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� We exposed copper iron coated Sanergy HT in a SOFC cathode side atmosphere.
� Corrosion, chromium evaporation and ASR evolution were monitored.
� Copper iron coated Sanergy HT showed lower corrosion and Chromium evaporation.
� An ASR value of only of 10 mUcm2 was reached after 1000 h of exposure.
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a b s t r a c t

A conversion coating of iron and copper was investigated with the purpose of increasing the perfor-
mance of Sanergy HT as a potential SOFC interconnect material. Samples were exposed to a simulated
cathode atmosphere (air, 3 % H2O) for durations of up to 1000 h at 850 �C. Their performance in terms of
corrosion, chromium evaporation and electrical resistance (ASR) was monitored and compared to un-
coated and cobalt-coated Sanergy HT samples. The copper iron coating had no negative effects on
corrosion protection and decreased chromium evaporation by about 80%. An Area Specific Resistance
(ASR) of 10 mUcm2 was reached after 1000 h of exposure. Scanning Electron Microscopy revealed well
adherent oxide layers comprised of an inner chromia layer and an outer spinel oxide layer.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since solid oxide fuel cell technology has been substantially
improved and the operational temperature for SOFCs has been
lowered in recent years, the use of metallic interconnects has
become feasible. Interconnects are elements which connect two
(often planar) fuel cell elements with each other. The requirements
on interconnects are, besides reasonable costs, a sufficient lifetime
and a low degradation rate. Some reports mention interconnects as
a major source of price when it comes to total stack costs [1]. The
optimization of suitable alloys for interconnect applications has led
to the development of steels such as Crofer 22 H, Crofer 22 APU,
Sanergy HT or ZMG 232 [2e4]. Steels not specially developed for an
SOFC application, such as AISI 441 or AISI 430, have also been
mentioned as candidate materials for interconnect applications
).
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[5e7]. Regardless of the steel used, metallic interconnects suffer
from three major degradation problems; corrosion, chromium
evaporation and an increasing electrical resistance. Earlier studies
have shown that sufficient performance cannot be reached without
the use of protective coatings, which decrease the evaporation of
chromium and in some case even decrease oxygen inward diffusion
[5,8]. Most suggested coatings for metallic interconnect materials
are based on cobalt [9e18]. Cobalt is either used in the form of
cobalt manganese spinel coatings or in the form of cobalt conver-
sion coatings. These reports focus on different aspects of these
coatings such as the route of preparation, the optimum ratio be-
tween cobalt and manganese or the effect of different dopants. The
mentioned coating systems add costs to the already expensive al-
loys, because they either use expensive raw materials and/or
expensive production methods. Costs can be reduced in several
ways, either one uses thinner coatings, uses pre-coatedmaterials to
simplify the interconnect production or one tries to use cheaper
materials [19e21]. Additionally, environmental and health aspects
must be taken into account when it comes to the use of cobalt [22].
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Alternatives to cobalt spinel coatings are only rarely reported in
the literature and are mainly based on either perovskite coatings,
such as LSM, LSC or LSCF, or other spinel-type coatings. Lanthanum
based perovskite coatings are effectivewhen they arewell adherent
to the interconnect material, and, since they cannot prevent chro-
mium outward diffusion, they are applied rather thickly [23e26],
furthermore material costs are even higher than for cobalt. Perov-
skite coatings of LSM have been investigated for example by Choi
et al. who found good performance for these coating in terms of
adhesion and electrical properties; however, they also used very
thick (>10 mm) coatings [23]. In contrast Yang et al. used LSCF and
LSC which suffered from adhesion problems, and they suspected
that chromium evaporation could not be prevented by these types
of coatings [24].

Alternative cobalt-free spinel systems have not been as widely
reported as cobalt spinels. Some research on copper spinels has
been reported by Paulson et al. and Joshi et al. [27e29]. They have
found that copper spinels can, when doped with magnesium,
improve oxide conductivity and prevent the outward diffusion of
chromium. So far no measurements on the evaporation of chro-
mium on copper spinel coated interconnect material have been
reported. Zhang et al. have reported on copper iron spinel and
nickel manganese spinel coatings, which were considered to be
promising for improving, interconnect performance in terms of
oxidation [30,31].

