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� Co- and Ce/Co-coatings (~600 nm) are investigated for >3000 h at IT-SOFC temperatures.
� Cr species evaporation is effectively impeded for more than 3000 h.
� Low oxidation rates and ASR are observed.
� A beneficial effect of Ce is observed even at IT-SOFC relevant temperatures.
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a b s t r a c t

Chromium species volatilization, oxide scale growth, and electrical scale resistance were studied at 650
and 750 �C for thin metallic Co- and Ce/Co-coated steels intended to be utilized as the interconnect
material in Intermediate Temperature Solid Oxide Fuel Cells (IT-SOFC). Mass gain was recorded to follow
oxidation kinetics, chromium evaporation was measured using the denuder technique and Area Specific
Resistance (ASR) measurements were carried out on 500 h pre-exposed samples. The microstructure of
thermally grown oxide scales was characterized using Scanning Electron Microscopy (SEM), Scanning
Transmission Electron Microscopy (STEM), and Energy Dispersive X-Ray Analysis (EDX). The findings of
this study show that a decrease in temperature not only leads to thinner oxide scales and less Cr
vaporization but also to a significant change in the chemical composition of the oxide scale. Very low ASR
values (below 10 mU cm2) were measured for both Co- and Ce/Co-coated steel at 650 and 750 �C,
indicating that the observed change in the chemical composition of the Co spinel does not have any
noticeable influence on the ASR. Instead it is suggested that the Cr2O3 scale is expected to be the main
contributor to the ASR, even at temperatures as low as 650 �C.
© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Solid Oxide Fuel Cell (SOFC) technology offers several advan-
tages over traditional combustion technologies, such as high elec-
trical efficiency, low emissions, scalability, and high fuel flexibility
[1,2]. Although this technology has great potential, expensive
component materials in combination with unacceptable degrada-
tion rates have limited the commercial success of this technology to
date. To tackle these two problems the development of new elec-
trode and electrolyte materials that enable operation at lower
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temperatures has been highly prioritized. In fact several companies
are currently able to produce SOFC systems that operate in a tem-
perature range between 600 and 700 �C, compared to the common
750-850 �C for planar SOFC. Using this temperature regime the
degradation rates are expected to be significantly lower, and some
of the component materials can be substituted with less expensive
materials, such as the interconnect material. The interconnect is a
key component that electrically connects several cells in series,
forming what is known as a stack. Besides connecting cells elec-
trically, the interconnect also separates the air on the cathode side
of one cell from the fuel on the anode side of the neighbouring cell.
Since the SOFC is heated to high temperatures it is crucial that the
Coefficient of Thermal Expansion (CTE) for the interconnect
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material is close to the CTE of the ceramic parts in the stack [3].
Other requirements for the interconnect material are high electrical
conductivity, stability in both low and high pO2, and gas tightness
[3]. Furthermore, the material should to be easy to shape and
inexpensive to manufacture in large volumes. Because of all these
requirements, ferritic stainless steels that rely on the formation of a
protective Cr2O3 layer have become the most popular choice for
interconnect materials for planar SOFCs operating in temperature
regimes between 600 and 850 �C. However, volatile chromium (VI)
species are formed on the chromium-rich interconnect surface at
these temperatures [4e7]. These species are then transported from
the interconnect surface to the cathode, where they are either
deposited or react with the cathode material to cause rapid cell
degradation [8e15]. To solve the problem of chromium species
vaporization, most interconnect steels are coated with a material
that can significantly reduce chromium volatilization. Today
Cobalt-based (Co) and Manganese-based (Mn) spinel (MCO) coat-
ings have become the most common type of coatings. Kurokawa
et al. [16] and Trebbels et al. [17] have shown that MCO coatings can
mitigate Cr vaporization in humid air at 800 �C. In both studies
MCO powder was sprayed on the steel surface, followed by a heat
treatment process to densify the deposited powder. Cr vaporization
measurements by Kurokawa and Trebbels showed that the ability
of the MCO coating to mitigate Cr vaporization was dependent on
the density of the coating. To achieve a high coating density, and for
the coating to adhere well to the steel substrate, the heat treatment
temperatures are commonly significantly higher than the desired
SOFC operating temperature. This may lead to the formation of a
rather thick Cr2O3 scale, causing a high electrical resistance. To
avoid the heat treatment step, techniques such as plasma spraying
[18] or Physical Vapour Deposition (PVD) [19] can be used to de-
posit dense MCO coatings. Another alternative to the ceramic MCO
coatings is to coat the steel with a metallic Co- or a Co/Mn-layer.
These metals are rapidly oxidized in air at the desired operating
temperature of the fuel cell, and are therefore converted into Co-
and Co/Mn-spinel coatings in-situ [20e22]. Furthermore, the Co3O4
layer that is formed on the exclusively Co-coated material can be
transformed into a (Co,Mn)3O4 top-layer, due to outward Mn
diffusion from the steel [23,24]. The possibility to mitigate Cr
vaporization by coating the steel with metallic Co-coatings has
been proven in several studies [20,21,23,25e27]. Moreover, these
layers do not need to be very thick. Froitzheim et al. [23] showed
that Cr vaporization can be reduced significantly for at least
3000 h at 850 �C by coating the stainless steel Sanergy HTwith only
640 nm Co. The thin Co-coating in that study was applied by PVD.
However, other researchers have shown that metallic Co- and Co/
Mn-coatings can also be applied using electroplating [22,24], sol-
gel deposition [28], and Pulsed Laser Deposition (PLD) [27]. If
each interconnect is coated in a separate step, electroplating and
sol-gel deposition can be considered as more cost-efficient tech-
niques compared to PVD. PVD can however be used in a continuous
process so that large volumes of steel can be pre-coated in a roll-to-
roll processes [29]. The pre-coated steel coil can then be pressed
into thousands of interconnects. In two recent studies wewere able
to show that pre-coated steel can be pressed into interconnects,
without increasing chromium vaporization, due to the potential for
the coating to heal upon exposure [25,30]. Thinmetallic Co coatings
can therefore be considered as a cost-effective option for mitigating
chromium vaporization.

