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On the Possibility of Improving the Oxidation
Resistance of High-Chromium Ferritic Stainless Steel
Using Reactive Element Oxide Nanoparticles

ŁUKASZ MAZUR, ALEKSANDER GIL, BARTOSZ KAMECKI,
KAMIL DOMARADZKI, MACIEJ BIK, PATRYK ZAJĄC, DARIUSZ ZIENTARA,
SEBASTIAN MOLIN, and TOMASZ BRYLEWSKI

High-chromium ferritic steels are current the only viable candidates for cheap interconnect
materials for application in high-temperature solid oxide fuel and electrolyzer cells (HT-SOFCs/
SOECs). The durability and operating characteristics of interconnects manufactured using these
materials may be improved significantly by applying a protective-conducting MoCo2O4 coating
and depositing an intermediate layer consisting of nanoparticles of Gd2O3—a reactive element
oxide—on the surface of the steel substrate. The study demonstrated that the conditions of the
thermal treatment of this layered system determine the efficacy of the applied modification with
the reactive element. The persistence of this effect was tested over 7000 hours of quasi-isother-
mal oxidation in air at 800 �C.
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I. INTRODUCTION

THE ability to produce electrical energy and store it
without adversely impacting the environment is one of
the main challenges in view of climate change caused by
greenhouse gas emissions. Some of the most relevant
solutions in this regard include solid oxide fuel cells
(SOFCs), which use hydrogen as fuel to produce clean
electrical energy, and solid oxide electrolyzer cells
(SOECs), which make it possible to store surplus
electrical energy in the form of hydrogen fuel obtained
via the electrolytic decomposition of water. Improving
the operating characteristics and reducing the cost of
producing the components required for the construction
of both types of devices have thus been the aims of

intensive research in recent years.[1] This is especially
true with regard to one crucial component—the
interconnect.
Planar interconnects provide a simple way to join

single SOFCs into stacks with operating voltage and
power output that are proportional to the number of
such cells. An interconnect with this geometry has the
shape of plate that has a thickness of several mm; there
are channels that allow gas reagents to be supplied to the
cathode and anode on both sides of this plate.[2]

Interconnects can be manufactured from metal alloys
or ceramics, and the type of applied material has a
significant influence on the operating characteristics of
the component.[3,4] One particularly important factor
that determines if a certain material is viable for the
construction of interconnects is its price.[1] All of the
above-described concerns are also true in the case of
SOECs, since these devices are for all intents and
purposes almost identical to SOFCs.
Interconnects serve a number of roles in a fuel or

electrolyzer cell stack, and the material applied therefore
needs to exhibit certain properties. An essential require-
ment is that the thermal expansion coefficient (TEC) of
an interconnect material needs to be similar in value to
the TECs of the ceramic components of the cell.[5] This
criterion restricts the of available metal alloy choices to
two types—high-chromium ferritic steels[6–8] and oxide
dispersion strengthened alloys with a chromium matrix,
the latter of which are incomparably more expensive to
produce.[9,10] Another purpose of the interconnect is to
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ensure that the entire stack is sufficiently rigid and
gas-tightness.[3,4]

Interconnects must also provide sufficiently good
electrical contact between the neighboring cells over
the entire lifetime of the device.[11] Interconnects made
from high-chromium ferritic steels are characterized by
gradually increasing resistance associated with the
growing thickness of the high-temperature corrosion
product formed on their surface.[12,13] The norm which
had been specified for the maximum area-specific
resistance (ASR) for a single interconnect over its entire
operating time is 0.1 X cm2.[7,10,14] It is worth empha-
sizing that it is not the wear of the interconnect due to
corrosion-related degradation that is the ultimate mea-
sure of its usefulness; the main factor is the resistance
value which the oxide product of corrosion reaches over
time. The influence of wear can be effectively mitigated
by increasing the interconnect’s thickness as appropri-
ate. It is also possible to reduce the rate at which oxide
scales grow on steel interconnects by reducing the
operating temperature of the fuel cell.[15] This brings
with it a number of additional advantages and has
therefore been one of the main research strategies in
recent studies on SOFCs. The adoption of new materials
and design solutions has made it possible to reduce fuel
cell operating temperatures to the level of ca. 600 �C.[16]
A new term was hence coined and applied in the subject
literature, namely intermediate-temperature solid oxide
fuel cell (IT-SOFC). Unlike electronic conductivity, the
ionic conductivity of an interconnect should be as close
to zero as possible.

The last requirement that interconnect materials are
expected to meet is chemical inertness in relation to
other materials in the fuel cell. In the case of high-
chromium ferritic steels, this condition has proven
rather difficult to satisfy, since Cr2O3—the main com-
ponent of scales formed on such steels—readily reacts
with oxygen and water vapor, forming volatile oxyhy-
droxides.[17] This process has particularly high potential
to inflict damage on the cathode side, since reactions
between volatile chromium compounds and cathode
material, which contains oxide with a perovskite struc-
ture, such as (La,Sr)MnO4, lead to the formation of
(Cr,Mn)3O4 spinel, which has inferior catalytic proper-
ties compared to the perovskite; this is referred to as
cathode poisoning.[18,19] To prevent this from happen-
ing, interconnects are coated with protective-conducting
oxide layers with a thickness of several dozen microm-
eters, which effectively separate the afore-mentioned
reagents from one another.[20] Studies on such protec-
tive-conducing coatings initially investigated oxide
materials with a perovskite structure, such as
LaCrO3,

[11] La1�xSrxCrO3
[21,22] or La1�xCaxCrO3.

[21]

However, there is currently a preference for spinel oxide
materials, e.g.,: MnxCo3�xO4,

[23–28] Mn1+xCr2�xO4,
[28]

Co2�xMn1�xMex, where: Me = Cu, Ni, Fe.[29,30] The
MnCo2O4 sinters that belong to this group are consid-
ered some of the most effective in this regard. It should
be added that a protective-conducting coating on the
surface of a high-chromium ferritic steel also reduces the
rate of its oxidation and subsequently the rate at which
the ASR of the interconnect increases.[27]

An alternative which to a large extent eliminates the
formation of volatile chromium oxides, was the devel-
opment of a high-chromium ferritic steel with the trade
name Crofer 22 APU, the chemical composition of
which was designed in such a way as to form a
dual-layer scale composed of a Cr2O3 inner layer and
an MnCr2O4 outer one.

