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In order to protect the cathode from chromium poisoning and improve electrical resistance, a perovskite
(La,Sr)CrO3 coating was deposited on the surface of a DIN 50049 ferritic stainless steel by means of
the screen-printing method, using a paste composed of an ultra-fine powder prepared via ultrasonic
spray pyrolysis. Investigations of the oxidation process of the coated steel in air and the Ar–H2–H2O gas
mixture at 1073 K for times up to 820 h showed high compactness of the protective film, good adhesion
to the metal substrate, as well as area specific resistance (ASR) at a level acceptable for metallic SOFC
OFC
etallic interconnect

erritic stainless steel
oating
hromia scale
La,Sr)CrO3 perovskite

interconnect materials. The microstructure, nanostructure, phase composition of the thick film, and in
particular the film/substrate interface, were examined via chemical analyses by means of SEM-EDS and
TEM-SAD. It was shown that the (La,Sr)CrO3 coating interacts with the steel during long-term thermal
oxidation in the afore-mentioned conditions and intermediate, chromia-rich and/or spinel multilayer
interfacial zones are formed. Cr-vaporization tests showed that the (La,Sr)CrO3 coating may play the role
of barriers that decrease the volatilization rate of chromia species.
. Introduction

Solid oxide fuel cells (SOFCs) are highly promising tools that
ight become efficient sources of electrical energy and heat in

he future. The construction of the planar-type SOFC needs bipolar
nterconnects for separating fuel and air flow, and to provide elec-
rical contact and mechanical stabilization of the cell in a stack [1].
educing SOFC operating temperatures to the 923–1073 K range
akes it possible to employ cost-effective metallic interconnects

uch as ferritic stainless steel (FSS) instead of the standard ceramic
aterials applied thus far, mainly doped lanthanum chromite

2–7]. The key issues in the application of chromia-forming steels in
OFCs are: their corrosion resistance in oxidizing/reducing atmo-
pheres, which is related to the growth of a protective chromia
cale, the compatibility of their thermal behavior with that of
olid electrolytes of doped-ZrO2 (zirconia-based electrolytes) and
oped-CeO2 (ceria-based electrolytes), and the need to obtain bet-
er mechanical properties [1].
Review papers [7–11] clearly show that the currently used fer-
itic stainless steel interconnects with >20 wt.% chromium content
re unsuitable for practical applications in solid oxide fuel cells

∗ Corresponding author. Tel.: +48 126172469; fax: +48 126172493.
E-mail address: brylew@agh.edu.pl (T. Brylewski).

378-7753/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
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© 2012 Elsevier B.V. All rights reserved.

operating at intermediate temperatures (IT-SOFC). Their area spe-
cific resistance (ASR), defined as the product of resistance and
nominal contact surface area of the oxide and steel, increases in
time due to the growing thickness of the semiconducting chromia
layer, and does not meet the requirements set for SOFC applications
(ASR lower than 0.1 � cm2). The second problem encountered with
chromia is their potential transformation into volatile chromium
species such as CrO2(OH)2 or CrO3, leading to the loss of their pro-
tective properties and the poisoning of cathode material, and the
subsequent degradation of the fuel cell [12–15]. Tests carried out
on a ferritic stainless steel in a dual atmosphere (one side exposed
to air and the other side exposed to H2–H2O) showed that scale
growth was significantly different from that in a single atmosphere
[16]. Oxygen reacts with the interconnect to form oxides, whereas
hydrogen can migrate across the interconnect and into the metal,
causing embrittlement and leading to the detrimental presence of
hydrogen at the metal-oxide interface and in the oxide scale formed
on the air side [17].

Consequently, the application of ferritic stainless steels requires
their surface to be modified in order to guarantee durability and
reliability. Relatively dense inorganic materials including La-based

perovskites [7,8,10,18,19], Mn-based spinels [9,10,20], oxidation-
resistant systems of MAlCrYO (M represents a metal, e.g. Co, Mn
and/or Ti) [21] and reactive element oxides (REOs) [6,22,23] may
be applied on ferritic stainless steels as protective and conducting

dx.doi.org/10.1016/j.jpowsour.2012.02.015
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:brylew@agh.edu.pl
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oatings. Such modification makes it possible for the layered sub-
trate made of heat-resistant steel with a protective-conductive
oating to achieve low electrical surface resistance that does not
hange in time, high resistance to cyclic thermal oxidation, and
o effectively prevent chromium migration from the chromium-
ontaining steel substrate.

