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Abstract

Lanthanum chromite coating occupies a noticeable position as a ceramic coating on metallic interconnects in solid oxide fuel cells because of
its excellent electrical conductivity, high oxidation resistance and desirable chemical stability in both oxidizing and reducing atmospheres. In the
present work, a sol-gel process based on the dip-coating technique was used to prepare dense and uniform coatings on metallic alloy for
interconnect application (AISI 430 type). The effect of strontium and calcium doping into lanthanum chromite structure on electrical conductivity
and oxidation behavior of the coated sample has been investigated. The oxidation behavior was evaluated by cyclic oxidation test at 800 °C in lab
air. In addition, the area specific resistance (ASR) of the coated and uncoated samples after long-term oxidation was measured through a two-
point, four-wire probe method. It was found that, for the coated sample, when compared to the bare metallic one, the addition of Ca into

lanthanum chromite coating drastically lowered the oxidation rate and electrical resistance by approximately 2 and 6 times, respectively.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Fuel cells are regarded as eco-friendly power sources that
generate electricity through an electrochemical reaction
between fuel and oxygen. Fuel cells do have manifest
advantages, namely high energy conversion efficiency without
harmful gaseous emission [1-3]. Among various types of fuel
cells, solid oxide fuel cells (SOFCs) have extra merits,
including acceptable energy output and fuel flexibility [3—6].
A single cell of the SOFCs consists of two electrodes (cathode
and anode) separated by a solid oxide material acting as
electrolyte. Oxygen supplied in the cathode side is combined
with free electrons to form oxide ions moving to the anode

Abbreviations: SOFC, solid oxide fuel cell; LC, lanthanum chromite;
LSC, Sr-doped lanthanum chromite; LCC, Ca-doped lanthanum chromite;
TEC, thermal expansion coefficient; ASR, area specific resistance; PVD,
physical vapor deposition; CVD, chemical vapor deposition; TGO, thermally
grown oxide
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through the electrolyte. At the anode side, hydrogen or
monoxide carbon as fuel is fed and reacts with incoming
oxygen ions from the electrolyte to form water (and/or carbon
dioxide), releasing free electrons. Liberated electrons move to
the cathode from an external circuit and produce electricity. In
practice, a single cell cannot produce enough energy so that the
output voltage may not exceed 1 V. Therefore, many cells are
stacked together with interconnects [7,8]. The interconnect has
two main roles: transmitting the generated electricity to the
external circuit and separating the fuel and oxygen paths in the
stack [6,9]. Interconnect material must satisfy some criteria,
including good electrical and thermal conductivity, high
density without open porosity, high creep resistance, chemical
and physical stability in both oxidizing and reducing atmo-
spheres and compatibility of its thermal expansion coefficient
(TEC) with that of the other components of the cell to perform
at operating temperature (between 600 °C and 800 °C) [9-11].

Due to recent progresses in reducing the SOFC operating
temperature from 1000 °C to less than 800 °C, it is possible to
use more economical and accessible interconnect materials
instead of expensive ceramic ones [12-15]. Among the
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investigated alloys as interconnect materials, ferritic stainless
steels (FSSs) have attracted more attention due to their superior
properties such as good TEC matches with that of other cell
components, low cost, chemical stability and high oxidation
resistance which is caused by a chromia scale formed on the
FSS at temperature around 650 °C—-800 °C in both oxidizing
and reducing atmospheres [3]. In ferritic alloys, increasing the
Cr content enhances the oxidation resistance; so, a minimum
amount of Cr content (17-20 wt%) is needed to form an oxide
scale on the surface which can protect the alloy from further
oxidation in high temperature application [11,16-18]. How-
ever, during long term oxidation FSSs still suffer from some
shortcomings like the following:

® High growth rate of the chromia oxide scale during long-
term oxidation, which may result in spallation of the oxide
scale due to its TEC mismatch with that of FSS [10,17,19].

® Low electrical conductivity of FSS at high temperatures
which is caused by chromia scale. Area specific resistance
of chromia scale is around 1 x 10> Q cm? at 800 °C, while
the acceptable value of the interconnect material is less than
0.1 Q cm” [20,21].