Furthermore, to reduce the oxide scale growth rate on the ma-
terial, and in particular the growth of the Cr2O3 layer, which is the
main contributor to an increase in electrical resistance over time, an
additional coating consisting of 10 nm Cerium (Ce) can be added to
the metallic Co coating [21,26,31]. Earlier investigations at 850 �C
have shown that the addition of such a layer not only slows the
oxide scale growth rate, but also the electrical scale resistance over
time is significantly lower with the additional Ce coating [32e34].
Moreover, Harthoj et al. [24] showed that improved oxidation
resistance, and as a consequence lower electrical resistance, can
also be achieved by co-depositing CeO2 particles in the electro-
deposited Co coating. The beneficial effect of Ce is attributed to the
well-known reactive element effect (REE) [35]. The above
mentioned studies on both Co- and Ce/Co-coated steels, as well as
the absolute majority of all studies on ferritic stainless steels as the
interconnect material in SOFC, have been carried out at 800 �C or
above, which is significantly higher than the 600e700 �C temper-
ature regime that some of the newer SOFC systems are designed to
operate at. To be able to substitute today's expensive, specially
designed interconnect materials with less expensive materials for
the SOFC systems that are able to operate in the lower temperature
regime between 600 and 700 �C, it is crucial to study the degra-
dation mechanisms stated above, Cr vaporization and oxide scale
growth, in this lower temperature regime. Therefore, the aim of this
study was to investigate metallic Co- and Ce/Co-coated ferritic
stainless steel at 650 and 750 �C with regard to Cr vaporization,
oxide scale growth, and microstructural and chemical evolution, as
well as the effect these factors have on the electrical resistance of
the oxide scale.

2. Materials and methods

Metallic Co- and Ce/Co-coated materials were produced by
coating 0.2 mm thick sheets of the ferritic stainless steel Sanergy
HT (chemical composition shown in Table 1) with 640 nm Co and
10 nm Ce þ 640 nm Co. The Co and Ce/Co coatings were prepared
by Sandvik Materials Technology using a Physical Vapour Deposi-
tion (PVD) process.15� 15mm2 couponswere cut from a Co, Ce/Co,
and uncoated steel sheet and cleaned in acetone and ethanol using
an ultrasonic bath. Since the coupons were cut, the edges (corre-
sponding to 2.6% of the total surface area) were not coated. All
samples were exposed in an as-received state, i.e. no further
treatments were carried out before exposure. All exposures were
carried out in an air-3% H2O environment using a flow rate of 6000
sml min�1. 3% water vapour was achieved by bubbling dry air
through a heated water bath connected to a condenser containing
water at a temperature of 24.4 �C. Two types of exposures were
carried out; isothermal and discontinuous exposures. A series of
samples was isothermally exposed for 500 h and Cr vaporization
was simultaneously measured (isothermal exposures). A second
series of samples was exposed for 3300 h, and the samples were
cooled regularly to follow the mass gain over time (discontinuous
exposures). Cr vaporization was measured for the last 300e500 h
on the samples exposed discontinuously. Cr vaporization mea-
surements were carried out using the denuder technique. A more
detailed description of the denuder technique and the experi-
mental setup can be found elsewhere [36].

In the isothermal exposure experiments two identical samples
were exposed for each type of material in order to record Cr
vaporization. In contrast, for the discontinuous long-term exposure
two uncoated, two Co-coated, and two Ce/Co-coated samples were
exposed together in the very same exposure. For the last
300e500 h, however, the three different materials were divided
and Cr vaporization measurements were carried out in the same
manner as for the isothermal 500 h exposures.

Area Specific Resistance (ASR) measurements were carried out
ex-situ on the samples isothermally exposed for 500 h at 650 and
750 �C, as well as on samples that were exposed isothermally for
500 h at 850 �C. Ex-situ measurements were chosen to avoid any
effect of the platinum (Pt) electrode material, which has been
observed by Grolig et al. [32]. A sputter mask of 1*1 cm2 was placed



Table 1
Composition of the studied steel Sanergy HT in weight % as specified by the manufacturer for the batch used.

Material Manufacturer Fe Cr C Mn Si Mo W Nb RE

Sanergy HT Batch: 531816 Sandvik Materials Technology Bal. 22.4 0.01 0.25 0.07 0.93 <0.01 0.41 Zr
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on the 500 h pre-oxidized samples and a very thin layer of Pt was
sputtered on top of the oxide scale. After the sputtering step, the
sputtered area was painted with Pt paste (Metalor 6926). These
samples were then dried for 10 min at 150 �C, followed by a Pt
sintering step for 1 h at the same temperature as the earlier
exposure temperature (650, 750, or 850 �C). A Probostat (NorECs,
Norway) test cell placed in a tubular furnace was used to measure
ASR. The DC resistance was measured using a Keithley 2400 source
meter in four-point mode and the applied current during the
measurement was set to 100 mA/cm2. To check for semiconductive
behaviour, the ASR was monitored as the samples were cooled
down.

The microstructure and chemical composition of the oxide
scales were analysed using an FEI Quanta 200 FEG Environmental
Scanning Electron Microscope (ESEM) equipped with an Oxford
Instruments X-MaxN Energy Dispersive X-ray spectroscopy (EDX)
detector and INCAEnergy software. Cross sections were prepared
by using a Leica TIC3X Broad Ion Beam (BIB). A low-speed saw with
a diamond blade was used to cut a sample in half to enable BIB
cross-sections from the centre of the sample and not from the
edges. Furthermore, Focused Ion Beam (FIB) milling and lift-out
techniques were utilized to prepare a thin cross-sectional spec-
imen from the Co-coated material exposed for 3300 h at 650 �C. For
this purpose an FEI Versa 3D Dual Beam Focused Ion Beam/Scan-
ning Electron Microscope (FIB/SEM) was used. Two layers of Pt
were deposited on the area of interest to protect the sample from
ion beam damage during milling, firstly using an electron beam,
followed by an ion-beam-induced deposition. This sample was
subsequently characterized by Scanning Transmission Electron
Microscopy (STEM) using an FEI Titan 80e300 TEM equipped with
an INCA X-Sight Oxford Instruments EDX detector.

