Cr2O3-coated samples display an oxide layer that is 200 
nm in thickness, which corresponds to roughly an increase of a factor of 
two for both the thickness and ASR value. CeO2-coated samples, 
regardless of the coating thickness, exhibit a similar ASR value (16 mΩ 
cm2). Previous studies [58,59] have shown that at low pO2, CeO2 be-
comes an n-type semi-conductor with considerable electronic conduc-
tivity. Xiong et al. [60] and Tuller et al. [61] have found that at 600 ◦C, 
pure CeO2 exhibits a higher conductivity compared to Cr2O3 in the same 
conditions [62]. The measured ASR values are therefore, mainly deter-
mined by the Cr2O3 layer. CeO2-coated samples exhibit a chromia layer 
thickness <100 nm, which corresponds approximately to the thickness 
observed for the uncoated sample (see Fig. 2g), hence similar ASR values 
are expected. YSZ-coated samples exhibit much higher ASR values than 
CeO2-coated samples. YSZ is a rather poor electronic conductor [63], 
which is why it is used as an electrolyte material. YSZ-coated samples 
are approximately 3 to 4-times less conductive than CeO2-coated sam-
ples. However, a thicker YSZ oxide scale does not seem to significantly 
increase the ASR. This is attributed to the surface state of the coating 
after the pre-oxidation step. As shown in Fig. 4d, the oxide layer is 
cracked, which may improve the overall conductivity. Alumina is known 
to be an insulator [64,65], which is in accordance with the obtained 
results. The Al2O3-coated (≥100 nm) samples show higher ASR values 
than the other coatings, while the 30 nm Al2O3-coated samples have 
only slightly higher ASR values than the uncoated and CeO2-coated 
samples. This low ASR value for the 30 nm Al2O3-coated samples is 
attributed to the fact that pinholes in the coatings provide 
high-conductivity pathways. 

The results suggest that once the Al2O3 thickness surpasses 100 nm, a 
continuous Al2O3 layer is established, and the ASR becomes prohibi-
tively high. Overall, the ASR increases with Al2O3 thickness. The higher 
ASR value (~3.5 Ω cm2) is found for the 600 nm Al2O3-coated samples. 
This is in agreement with previous research [43] reporting high ASR 
values for Al2O3-coated samples exposed under similar conditions. 

4. Conclusions 

Fuel-side coatings for interconnects have been studied in this work to 
evaluate their protective properties with respect to mitigating dual- 
atmosphere corrosion of Fe–Cr steel at 600 ◦C. The thermally grown 
Cr2O3 layer formed during 20 min of pre-oxidation is not sufficient to 
reduce the dual-atmosphere corrosion effect. Therefore, the use of 
coatings is necessary. The main findings of this work are as follows:  

• Cr2O3 coating does not significantly improve the resistance of the 
steel towards the dual-atmosphere effect at the investigated exposure 
conditions.  

• The CeO2 coating greatly reduces the dual-atmosphere corrosion, as 
compared to uncoated and the Cr2O3 coated material. Furthermore, 
CeO2. is a reasonably good electronic conductor at 600 ◦C and at low 
pO2.  

• YSZ provides much better protection against the dual-atmosphere 
effect than CeO2 coatings. However, its poor electronic conductiv-
ity raises doubts as to its applicability. 

• Al2O3 coatings act as effective hydrogen barriers resulting in pro-
tective behaviours on the air-side, even after 3000 h of exposure. 
However, due to the insulating properties of Al2O3, the ASR values 
are much higher. Thicker coatings result in higher ASR and better 
protectiveness.  

• A thin Al2O3 coating (~30 nm) may provide a sufficient barrier 
against corrosion while the low thickness results in an acceptable 
ASR penalty. 

The investigated coatings show that a trade-off between hydrogen 
barrier properties and ASR increase is required. The results indicate that 
CeO2-based coatings or very thin Al2O3 coatings are the most promising 
candidates as fuel-side coatings. 
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