Besides perovskite coatings and spinel-type coatings, there have
been some reports on other coatings. Nielsen et al. tested nickel-
plated ferritic stainless steel in a stack test and found that nickel
diffused into the interconnect during the first heating, and they
observed austenite formation and a lower chromium outward
diffusion than the uncoated material [32]. Johnson et al. tested
coatings of LaCrO3 on Crofer 22 APU and SS 446, which showed
good performance, but these coatings were sensitive to substrate
impurities such as aluminum and silicon [33]. MCrAlYO coatings (in
whichM can be Ti, Co or Mn) have been reported as another class of
coatings by Gannon et al. and Piccardo et al. [34,35]. These
advanced phases have showed promise since they exhibit good
thermal stability and decreased chromium evaporation, but they
can be assumed to be costly when applied in large scale.

Petric and Ling did a comprehensive study on the suitability of
binary spinel systems for an interconnect coating application in
terms of the coefficient of thermal expansion and electrical prop-
erties [36]. They concluded that in addition to the well-reported
cobalt manganese spinels, spinels of copper and manganese and
copper and iron are the most promising candidate materials for
interconnect coatings.

The present research is, therefore, based on a copper iron con-
version coating, which is assumed to form a copper iron spinel
during oxidation. The reason for this is because the first findings on
these kinds of coatings appear to be promising in terms of corrosion
and chromium evaporation properties [20]. Additionally, consid-
ering factors such as material costs and availability, it is worthwhile
to investigate such a material as a potential interconnect coating.
For this reason, corrosion, chromium evaporation and electrical
properties were investigated and combined with XRD and electron
microscopy.
2. Experimental

2.1. Sample preparation

Uncoated and pre-coated steel sheets of Sanergy HT, with a
thickness of 0.2 mm, were received from Sandvik Materials Tech-
nology. The composition of the substrate material is given in
Table 1. The coated samples were covered with a three-layer
coating using an industrially available physical vapor deposition
method and consisted of a first layer of iron 50 nm thick, then a
400 nm layer of copper and an 800 nm layer of iron. The first iron
coating layer was applied to achieve better adhesion. The cobalt
coated samples, which were already intensively studied in earlier
studies had a film thickness of approximately 600 nm [37,38]. The
sheets were thereafter cut into coupons of 15 � 15 mm2. After ul-
trasonic cleaning with acetone and ethanol, the samples were
weighed using an XT6 scale (Mettler Toledo).
2.2. Exposure

The samples were exposed at 850 �C in tubular furnaces in
simulated cathode atmosphere (air, 3 % water vapor, average gas
flow velocity of 27 cm/s) more information can be found in [16]. The
water content was adjusted with a coil condenser and was main-
tained at thermodynamic equilibrium [16]. The samples were
exposed isothermally. The evaporation of chromiumwas measured
using the Denuder Technique [16]. The outlet of the furnace was
equipped with a so-called denuder tube, which was coated with
sodium carbonate. The sodium carbonate is reacting with gaseous
chromium species and, by exchanging the denuder tube in regular
intervals, chromium evaporation can be measured in a time
resolved manner. The denuder tubes have been washed with MQ
water and the wash solutions have been analyzed for chromium
content by photo-spectrometry. The accuracy of the measurement
technique has been previously determined to be 95 ± 5 %.
2.3. Analysis

A Siemens D 5000 grazing incidence diffractometer was used to
characterize the crystal structure of the oxide layers. The angle of
incidence was set to 2� and CuKa radiation was used. Mechanical
cross-sections for SEM and EDX analyses (LEO Ultra 55 FEG SEM)
were prepared using epoxy embedding and classical polishing
methods. Before embedding, a protective nickel coating was
applied to the samples via electro-plating.
2.4. Area-specific resistance measurement

The samples were prepared for ASR characterization as reported
in a previous study [39]: A pre-oxidized sample was masked with a
shadowmask of 10 � 10 mm2 and sputtered with platinum using a
Quorum 150 sputter coater (60 mA and 10 min duration) to ensure
a defined electrode area, which is approximately 100 nm thick. This
procedure was repeated for the other side of the sample. The
electrodes were repainted with platinum ink (Metalor 6082) using
a fine brush to obtain an electrode thickness of about several mm.
The samples were then dried for 1.5 h at 150 �C and fired at 850 �C
for 10 min to burn off the binder of the platinum ink. The prepared
samples were placed into a Probostat® (Norecs) sample holder with
a four-point setup which was placed into a tubular furnace. The
duration of measurement was kept at an absolute minimum to
avoid platinum influencing the oxide scale morphology as reported
previously [39]. The DC resistance was measured on two different
test stands using either a Keithley 2440 Current Source in combi-
nation with a Keithley 2701 digital multimeter or using only a
Keithley 2400 in four-point mode. A current density of 100 mA/cm2

was applied during the measurement, and the ASR was measured
in 50 �C increments from 850 �C down to 500 �C to enable an
activation energy calculation.