Due to its relatively high chemical stability under an oxygen
artial pressure gradient, thermal expansion match and high elec-
ronic conductivity at operating temperatures from 973 to 1273 K,
he Sr-doped lanthanum chromite (La,Sr)CrO3 has been among
he materials used for coating [13,24,25]. A variety of methods
or depositing ceramic coatings based on this material on ferritic
teels and their physicochemical properties have been reported
18,19,26–33]. One of the simpler methods that may be used to
abricate thick, polycrystalline (La,Sr)CrO3 films is the cost-effective
creen-printing technique followed by appropriate thermal treat-
ent [7,33,34]. Nevertheless, to obtain a highly dense coating that

dheres well to the substrate, it is recommended to use nanostruc-
ured powders in the form of spherical particles, the surfaces of
hich will constitute the approximation of the 2D structure. In this

espect the ultrasonic spray pyrolysis (USP) method for the prepa-
ation of ultra-fine (La,Sr)CrO3 powders is of particular interest.

To understand how the surface stability of the applied steels is
ffected and how the electrical performance of ceramic/composite
aterials in SOFCs operating at about 1073 K may be improved,

t is necessary to obtain information on the microstructure of the
roduct of the reaction between the conductive oxide coating and
he metallic substrate that takes place at their interface: this is the
ey issue with regard to the application of steel as an interconnect
n SOFCs.

In this paper we present the detailed preparation of a highly
ompact (La,Sr)CrO3 thick film on a DIN 50049 ferritic stainless
teel, obtained by means of the screen-printing method using a
aste composed of ultra-fine powder prepared via ultrasonic spray
yrolysis. The oxidation kinetics of uncoated and coated steel in
ir and the Ar–H2–H2O mixture were studied. The post-oxidation
hase, chemical composition, morphology and nanostructure of
he coatings were investigated, with particular focus on the coat-
ng/metal substrate interface, and the influence of the interface
eactions between the conductive ceramic layers and the steel
ubstrates was discussed in terms of electrical properties and
hromium vaporization rate.

. Experimental

.1. Preparation of steel samples

The material used for the experiments was the commercial
IN 50049 ferritic steel from Valcovny Plechu a.s. Frydek-Mistek,
zech Republic, with the chemical composition of: Fe (Bal.), Cr
24.55 mass%), Mn (0.28 mass%), Si (0.74 mass%), Ni (0.99 mass%), C
0.04 mass%). Steel coupons in the form of rectangular plates with
he dimensions 10 mm × 20 mm × 0.5 mm were cut from the sup-
lied material. For oxidation tests, the surfaces of all specimens
ere ground with 100–1000-grid SiC papers, then polished with
0.3 �m alumina slurry (OP-U Struers, Denmark), ultrasonically

egreased and finally washed in acetone and ethanol immediately
rior to each use.

.2. Preparation of (La,Sr)CrO3 nanopowder and methods of its
haracterization
A powder of the nominal composition La0.8Sr0.2CrO3 was pre-
ared using the ultrasonic spray pyrolysis (USP) method described
lsewhere [35]. Fig. 1 shows the scheme of the apparatus. Aqueous
r Sources 208 (2012) 86–95 87

solutions of lanthanum, strontium and chromium nitrates with
0.2 M (M-molar concentration mol dm−3) concentration were
mixed together in an appropriate ratio to yield the desired stoi-
chiometry. The obtained mixture with 0.08 M concentration was
introduced (at a rate of 5 cm3 min−1) into an ultrasonic nebulizer
working at a frequency of 2.6 MHz using a peristaltic pump. The
obtained aerosol was then transported into the reaction tube
placed in a two-heat zone furnace, using the Ar–15%H2 mixture
as the carrier gas. Aerosol particles were thermally decomposed in
the first reaction zone, under 1023 K. The obtained particles were
separated from the carrier gas by means of a titanium electrostatic
filter placed in the second heat zone with a temperature of 573 K.
The resulting powder was then calcined in air at 1023 K for 1 h.

The phase composition of the obtained chromite powder was
analyzed by means of X-ray diffraction using a Philips X’Pert XRD.
Powder morphology was investigated using the FEI Nova NanoSEM
30 scanning electron microscope coupled with EDAX Genesis XM
X-ray microanalysis system and by means of conventional trans-
mission electron microscopy (TEM) and selected-area diffraction
(SAD) using Philips CM 20 at 200 kV. The chemical composition
of the obtained powder was determined using atomic absorption
spectroscopy (ASA) using the Pye Unicum SP90B spectrometer.

2.3. Paste preparation and coating process

DIN 50049 ferritic steel substrates were coated with the
(La,Sr)CrO3 paste by means of the screen-printing method. The
pastes were prepared by mixing the La0.8Sr0.2CrO3 powder and a
5 wt.% solution of ethyl cellulose in terpineol. The mixture, contain-
ing about 17 wt.% of organic binder, was homogenized for 10 h in
a three-roller mixer. The viscosity of the paste was in the range
between 4 and 5 Pa s at a room temperature. Thick films were
deposited on abraded (600-grid SiC) surfaces of steel substrates
using a 100 mesh screen. To obtain coatings of different thickness,
printing was repeated one to two times. The films were then dried
at 353 K for 2 h. The organic components were removed entirely
from the paste by thermally annealing the coated specimens in air
at 1073 K for 30 min. The thickness of the deposited films was about
20–40 �m.