® Chromium poisoning which is the most important drawback
in using FSS as the interconnect material. In dry air at
around 1000 °C, Cr,O3 of chromia-forming alloy can be
oxidized into CrO5 with the reaction

Cry03(s) + 3/2 O5(g) = 2 CrOs(g) (1)

In the presence of water vapor, Cr,O3 can also transform to
CrO,(OH), at lower temperature (around 800 °C) via the
following reaction:

(1/2) Cry05(s) + (3/4) Oa2(g) + H20(g)
= CrO,(OH),(g) (2

These Cr vapor species migrate into the cathode, deposit on
its surface and lead to Cr poisoning at the interface of cathode
and YSZ electrolyte, degrading performance of the cell
[3,14,22-25].

To decrease the FSSs degradation rate, a protective layer
might be applied. This protective layer must have close TEC
match with the substrate and must decrease Cr migration to the
cathode [9,11]. Perovskite-type oxide coatings with the general
formula of ABOj (such as LaCrO;, LaMnQOs;, LaCoO5; and
LaFeO3), where A is a rare earth cation (e.g., La) and B is
usually a transition metal (e.g., Cr), are among the most
promising protective coatings [10,11,15,26]. Among them,
lanthanum chromite coating shows superior properties such
as good stability in oxidizing and reducing atmospheres and
desirable surface adhesion in SOFC operating temperature
range from 650 °C to 800 °C [14,15,26-28]. Lanthanum
chromite is a p-type conductor in oxidizing atmospheres. To
increase its electrical conductivity, La can be substituted by
large earth alkali cations, e.g., Sr or Ca.

Different coating techniques have been used, including
plasma spray coating [29,30], laser ablation [31], chemical
vapor deposition (CVD) [32,33], screen printing [34,35],
electron-beam physical vapor deposition (EB-PVD) [36],

RF-magnetron sputtering [37] and wet chemical techniques,
to create the protective ceramic film on the substrate [9,38,39].
Among the above mentioned techniques, sol-gel route submits
important privileges, namely high resulting homogeneity, low
sintering temperature and low cost [11,25,40].

In this work, a perovskite-based coating, lanthanum chro-
mite, was applied on stainless steel (AISI 430) through the sol-
gel dip coating method to alleviate substrate oxidation at
SOFC operating temperature. Moreover, electrical conductivity
and oxidation behavior of the coated samples were investi-
gated in lab air to understand the effect of strontium and
calcium doping into the lanthanum chromite structure.

2. Experimental
2.1. Sample preparation

A commercial stainless steel plate (AISI 430) with the
chemical composition given in Table 1 was used as substrate.
The sheet was cut into 1 cm x 1 cm x 1 mm samples by wire
cut electric device. All samples were polished with grit SiC
papers from #320 to #2000 and subsequently with diamond
pastes (from 0.3 to 0.05 pm). The samples were then ultra-
sonically cleaned in acetone and ethanol sequentially, and were
dried in an oven at 100 °C.

2.2. Coating process

Starting materials used to prepare stable lanthanum chromite
sols (with and without Ca or Sr dopants) were lanthanum(III)
nitrate hexahydrate [La(NOj)-6H,0, MERCK, 99% pure],
strontium nitrate [Sr(NOz),, MERCK, 99.99% pure], calcium
nitrate tetrahydrate [Ca(NOs),- 4H,O, MERCK, 99.99%
pure], chromium(IIl) nitrate nonahydrate [Cr(NOs5); 9H,O
MERCK, 99% pure], citric acid (as a chelating agent) and
distilled water (as a solvent). The total metallic ions concen-
tration in all starting solutions was 0.6 M. In the case of the
LaCrO5; (LC) coating, the atomic ratio of La:Cr was 1:1 and
for the LagygCay,CrO; (LCC) or LaggSry,CrO; (LSC) coat-
ings, the atomic ratio of La:Ca (or Sr):Cr was 0.8:0.2:1.