[31,32] This was achieved via a 0.8
wt pct addition of manganese to the alloy. The role of
the outer layer is to reduce the rate of volatile chromium
compound formation.[33] The Crofer 22 APU also
includes up to 0.2 wt pct of lanthanum, which is a
reactive element that improves the adhesion of the
Cr2O3 scale to the alloy and reduces the rate of its
formation—this is known as the reactive element effect
(REE).[34–38] The choice of lanthanum over the more
commonly applied yttrium was not without reason.
Yttrium has a lower solubility in the a-Fe phase and
unlike lanthanum it has a tendency to form intermetallic
phases with iron (e.g., Fe17Y2); as a result, the concen-
tration of these elements in the solid solution is lower.
The solubility of lanthanum in ferrite is ca. five times
higher, which is why it is a more effective reactive
element in this context.[38] The addition of a small
amount of titanium in the Crofer 22 APU is aimed at
increasing the electronic conductivity of Cr2O3 via
doping with Ti4+ cations.[39]

To recap, a metallic material applied for the con-
struction of interconnects should meet four basic crite-
ria—it should have a TEC similar to those of the
remaining fuel cell components, be characterized by
high structural stability that ensures that its mechanical
properties are retained at high temperatures, exhibit a
low ASR that increases at a very slow rate, and be
chemically inert in relation to other fuel cell compo-
nents. High-chromium ferritic steels are currently the
only affordable metal alloys that can be applied as
interconnect materials, but for the obvious reasons they
do not meet every single one of the listed requirements.
It is therefore imperative that the search for new ways

in which the utility of steel interconnects can be
improved continues. The solutions that are the most
desirable in this regard are those that do not entail a
considerable increase in production cost. One example is
the solution proposed in the present study, which
involves a modified process used to manufacture a
layered system composed of a Crofer 22 APU steel
substrate, a protective-conducting MnCo2O4 spinel
coating and an intermediate layer in the form of
nanoparticles of the Gd2O3 reactive element oxide; in
this case, the modification is the introduction of an
additional oxidation stage after the nanoparticle depo-
sition stage.
Practice has shown that the deposition of nanoparti-

cles of a reactive element oxide (Y2O3, Sm2O3, Gd2O3,
…) on the surface of the Crofer 22 APU leads to an
increase in the oxidation resistance of both uncoated
steel[37,38,40–42] and layered systems[43] with Crofer 22
APU as the substrate and an MnCo2O4 protective-con-
ducting coating in which these nanoparticles form an
intermediate layer. It should, however, be emphasized
that the formation of such a coating from the MnCo2O4

spinel is a complex process and involves two stages: 2
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hours of annealing in an Ar + 10 pct H2 reducing
atmosphere at 900 �C and 4 hours of re-oxidation in air
at the same temperature. Such a process may therefore
adversely impact the effectiveness of the afore-men-
tioned oxide nanoparticles that should serve as an
additional source of the reactive element other than
lanthanum. To dispel these doubts, an additional stage
involving 1 hour of oxidation in air at 800 �C was
introduced after the deposition of the oxide nanoparti-
cles onto the surface of the steel. The rationale was that
the forming layer of Cr2O3 should retain contact with
the nanoparticles and ensure that an additional amount
of the reactive element incorporates into this oxide
before the deposition of the MnCo2O4 coating.

To implement this, a set of 5 samples for comparative
thermogravimetric studies was prepared. The samples
included unmodified Crofer 22 APU acting as the
reference material and four different layered systems
based on the Crofer 22 APU: one for which only the
gadolinium oxide nanoparticles had been deposited, one
with an MnCo2O4 coating, and two systems with the
spinel coating and a Gd2O3 nanoparticle intermediate
layer and with or without the afore-mentioned addi-
tional oxidation stage. To determine the differences in
the corrosion process, all samples underwent 7000 hours
quasi-isothermal oxidation tests in air at 800 �C. After
the oxidation experiment, the structure and morphology
of the samples was examined, and their electrical
resistance was measured to determine for which of them
ASR did not exceed the 0.1 X cm2 threshold value.

II. EXPERIMENTAL

A. Sample Preparation

The chemical composition of the Crofer 22 APU
ferritic stainless steel (ThyssenKrupp VDM GmbH,
Germany) is shown in Table I.

A set of five samples was prepared for comparative
studies. All samples were cut from a rolled sheet of steel
with a uniform thickness of 0.3 mm. The samples for
quasi-isothermal studies had dimensions of
20 9 10 mm, and were cut with high precision using a
guillotine. The surface area of the samples was deter-
mined taking into account their edges and the inner
surface of the cylinder made after drilling a 1 mm hole
to allow each sample to be suspended. The surface of the
steel was polished using SiC abrasive paper with grit
ranging from 1000 to 2000, and then degreased in an
acetone solution.

Sample 1 was unmodified Crofer 22 APU and served
as a reference material. Samples 2 and 3 were prepared
by depositing either Gd2O3 nanoparticles or an
MnCo2O4 spinel coating on the surface of the Crofer
22 APU steel, respectively. Samples 4 and 5 had the
same composition—Crofer 22 APU as the substrate, an
MnCo2O4 spinel layer as the coating and Gd2O3

nanoparticles as an intermediate layer; however, sample
5 underwent an additional hour of oxidation in air at
800 �C between the deposition of the nanoparticles and
coating the steel with the spinel. Table II shows the
designations and preparation details for each sample.
The Gd2O3 layer was deposited via dip-coating in a

0.01 M solution of gadolinium nitrate in ethanol. The
solution was prepared from two analytical-grade
reagents: Gd(NO3)3Æ6H2O (Sigma-Aldrich) and
C2H5OH (POCH Poland S.A). The procedure through
which the nitrate layer was deposited on the steel surface
involved three dipping the samples in the solution three
times for 10 seconds each. After the first and second dip
the samples were annealed in air at 400 �C for 15 min-
utes, whereas after the third dip the annealing lasted
30 minutes. During this thermal treatment, the gadolin-
ium nitrate was decomposed into an oxide that was
insoluble in ethanol. Without the thermal treatment, a
certain amount of gadolinium nitrate would be likely to
dissolve in the solution again upon re-immersion. As
shown in previous studies, the oxide produced via the
decomposition of nitrate takes the form of nanoparticles
with a size of several dozen nanometers.[43]

The MnCo2O4 spinel coating was produced via
electrophoretic deposition (EPD), using a suspension
consisting of an MnCo2O4 spinel powder (fuelcellmate-
rials) and organic solvents mixed at a ratio of 50/50
(ethanol, 99.8 pct purity; isopropanol, 99.7 pct purity).
Every 100 mL of the suspension contained 1 g of the
MnCo2O4 powder and 0.005 g of iodine (Sigma-Al-
drich, ‡ 99.8 pct purity) that played the role of a
dispersant. Analysis of the grain size distribution in this
powder showed two fractions with an average size of 118
and 1230 nm.[25] Prior to the EPD procedure, the
suspension was homogenized for 15 minutes in an
ultrasonic bath. The parameters of EPD were as follows:
voltage—60 V, deposition time—30 seconds, distance
between electrodes—10 mm. After deposition, the spinel
layer was dried for 10 hours in air at 70 �C, and then
underwent a two-stage thermal treatment at 900 �C. The
first stage, which lasted 2 hours, was carried out in a
reducing atmosphere (Ar + 10 pct H2 mixture), while

Table I. Chemical Composition of the Crofer 22 APU Steel (Wt Pct)

Steel

Chemical Composition (Wt Pct)

Fe Cr C S Mn Si Al Ti La P Cu

Min. bal. 20.0 0.30 0.03 0.04
Max. 24.0 0.03 0.02 0.80 0.50 0.50 0.20 0.20 0.05 0.50

Table based on data included in the manufacturer’s datasheet.[44]
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an oxidizing atmosphere (air) was applied during the 4
hours second stage.