3. Results

3.1. Gravimetric analysis

Fig. 1a shows the mass gain values for both the isothermal
(500 h) and the discontinuous (up to 3300 h) exposures at 650 �C
for uncoated, Co-coated, and Ce/Co-coated Sanergy HT. For the
Fig. 1. Mass gain values at (a) 650 �C and (b) 750 �C for uncoated (red dots), Co-coated (black
containing 3% H2O with a flow rate of 6000 sml/min. Both isothermal (500 h) and discontinu
from the isothermal exposures. The 500 h isothermal exposure values for the uncoated ma
uncoated material a small increase in mass (during the first 100 h)
followed by an almost linear loss in mass with continued exposure
time can be seen, which is in line with earlier published data on
uncoated Sanergy HT [37].

This type of mass gain behaviour is commonly associated with
paralinear oxidation, where the mass gain value is the sum of
parabolic oxide scale growth and simultaneous linear mass loss due
to vaporization of the oxide scale [38,39]. Initially oxide scale
growth is fast resulting in positivemass gain values, however, as the
oxide scale thickens, mass loss due to vaporization of CrO2(OH)2
dominates. Such behaviour was not observed for the samples
coated with Co and Ce/Co, and instead all coated samples increased
in mass with time. Within the first 24 h of exposure all coated
samples showed a rapid gain in mass (0.22 mg/cm2 for samples
coated with Ce/Co, and 0.27 mg/cm2 for the samples only coated
with Co at 650 �C). The 640 nm thin metallic Co-coating oxidized
rapidly and this gain in mass corresponds to 0.21mg/cm2. At 650 �C
this difference in mass gain between the Co- and the Ce/Co-coated
material was constant over the duration of the entire experiment,
indicating that the extra Ce layer did not have any effect except for
in the initial oxidation phase.

Fig. 1b shows the mass gain values at 750 �C. The main differ-
ence between the two exposure temperatures for the uncoated
material is a greater initial mass gain, followed by a steeper loss in
mass at 750 �C than at 650 �C. For the coated materials a clear in-
crease in mass with time was seen at 750 �C. A clear improvement
with the extra 10 nm Ce-coating can be seen when comparing the
Ce/Co- and the Co-coatedmaterial. Within the first 24 h of exposure
the difference in mass gain between the Co- and the Ce/Co-coated
materials was similar to that seen at 650 �C. However, after 3300 h
of exposure the mass gain for the Ce/Co-coated material was
0.19mg/cm2 lower than the mass gain for the Co-coated material. It
can therefore be concluded that the additional 10 nm Ce layer had a
beneficial effect on mass gain behaviour at 750 �C.

3.2. Cr vaporization measurements

Fig. 2a shows the rate of Cr vaporization as a function of expo-
sure time for the uncoated, the Co-coated, and the Ce/Co-coated
triangles), and Ce/Co-coated (grey squares) Sanergy HT exposed for up to 3300 h in air
ous (3300 h) exposures are shown. The open markers at 500 h represent the mass gain
terial are taken from a previous publication [37].



Fig. 3. Arrhenius plot showing the natural logarithm of the Cr vaporization rate as a
function of the inverse temperature for Co-coated (black triangles) and Ce/Co-coated
(grey squares) Sanergy HT isothermally exposed. The samples were exposed in air
containing 3%H2O and a flow rate of 6000 sml/min.
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material exposed at 650 �C. The Cr vaporization rate for both the
Co- and the Ce/Co-coated material was more than one order of
magnitude lower than the Cr vaporization rate for the uncoated
material and no clear difference in vaporization rate could be
observed between the Co- and the Ce/Co-coated material. It is also
interesting to note that the Cr vaporization rate did not changewith
time over 500e3300 h of exposure for the uncoated material or for
the two coated materials.

Fig. 2b shows the Cr vaporization rates at 750 �C. Except for
higher Cr vaporization rates for all materials as a consequence of
the higher exposure temperature, the same trends seen in Fig. 2a at
650 �C are seen at 750 �C. Both the Co- and the Ce/Co-coatings
decreased the rate of Cr vaporization by more than one order of
magnitude at 750 �C. No obvious difference in vaporization rate
could be seen between the two coated materials, and no clear
change in vaporization ratewith time over 500e3300 h of exposure
could be observed. To determine the activation energy for Cr
vaporization from the Co- and the Ce/Co-coated material, Cr
vaporizationwas also measured at 850 �C, but only for one week, in
contrast to the samples exposed at 650 and 750 �C, which were
exposed for 500 h. Fig. 3 shows an Arrhenius plot in which the
natural logarithm of the Cr vaporization rate from the two coated
materials (Co and Ce/Co) isothermally exposed at 850, 750, and
650 �C is plotted as a function of the inverse temperature. From the
slope shown in this figure the activation energy (Ea) values for Cr
vaporization from the Co- and Ce/Co-coated materials can be
calculated using Equation (1).

lnðkÞ ¼ �Ea
RT

þ lnðAÞ (1)

where k is the Cr vaporization rate, Ea is the activation energy, R is
the universal gas constant, T is the absolute temperature, and A is
the pre-exponential factor. It can be seen that the two coated ma-
terials exhibit Arrhenius-type behaviour and the calculated acti-
vation energy value for the Co- and the Ce/Co-coated material was
e100 kJ/mol (92 kJ/mol for Co and 107 kJ/mol for Ce/Co).
3.3. Microstructural investigation

In Fig. 4, two STEM images of the oxide scale from the Co-coated
material exposed for 3300 h at 650 �C are shown, as well as the
corresponding EDX line scans showing the cation concentration of
Co, Fe, Mn, and Cr. The two STEM images are taken from different
areas of the oxide scale of the same sample, illustrating the rather
large variations in thickness of the oxide scale observed for the
Fig. 2. Cr vaporization rate at (a) 650 �C and (b) 750 �C for uncoated (red dots), Co-coated (b
air containing 3% H2O with a flow rate of 6000 sml/min. The first 500 h correspond to th
measurements of the discontinuously exposed samples, after having been exposed for m
previous publication [37].
exclusively Co-coated samples at 650 �C (see Fig. 5). From the re-
sults in Fig. 4 it can be seen that the oxide scale can be divided into
at least three oxide layers.