Appropriate amounts of metallic nitrates were dissolved in
40 ml distilled water. Then, citric acid was added to the
solutions. These solutions were stirred and heated at 80 °C
for 24h to prepare the sols. Subsequently, samples were
immersed into the prepared sols and were removed at a
constant speed of 6 cm/min. The coated samples were dried
at 80 °C for 1h and 250 °C for 30 min, sequentially. This
procedure was repeated three times to build up a suitable film
thickness. Finally, the coated samples were heated at 800 °C
for 1 h in lab air to form the desired perovskite structure named

Table 1
Chemical composition (in wt%) of AISI 430.

Elements Fe Cr Mo Si Mn
Composition 81.63 16.51 1.19 0.31 0.36
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“as-deposited samples”. The applied coatings on the
as-deposited samples had the average thickness of 1.3 um
(measured with SEM image analyses software). The described
procedure is summarized in Fig. 1.

2.3. Oxidation behavior

A fixed oxidation cycle was performed eight times in lab air
to study the oxidation behavior of the bare and various coated
samples. In each cycle, samples were heated up to 800 °C with
a heating rate of 3 °C/min, were soaked at this temperature for
120 h, and finally were cooled down to 100 °C in the furnace.
Then, the samples were transferred into a desiccator to prevent
any moisture absorption while cooling to room temperature.
So, the accumulated oxidation time was 960 h. The weight
gain of the samples was recorded after each cycle using a
digital balance with an accuracy of + 0.01 mg to evaluate the
oxidation behavior.

2.4. Coating characterization

The perovskite-type coatings and oxide scales were character-
ized by an X-ray diffractometer (X'Pert MPD, Philips, equipped
with beam monochromator for CuKa at 40kV and 30 mA
scanned over 20=20-70° in steps of 0.04° and a scan speed of
1° min~"). Morphological and elemental characterizations of the
coated protective films and the thermally grown oxide (TGO)
scales were also examined by scanning electron microscopy

La(NO;)-6H,0 | | Sr(NOs),0r Ca(NO,), | | Cr(NO5);-9H,0

Dissolving in distilled water

l

Addition of Citric acid

y

stirring and heating at 80°C for 24 hours

y

Stable sols

!

Dip coating

I

drying at 80°C for 1 hour and 250°C for 30 minutes

l

heating in air at 800°C for 1 hour

J

Perovskite coating on AISI 430

Repeat 3 times

Fig. 1. Experimental guideline for perovskite coatings fabrication.

(SEM, Tescan VEGAIl XMU) equipped with energy dispersive
X-ray spectroscopy (EDX) at a voltage of 20 kV. Microstructural
investigations and cross-sectional observations of the coatings
were performed by secondary electron (SE) and back scattered
electron (BSE) imaging modes, respectively. Moreover, the
thickness of the formed oxide layers was measured with SEM
image analyses software.

2.5. Electrical resistance

The area specific resistance (ASR) of the resulting final
oxide scale (including thermally grown oxide (TGO) scale and
coating) formed on the bare and coated samples after eight
120-h oxidation cycles (with a cumulative exposure time of
960 h) was measured at specified temperatures from 450 °C to
800 °C with an interval of 50 °C using a two-point, four-wire
probe method. In this process, to make Pt electrodes, both
sides of each oxidized sample were covered with Pt paste.
Then, Pt meshes, as current collectors, as well as Pt wires were
fixed on both sides. This setup was placed in a furnace.
A constant current of 10 mA was passed through Pt wires and
simultaneously the voltage was measured at each temperature.
Finally, ASR of the resulting final oxide scale (TGO scale and
coating) formed on the bare and coated samples was calculated
at each specified temperature according to Ohm's law.

3. Results and discussion
3.1. Oxidation kinetics and behavior

Fig. 2 shows the oxidation behavior of the bare sample, as
well as LaCrO;, LagygSrg,CrOz; and LaggCag,CrOsz coated

1
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0.8 {| MLCC

Weight change (mg/cm?)
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Oxidation time (h)
Fig. 2. Weight changes of the bare and various coated samples as a function of

oxidation time during cyclic oxidation test in lab air at 800 °C for 960 h (eight
120-h cycles).