B. Research Methodology

Quasi-isothermal oxidation tests were performed in
laboratory air at 800 �C over a time of 7000 hours. Mass
change was determined using a Radwag XA 210
analytical balance with the sensitivity of 10�5 g. Time
intervals between consecutive measurements ranged
from 160 and 290 hours.

Electrical resistance was measured using a 2-probe
4-point method described in detail elsewhere.[45] The
opposing sides of the samples were covered with a
conducting Pt paste. The measurements were conducted
at a constant current density of 0.1 A cm�2. The
difference in potentials was measured by means of an
HP 34401 digital multimeter with an error of 0.3 pct.
The obtained data were applied to determine ASR
values from Eq. [1]:

ASR ¼ R � A
2

; ½1�

where R—electrical resistance [X] and A—surface area
of Pt conducting layer [cm2].

Electrical resistance measurements were performed in
air at temperatures ranging from 350 �C to 800 �C,
starting at 800 �C and with 50 �C decrements until the
final temperature was reached.

The Pt conducting layer was then removed from the
sample surface by dissolving it in acetone using an
ultrasonic washer. After embedding the samples in a
Struers EpoFix epoxy resin in a vacuum, polished
metallographic specimens were prepared using the
Struers Tegramin-20.

The phase composition of the oxidized samples was
determined using X-ray diffraction (XRD) performed
with an X’Pert Pro device and CuKa radiation. Scanning
electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) were used for microscopic observa-
tions and element composition analysis of the oxidation
product; the applied apparatus was a Phenom XL
scanning electron microscope (Thermo Fisher
Scientific).

In order to determine the phase composition within
the layered systems more precisely, the same cross-sec-
tions were investigated using Raman spectroscopy
(confocal Raman imaging) with a WITec alpha
300 M+ spectrometer. These studies were performed
with a laser excitation wavelength of 488 nm, and
1009 ZEISS Epiplan-Neufluar objective with NA =
0.9 and 600 grating (spectral resolution of 3 cm�1). The
WITec Control FIVE software was used to collect
Raman data. The scanned areas were 15 9 20 lm,
8 9 25 lm, and 20 9 20 lm, with a lateral resolution
equal to 0.5 lm. Different dimensions were chosen in
order to cover all distinctive layers in the investigated
systems. The integration time at a single point was equal
to 2 seconds. The WITec Project FIVE 5.3 PLUS
software was used to analyze the collected maps. The

recorded spectra underwent preliminary mathematical
processing—extraction of the desired range (110 to
1800 cm�1), baseline correction and cosmic spike
removal (CRR filter). Such spectra were subsequently
used to generate chemical distribution maps—an inte-
gration filter (with specific position and width on the
spectrum) was applied to the characteristic spectral
regions (e.g., ca. 555 cm�1 for the Cr2O3 band). As a
result, a set of distribution images was obtained, with
the corresponding spectra confirming the presence of
predominant phases chosen manually.

III. RESULTS AND DISCUSSION

A. Oxidation Kinetics Studies

Curves representing sample change over 7000 hours
of quasithermal oxidation in air at 800 �C are shown in
Figure 1.
It should be noted that there is a certain risk inherent

to formulating conclusions concerning the oxidation
kinetics based on thermogravimetric curves recorded
during a quasithermal oxidation process. This stems
from the fact that each time the samples are removed
from the furnace for weighing the metal-scale-coating
system is subject to mechanical stress arising from
differences in the thermal expansion coefficient of the
metallic phase and the oxide phases present in the
layered systems in question. In an extreme case, these
stresses can cause fragments of the protective-conduct-
ing coating to spall together with the scale. Table III lists

the parabolic oxidation rate constants (k
00
p) calculated

based on the recorded mass change curves as well as
total mass gain (Dm) measured upon the conclusion of
the oxidation study.
The data presented in Table III shows that coating the

Crofer 22 APU with a protective-conducting MnCr2O4

spinel coating and the deposition of a Gd2O3 nanopar-
ticle layer serving as an additional reactive element
source in the system have a similar effect as far as the
reducing the amount of oxygen bound by the system.
The mass gain observed for these two sample types was
around half of the value observed for the unmodified
steel. For the layered sample which had both the spinel
coating and the Gd2O3 nanoparticle intermediate layer
modifications and was also oxidized for an additional
hour in air at 800 �C (Crofer22APU/Gd2O3/HT/
MnCo2O4), a synergistic effect was observed—the
amount of oxygen bound was reduced by ca. 75 pct
compared to the unmodified steel, which translated to

the parabolic oxidation rate constant (k
00

p) lower by more

than an order of magnitude.

B. Microscopic Examination of Sample Cross-Sections

Figure 2(a) shows the cross-section of unmodified
steel after the oxidation test (sample 1—Crofer 22
APU), while Figure 2(b) shows an EDS line scan of the
area indicated in the SEM micrograph.
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As reported by other authors, the Crofer 22 APU steel
forms a dual-layer scale in a wide range of temperatures;
the thicker inner layer of this scale is composed of
Cr2O3, while the thinner outer scale consists of the
MnCr2O4 spinel.[31,32] A scale with precisely this com-
position was found at the site for which the EDS
analysis had been performed. The spectra recorded for
Cr, Fe, Mn, O, and C suggest that the thickness of the
chromium-containing inner layer was ca. 10 lm,
whereas the thickness of the outer layer that also
contained manganese was around 5 lm. The addition of
carbon to the group of detected elements made it easier
to pinpoint the location at which the surface of the scale
ends and the resin used to create the metallographic
specimen starts. A noticeable peak in the carbon
spectrum, located within the outer layer, most likely
originates from diamond grains that came from the
polishing paste used to prepare the cross-section and
had accumulated inside a single pore. After the 7000
hours quasithermal oxidation test, the scale retained
contact with the metallic substrate, but its thickness was
not uniform across the entire surface area of the sample.
In the presented micrograph [Figure 2(a)] scale thickness
ranged from ca. 8 to ca. 12 lm. The variation in scale
thickness can be presumed to be associated with
spallation that occurred at surface regions due to
stresses arising while the sample was cooled to ambient
temperature for weighing.
Figure 3(a) shows the cross-section of steel coated