The outermost oxide layer consists of almost pure Co3O4 (spinel-
phase confirmed with XRD) containing a few cation percent Fe and
Mn, but no Cr was detected. Below this layer, both line scans (Fig. 4a
and b) show a second Co oxide layer very rich in Fe. In the upper
image (a), where this Fe-rich (Co,Fe)3O4 layer is rather thick, it can
be seen that the Fe concentration is as high as 50%. It can also be
seen that this layer is somewhat richer in Mn than the outermost
Co3O4 layer. Below the (Co,Fe)3O4 layer, a third Co spinel layer can
be seen (shown in 4b). This layer is rich in Co and Cr, as well as some
Fe and Mn. Such a (Co,Cr,Mn)3O4 layer between the Co spinel layer
and the Cr2O3 layer has been seen by other authors at higher
temperatures [24,40e42]. According to the two line profiles shown
in Fig. 4, the thin Cr2O3 layer seems to be very pure, consisting of
almost 100 cation% Cr. Below this pure Cr2O3 layer, the Cr-rich oxide
is enriched in Mn. In Fig. 4b a clear peak in Mn can be observed at
the metal-oxide interface, which most probably is a thin layer of
lack triangles), and Ce/Co-coated (grey squares) Sanergy HT exposed for up to 3300 h in
e isothermal exposures and the values between 2700 and 3300 h correspond to the
ore than 2700 h. The isothermal exposure for the uncoated material is taken from a



Fig. 4. STEM/EDX line scans along the oxide layer of Co-coated Sanergy HT exposed for 3300 h at 650 �C in air containing 3% H2O with a flow rate set to 6000 sml/min. The two
STEM images are taken from different areas of the oxide scale of the same sample, since rather large variations in thickness of the oxide scale were observed for the exclusively Co-
coated samples exposed at 650 �C (See Fig. 5).
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(Cr,Mn)3O4. Since these two layers (Cr2O3 and (Cr,Mn)3O4) are
extremely thin at 650 �C, these two layers together will hereinafter
be described as the Cr-rich oxide layer. In Fig. 5 Broad Ion Beam
(BIB) cross sections and their corresponding EDX maps are shown
for the Co- and the Ce/Co-coated material exposed for 500 and
3300 h at 650 �C.

Comparing the EDX maps in Fig. 5 with the EDX line scans in
Fig. 4 for the Co-coatedmaterial exposed for 3300 h at 650 �C, it can
be seen that the same four layers (a Co3O4 top layer, a Fe-rich
(Co,Fe)3O4 layer below, a thin Cr2O3 layer, and a Cr and Mn rich
oxide at the metal-oxide interface) are visible. No clear difference
between the 500 and 3300 h exposure at 650 �C (Fig. 5) can be seen
in the figures, which is in good agreement with the extremely small
change in mass between 500 and 3300 h that is shown in Fig. 1.
Furthermore, in the corresponding EDX maps the separation be-
tween a Co3O4 layer and a Fe-rich (Co,Fe)3O4 layer observed for the
Co-coated material cannot be observed on the Ce/Co-coated ma-
terial. Instead, the metallic Co-coating has been transformed to an
almost pure Co3O4 oxide, similar to the outermost Co spinel layer,
for the material coated only with Co. Due to the lack of the Fe-rich
(Co,Fe)3O4 layer found for the Ce/Co-coated material, the Co oxide
layer is thinner for the Ce/Co-coated material than for the Co-
coated material, which agrees well with the lower initial mass
gains for the Ce/Co-coatedmaterial (Fig.1). In addition to the lack of
a Fe-rich (Co,Fe)3O4 layer for the Ce/Co-coated material, the Cr-rich
oxide layer is even thinner and more homogenous for the Ce/Co-
coated than for the Co-coated material at 650 �C (Figs. 5 and 8).
In fact, the thickness of the Cr-rich layer for the Co-coated material
is between 100 and 700 nm, whereas for the Ce/Co-coated material
the Cr-rich layer is approximately 100 nm without any large vari-
ations being observed. From the EDXmaps (Fig. 5) it can be seen, as
is the case for the exclusively Co-coated material, that most of the
Mn accumulates at the metal-oxide interface, and very little Mn is
to be found within the Co spinel. The concentration of Ce in the
oxide scales formed on the Ce/Co-coated material is too low to be
successfully mapped by SEM/EDX. Nevertheless, at the Co spinel e
Cr2O3 interface, a faint bright layer was observed in the SEM using
the backscattered mode (see Fig. 8). This bright layer, which was
observed after 500 and 3300 h at 650 �C, is believed to be Ce oxide.
The fact that this layer is visible in the SEM BSE images but cannot
be mapped is due to the low concentration of Ce, as well as to the
inherently inferior resolution of SEM/EDX analysis compared to
SEM imaging.

The EDX maps of the Co- and Ce/Co-coated materials exposed
for 500 and 3300 h at 750 �C can be seen in Fig. 6.