8126 H. Rashtchi et al. / Ceramics International 39 (2013) 8123-8131

ones, during cyclic oxidation exposure (eight 120-h cycles) at
800 °C in lab air. All coated samples presented a near
parabolic behavior. Considering the long term exposure, and
assuming the oxidation process as diffusion controlled, accord-
ing to the parabolic law, the oxide scale weight change was
proportional to the square root of time [11,19,41]:

(AW /AY* = Kot (3)

where AW is the weight change, A is the sample surface
area, Kj is the parabolic oxidation rate constant and ¢ is the
oxidation time.

Based on Eq. (1) and the oxidation test results presented in
Fig. 2, the parabolic rate constants of the bare and various
coated samples after 960 h of oxidation were calculated and

Table 2
Parabolic oxidation rate constants of the bare and various coated substrates.

are given in Table 2. It was found that the parabolic rate
constant of the Ca-doped lanthanum chromite coated sample
was about two orders of magnitude lower than that of the bare
one, showing the drastic effectiveness of coating in reducing
the oxidation rate during cyclic oxidation exposure. These
results also revealed that the LC and LCC coated samples had
a somewhat similar weight gain (considering the resulting
weight as TGO scale and coating), quite lower in comparison
with the LSC coated sample.

3.2. Microstructural characterizations

Fig. 3 shows surface morphologies of the bare sample as
well as LC, LSC and LCC coated samples after cyclic

Coating type

Oxidation parabolic rate constant (Ky) after 960 h (g2 cm™ sh

1) Uncoated substrate

2) LaCrOj; coated substrate (LC)

3) Lag gSrp,CrO; coated substrate (LSC)
4) Lay gCag,CrOj3 coated substrate (LCC)
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Fig. 3. Surface micrographs of (a) bare AISI 430 sample, (b) LaCrOs, (c) Lag gSry,CrO; and (d) Lag gCay,CrO; coated AISI 430 samples, after cyclic oxidation

test in lab air at 800 °C for 960 h.
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Fig. 4. Lanthanum chromite coatings: (a) morphology of as-deposited sample after heating at 800 °C for 1 h, (b) EDX result from square area marked in Fig. 5(a),
(c) morphology of the LaCrO; coated sample cyclically oxidized in lab air at 800 °C for 960 h, and (d) EDX result from square area marked in Fig. 5(c).

oxidation in lab air at 800 °C for 960 h. It was found that
particle size of the oxide scale formed on the bare sample was
larger than that of the coated ones. Moreover, a comparison
between Fig. 3(c) and (d) demonstrates that the surface of the
Ca-doped LaCrO5; coated sample was slightly smoother and
denser than that of the Sr-doped LaCrO; coated one. The
reason for this phenomenon is the formation of more porosities
in the case of Sr-doped LaCrO; coated sample.

Morphologies of the LaCrO; coated samples before and
after cyclic oxidation are presented in Fig. 4. Surface mor-
phology of the as-deposited sample, Fig. 4(a), was dense with
no significant porosity with an average grain size of 200-
300 nm obtained by SEM image analyses software. Fig. 4(b)
shows the EDX result of the square area identified in Fig. 4(a).
Phase structure of the coating mainly consisted of La, Cr and O,
estimated to be LaCrOs. According to Fig. 4(c), an increase in
grain size to about 0.6-1 pm was observed after long-term
oxidation. Fig. 4(d) shows the EDX result of the square area
identified in Fig. 4(c). As the EDX result shows, the grains
composition mainly consisted of Mn, Cr and O with lower La
concentration compared to the as-deposited sample. Fe cations
were also partially diffused from the sample to the oxide layer
during long-term oxidation. It must be noted that some peaks in
the EDX spectra around 2.2 keV are related to the Au coating
sputtered in the SEM sample preparation process.

Fig. 5 shows cross-section of the bare and perovskite coated
samples after cyclic oxidation. To protect oxide layers against
destruction and spallation during cross sectioning, a Cu film

was applied on the oxide layers via the PVD technique. The
oxide scale average thicknesses of the bare sample as well as
LSC, LC and LCC coated ones were approximately 5.5, 2.5, 2
and 2 pm, respectively, measured with SEM image analyses
software. These resulting thicknesses are in good agreement
with the thermogravimetrical results presented in Fig. 2. The
LC and LCC coated samples showed similar oxidation
behavior while a higher oxidation rate was found for the
LSC coated samples.