with nanoparticles of the reactive element oxide (sample
2—Crofer22APU/Gd2O3), and Figure 3(b) presents the
EDS line scan spectra recorded for Cr, Fe Mn, Gd, O,
and C.
The predominant part of the surface area of this

sample developed a very thin scale with a thickness of 2
to 3 lm. Despite having a much lower thickness than
the scale that had grown on unmodified steel, this scale
also had a dual-layer structure. The analysis of the
recorded spectra indicates that the inner layer consisted
solely of chromium, while the outer layer also contained
manganese. On the surface of this scale, a very thin,
locally discontinuous oxide layer containing gadolinium
was found. At a small number of sites on the surface of
the sample the scale had considerably higher thick-
ness—comparable to what had been observed for the
reference sample. This implies at these sites on the steel
surface gadolinium did not induce the reactive element
effect for reasons that are hard to establish. One possible
cause is that after the deposition of Gd2O3 nanoparticles
they were accidentally removed during one of the later
preparation stages, and another explanation is that after

Fig. 1—Curves representing the mass gain of the samples over 7000
hours of quasi-isothermal oxidation in air at 800 �C: (a) Crofer 22
APU, (b) Crofer 22 APU, Crofer 22 APU/Gd2O3 and Crofer 22
APU/MnCo2O4, (c) Crofer 22 APU, Crofer 22 APU/Gd2O3/
MnCo2O4 and Crofer 22 APU/Gd2O3/HT/MnCo2O4. The curve for
sample 5 on the figure is adapted from Ref. [53].

Table II. Sample Designations and Preparation Data; HT—Oxidation (800 �C, Air, 1 Hours)

Sample Designation Nanoparticles Gd2O3 HT Coating MnCo2O4

1 Crofer22APU — — —
2 Crofer22APU/Gd2O3 x — —
3 Crofer22APU/MnCo2O4 — — x
4 Crofer22APU/Gd2O3/MnCo2O4 x — x
5 Crofer22APU/Gd2O3/HT/MnCo2O4 x x x
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Fig. 2—(a) Cross-section of sample 1 (Crofer22APU); (b) EDS spectra recorded for the indicated area.

Fig. 3—(a) Cross-section of sample 2 (Crofer22APU/Gd2O3); (b) EDS spectra recorded for the indicated area.

Table III. Parabolic Oxidation Rate Constants (k00p) and Mass Change per Unit Area (Dm) After 7000 Hours of Quasi-Isothermal

Oxidation in Air at 800 �C

Sample Type k00p (g2 cm�4 s�1) Dm (mg cm�2)

Crofer22APU 1.73 9 10�13 2.10
Crofer22APU/Gd2O3 2.98 9 10�14 0.90
Crofer22APU/MnCo2O4 4.87 9 10�14 1.10
Crofer22APU/Gd2O3/MnCo2O4 2.45 9 10�14 0.79
Crofer22APU/Gd2O3/HT/MnCo2O4 1.19 9 10�14 0.54
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the sample had been cooled to ambient temperature for
weighing they lost contact with the substrate. In the area
selected for investigation [Figure 3(a)] both scale
parts—the thinner and thicker one—were in the imme-
diate vicinity of one another.

The next figure [Figure 4(a)] shows the cross-section
of another sample—the one with the spinel coating
(sample 3—Crofer22APU/MnCo2O4)—as well as the
EDS line scan results for Cr, Fe, Mn, Co, O, and C
[Figure 4(b)].

At the site for which the EDS analysis had been
performed (dotted line in the micrograph) scale thick-
ness did not exceed 4 lm, and was thus two to three
times thinner than the scale on the reference sample. As
in the previous described cases, the Cr2O3 retained good

contact with the metallic phase across the entire surface
of the sample, which indicates very good adhesion to the
steel substrate. It should be noted that on the steel with
the MnCo2O4 coating the scale only had a single layer.
It can be presumed that an MnCr2O4 spinel outer layer
had not been formed because there was a concentration
gradient of the manganese diffusing through the Cr2O3

scale and it dissolved in the spinel upon reaching the
Cr2O3/MnCo2O4 interface.
The cross-section of the layered system for which

additional thermal treatment (1 hour of oxidation in air
at 800 �C) had been performed between the deposition
of the Gd2O3 nanoparticles and the deposition of the
MnCo2O4 coating (sample 5—Crofer22APU/Gd2O3/
HT/MnCo2O4) is shown in Figure 5(a). Figure 5(b)

Fig. 4—(a) Cross-section of sample 3 (Crofer22APU/MnCo2O4); (b) EDS spectra recorded for the indicated area.

Fig. 5—(a) Cross-section of sample 5 (Crofer22APU/Gd2O3/HT/MnCo2O4); (b) EDS spectra recorded for the indicated area.
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shows the EDS line scan spectra recorded for Cr, Fe,
Mn, Co, Gd, O, and C.

The scale formed on sample 5 is clearly around half as
thick as the scale formed on sample 3, i.e., the sample
with the spinel coating as the only modification. It can
therefore be assumed that in this case there was synergy
between the effects stemming from the presence of the
spinel coating and the Gd2O3 nanoparticles. The EDS
spectra recorded for chromium and manganese indicate
that unlike the scale formed on sample 3 the scale on
sample 5 again had a dual-layer structure. The oxide
layer composed of Gd2O3 nanoparticles could have
acted as a barrier preventing the dissolution of man-
ganese in the MnCo2O4 coating. As in all previous cases,
the Cr2O3 layer exhibited good adhesion to the steel
surface across the entire sample area.

The microscopic image of the cross-section of sample
4 (Crofer22APU/Gd2O3/MnCo2O4), for which the
MnCo2O4 coating had been deposited directly after
the Gd2O3 nanoparticles—without any intermediate
oxidation stage—did not differ significantly from the
one for sample 5 and was therefore not included in the
paper. Closed porosity within the MnCo2O4 coating was
observed for samples 3, 4 and 5.