2.4. Oxidizing procedure and methods of sample characterization

The oxidation kinetics of coated and uncoated DIN 50049 steels
were investigated under isothermal conditions at 1073 K for up to
300 h in dry, flowing air and in a controlled Ar–H2–H2O gas mixture,
with pH2 /pH2O = 94/6, using a thermogravimetric apparatus with a
MK2-G5 Vacuum Head Microbalance (CI Electronics Ltd., UK) with
a sensitivity of 10−6 g. The high-temperature thermogravimetric
apparatus and the preparation procedure of the Ar–H2–H2O gas
mixture have been described previously [36].

The area specific resistance (ASR) vs. time measurements for
coated and uncoated steel were conducted using a four-probe DC
technique under a constant current density of 0.1 A cm−2 in air and
the Ar–H2–H2O gas mixture at 1073 K, using the setup shown in
Fig. 2. The apparatus and the methods used for measuring ASR and
sample preparation are described in [37].

Chromium vaporization rate tests of the studied samples were
performed in humidified air (pH2O = 9.72 × 10−2 atm) at 1073 K
for 72 h in an apparatus of a construction similar to the one pro-
posed by Kurokawa et al. [14]. The details of the apparatus used
for Cr-vaporization rate tests and the preparation procedure of

the air–H2O gas mixture have been described previously [15]. The
concentration of chromium in the obtained aqueous solution con-
taining the dissolved Cr was determined by means of the atomic
absorption spectroscopy method.
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Fig. 1. Scheme of the ultrasonic spray
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homogeneous and that the stoichiometric ratio of these elements
was 0.8:0.2:1.0, which agrees well with the findings from the chem-
ical analysis using ASA.
ig. 2. Schematic diagram of ASR measurement setup utilizing the four-probe DC
ethod.

The phase composition of the oxidized samples was analyzed
y means of X-ray diffraction. SEM-EDS and conventional TEM-
AD in both plan- and cross-sectional views were used to examine
he morphology and nanostructure of the oxide scales grown on
ncoated and coated substrates in detail. Electron-transparent thin
oils were prepared by dimpling with a Gatan Dimpler and ion-

illed with a Gatan DuoMill 600 with 5 kV argon ions at the
ncidence angle of 15◦.

. Results and discussion

.1. (La,Sr)CrO3 powder characteristics

As a result of the optimization of spraying and thermal treat-
ent of aerosols nanospherical particles of (La,Sr)CrO3 powder
ith the desired phase and chemical composition were obtained.

ig. 3 shows an X-ray diffraction pattern of the (La,Sr)CrO3 powder
btained using the USP method followed by thermal treatment in
ir at 1023 K.

Based on the ex situ X-ray analysis of the (La,Sr)CrO3 phase
omposition it may be concluded that the studied material has
single-phase structure. The numerical Rietveld analysis of the

btained spectra indicates the presence of a perovskite phase
n the powders; this phase appears to crystallize in the ideal
ubic structure with the Pm-3m space group. The established val-
es of lattice parameters, a = b = c = 0.38428(5) nm, are consistent
ith reference data [38]. Deviations from nominal stoichiometry
La:Sr:Cr = 0.8:0.2:1.0) of the prepared powder were analyzed by
eans of ASA. It was found that the examined powder had a molar

atio La:Sr:Cr = 0.80:0.21:1.06. These results prove that using USP it
s possible to obtain a fully reacted (La,Sr)CrO3 perovskite at the rel-
pyrolysis (USP) apparatus [35].

atively low temperature of 1023 K; the same cannot be said of many
low-temperature methods used to synthesize chromite ceramic
materials characterized by low sinterability.

Fig. 4(a) and (b) presents TEM images of the particles of the
studied nanopowder obtained by means of USP followed by ther-
mal treatment in air atmosphere at 1023 K for 1 h. As can be
seen, the examined (La,Sr)CrO3 powder contains mainly spheres
350–1600 nm in diameter. These particles are built of equal-sized
grains about 10–15 nm large, which is consistent with the 14 nm
crystallite size estimated based on the analysis of X-ray line broad-
ening according to Scherrer’s formula [39]. Regardless of size, all
spheres have a thickness of around 30 nm. The sphere walls show
slight irregularities, but they generally maintain their spherical
shape (Fig. 5(a)). Electron diffraction carried out for the analyzed
spheres, performed in a parallel beam by means of the SADP
technique (Fig. 5(b)), indicates that they are built of (La,Sr)CrO3
nanocrystals of perovskite structure crystallizing in a regular sys-
tem (visible fourfold axes).