3.3. Chemical composition characterizations

Cross sectional backscattered images of the coated and
uncoated samples (Fig. 5) showed that oxide scales formed
during oxidation exposure comprised two different layers, a sub-
layer adjacent to the sample and a top one. Fig. 6 presents the
EDX analysis of two areas (a and b areas) specified in the cross
sectional image of LC coated sample (Fig. 5(b)). It can be seen
that the sub-layer is Cr-rich, and the top one is Mn/Cr-rich. Cr
and Mn ions partially diffuse from the sample through the oxide
layers, forming Mn—Cr spinel faceted particles above the film
observed in Fig. 3. From EDX results, the Mn/Cr atomic ratio of
the spinel top layer is approximately 1/2. So, the spinel structure
is most likely MnCr,0,.This is also confirmed with XRD results
in Fig. 8. The same results, not shown here, were obtained for the
bare sample as well as LCC and LSC coated ones. By comparing
the thickness of oxide scale (TGO and coating) formed on the
bare and coated samples (Fig. 5), it was found that the oxide scale
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Fig. 7. Schematic of thermally-grown oxide layers formed on AISI 430 after cyclic
oxidation test in lab air at 800 °C for 960 h: (a) uncoated and (b) coated samples.
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air at 800 °C for 960 h.

formed on the bare sample was thicker. So, it can be concluded
that the Cr-rich scale formed on the bare sample predominantly
has grown considerably during the thermal cycling test in

2
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254
1| ALSC
mLCC

Log(ASR/T), Q em? K1

-5.5 +—+r—r— "ttt
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Fig. 9. Area specific resistance of the bare and various coated samples as a
function of temperature after cyclic oxidation test in lab air at 800 °C for 960 h.

comparison to the perovskite coated ones, presenting high
efficiency of protective perovskite coatings in retarding Cr
outward diffusion which has been demonstrated by other authors
[9,11,16,26,27]. On the other hand, the Mn—Cr spinel layer
formed on the coated samples after thermal exposure is desirable
for SOFC application. This is because the MnCr,O, facilitates the
electrical conductivity of the interconnect and extenuates the Cr
evaporation [14,16]. After long-term exposure (960 h), no
distinctive perovskite layer was observed in the cross-sectional
images of the coated samples. This is possibly due to partial
dissolution of the LaCrOj; layer in the oxide scale (TGO) during
thermal cyclic exposure as mentioned in literature [11,14]. In
other words, LaCrO; and the formed oxide like Cr,Oz could
possibly disslove in each other and no separable interface can be
recognized between LaCrO; coating and TGO. Formation of
different oxide layers on the bare and LC coated samples after
cyclic oxidation exposure is schematically shown in Fig. 7.
XRD patterns of the bare and various coated samples after
cyclic oxidation test are presented in Fig. 8. Alongside well
defined peaks of AISI 430, chromia and Mn—Cr spinel peaks
were evident in all samples. For coated samples, lanthanum
content perovskite peaks were also observed. Although peaks
of MnCr,0,4 and Cr,O3 were detected in all samples, the
intensity of the chromia main peak was somehow lower in the
cases of the coated samples in comparison with the bare one,
due to the presence of perovskite coatings. Although the
presence of perovskite coatings can mitigate the chromia layer
growth, considering that MnCr,O, and Cr,O; layers were
formed on all the samples (uncoated and coated samples)
during oxidation, the Cr-rich layer growth cannot be comple-
tely stopped, as reported by other researchers [10,16,26]. Cross
sectional images and XRD results (Figs. 5 and 8, respectively)
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imply that the LCC coating layer was the most effective barrier
to reduce the oxygen penetration rate from atmosphere to the
sample surface. Among various coating layers, the LSC one
(with the highest porosity) has the highest oxygen diffusion
rate. The highest level of porosity in the LSC coating layer is
due to formation of intermediate SrCrO, phase during heat
treating of primary gel film at lower temperatures (around
600 °C) and its further decomposition to SrCrO; and oxygen at
elevated temperatures (around 700 °C) [42]. In fact, the formed
gaseous oxygen can leave pores during its escape from the
coating [2,26].