C. Phase Composition Study

An XRD phase composition analyses in the Brag-
g-Brentano geometry were conducted for all samples.
For sample 1 (unmodified steel), the following oxide

phases were detected: Cr2O3, (Mn,Cr)3O4, Mn2O3 and
the a-Fe phase originating from the steel substrate
(Figure 6). The same phases were also detected for
sample 2—the steel modified using Gd2O3 nanoparticles.
The XRD patterns for samples 3 to 5, all of which had a
spinel coating with a thickness of several dozen microm-
eters, indicated only the presence of the MnCo2O4

phase. Since the XRD pattern for sample 2 did not
include reflections originating from oxide phases con-
taining gadolinium, an attempt to identify such phases
using confocal Raman imaging was undertaken. These
investigations were conducted using this sample’s
cross-section and the results are presented in Figure 7.
Confocal Raman imaging was performed for two sam-

ples. Sample 2 was examined first—the analyzed region is
marked in the confocal image using a rectangular red frame
[Figures 7(a), (b)]. The Raman spectra (chosen manually)
recorded for all phases are shown in Figure 7(i). Four
different phases were observed (apart from carbon-based
resin), forming four distinct layers. Starting from the
bottom, the thickest layer consisting of Cr2O3 can be
observed, the presence of whichwas confirmed based on the
presence of four typical bands at around 304, 352, 556 (the
most intense and characteristic), and 615 cm�1.[46] The next
layer on top of the chromia one was determined to be
(Mn,Cr)3O4 spinel based on the occurrence of Raman
modes at ca. 515 and 680 cm�1 (the most intense and
characteristic).[47] What is more, the bands located at 532,
576, and 638 (the most characteristic)[48,49] as well as at ca.
658 cm�1 (the most characteristic)[50] strongly suggest the
formation of a mixture of MnO2 and Mn2O3, respectively,
on top of the Mn–Cr spinel. Most importantly, given the
fact that the spectrum recorded for the phase containingGd
included bands with Raman shift values of 216 cm�1 and
623 cm�1, it was assumed that this phase, formed on the top
of the scale, was a GdCr1�xMnxO3 perovskite;[51,52] a
similar assumption had been made in paper.[53]

The second investigated specimen was sample 5
(Figure 8). In this case, the results showed that the scale
formed on this sample consisted of the same layers as in
the case of sample 2 (Figure 7)—Cr2O3 with a top layer
composed of Mn species (taking into consideration the
intensity of the most characteristic bands, a major
fraction of Mn–Cr spinel and two minor Mn oxide
fractions) that were impossible to distinguish due to a
very complicated spectrum contour. However, the
distribution images of particular phases revealed that
the Cr2O3 layer was thinner owing to the presence of the
MnCo2O4 coating. In the case of protective layers no
significant differences were observed for the Gd-con-
taining phase other than additional bands at ca. 449 and
496 cm�1,[54] which can be associated with its greater
thickness and thus stronger signal. Moreover, a thick,
protective Mn–Co spinel layer with a high compactness
can clearly be seen on top of the whole system. Even
though no typical bands within the 670 to 690 cm�1

range were determined, the actual presence of such

Fig. 6—XRD patterns recorded for all samples after 7000 hours of
quasi-isothermal oxidation in air at 800 �C. Diffractogram for the
sample 5 on the figure is adapted from Ref. [53].
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spinel structure can be stated based on the occurrence of
modes at around 176, 491, and 629 cm�1 and on
previous reports.[55–57] It had already been discussed in
Reference [53] that the main reason for the shifting and
broadening of bands in this context is the octahedral
coordination of most Mn cations within the spinel
structure and a thermally induced Jahn-Teller effect.
The sparse pores within this layer were filled with
carbon-based resin (the most intense and characteristic
band at 1589 cm�1).[54]

D. ASR Measurements

After the 7000 hours quasi-isothermal oxidation test,
area-specific resistance (ASR) was measured for selected
sample in laboratory air at temperatures ranging from
350 �C to 800 �C. The samples included in these
investigations were sample 1 (unmodified steel), sample
4 (Crofer22APU/Gd2O3/MnCo2O4) and sample 5 (Cro-
fer22APU/Gd2O3/HT/MnCo2O4). An Arrhenius plot
showing ASR as a function of temperature is shown in
Figure 9.

The plot shows that the dependence of ASR on
temperature was linear for all three samples, which
indicates that the mechanism underlying charge trans-
port in the scale at temperatures in the investigated
range did not change and that it was a thermally
activated process. If it is assumed that charge is
transported mostly via the quasi-particles known as
small polarons, then the dependence of ASR on
temperatures can be represented as follows[7]:

ASR ¼ A

T
exp

Ec

k � T

� �
; ½2�

where A—material constant [X cm�2 K�1], Ec—activation
energy of electrical conductivity [kJ mol�1], k—Boltzmann
constant [eV K�1], T—temperature (Kelvin scale).

In the case of sample 1 the ASR value measured at
800 �C was 0.147 X cm2, and therefore it exceed the 0.1
X cm2 threshold acceptable for interconnects by ca.
47 pct. The corresponding values for samples 4 and 5
were far below the acceptable value—reaching as low as
0.019 X cm2 for sample 5, which is five times lower than
the threshold.

The electrical conductivity of Cr2O3 at 800 �C is ca.
0.008 S cm�1.[11] At the same temperature the
(Mn,Cr)3O4 spinel exhibits conductivity that is 25 times
higher—ca. 0.2 S cm�1,[58] and the conductivity of the
MnCo2O4 spinel (~ 60 S cm�1[28,59]) is more than three
orders of magnitude higher than that of the Cr2O3 scale.
The main component that is responsible for the total
electrical resistance of this type of layered system is
therefore the layer with the lowest conductivity, namely
the inner scale layer composed of Cr2O3.

E. Estimating the Maximum Operating Time
of an Interconnect

As mentioned, the ASR measured for sample 5 at
800 �C after the conducted 7000 hours oxidation test
was 0.019 X cm2 and was thus five times lower than the

accepted threshold (0.1 X cm2). It is therefore worth
considering after what time an interconnect material
with the same composition as sample 5 will reach the
threshold value. Although ASR is a parameter that can
be used to evaluate an interconnect’s suitability in terms
of its electrical properties, another criterion related to
corrosion processes should also be taken into account.
The growth of the inner layer composed of Cr2O3 is
associated with a gradual drop in the concentration of
chromium in the metallic phases. Thicker interconnects
have larger chromium reservoirs. If, however, the
growth of a scale consisting mostly of Cr2O3 causes
the concentration of chromium in the Crofer 22 APU
steel to fall from 22 wt pct to a threshold value of ca. 12
wt pct, catastrophic corrosion is observed, leading to a
very rapid degradation of the material.[60] In such a case
iron oxides form on the surface of the scale in place of
the protective chromia, and these oxide layers grow at
rates that are order of magnitude higher.
It is possible to estimate the time needed for an