Local EDS chemical analysis with a nominal probe size of 5 nm
(Fig. 5(c)) and mapping indicated that the distribution of the La,Sr
and Cr elements on the surface of the nanospherical particles was
Fig. 3. X-ray diffraction pattern of the (La,Sr)CrO3 powder obtained via USP.
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Fig. 4. (a) and (b) TEM images of (La,Sr)CrO3 particles synthesized via USP.
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regression analysis, and the time intervals (t) in which the parabolic
rate law is obeyed are collected in Table 1. The comparison of these
data shows that the DIN 50049 steel coated with (La,Sr)CrO3 thick
film exhibited good oxidation properties in comparison with the
Fig. 5. TEM images of: (a) (La,Sr)CrO3 particles, (b) SADP diffraction p

.2. Oxidation kinetics of the product and its microstructure

One of the important requirements for metallic interconnects
o be exposed to oxidizing/reducing SOFC atmospheres at 1073 K
s good resistance against high-temperature corrosion. In order to
ompare oxide scale growth rates between the coated and uncoated
amples, the weight gain per unit area (g cm−2) vs. annealing
ime was measured using isothermal thermogravimetric analy-
is. For comparison, the thickness of the oxide scale formed on
he uncoated steel surface and the one formed between the coat-
ng and the metallic substrate was also determined by examining

icrosections using microscopy.
Fig. 6 illustrates the kinetics of isothermal oxidation of the DIN

0049 steel, uncoated and coated with the (La,Sr)CrO3 thick film
t 1073 K in air and the Ar–H2–H2O gas mixture with pH2 /pH2O =
4/6. The presented kinetic curves do not take the mass loss related
o the formation of volatile chromium compounds into account.
he corresponding relative error for times shorter than 1200 h
oes not exceed 3%. The effective thickness values of the reaction
roducts, calculated from the determined parabolic rate constants
or uncoated and coated ferritic steel, are within 6% of the val-
es observed in metallographic observations. When calculating
cale thickness from the weight change, a pure chromia scale was

herefore assumed. As can be seen, the oxidation process of the
tudied samples approximately obeyed the parabolic rate law. The
bserved irregularities in the kinetic profiles are due to mass losses
esulting from scale or/and film spallation during oxidation. The
with [0 0 1] (La,Sr)CrO3 zone axis and (c) EDS analysis of the surface.

calculated parabolic rate constants for the oxidation of both stud-
ied samples at 1073 K were of the order of 10−13–10−15 g2 cm−4 s−1,
typical of “chromia formers” [40]. The experimental kinetic data
obtained in this study, including sample treatment atmosphere,
parabolic rate constant (kp), correlation coefficients (r) from the
Fig. 6. Oxidation kinetics of DIN 50049 steel, uncoated and coated with (La,Sr)CrO3

thick film at 1073 K in air and Ar–H2–H2O.
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ed on uncoated DIN 50049 steel at 1073 K for 550 h in: (a) air and (b) Ar–H2–H2O.
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Fig. 8. (a) TEM cross-section micrograph showing isolated amorphous silica formed
at the scale/substrate interface and (b) EDS point microanalysis for regions desig-
nated as X.
Fig. 7. SEM-SE micrographs of fracture cross-sections through the scale form

ncoated steel in both reaction atmospheres. It may thus be said
hat the screen-printed coating greatly inhibits oxide scale growth
y reducing the supply of oxygen needed for the growth of chromia
hrough the (La,Sr)CrO3 thick film (transport via oxygen vacancies).
t should be noted that the parabolic rate constant of the oxide prod-
ct growth in the Ar–H2–H2O gas mixture is about one order of
agnitude lower than that of the sample oxidized in air (Table 1).

his observation is confirmed by others [7,40].
Long-term growth of a chromia scale on the uncoated DIN 50049

teel in air and the Ar–H2–H2O gas mixture at 1073 K for up to
50 h leads to the deterioration of scale compactness due to the out-
ard diffusion of chromium ions, which may cause porosity at the

teel/scale interface and, when combined with significant growth
tress, may result in scale spallation. Fig. 7(a) and (b) shows the typi-
al morphology of an oxide scale formed on the uncoated DIN 50049
teel after oxidation in air and the Ar–H2–H2O gas mixture at 1073 K
or 550 h. The scales developed on the steel in air were composed

ainly of Cr2O3 doped with Fe as an inner layer, while the contin-
ous outer thin layer was composed of Mn1.5Cr1.5O4 spinel, which
artially suppressed chromium vaporization; this phenomenon
ill be addressed later on. Similar phases were also observed on

he surface of other Mn-containing Fe–Cr alloys [2,5,41]. In the
ase of the uncoated steel oxidized in the Ar–H2–H2O gas mix-
ure, the main oxidation product was a chromia layer in the form
f ridges, shaped by water vapor and hydrogen acting on the defect
tructure in chromia scale [2,41]. On the top of the Cr2O3 layer,
Mn1.5Cr1.5O4 spinel in the form of non-continuous layers and