3.4. Electrical resistance of the coated samples

One of the most important criteria of interconnect playing a
critical role in SOFC applications is its electrical resistance.
Fig. 9 presents the log(ASR/T) of bare and various coated
samples versus 10°/T after cyclical oxidation test. It is assumed
that the electrical resistance of metallic substrate is negligible
compared to that of the oxide scale; therefore, the measured
ASR is related only to the oxide scale and its interfaces with
the alloy and Pt electrodes. Since the constant current used in
the two-point, four-wire probe approach is low (10 mA), the
interfacial polarization can be neglected [19]. So, the measured
ASR presents electrical resistance of the oxide scale only.
From Fig. 9, it can be seen, for all samples, that there was a
linearly upward trend in log(ASR/T) as the temperature
decreases, which is in accordance with the Arrhenius equation:

ASR/T = A exp(E,/kT) (4)

where A is an exponential constant, E, is the activation
energy and k is the Boltzmann constant. At 800 °C, the ASR
values of the bare sample as well as LC, LSC and LCC coated
ones were 0.043 Q cmz, 0.025 Q cm2, 0.013 Q cm? and
0.007 Q cm?, respectively. Among all the samples, the bare
one had the highest electrical resistance while the coated ones
showed much lower resistance. This clearly illustrates the
drastic effect of the perovskite coating in improvement of
electrical conductivity of FSS samples. Among the coated
samples, the LCC coated one showed the lowest electrical
resistance while the LSC coated sample presented an ASR
value almost similar to that of the LC coated one. Generally,
doping alkaline-earth elements, specially Sr and Ca, inside
LaCrOj structure improves the electrical conductivity. This is
due to formation of electron holes, resulting from transition of
Cr’* to Cr** to compensate negative charges posed by
substitution of Sr** or Ca’* at La’" sites [17,19]. The
differences in ASR values between LSC and LCC coated
samples can be related to the cell volume difference between
Laj gSrp,CrO; and Lag gCag,CrO3. Considering ionic radii of
La**, Ca®" and Sr** (1.17 A, 1.14 A and 1.32 A, respectively),
the Ca doping causes less lattice distortion than Sr doping
inside LaCrOj structure because Ca”* radius is closer to the
La’* one. The mentioned lattice distortion causes strain and
degrades the conductivity [43].

In the present study, although applying the lanthanum
chromite coatings (with and without dopant) on FSS as

interconnect material showed promising properties in lab air,
such coatings need further investigations. They are stable in an
oxidizing atmosphere, but in a reducing one, the electrical
properties are weaker. Moreover, TEC of these coatings
depends on the oxygen partial pressure. So, for SOFC
interconnect applications, more tests are needed to evaluate
the actual performance of the lanthanum chromite coated AISI
430 such as testing in dual atmosphere exposure with SOFC
electrodes and seal contacts.

4. Conclusion

Uniform perovskite films with and without Sr or Ca dopants
were successfully coated on AISI 430 sample through the sol-
gel dip coating technique. Oxidation behavior of the bare and
various coated samples was evaluated using cyclic oxidation
test. All samples were oxidized during eight 120-h cycles
(totally 960 h) at 800 °C in lab air atmosphere. The perovskite
coatings effectively improved oxidation behavior of the AISI
430 sample, inhibited surface oxide grain growth as well as
oxide scale thickness during the oxidation process and reduced
Cr diffusion. However, outward diffusion of Cr species was
not completely suppressed. A parabolic behavior was observed
for all coated samples during cyclic oxidation exposure. No
surface spallation occurred for the coated samples. Moreover,
Ca-doped lanthanum chromite coated sample presented the
highest oxidation resistance and the lowest parabolic oxidation
rate constant, about half of the bare sample. Area specific
resistances of the bare and various coated samples were also
measured through a two-point, four-wire probe method. The
electrical conductivity of lanthanum chromite coating
increased by adding Ca and Sr dopants. However, the Ca-
doped LaCrOs5 coated sample showed the highest conductivity.
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