Table 1
Sanergy HT composition in wt. % given by the supplier.

Fe C Si Mn P S Cr Ni Mo W Cu Nb Ti N Zr

Bal. 0.01 0.07 0.25 0.013 0.0005 22.39 0.81 0.93 <0.01 0.017 0.41 0.06 0.024 0.06

Fig. 2. Chromium evaporation of copper iron coated Sanergy HT exposed at 850 �C in
air, cobalt and uncoated Sanergy HT for comparison.
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3. Results

3.1. Mass gain and chromium evaporation

The copper-iron-coated samples' mass gain has been plotted in
Fig. 1 and is represented by filled circles. The mass gain of uncoated
Sanergy HT, represented by hollow squares, and cobalt-coated
Sanergy HT, represented by triangles, were added for comparison.
The initial mass gain of approximately 0.37 mg/cm2 is due to the
oxidation of the copper and iron coating. This initial mass gain
appeared to be an effect similar to the observed initial mass gain of
cobalt-coated Sanergy HT of 0.21 mg/cm2 reported earlier
[5,19,37e39]. The mass gain of the copper-iron-coated samples
seems to follow a trend similar to the uncoated substratemateriale
only shifted for the initial mass gain (see dashed line for compar-
ison). Additionally the cobalt-coated samples exhibited a slightly
higher mass gain at longer exposure times than the copper iron
coated samples. After an exposure time of 1000 h, a mass gain of
about 1.0 mg/cm2 was reached for the copper iron coated samples,
compared to 0.6 mg/cm2 and 1.17 mg/cm2 for the uncoated and the
cobalt-coated Sanergy HT samples, respectively.

The cumulated evaporation of chromium is shown in Fig. 2.
Uncoated Sanergy HT and cobalt-coated Sanergy HT have been
added for comparison. The copper iron coated samples showed
about an 80 % reduction of chromium evaporation compared to the
uncoated substrate material, which can be compared to a 90 %
reduction of chromium evaporation found for the cobalt coating.
Overall chromium evaporation followed an almost linear trend in
the investigated time frame. A value of 6.7*10�4 kg/m2 of evapo-
rated chromium was reached for copper iron coated samples after
1000 h of exposure, and 3.2*10�4 kg/m2 was reached for the cobalt-
coated samples after approximately the same time, whereas the
uncoated samples had evaporated 24.1*10�4 kg/m2 of chromium
after only 750 h of exposure. The rate of chromium evaporationwas
5.7*10�7 kg/m2/h for the copper iron coated samples, 3.08*10�7 kg/
m2/h for the cobalt coated samples and 3.3*10�6 kg/m2/h for the
uncoated samples after about 500 h of exposure.
Fig. 1. Mass gain of copper iron coated Sanergy HT exposed at 850 �C in air, cobalt and
uncoated Sanergy HT for comparison.
3.2. Electrical properties

The evolution of the Area Specific Resistance (ASR) can be seen
in Fig. 3. The ASR values of cobalt-coated samples have been added
for comparison. Due to interaction of uncoated Sanergy HTwith the
platinum electrode, similar to the observations of an earlier study,
the values were not considered as reliable and were, therefore,
excluded from the plot [39]. Since several samples were measured
for each time period and due to the nature of ASR measurements, a
significant spread was observed, which is represented in the error
bars. After 1000 h of exposure, an ASR value of about 10 mUcm2

was obtained for one oxide scale of the copper iron coated samples
and in comparison 13 mUcm2 for the cobalt-coated samples. The
activation energy for the electronic conduction, derived from the
measurements at various temperatures during the cooling of the
setup, was relatively similar for all measured copper iron coated
Fig. 3. Area specific resistance of copper iron coated Sanergy HT exposed at 850 �C in
air, cobalt coated Sanergy HT for comparison.
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samples. The activation energy estimated for the electronic con-
duction varied for all samples between 0.64 eV and 0.54 eV and a
trend towards lower activation energy was observed, however, the
observed trend lied within the error margins.
Fig. 5. Cross-section of a copper iron coated Sanergy HT sample exposed for 100 h at
850 �C in air.
3.3. Microstructural evolution