odules of crystallite was observed. Moreover, isolated amorphous
ilica formed as a result of selective oxidation of Si were found at the
cale/substrate interface (Fig. 8(a) and (b)). The ferritic steels that
ontain Si in amounts greater than 0.5 wt.% usually form insulating,
etwork-like films of silica, which may grow under the chromia
cale [42]. The existence of these phases in the double-layered
hromia scales, confirmed by XRD and EDS analyses, was predicted
ased on thermodynamic calculations [43]. Fig. 9 illustrates oxygen
artial pressure equilibrium as a function of temperature for NiO,
eO, Cr2O3, MnO, SiO2, FeCr2O4 and MnCr2O4 phases, taking into
ccount steel composition (Table 1) calculated from the available
hermodynamic data [43,44] and assuming an ideal model of the

teel. The oxygen partial pressure of Ar–H2–H2O gas mixture with
value of pH2 /pH2O = 94/6 is also included.

able 1
arabolic rate constants of DIN 50049 steel, uncoated and coated with the
La,Sr)CrO3 film oxidized at 1073 K in different atmospheres.

Sample Atmosphere t (h) kp (g2 cm−4 s−1) r

DIN 50049 Air 50–300 1.7 × 10−13 0.9993
DIN 50049 Ar–H2–H2O 50–300 3.3 × 10−14 0.9977
DIN 50049/(La,Sr)CrO3 Air 50–300 2.0 × 10−14 0.9988
DIN 50049/(La,Sr)CrO3 Ar–H2–H2O 10–300 8.4 × 10−16 0.9964

Fig. 9. Oxygen pressure equilibrium as a function of temperature for several phases
taking into account steel composition.
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Fig. 10. SEM-SE cross-section micrographs of the oxidized DIN 50049 steel coa

The reason for the accelerated corrosion of uncoated DIN 50049
teel in air at 1073 K (Fig. 6) is the formation of a thick and con-
inuous spinel outer-layer, related to the very fast diffusion of

anganese in the chromia scale [45]. Spallation and cracking of
he scale due to the mismatching of its thermal expansion coef-
cient with that of the metal core, which lead to the formation
f diffusion paths for cations and anions, may also increase the
rowth rate of the oxide scale [41]. The exposition of the DIN 50049
teel to the Ar–H2–H2O mixture generally yields better adhesion
f oxidation products than exposition to air (Fig. 7a). This has
een confirmed by other authors [2,41,46]. In addition, a certain
mount of silica precipitates at the scale/steel interface boundary,
hich blocks the flux of chromium into the reaction zone inter-

ace, and therefore decreases the oxidation rate of uncoated steel in
he Ar–H2–H2O gas mixture. However, such chromia scales grown
hermally on uncoated ferritic steel in both atmospheres exhibit
oor electrical conductivity, which may increase overall cell resis-
ance during long-term operation, as will be shown in the next
ubsection.

In order to improve the corrosion resistance of the studied steel
nd simultaneously increase electrical conductivity of the chromia
cale for long exposure times in SOFC operating conditions, a thick
lm of conducting (La,Sr)CrO3 was deposited on the surface of the
IN 50049 steel using the screen-printing method. Fig. 10(a) and

b) shows SEM micrographs of the polished cross-section of the DIN
0049 steel coated with (La,Sr)CrO3 film after oxidation at 1073 K in
oth air and Ar–H2–H2O gas mixture atmospheres [33]. These fig-
res confirm the very good adhesion of the thick films to the metal
ore and demonstrate their small porosity. This is because their
hermal expansion coefficient matched that of the substrate well.
he TEC of La0.8Sr0.2CrO3 (10.90 × 10−6 K−1) is relatively close to the
EC values of DIN 50049 ferritic steel (11.33 × 10−6 K−1) [4,24]. The
hickness of the coatings ranged from about 20 �m to 30 �m. The
avities visible in the oxide coating originate from (La,Sr)CrO3 pow-

er nanospheres presented in Fig. 4(a) and (b). SEM micrographs
id not reveal any essential differences in grain size of (La,Sr)CrO3
oatings for the two examined (La,Sr)CrO3/DIN 50049 composites
Fig. 10(a) and (b)).

able 2
hase composition in the DIN 50049/(La,Sr)CrO3 composite after oxidation at 1073 K in d

Atmosphere Oxidation time (h) Analyzed part of the coating/

Outer film surface

Air 820 La0.8Sr0.2CrO3

SrCrO4

Ar–H2–H2O 760 La0.8Sr0.2CrO3
ith (La,Sr)CrO3 at 1073 K for: (a) 820 h in air and (b) 760 h in Ar–H2–H2O [33].