interconnect in a solid oxide fuel cell to reach either the
threshold ASR value or the threshold chromium con-
centration; this can be done based on the mass change
curve recorded during quasi-thermal oxidation in labo-
ratory air, but it requires making a number of assump-
tions. First and foremost, the actual operating
conditions of a fuel cell feature different gas media on
each side of the interconnect. On the cathode side air
with a certain humidity is present, while the anode side is
exposed to a mixture of hydrogen and water vapor—the
former of these two gases is the substrate, while the
latter is the product of the oxidation reaction. The first
assumption is thus that the differences in how the Crofer
22 APU undergoes corrosion in these two atmospheres
are negligible, or that the corrosion of this steel in the
H2/H2O medium proceeds at a slower rate than in air. A
lower oxidation rate on the anode side had in fact been
reported by some researchers, for example Huczkowski
et al.,[61] who investigated the JS-3 ferritic stainless steel
that has a similar chemical composition to the Crofer 22
APU.[62] The cyclic oxidation tests they conducted
showed that catastrophic corrosion in an H2/H2O
medium was seen after a higher number of cycles than
in the case of an air atmosphere. If it were otherwise,
making projections concerning operating time based on
data obtained for an air atmosphere would not be
reasonable.
The performed microscopic examination had shown

that the scale formed on sample 5 has a dual-layer
MnCr2O4/Cr2O3 structure that is typical to the Crofer
22 APU steel. The thickness ratio of the outer layer to
the inner layer is nevertheless not constant over the
entire duration of the oxidation process and in time the
inner layer becomes thicker. The starting concentration
of manganese in the Crofer 22 APU is ca. 0.8 wt pct, but
with time this value decreases until there is no more
manganese in the metallic phase. Huczkowski et al.[61]

found no manganese in the interior of a 0.3 mm sample
of the JS-3 ferritic stainless steel after 1000 hours of
cyclic oxidation in air at 900 �C. It follows that the
growth of the outer scale layer ceases after a certain
time, when the manganese reservoir in the steel had been
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Fig. 7—Confocal Raman imaging results obtained for the cross-section of sample 2 (Crofer22APU/Gd2O3) oxidized for 7000 hours in air at
800 �C: (a) confocal image; (b) overlay bitmap; (c) through (g) distribution images of (c) resin, (d) GdCr1�xMnxO3, (e) MnO2 + Mn2O3, (f)
(Mn,Cr)3O4, (g) Cr2O3, and (h) combined distribution image obtained by integrating the most specific bands on the corresponding spectra
indicated with the dotted line in (i).
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depleted. This state is reached sooner for thinner
samples.

The electrical resistivity of Cr2O3 at SOFC operating
temperatures is many times higher than that of the
MnCr2O4 spinel layer, which is why the thickness of
inner layer and not the outer layer that is the main
factor that determines the ASR of the interconnect. If it
also taken into account that the outer layer was thinner
than the inner layer in all cases investigated in the
present study, another assumption can be made, namely

that disregarding the contribution of the outer layer to
the ASR value will not skew it by any significant margin.
This can be easily demonstrated. Literature data

indicate a rather large spread in the electrical resistivity
values reported for chromia—from 33 to 1000 X cm.[63]

This is predominantly due to the doping of chromia by
alloying agents and the impurities present in alloys. A
similar tendency can be observed for samples in the form
of ceramic sinters. The resistivity of the MnCo2O4 spinel
from the protective-conducting coating is composed is

Fig. 8—Confocal Raman imaging results obtained for the cross-section of sample 5 (Crofer22APU/Gd2O3/HT/MnCo2O4) oxidized for 7000
hours in air at 800 �C: (a) confocal image; (b) overlay bitmap; (c) through (g) distribution images of (c) MnCo2O4, (d) GdCr1�xMnxO3, (e)
(Mn,Cr)3O4/MnO2 + Mn2O3, (f) Cr2O3, (g) resin and (h) combined distribution image obtained by integrating the most specific bands on the
corresponding spectra indicated with the dotted line in (i).
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around 0.02 X cm at 800 �C.[28] At a thickness of 20 lm
its contribution to ASR is thus at the level of
4 9 10�5 X cm2. This means that for sample 5 the
contribution of the spinel coating to its ASR of
0.019 X cm2 does not exceed 0.2 pct. The resistivity of
the LaCrO3 at 800 �C is ca. 9 X cm.[64] If it assumed that
the resistivity of the manganese-doped gadolin-
ium–chromium perovskite (GdCr1�xMnxO3)—which
the gadolinium oxide deposited on the surface of the
steel had transformed into—is close to that of the
lanthanum–chromium perovskite, then in the case of
sample 5 its contribution to the total ASR value given
that it has a thickness of a fraction of a micrometer can
be disregard, especially since this layer is not continuous
across the entire sample surface. The contribution of the
metallic part of the interconnect can likewise be ignored,
since the resistivity of ferrite at 800 �C is only
1.2 9 10�5 X cm. If these assumptions are made, then
the following simplified dependence of ASR on the
thickness of the inner layer (xCr2O3

) can be made:

ASR ¼ qCr2O3
� xCr2O3

; ½3�

where qCr2O3
—electrical resistivity of Cr2O3 [X cm],

xCr2O3
—thickness of the Cr2O3 layer after oxidation time t

[cm].
The mass change curves recorded during the

quasi-isothermal oxidation experiments yielded data on
the total mass of oxygen per unit are that had been bound
during the formation of the oxide product of corrosion and
had dissolved in the metallic core of the sample. It should,
however, be emphasized that the presence of the protec-
tive-conducting coating does not block the oxidation of
chromium oxide to its volatile compounds (CrO3,
CrO2(OH)2,…) entirely, only slowing its rate to a significant
degree. The term adopted in the literature for this oxidation
of the chromia scale and the subsequent formation of
volatile chromium compounds is ‘‘chromium evaporation’’.
In the case of a layered systemwith a structure analogous to

sample 5 an experimentally determined chromium evapo-
ration rate constant for 1000 hours of oxidation at 800 �C
was 1.25 9 10�9 mg cm�2 s�1.[65] For the Crofer 22 APU
steel with no spinel coating, oxidized in the same conditions,
it was higher by more than an order of magnitude and was
equal to 5.05 9 10�8 mg cm�2 s�1.[65] These data were
used to estimate the mass loss stemming from chromium
evaporation for sample 5 and the unmodified reference steel
sample, both of which had been oxidized at 800 �C for
7000 hours; the calculated values were
3.15 9 10�2 mg cm�2 for sample 5 and 1.27 mg cm�2 for
the reference sample, which was equal to 2 and 19 pct of the
above-cited experimentally determined values, respectively.
This suggests that for longer oxidation times chromium
evaporation should absolutely be taken into account when
considering total chromium consumption during the oxi-
dation process.
It is impossible to determine the growth kinetics of

individual constituent layers of the scale based on the
obtained experimental data. However, since once the
manganese reservoir in the metallic core has been
depleted only the inner layer will continue to grow, it
can be assumed that the parabolic oxidation rate

constant of the inner layer alone (k
00
pCr2O3

) will not differ

significantly from the parabolic oxidation rate constant

of the scale as a whole (k
00

p), especially with regard to

very long oxidation times. Assuming that k
00

pCr2O3
ffi k

00

p,

the mass gain per unit area (Dm/A) squared will be a
linear function of time and according to the Pilling-Bed-
worth equation will take the following form[66]:

Dm
A

� �2

Cr2O3

¼ k
00

p � t ½4�

The relation of Dm
A

� �
Cr2O3

to scale thickness (xCr2O3
)

can be expressed as follows:

Dm
A

� �2

Cr2O3

¼ xCr2O3
� dCr2O3

�
3
2MO2

MCr2O3

; ½5�

where dCr2O3
—density of chromia [g cm�3], MO2

—
molecular mass of oxygen [g mol�1].
The following simplified notation can be used:

c ¼
3
2MO2

MCr2O3

½6�

From Eqs. [4] and [5] the following equation can be
derived:

xCr2O3
� dCr2O3

� cð Þ2 ¼ kp � t ½7�

Transforming Eq. [7] made it possible to arrive at an
expression that describes the dependence of the thick-
ness of the inner layer on oxidation time:

xCr2O3
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp � t

dCr2O3
� cð Þ2

s
½8�

Fig. 9—Arrhenius plot representing the temperature dependence of
ASR for selected samples. The curve for the sample 5 on the
figure is adapted from Ref. [53].
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After substituting xCr2O3
in Eq. [3] with the right side

of Eq. [8], ASR can be expressed as a function of
oxidation time:

ASR tð Þ ¼ qCr2O3
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kp � t

dCr2O3
� cð Þ2

s
½9�

ASR values for samples 1, 4 and 5 were calculated
using formula [1] based on their resistance values
measured using the 2-probe 4-point method after the
completed oxidation experiments. By substituting the
calculated ASR values into the left side of formula [9],
the value of resistivity (qCr2O3

) can be determined. The
three afore-mentioned samples had similar electrical
resistivity values at the level of ca. 60 X cm. It should,
however, be stressed that resistivity calculated in this
way is not just the resistivity of the Cr2O3 inner layer,
but the resistivity of the entire scale together with half of
the steel substrate. Regardless, the contribution of the
Cr2O3 layer to the system is the highest. By applying
formula [9] and substituting the qCr2O3

values deter-
mined as described, ASR can be calculated as a function
of time. The plot showing the projected values of ASR(t)
for samples 4 and 5 and times of over 7000 hours are
presented in Figure 10.

In the case of the reference sample, only the ASR
value after the completed oxidation experiment is
shown, since this value had already exceeded the
accepted ASR threshold (0.1 X cm2). On the other
hand, the ASR of samples 4 and 5 only exceeds this
threshold after 120,000 and 182,000 hours, respectively.
For samples 1 and 5 and assuming a thickness of
0.3 mm, the estimated oxidation time after which the Cr
content would drop to the threshold value of 12 wt pct
was 24,000 and 179,000 hours, respectively. Since the
scale forms on both sides of the sample, these calcula-
tions were performed for a volume corresponding to
half of each sample’s thickness (0.015 cm3), using the

parabolic oxidation rate constants (k
00
p) determined in the

present study (Table III).
The depletion of chromium due to its evaporation was

also taken into account—chromium evaporation rate
constants determined for similar samples in another
study were used for this purpose.[65] The performed
calculations showed that the time needed for catas-
trophic corrosion to occur for samples 1 and 5 is far
longer than the time after which the ASR threshold
would be reached for these two samples. It should,
however, be stressed that the point at which catastrophic
corrosion occurs is strongly dependent on the operating
conditions of a SOFC. If the fuel cell is activated and
deactivated frequently, as is the case in the automotive
industry, it will last for a shorter time than if it operates
at a constant temperature. Research carried out for the
purpose of determining the catastrophic corrosion point
for a given material involves cyclic temperature changes,
with a single oxidation cycle lasting an hour or two. The
time at which catastrophic corrosion occurs depends
mostly on the number of thermal shocks that the system
consisting of an oxide scale and a metallic substrate is
subjected to. During the quasi-thermal oxidation test
conducted in the present study, the samples were only
removed from the furnace 28 times. Had the experiment
involved cyclic oxidation and 2 hours cycles, this
number would be equal to 3500.

IV. DISCUSSION

The oxidation kinetics curves (Figure 1) for samples 2
(Crofer22APU/Gd2O3) and 3 (Crofer22APU/
MnCo2O4) confirm that both surface modification
methods—the deposition of active element oxide
nanoparticles or a protective-conducting spinel coat-
ing—reduce the oxidation rate of the Crofer 22 APU. In
the case of the first method, the lower growth rate of the
scale is caused by the more effective action of active
elements from two sources—lanthanum is an alloying
addition, and gadolinium is present in the oxide
nanoparticles deposited directly on the surface of the
unoxidized steel. In the second case, the lower rate at
which mass is gained can be attributed to the lower
partial pressure at which the steel if oxidized, which is
equal to the partial pressure of the MnCo2O4 spinel. If
the two modifications are applied concurrently, then
both effects are observed, and this was reflected in the
mass change curves for samples 4 (Crofer22APU/
Gd2O3/MnCo2O4) and 5 (Crofer22APU/Gd2O3/HT/
MnCo2O4). The mass change rate for sample 5 was
lower than for sample 4, indicating that preliminary
oxidation between the deposition of Gd2O3 nanoparti-
cles and the MnCo2O4 spinel coating improves the
resistance of the layered system to corrosion further.
The expectation that the deposition of the coating
material via electrophoresis and the subsequent thermal
treatment may reduce the effectiveness of the Gd2O3

nanoparticles therefore proved to be fully justified.