After 500 h at 750 �C the microstructure of the oxide scale is
similar to the case at 650 �C. The Co oxide, for the material coated
only with Co can be divided into two layers, one almost pure in Co



Fig. 5. Broad Ion Beam (BIB) cross-sections and their corresponding EDX maps for Co-
and Ce/Co-coated Sanergy HT exposed for 500 and 3300 h at 650 �C in air containing
3% H2O using a flow rate of 6000 sml/min. The Ce content was too low and the res-
olution of SEM/EDX analysis is inferior to the size of the Ce-rich particles/layer. Thus
mapping Ce was not possible.

Fig. 6. Broad Ion Beam (BIB) cross-sections and their corresponding EDX maps of Co-
and Ce/Co-coated Sanergy HT exposed for 500 and 3300 h at 750 �C in air containing
3% H2O using a flow rate of 6000 sml/min. The Ce content was too low and the res-
olution of SEM/EDX analysis is inferior to the size of the Ce-rich particles/layer. Thus
mapping Ce was not possible.
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and one rich in both Fe and Co. In contrast to the exposure at 650 �C,
however, there is no clear boundary between these two layers at
750 �C. Another difference to the 650 �C samples is that Mn is not
only foundmainly at the metal-oxide interface, it is also detected in
the outermost Co spinel. After 3300 h at 750 �C, neither a Fe-rich Co
spinel layer nor any enrichment of Mn at the metal-oxide interface
could be observed. Instead both Fe and Mn were homogenously
distributedwithin the Co spinel layer. The thickness of the Co spinel
layer remainedmore or less unchanged over time, at approximately
2 mm. The roughness of the (Co,Mn,Fe)3O4 layer, however, signifi-
cantly increased for the Co-coated material with time at 750 �C.
Such an increase in surface roughness was not found on the Ce/Co-
coated material after 3300 h at 750 �C. The increase in mass gain
with time (after the rapid initial gain in mass due to Co oxidation),
seen in Fig. 1, is attributed to an increase in the thickness of the
Cr2O3 at 750 �C. This layer was, on average, thinner than 1 mm after
500 h for the Co-coated material but had grown to a thickness of
2e3 mm after 3300 h at 750 �C (Fig. 6). The most significant and
important difference between the Ce/Co- and Co-coated material at
750 �C was the clear decrease in the Cr2O3 scale growth rate with
the additional Ce layer. After only 500 h of exposure it could be seen
that the Ce/Co-coated material displayed a thinner Cr2O3 scale
(only 0.5 mm compared to 0.5e1 mm) and after 3300 h the Cr2O3
scale was almost 1 mm thinner for the Ce/Co-coated material than
for the Co-material (1.5 mm compared to 2e3 mm). Using BSE im-
aging mode, which gives Z-contrast, a faint discontinuous bright
layer and small bright particles were observed at the Cr2O3 - Co
spinel interface of the Ce/Co-coated sample after 500 h at 750 �C
(see Fig. 8). After 3300 h, however, only the bright particles were
observed. Furthermore, these particles were observed not only at
the Co spinel-Cr2O3 scale interface, but also within the Co spinel
after 3300 h. These features are assumed to be Ce oxide particles,
which agrees well with earlier TEM studies [21,43].

3.4. Area Specific Resistance (ASR) measurements

Fig. 7 shows the ASR measurements for both Co- and Ce/Co-
coated material after 500 h of exposure at 650, 750, and 850 �C,
measured at the corresponding exposure temperature (Fig. 7a) and
measured at 650 �C (Fig. 7b).

From Fig. 7a it can be seen that all samples show low ASR values
(below 20 mU cm2) when measured at their corresponding expo-
sure temperature. In Fig. 8, BIB cross-sections of the Co- and Ce/Co-
coated materials exposed at 650, 750, and 850 �C for 500 h are
shown. It can be seen that after 500 h at 850 �C the Cr2O3 layer is
3e4 mm for the Co-coated material and 2e3 mm for the Ce/Co-
coated material compared to only a hundred to a few hundred
nanometres for these materials exposed at 650 �C. When these
samples were measured at 650 �C (Fig. 7b), instead of at the cor-
responding exposure temperature (850 �C), a significant increase in
ASR due to the much thicker Cr2O3 scale on the samples could be
seen. Furthermore, what seems to be a small difference in ASR
between the Co- and the Ce/Co-coated material when measured at
850 �C is actually a significant difference when measured at 650 �C.

4. Discussion

The main reason for a Co-coating is to mitigate Cr vaporization.
Earlier studies at 850 �C have clearly shown that thin metallic Co-



Fig. 7. ASR measurements carried out on Co-coated (black triangles) and Ce/Co-coated (grey squares) Sanergy HT exposed isothermally for 500 h in air containing 3% H2O before Pt
electrodes were contacted and ASR was measured. In (a) ASR was measured at the corresponding exposure temperature (650, 750 or 850 �C), and in (b), the ASR was measured at
650 �C for the very same samples as in (a).

Fig. 8. Broad Ion Beam (BIB) cross-sections showing the oxide scales of the materials used for ASR measurements in Fig. 7. Images a-c show the oxide scales for the Co-coated
material after 500 h at 650, 750, and 850 �C, and d-f show the oxide scales for the Ce/Co-coated material after 500 h at 650, 750, and 850 �C.
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and Ce/Co-coatings are able to significantly lower the rate of Cr
vaporization [20,21,23,25,26]. Initially the microstructure and
chemical composition of the top Co spinel is more or less identical
at 650e850 �C. However, at higher temperatures (750 and 850 �C),
a change in the chemical composition of the top Co spinel layer was
observedwith time. This will be discussed inmore detail below but,
with the Cr vaporizationmeasurements, it was proven that metallic
Co-coatings significantly reduce Cr vaporization, regardless of
whether the top layer is Co3O4, (Co,Mn)3O4, or (Co,Mn,Fe)3O4. The
Cr vaporization rate at 750 and 650 �C was more than one
magnitude lower for the Co- and Ce/Co-coated materials than the
uncoated ones, even after 3300 h of exposure (Fig. 2). The Arrhenius
plot in Fig. 3 also shows that Cr vaporization from Co- and Ce/Co-
coated Sanergy HT followed Arrhenius behaviour. Activation en-
ergies of 92 and 107 kJ/mol for Cr vaporization from Co- and Ce/Co-
coated Sanergy HT were calculated. These values can be compared
to the 91 kJ/mol that was the calculated activation energy value for
the uncoated Sanergy HT material in an earlier study [37]. All three
values (uncoated, Co-coated, and Ce/Co-coated) are very close to
the 83 kJ/mol theoretically calculated by Panas et al. [44], sug-
gesting that the Cr vaporization mechanism is the samewhether Cr
is volatilized from Cr2O3, uncoated Sanergy HT or Co-coated
Sanergy HT.