Detailed cross-sectional SEM-EDS and TEM-SAD investigations
of the DIN 50049 steel coated with conducting (La,Sr)CrO3 film
oxidized in the afore-mentioned conditions revealed the presence
of an interfacial zone of about 1–2 �m. These layers developed
between the film and the metallic core have a complex multilayer
structure with a composition dependent on the thermal treatment
atmosphere. It may be assumed that the existence of the interme-
diate layer, which relaxes the thermal strain at the coating/steel
interface, improves scale adhesion. Table 2 lists the phase com-
positions in the DIN 50049 steel coated with (La,Sr)CrO3 thick
film oxidized at 1073 K in different atmospheres, taken from the
conducting layers successively thinned by abrading down to the
metal substrate. As a result of oxidation of the (La,Sr)CrO3/DIN
50049 in air at 1073 K, SrCrO4 precipitates were detected in the
La0.8Sr0.2CrO3 coating (Table 2). This is connected with the low sol-
ubility of Sr in the LaCrO3 perovskite [47]. The thermochemical
calculations presented in [48] indicate that La0.8Sr0.2CrO3/SrCrO4
reaches phase equilibrium in air at 1073 K. The bottom portion of
the intermediate layer close to the metal substrate of the studied
composite exposed to air is built of a continuous Cr2O3 layer and a
non-continuous (Mn,Fe)Cr2O4 spinel layer, while the upper part of
the spinel appeared in the additional thin, non-continuous layer of
LaCrO3 (Table 2).

Moreover, as a result of the chemical interactions between the
constituents of the La0.8Sr0.2CrO3 coating and the Cr2O3 layer on
the metallic core, precipitates of the SrCrO4 compound are formed
next to the LaCrO3 phase at the coating/steel interface, according
to the following reaction:

5La0.8Sr0.2CrO + 1
2

O2 ⇔ SrCrO4 + 4LaCrO3 (1)

The above reaction process corresponds well to the analysis of the
SrO–Cr2O3–La2O3 phase diagram presented by Peck et al. [47].

The nature and distribution of these phases in the

(La,Sr)CrO3/DIN 50049 composite exposed to air at 1073 K
were investigated using TEM-SAD analysis. Fig. 11(a) shows a
TEM image of a fragment of the studied composite with visible
coating/intermediate reaction layer and intermediate reaction

ifferent atmospheres, as determined using XRD analyses.

steel material

Inside layer near the
reaction product

Reaction layer near the
metal core

LaCrO3

SrCrO4

(Mn,Fe)Cr2O4

Cr2O3

(Mn,Fe)Cr2O4

SrCrO4

LaCrO3

(Mn,Fe)Cr2O4

(Mn,Fe)Cr2O4

SrCrO4

Sr2LaFe3O8.94

Trace Cr2O3
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ig. 11. (a) TEM cross-section micrograph of the multilayer oxide/metal interface b
omposite oxidized at 1073 K in air for 820 h, (b), (c), (d) and (e) EDS point microan

ayer/metallic core interfaces, the position of which was deter-
ined based on EDS line scan analysis and a series of EDS point

nalyses presented in Fig. 11(b)–(e). When comparing the results
f these analyses carried out in the upper part of the coating
region 1 – Fig. 11(b)) and its lower part, which is directly adjacent
o the intermediate reaction layer (region 2 – Fig. 11(c)), similarity
etween their chemical composition and particle shape may be
bserved. The interaction product formed after the oxidation of
La,Sr)CrO3/DIN 50049 composite in air was composed of a 1 �m
hick continuous Cr2O3 layer formed from fine-crystalline grains
a 15 nm to 80 nm in diameter (region 3 – Fig. 11(d)). In addition,
here was some non-continuous precipitation of the (Mn,Fe)Cr2O4

pinel in some areas of this layer, and it was separated by amor-
hous inclusions of SiO2 that were embedded in the intergrain
oundaries of chromium oxide (region 4 – Fig. 11(e)). Precipitates
f the SrCrO4 phase were also observed in these boundary regions.
n the (La,Sr)CrO3 coating and the DIN 50049 substrate of the (La,Sr)CrO3/DIN 50049
of regions designated as 1, 2, 3 and 4.