An XRD diffraction pattern for a copper iron coated sample
exposed for 1000 h is depicted in Fig. 4. Two phases could be
identified with the use of the database; an eskolaite phase (space
group 167, R-3c) and a spinel phase (space group 227, Fd-3m). Peaks
are indicated in the figure by symbols below the scan; stars for
eskolaite (chromium oxide) and triangles for spinel (copper man-
ganese iron oxide). Additionally, two cross-sectional SEM micro-
graphs are shown in Fig. 5 (after 100 h of exposure) and Fig. 7 (after
1000 h of exposure). Both reveal a layered oxide scale structure,
which is well adhered to the substrate material. The oxide
morphology was divided into three regions (see Figs. 5 and 7);
Region 1 e the outer oxide scale, Region 2 e the inner oxide scale
and Region 3 the substrate.

Two EDX maps were recorded for a sample exposed for 100 h
(Fig. 6) and a sample exposed for 1000 h (Fig. 8). The outer oxide
(Region 1) was mainly composed of iron, manganese and copper
oxide. Also a small quantity of chromiumwas detected in the outer
oxide scale, however, it cannot be excluded that this chromium
signal stems from the underlying Cr2O3 layer. Some pores were
seen in the outer oxide scale and might be due to sample prepa-
ration, since the samples were mechanically polished before SEM
investigation. The inner oxide (Region 2) of these samples was
mainly composed of chromium oxide with a small amount of
manganese, and the substrate had a composition comparable to the
“as received” substrate. It can be seen in the figures that the inner
chromium oxide layer grew significantly in thickness from 1e2 mm
to 4e5 mm, whereas the outer oxide thickness remained relatively
constant in both cases with 2e3 mm thickness. It can clearly be seen
that in the outer oxide after only 100 h of exposure a copper and
manganese rich layer is separated from an iron rich layer at the
surface. This layered structure within the outer oxide is not
observed after 1000 h of exposure, as it seems that the cation
distribution has evened out. The chemical composition of the inner
oxide layer seemed to stay constant over the investigated time
frame and seemed to be just increased in thickness, in contrast to
Fig. 4. XRD grazing incidence scan of copper iron coated sample after 1000 h of
exposure at 850 �C in air.
the outer oxide layer.

4. Discussion

4.1. Corrosion properties and chromium evaporation

The copper iron coated Sanergy HT samples showed a mass gain
curve similar to the uncoated material after subtracting the initial
mass gain from the oxidation of the metallic coating of about
0.37 mg/cm2. It seems that the coating did not accelerate nor
decrease the rate of oxidation. That is not taking into account that
the coated material evaporates about 80 % less chromium. This
corresponds to a weight loss of approximately 0.3 mg/cm2 for the
uncoated material compared to 0.07 mg/cm2 for the copper iron
coated material. This means that the uncoated material oxidizes
faster. This observation is similar to findings for cobalt coatings
investigated earlier [37,38]. But due to the relatively high exposure
temperature and the relatively low thickness, the copper iron
spinel is expected to have a too high oxygen diffusion coefficient,
thus does not slow down the oxygen inward diffusion. This in itself
might result in an oxygen supply to the chromia scale which is too
high to be rate limiting for the oxidation and thus the improvement
in corrosion protection is probably only due to less chromium
depletion. Both the copper iron coating and the inner chromium
oxide layer were well adherent to the substrate material
throughout the entire investigated time frame, which is an essen-
tial property for a potential long-term operation [40]. The two
phases identified in the XRD analysis can be linked to an outer
spinel layer and an inner eskolaite layer, based on the composition
found with EDX analysis. Since the copper iron coated samples
showed a decrease in the evaporation of chromium, better long-
term stability and better corrosion protection should be expected
from this coating when exposed for longer times, due to lower
chromium depletion of the substrate. The amount of evaporated
chromium was about twice as much for the copper iron coated
samples as for cobalt coated Sanergy HT. This might be due to the
higher chromium activity on the oxide surface as was seen in the
EDX analysis, due to a potentially higher chromium diffusion co-
efficient in the copper iron spinel compared to a cobalt manganese
spinel. Additionally, significant amounts of manganese were also
present in the outer oxide scale of the copper iron coated samples
after 1000 h of exposure. The phenomenon of manganese outward
diffusion has been observed in previous investigations on cobalt
coatings [5,37e39]. From an application point of view, this could be
detrimental for the copper iron coating in two ways; manganese



Fig. 6. EDX map of a copper iron coated Sanergy HT sample exposed for 100 h at 850 �C in air.