Fig. 10—Projected operating times of interconnect materials with
compositions corresponding to samples 4 and 5.
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The performed microscopic observations of the pol-
ished metallographic specimens of the investigated
samples revealed numerous pores within the protec-
tive-conducting coating. The formation of a porous
structure should be considered typical of ceramic
materials obtained via free sintering, i.e., without the
application of high pressures. The closed porosity in the
coating, which was the only type observed in this case,
does not imply loss of continuity. The partial pressure of
oxygen underneath a coating with this type of porosity is
equal to the partial pressure of spinel, as would be the
case for a dense coating. This means that the growth of a
scale on the surface of steel with a spinel coating
proceeds at a lower gradient of the chemical potential of
the oxidizing agent than when no coating is applied.
This gradient is the main factor responsible for the
transport processes within the scale, and its lower value
translates to lower corrosion rates. In this particular
case it does not matter if the predominant reagent
transport mechanism within the oxidation product is the
inward diffusion of oxygen across grain boundaries in
Cr2O3 or the inward diffusion of oxygen via point
defects in the anion sublattice of this oxide, as suggested
by some research results published in recent years.[34,67]

In both cases the presence of a continuous spinel layer
on the steel surface will reduce the rate at which the
studied steel undergoes corrosion.

As far as the other factor is concerned, namely the
presence of the nanoparticles of an active element oxide
on the surface of the steel, the only conclusions that can
be drawn are somewhat speculative in nature, since the
underlying mechanisms was not investigated in the
present study. Due to its complexity, detailed studies of
the REE require the application of atomic-resolution
transmission electron microscopy; the use of this
method entails very high costs and is only justified in
the case of basic research involving simplified model
systems, and in studies on the application potential of
complex systems such as those investigated in the
present study. Nevertheless, the available body of
knowledge on the REE and our own experience in this
regard leads to the assumption that during the prelim-
inary oxidation of the steel coated with Gd2O3 nanopar-
ticles (800 �C, air, 1 hour), gadolinium starts to
segregate at the grain boundaries in the chromia that
is forming a continuous layer on the steel surface. In this
case this process is not disrupted by other factors such as
the electrophoretic deposition of the spinel and its
sintering in a reducing and oxidizing atmosphere. The
segregation of active elements at grain boundaries has
been documented by numerous researchers[34,43,68,69]

over the course of the last 40 years and it is inextricably
associated with the REE, which significantly reduces the
growth rate of the Cr2O3 scale and at the same time
improves its adhesion to the metallic substrate. Even
when admitting that the knowledge on the mechanisms
underlying the REE is incomplete, the view that a more
intense segregation of active elements at grain bound-
aries in chromia should not be questioned.

Microscopic observations combined with phase com-
position analyses via Raman spectroscopy revealed that
the gadolinium oxide nanoparticles were located on the

surface of the Cr2O3 layer. If these nanoparticles are
treated as an inert marker, the conclusion can be drawn
that the predominant reagent transport mechanism in
the Cr2O3 scale is the inward diffusion of oxygen. In this
case, the marker experiment cannot be used to deter-
mine if this diffusion occurred via grain boundaries in
chromia or via point defects in the anion sublattice of
this oxide.
ASR measurements for selected layered systems and

the Crofer 22 APU steel serving as the reference sample
were conducted over the temperature range of 350 �C to
800 �C (Figure 3). The conclusions drawn based on
these measurements are consistent with the observations
based on the mass change curves recorded for these
samples. The lowest ASR value was found for sample 5
(Crofer22APU/Gd2O3/HT/MnCo2O4) and it was also
for this sample that the lowest mass gain had been
observed. The general conclusion based on these is
results is therefore that preliminary oxidation after the
deposition of the Gd2O3 nanoparticles is advantageous
with regard to the transport processes in the layered
system, resulting in the reduced thickness of the layer
consisting of the oxide product of oxidation formed
between the spinel coating and the steel substrate.
The mass change curve for sample 5 (Crofer22APU/

Gd2O3/HT/MnCo2O4) was used to calculate the para-
bolic oxidation rate constant—it was determined that

k
00
p = 1.19 9 10�14 g2 cm�4 s�1. It was estimated that

given this k
00
p value an interconnect fabricated from this

material would exceed the threshold ASR value of 0.1 X
cm2 only after an oxidation time of around 182,000
hours (Figure 10). Although reducing the operating
temperature of a SOFC also reduces the corrosion rate
of steel interconnects, it is also associated with increased
ASR, since the electronic conductivity of chromia
decreases with temperature. The performed ASR mea-
surements indicate that for sample 5 this parameter
reaches the threshold value at ca. 600 �C. However, it
should be stressed that if the oxidation process involved
a temperature of 600 �C, then the time required for the
corrosion product in this layered system to reach the
same thickness as after 7000 hours of oxidation at
800 �C would be much longer. To obtain reliable
information on the electrical parameters of an intercon-
nect operating at 600 �C, it would be necessary to
conduct another quasi-thermal oxidation experiment
featuring such conditions.
Finally, it should be emphasized that for substrates

other than the Crofer 22 APU the ASR reduction
achieved by means of the described modification may be
smaller. This is especially true for steel types with a high
impurity content. Muelenberg et al.[70] showed that
during the oxidation of a layered system obtained by
pressing two metallic foils (Ni/FeCrAl) in an Ar/H2H2O
atmosphere, areas consisting of oxides with high elec-
trical resistance formed underneath the nickel surface.
These areas formed along grain boundaries in nickel as a
result of the internal oxidation of metallic impurities
originating from the FeCrAl foil. Grain boundaries are
two-dimensional structural defects and the diffusion of
both the alloying components and the metallic
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impurities present in the alloy proceeds at a faster rate
along them. This is also true of the oxygen dissolving in
the metallic phase. As a result of this process, metal
oxides with high affinity for oxygen may precipitate at
grain boundaries. Typical impurities in high-tempera-
ture ferritic stainless steels include silicon and alu-
minium. The SiO2 and Al2O3 precipitates forming at
grain boundaries may bind with one another and form
areas that significantly hinder the flow of current. In
extreme cases such precipitates may even form contin-
uous insulating layers across the entire surface of the
interconnect, preventing the flow of current altogether.

V. CONCLUSIONS

Five types of samples were investigated. Unmodified
Crofer 22 APU served as the reference sample, while the
remaining four samples were layered systems—one
modified only via the deposition of Gd2O3 nanoparti-
cles, one modified only with a protective-conducting
MnCo2O4 coating, one with both types of modifications,
and one with both types of modifications and an
additional pre-oxidation stage (800 �C, air, 1 hour)
between the deposition of the nanoparticles and the
spinel coating. A comparative study was conducted by
oxidizing all samples for 7000 hours in air at 800 �C,
under quasi-thermal conditions. It was determined that
the layered system for which the pre-oxidation stage had
been applied exhibited the lowest rate of corrosion and
also the lowest ASR value. This finding has major
implications for practical applications, since it provides
a relatively simple way to prolong the operating time of
a layered interconnect applied in a planar SOFC.
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