Oxidation of the studied DIN 50049 steel coated with (La,Sr)CrO3
in Ar–H2–H2O gas mixture at 1073 K for 760 h leads to the for-
mation of a thin, continuous (Mn,Fe)Cr2O4 spinel layer at the
coating/steel interface, which proceeds along with the diffusion of
manganese from the steel to the interfacial zone; trace amounts
of chromia are present in this area (Table 2). Subsequently, it may
assumed that Cr2O3 acts as one of the substrates in the reaction in
which the SrCrO4 phase is formed according to equation (1). The
latter phase is also thermodynamically stable in the Ar–H2–H2O
gas mixture, in which the partial pressure of oxygen at 1073 K
is equal to 1.6 × 10−21 atm. The EDS line scan analysis of La, Cr,
Fe, Sr, Si and O across the cross section of the intermediate layer

in the (La,Sr)CrO3/DIN 50049 composite (Fig. 12(a)), shown in
Fig. 12(b), confirms the afore-mentioned considerations. Moreover,
Sr2LaFe3O8.94 precipitates as a “Ruddlesden-Popper phase” near the
metal substrate enriched with small particles of silica were found
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ig. 12. (a) SEM-SE cross-section micrograph and (b) EDS line scan images across
073 K for 760 h, along the white line in (a).

n the interaction layer (Table 2). This seems to explain why the
bserved oxidation parabolic rate constant is over one order of
agnitude lower than its value predicted based on the oxidation

inetics of the (La,Sr)CrO3/DIN 50049 composite in air (Table 1).

.3. Application of the DIN 50049 ferritic steel in SOFC
nterconnects

The low area specific resistance of the thermally grown chromia
cale and the suppression of chromium vaporization from the oxi-
ized scale are other important requirements set for SOFC metallic

nterconnect.
In order to determine the electrical resistance and evaluate

he usefulness of the elaborated procedure for the fabrication
f coating/steel composite materials used in the construction of
nterconnects for SOFCs, measurements of their in situ area specific
esistance were carried out. The ASR tests of the samples were
tarted after 50 h of pre-oxidation at 1073 K. Fig. 13 shows the
ependence of ASR vs. time for the DIN 50049 steel, uncoated and
oated with the (La,Sr)CrO3 during exposure at 1073 K in air and
r–H2–H2O gas mixture. It was found that the electrical resistance
f the chromia scale formed on the uncoated steel oxidation
n air exceeds the ASR level acceptable for SOFC interconnect
aterial as early as after 160 h, while the same steel oxidized
n the Ar–H2–H2O gas mixture reaches 0.07 � cm2 after 350 h of
ontinuous monotonic increase. Taking into account the results of
he microstructure studies of uncoated DIN 50049 steel presented

ig. 13. The time dependence of ASR for uncoated DIN 50049 steel and steel coated
ith the (La,Sr)CrO3 thick film during oxidation in air and Ar–H2–H2O at 1073 K.
ultilayer (La,Sr)CrO3/DIN 50049 interface formed after oxidation in Ar–H2–H2O at

in the previous subsection, it may be concluded that the existence
of cavities in such steel oxidized in air and the formation of a silica
phase in a bare substrate during oxidation in the Ar–H2–H2O gas
mixture reduces the contact surface area between the steel and
scale and, in consequence, leads to higher predicted ASR values.

When exposed to air atmosphere at 1073 K, the DIN 50049
steel coated with (La,Sr)CrO3 exhibits a higher ASR value equal
to 0.09 � cm2 after 350 h in comparison with the low electrical
resistance of about 0.02 � cm2 measured after the same time in
the Ar–H2–H2O gas mixture (Fig. 13). The significant difference in
ASR values of the studied composite is due to the presence of a
thin continuous chromia layer formed at the coating/steel interface
during oxidation in air, which simulates SOFC cathode operating
conditions. However, unlike the resistance of uncoated steel, which
approximately increases according to the parabolic rate law, the
resistance of the (La,Sr)CrO3/DIN 50049 composite reaches a practi-
cally constant rate of ca 0.09 � cm2 after around 220 h of oxidation
in air. This may most likely be attributed to the precipitation of
SrCrO4 during the reaction between the (La,Sr)CrO3 coating and
the Cr2O3 layer that forms on the surface of the steel (Table 2).
Consequently, the formation of SrCrO4, which has better electri-
cal conductivity than pure Cr2O3 [5,49] due to the embedding of
strontium ions into the grain boundaries of chromia, significantly
improves the electrical properties of the studied composite sys-
tem, thereby enabling long-term operation of the solid oxide fuel
cell. Conversely, the presence of the SrCrO4 phase with a thermal
expansion coefficient larger than that of the (La,Sr)CrO3 coating,
as reported in [50], might increase the electrical resistance of the
(La,Sr)CrO3/DIN 50049 composite. However, morphological obser-
vations of the studied materials (Figs. 10 and 9(a)) did not show the
presence of any voids at the coating/intermediate layer and inter-
mediate layer/steel interfaces. The low and constant resistance of
the (La,Sr)CrO3/DIN 50049 composite during oxidation under low
oxygen partial pressure, i.e. in the Ar–H2–H2O mixture, is affected
by factors such as: the presence of the continuous (Mn,Fe)Cr2O4
spinel layer and the SrCrO4 precipitates, the improved adhesion
of the reactive layer to the steel core and to the oxide coating,
and the modification of transport properties of the intermediate
reactive layer. The obtained results indicate that the values of the
in situ ASR for the studied coating material exposed to air and the
Ar–H2–H2O gas mixture at 1073 K are well below the acceptable
ASR level for SOFC metallic interconnect materials, which is of the
order of 0.1 � cm2.
To evaluate the effectiveness of the applied coatings, Cr-
vaporization rate tests of uncoated and coated DIN 50049 ferritic
steel were carried out in humid air, under pH2O = 9.72 × 10−2 atm,
at a flow a rate of 2 × 10−6 m3 s−1, at 1073 K, for 72 h, and under
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teel coated with the (La,Sr)CrO3 film at 1073 K in humidified air.