As briefly mentioned above, significant changes in both oxide
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scale microstructure and chemical composition were found for the
metallic Co- and Ce/Co-coated interconnects as a consequence of
lowering the temperature. One important factor, which is largely
influenced by temperature, is the outward diffusion of Mn into the
oxidized Co-coating. At 650 �C only 2e3 cation % Mn was detected
in the Co spinel after 3300 h (Fig. 4) for the Co-coated material.
Instead of diffusing into the Co spinel layer, Mn was found as a Cr-
and Mn-rich oxide at the metal-oxide interface. This Cr and Mn
oxide is assumed to be (Cr,Mn)3O4, which should be the stable
phase, according to Jung [45]. When the temperaturewas increased
by 100 �C to 750 �C, such a Cr- and Mn-rich oxide layer was initially
observed (after 500 h), however this layer disappeared after longer
exposure times (3300 h), and a clear enrichment of Mn in the Co
spinel was observed (Fig. 6). This can be compared to two TEM
studies conducted at 850 �C on Sanergy HT coated with 640 nm Co
[21,23]. In these two studies the Mn concentration in the Co spinel
increased from around 15 to 26 cation % between 168 and 3000 h.

Another important effect of a decrease in temperature is the Fe
concentration in the Co oxide. When a metallic Co-coating is
exposed to elevated temperatures in air, the Co is rapidly oxidized.
The conversion from metallic Co to a Co oxide for a 640 nm thick
Co-coating takes less than 1 min at 850 �C [23]. During this short
period of time Fe is able to diffuse into the Co-coating. However,
once the Co is entirely oxidized and a continuous Cr2O3 layer has
been established underneath, no more Fe is incorporated into the
Co oxide. The result of this Fe outward diffusion is the formation of
a dual-layered Co oxide consisting of an almost pure Co3O4 top
layer and a Fe-rich (Co,Fe)3O4 layer underneath. This microstruc-
ture, which at 850 �C is observed after 1 h [23] and at 750 �C after
500 h (compare Fig. 6), is similar to the microstructure observed
after 3300 h at 650 �C in this work (Fig. 5). With continued expo-
sure time at higher temperatures (168 h at 850 �C [23] and
3300 h at 750 �C), Fe will be homogenously distributed throughout
the Co spinel [24]. If the temperature is as low as 650 �C, however,
this dual-layered structure of the Co oxide will be maintained for at
least 3300 h. It is commonly claimed that the Cr2O3 layer is the
main contributor to the electrical resistance of the oxide scale.
While this is probably true for temperatures at 800 �C and above,
where the Cr2O3 layer may be equally thick or even thicker than the
coating, it may not necessarily be true at lower temperatures. At
650 �C the thickness of the two Co spinel layers after 500 as well as
after 3300 h at 650 �C is around 2 mm, whereas the Cr-rich layer is
only a hundred to a few hundred nm thick. It can therefore be
speculated that the contribution of the Co spinel layer(s) to the total
electrical scale resistivity may be much greater at 650 �C than at
higher temperatures. Furthermore, as discussed above, very little
Mnwas found in the Co oxide at 650 �C, irrespective of whether the
steel was coated only with Co or with Ce/Co. Petric and Ling [46]
have studied the electrical conductivity of some spinel-type ox-
ides at 800 �C in air. They found that the electrical conductivity for
pure Co3O4 (6.7 S/cm) is one magnitude lower thanMnCo2O4 (60 S/
cm). At 650 �C no appreciable amounts of Mn diffused into the Co
oxide. Instead, a Mn and Cr-rich layer was observed at the metal-
oxide interface, most probably forming the even less conductive
spinel oxide (Cr,Mn)3O4 (0.02 S/cm [46]). This was observed for
both the Co- and Ce/Co-coated material. Consequently, it can be
concluded that Mn diffusion is unaffected by the presence of the
additional Ce-coating. However, when the additional layer of Ce
was added to the Co-coating, the formation of a Fe-rich Co spinel
layer was impeded, and the Co oxide was somewhat thinner as a
consequence. This effect may lower the electrical resistance for the
Ce/Co-coated material compared to the materials coated only with
Co, since the electrical conductivity of the Fe-rich Co spinel,
CoFe2O4, is even lower (0.93 S/cm) than pure Co3O4 (6.7 S/cm),
according to the study by Petric and Ling [46]. The data published
by Petric and Ling were collected from ceramic pellets and the
measurements were carried out in air, and for this reason no
variation in oxygen partial pressure within the samples can be
assumed. This is not true for thermally grown oxide scales, where
the oxygen partial pressure decreases from the surface of the
sample to the metal bulk. Therefore, the values published by Petic
and Ling should only be used as estimates. Although a significant
reduction in electrical conductivity of the spinel layer as an effect of
the change in chemical composition can be assumed, it should be
noted that the electrical conductivity for Cr2O3 is significantly
lower. The electrical conductivity for Cr2O3 at 800 �C is in the range
0.001e0.05 S/cm [47e50]. Assuming an electrical conductivity of
0.05 S/cm for the Cr2O3 scale, then the CoFe2O4 (0.93S/cm) layer
needs to be almost 20 times thicker than the Cr2O3 scale, if elec-
trical resistance should be associated to the Co spinel layer and not
the Cr2O3 scale. For the even more conductive Co3O4 (6.7 S/cm)
layer, which is formed on the Ce/Co coated material, the Co spinel
layer needs be more than 100 times thicker than the Cr2O3 layer to
dominate the total resistance. In fact, the ASR measurements of the
samples exposed for 500 h at 650 �C showed that the lack of Mn in
the Co spinel, as well as the formation of a Fe-rich (Co,Fe)3O4 layer
on the Co-coated material, did not lead to notably higher electrical
resistances. The electrical resistance for both the Co- and the Ce/Co
coated material exposed for 500 h at 650 �C was only 4e8 mU cm2,
which can be considered to be very low. Nevertheless, it should be
taken into consideration that the coatings in the present studywere
very thin, only 640 nm metallic Co, and in a case in which the
metallic Co-coating would be in the mm-range, a greater effect of
the Co spinel layers may be observed, especially considering the
effect lower temperature has on the chemical composition of the Co
spinel. However, from these results it can be concluded that as long
as the metallic Co coating is thin, a low Mn and high Fe content in
the Co spinel layer(s) is not an issue. Instead it seems that even at
650 �C a growing Cr2O3 scale is the main contributor to an increase
in the electrical resistance. ASR measurements on uncoated
Sanergy HT have previously been carried out by other researchers
[34,51]. Skilbred et al. [51] measured an ASR of 6 mU cm2 at 700 �C
for uncoated Sanergy HT. This value is very close to the values in the
present work for the Co- and the Ce/Co-coatedmaterials exposed at
650 and 750 �C (See Fig. 7). This would support the assumption that
the Co spinel does not contribute to the ASR to any measurable
extent, and instead, the Cr2O3 scale is the dominating factor for the
ASR, even at as low temperatures as 650 �C.