Fig. 7. Cross-section of a copper iron coated Sanergy HT sample exposed for 1000 h at
850 �C in air.
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increases the lattice parameter of the iron copper spinel, as seen in
Salah et al. [41], which might increase chromium outward diffu-
sion, if the dominant diffusion mechanism is by lattice diffusion.
Secondly, higher content of manganese decreases the electrical
conductivity [41]. This effect can be expected to be less pronounced
when thicker coatings are used since the manganese would be
more diluted.
4.2. ASR performance

The increasing ASR of the interconnects used in a solid oxide
fuel cell stack is one of the main sources of performance loss and
a target of 100 mUcm2 has been defined for long-term operation
(>40.000 h). This translates into 50 mUcm2 for one oxide scale
[42]. The investigated copper iron coated Sanergy HT had an ASR
value of about 10 mUcm2 after 1000 h of exposure at 850 �C. The
evolution of ASR values followed a trend similar to the mass gain
of the samples, if the initial mass gain is neglected. Therefore, it
might be assumed that the major part of the ASR values is mainly
dependent on the growing inner chromia oxide scale, since the
outer oxide scale remained relatively constant in thickness
(Figs. 5 and 6) and is expected to be far more conductive than
chromia. Additionally, a very low ASR value of about 2 mUcm2

was measured after 100 h of exposure, and Fig. 5 reveals a very
thin chromia layer for this exposure time. Consequently, it might
be assumed that the ASR of only the outer oxide scale is well
below 2 mUcm2. This would support the assertion that the ASR is
mainly dependent on chromia thickness for longer exposure
times.

There are no literature values available for copper iron coatings
on ferritic steels. Based on the literature review of Ling and Petric
for various duplex spinel compounds, better conductivity for
cobalt-coated Sanergy HT than for the copper iron coated samples
would be expected. This is not in line with the observation made in
this study, since the ASR values of the cobalt-coated samples were
slightly higher than the ASR values of the copper iron coated
samples. The copper iron spinel formed in this study was far from
pure and contained substantial amounts of manganese and chro-
mium, and, for this reason, a comparison to literature values is less
reasonable. However, because impurities can add energy levels
within the band gap, better conductivities might be suspected for
the outer spinel layer in the copper iron coated sample. The same
holds true for the inner chromia layer, which contained some
amounts of manganese, which might improve the conductivity of
chromia as well.

Since the operation temperature of solid oxide fuel cell stacks is
usually not as high as the selected experimental temperature in this
study, a significant reduction of the thickness of the chromia layer
might be expected. Thus, an even better ASR performance for
copper iron coated interconnects would be expected when these
are used at low temperatures. However, a lower inter-diffusion of
manganese, iron and chromium might decrease the expected ASR
improvement slightly, since the oxide scales might become more
pure when this type of substrate coating combination is used at
lower temperatures.

5. Conclusion

A coating of 400 nm copper and 800 nm ironwas investigated as
a conversion coating for ferritic stainless steel interconnect mate-
rial. After exposure, amanganese copper iron spinel oxide layer was
observed on the surface of the sample. The spinel layer covered a
chromium oxide layer, and both oxides were well-adhered to the
sample surface. The mass gain of the coated samples followed, after



Fig. 8. EDX map of a copper iron coated Sanergy HT sample exposed for 1000 h at 850 �C in air.
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subtracting the initial mass gain, a trend similar to the uncoated
substrate material. The evaporation of chromium could be reduced
by about 80 % compared to the uncoated substrate material. The
evolution of ASR values reached a value of 10 mUcm2 after 1000 h
of exposure. It can be concluded that this coating is promising for
further investigations. Future studies of these kinds of coatings
should examine different pre-oxidation procedures, thicker coat-
ings and lower exposure temperatures.
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