The greatest benefit of decreasing the SOFC operating temper-
ature is probably the much slower oxide scale growth [37,51e53].
This was clearly seen when comparing the materials exposed at
650 �C and 750 �C. At 650 �C a very thin (100e700 nm) Cr-rich layer
had formed within the first 500 h, consisting of both Cr2O3 and,
most probably, (Cr,Mn)3O4. From both the mass gain values as well
as the SEM cross-sections (Figs. 1 and 5), it can be concluded that
this Cr-rich layer does not grow significantly with continued
exposure time at 650 �C. Although the average Cr-rich oxide
thickness was even thinner for the Ce/Co-coated material, both
materials had developed very thin Cr-rich scales. It can therefore be
questioned if an additional Ce layer is necessary when a SOFC
operates at such low temperatures as 650 �C. However, within a
SOFC stack, a temperature gradient of 50e100 �C is commonly
observed. An increase in temperature by 50e100 �C from 650 �C
would clearly lead to faster Cr2O3 scale growth, as seen in Figs. 1, 5,
6 and 8. This study shows that the additional 10 nm thin Ce-coating
contributed to a significantly slower oxide scale growth rate at
750 �C. For the Co-coated material, the Cr2O3 layer grew by almost
2 mm between 500 and 3300 h at 750 �C. In contrast for the Ce/Co
coatedmaterial, the Cr2O3 layer only grew by 1 mmduring this time.
Additions of reactive elements such as Ce, La, Y, Hf, and Zr, are
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known to significantly improve oxidation resistance at high tem-
peratures. Several mechanisms have been proposed in attempts to
explain the reactive element effect [35,54e56]. The most wide-
spread theory suggests that undoped Cr2O3 grows by a combination
of metal cation and oxygen diffusion, with the former being the
dominant mechanism. Doping with reactive elements causes a
segregation of the reactive elements at the Cr2O3 grain boundaries.
This impedes metal cation outward diffusion and, as a conse-
quence, the smaller flux of oxygen ions becomes dominant. This not
only reduces oxide scale growth but also results in better scale
adhesion. The latter effect is attributed to the fact that the impeded
Cr outward flux corresponds to a reduced inward flux of metal
vacancies. This in turn reduces the amount of voids at the metal/
oxide interface which in the absence of reactive elements are ex-
pected to form due to vacancy condensation. Whether this theory
can be applied for the Ce/Co-coatings investigated here is presently
unknown. Sattari et al. [43] studied 10 nm Ce-coated Sanergy HT
that was exposed at 850 �C. In that study Ce was found, using TEM/
EELS, both as Ce oxide particles at the surface of the oxide scale, and
segregated at the grain boundaries of the (Cr,Mn)3O4 top-layer in
the vicinity of the scale gas interface. Despite the dedicated anal-
ysis, no Ce was detected within the Cr2O3 scale, which is hard to
reconcile with the above cited theory. Further studies are therefore
needed to fully understand the mechanism of how the Ce/Co-
coating affects oxidation.

As shown above, the Cr2O3 layer is expected to dominate the
ASR of the oxide scale. Thus it is conceived that reactive element
additions, which result in a thinner Cr2O3 scale, have a beneficial
effect on ASR. Earlier studies of Co- and Ce/Co-coated Sanergy HT at
850 �C have shown that the addition of 10 nm Ce lowers electrical
resistance significantly [33,34], and for that reason the same
beneficial effect on electrical resistance is expected at 750 �C. In the
present study ASR measurements were carried out after 500 h of
exposure. Both Co- and Ce/Co-coated samples showed rather thin
Cr2O3 scales (<1 mm) after 500 h at 750 �C, and consequently no
clear difference in ASR was measured. However, the ASR mea-
surements of the Co- and Ce/Co-coated samples exposed for
500 h at 850 �C, which had developed mm-thick Cr2O3 scales, clearly
showed the effect a thicker Cr2O3 scale has on electrical resistance.
Therefore it can be assumed that the observed slower Cr2O3 scale
growth rate for the Ce/Co-coated material at 750 �C, over the long
term, will significantly reduce electrical scale resistance compared
to the exclusively Co-coated material. As mentioned above Ce ad-
ditions could improve interfacial contact by supressing the for-
mation of voids at the metal-oxide interface which might result in
lower ASR. After long-term exposure (Figs. 5 and 6) indeed slightly
less pores have been observed at the metal-oxide interface on Ce/
Co-coated samples.

The Cr2O3 scale thicknesses in this work for the Co- and Ce/Co-
coated materials after 500 h at 750 �C (<1 mm) can be compared to
the Cr2O3 scales observed by Skilbred et al. [51] on uncoated
Sanergy HT after 500 h at 700 �C (extremely thin) and 800 �C
(1.3 mm). Furthermore, the thickness of the Cr2O3 scale agrees very
well with the ~200 nm thin Ce/Co dip-coated ferritic stainless steel
430 exposed for 1000 h at 750 �C in the study by Qu et al. [57]. In
that study the Cr2O3 scale thickness after 1000 h was 1e1.5 mm. In
the same study Qu et al. investigated Y/Co-coatings, which showed
an even better oxidation resistance than the Ce/Co-coated material
(<1 mm after 1000 h at 750 �C). In a second study by Qu et al. [58]
the ferritic stainless steel 430 SS was dip-coated with Co, Y, and Y/
Co. In contrast to the results presented in this work, the Cr2O3 scale
had grown significantly thicker (2.25 mm) after 500 h at 750 �C for
the exclusively Co-coated material, compared to the Y/Co-coated
material (0.75 mm). In that study ASR was measured on both Co-
and Y/Co-coated materials. However, these values were higher (71
and 16 mU cm2 respectively for the exclusively Co-coated and the
Y/Co-coated material after 250 h at 750 �C) than the ASR values
presented in Fig. 7. The Cr2O3 scale thickness as well as the ASR
values at 750 �C in the present work can also be compared to the
results presented by Dayaghi et al. [28]. In that study the ferritic
stainless steel AISI 430 was coated with a MnCo-coating using sol-
gel deposition. After 750 h at 750 �C a thermally grown oxide scale
of approximately 1 mm thickness had been formed, and the ASR
(measured at 800 �C), was 4.9 mU cm2. It is not trivial to compare
ASR values, since in most cases different setups and methods are
used. However, what can be concluded from the findings in this
work and the above cited studies is that as long as the Cr2O3 scale is
~1 mm or thinner, low ASR values can be expected irrespective of
the chemical composition, or coating method, of the Co-spinel or
MCO-coating.

Furthermore, from the ASR measurements in Fig. 7b it is critical
to point out how important it is to actually measure ASR at the
desired stack operating temperature. When the ASR was measured
at 850 �C no large difference was seen between the Co- and the Ce/
Co-coated materials, with both showing ASR values between 10
and 20 mU cm2. However, when measured at 650 �C the same
samples showed ASR values between 30 and 80 mU cm2, and a
significant difference between the two coatedmaterials was seen. It
is therefore important to measure the ASR at the desired operating
temperature, especially in the case when increased temperature is
used to accelerate the test. In this work all samples isothermally
exposed at 650 �C showed very low ASR values. The reason for this
is the very thin Cr-rich oxide layer. In several studies coatings have
been applied as powder, with the need for an extra heat treatment
to densify the coating [59e61]. In those studies mm thick Cr2O3
layers were formed due to the heat treatment necessary to densify
the powder. As the ASRmeasurements from Fig. 7 show, this would
have a tremendous effect on electrical resistance at 650 �C.
Therefore, metallic conversion coatings, as well as coatings
deposited with other techniques that do not require a high tem-
perature heat treatment, seem to be the most suitable coating
techniques for IT-SOFC.

5. Conclusions

In this study uncoated, 640 nm Co-coated, and 10 nm þ 640 nm
Co-coated Sanergy HT were exposed up to 3300 h in air at 650 and
750 �C. Chromium species volatilization, oxide scale growth, and
electrical scale resistance were studied. The following conclusions
were drawn:

� A decrease in temperature not only leads to thinner oxide scales
and less chromium species volatilization but also to a significant
change in the microstructure and chemical composition of the
oxide scale.

� During the initial oxidation phase the metallic Co-coating was
converted into a Co3O4 top layer and a Fe-rich (Co,Fe)3O4 sub-
layer. By adding a layer of 10 nm Ce, between the steel and the
Co-coating, the diffusion of Fe was inhibited, and as a conse-
quence only Co3O4 was formed.

� At 650 �C, once the initial oxidation phase was completed, no
visible changes in oxide scale thickness or in the chemical
composition of the oxide scales were observed for 3300 h. The
thickness of the Cr2O3 scales after the initial oxidation phase,
also after 3300 h, was only 100e700 nm.

� At 750 �C the Cr2O3 scale continued to grow with time, leading
to scale thicknesses between 2 and 3 mm after 3300 h for the
exclusively Co-coated material. The addition of a Ce-layer
improved oxidation resistance significantly at 750 �C, reducing
the Cr2O3 scale thickness to 1.5 mm after 3300 h.
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� By coating the steel with Co or Ce/Co, the Cr vaporization rate
was decreased by more than a factor of 10 compared to the
uncoated material at 650 and 750 �C.

� Very low Area Specific Resistance (ASR) values (below
10 mU cm2) were measured for both Co- and Ce/Co-coated steel
at 650 and 750 �C after 500 h of exposure. This indicates that the
variations in Co spinel composition described above do not have
any noticeable influence on ASR. Instead it is suggested that the
thin Cr2O3 scales are the main contributor to the ASR.

� If higher temperature is used to accelerate the corrosion test it is
critical that the ASR is measured at the desired operating tem-
perature. In this study ASR values in the 10e20 mU cm2 range
(measured at 850 �C) increased to 30e80 mU cm2 when
measured at 650 �C.

� To limit electrical scale resistance at 650 �C the Cr2O3 scale
should not be thicker than 1 mm, and consequently coating
techniques in which no additional heat treatment to densify the
coating is necessary are suggested as suitable for interconnects
intended for use in IT- SOFC.
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