on-equilibrium conditions (unsaturated zone) [15]. Prior to each
xperiment, all samples were pre-oxidized for 48 h in air at 1073 K.
ig. 14 illustrates the chromium transport rate of the uncoated DIN
0049 steel and the steel coated with the (La,Sr)CrO3 and the sin-
ered Cr2O3 sample as a reference [15]. For the commercial DIN
0049 steel, the loss of mass was over 50% smaller in comparison
ith the sintered Cr2O3 sample. The vaporization rate was consid-

rably reduced by the presence of a thin, continuous Mn1.5Cr1.5O4
pinel layer formed on the outer part of the chromia scale, as indi-
ated by morphological and chemical studies of the oxidized DIN
0049 steel (Fig. 7). Since chromia activity in the Mn1.5Cr1.5O4
pinel decreases to a level below 1, the formation of the spinel on
he discussed steel leads to the drop of the rate of mass loss con-
ected with the chromium vaporization effect. The application of
he (La,Sr)CrO3 coatings on the studied DIN 50049 steel decreased
he level of vaporization rate of the most abundant chromia species,
.e. CrO2(OH)2, by ca 50% compared to the oxidized uncoated steel
Fig. 14). These data suggest that the investigated (La,Sr)CrO3 coat-
ng may effectively limit the negative consequences related to the
mission of volatile chromium compounds to the cathode site of
he SOFC.

While studying the usefulness of the (La,Sr)CrO3 coating for
mproving the heat resistance and reducing the electrical resis-
ance of some of the E-brite, Crofer 22APU and AL453 steels, Yang
t al. [18] obtained layers with a thickness of around 4 �m using
adio frequency magnetron sputtering (RF-MS); despite consider-
ble porosity and numerous microcracks, these layers exhibited
ow ASR after 250 h of oxidation in air at 1073 K. Among these
amples, the (La,Sr)CrO3/E-brite composite exhibited the best prop-
rties. Zhu et al. [26] used the sol-gel method to obtain a (La,Sr)CrO3
oating on the SAE-AISI 444 ferritic steel. Despite poor compact-
ess, this coating reduces the corrosion rate of the SAE-AISI 444
teel in air at 1073 K in comparison to its uncoated counterpart.
n addition, this coating effectively decreased the ASR. Mikkelsen
t al. [27], in turn, used PLD laser ablation to deposit a 0.5 �m
hick (La,Sr)CrO3 coating on the surface of the Crofer 22 APU steel;
his coating was then oxidized for 500 h in humid air at 1173 K,
nder isothermal conditions. A significantly lower mass gain was
bserved for the coated steel compared to the uncoated sample as
result of the slow growth of a chromia-rich multilayer. Gindorf

t al. [28] used Vacuum Plasma Spraying and managed to obtain a

omogenous and dense (La,Sr)CrO3 coating on a number of alloys;
his coating reduced the negative effects of Cr vaporization by as

uch as 93%.
r Sources 208 (2012) 86–95

The comparison of the results of research by other authors
[18,26–28] with our results shows that, despite not preventing the
formation of chromia on the surface of the oxidized coating/metal
composite, which is inevitable given the ionic conductivity of per-
ovskite compounds based on active elements, using our relatively
cost-efficient and simple screen-printing method it is possible to
obtain the (La,Sr)CrO3/DIN 50049 composite material with consid-
erable resistance to oxidation, the desired electrical conductivity,
and sufficient ability to absorb gaseous particles of chromium com-
pounds during the oxidation of commercial ferritic steel used as the
metallic interconnect in SOFCs. Nonetheless, our research is still
in its early stages, and needs to be expanded in order to further
decrease the electrical resistance at the ceramics/metal interfaces
for longer periods, i.e. thousands of hours. This issue is fundamental
for the proper operation of SOFCs.

4. Conclusions

Ultrasonic spray pyrolysis proved to be a useful method for the
synthesis of ultra-fine and homogeneous (La,Sr)CrO3 powders with
the desired composition and form of hollow spheres with thin walls
to be used in pastes for screen-printing. (La,Sr)CrO3 perovskite
thick films on DIN 50049 steel were fabricated by means of screen-
printing with a two-step procedure involving the deposition of
paste composed of nanopowder on a metal substrate, followed by
annealing in air. The oxidation process of the DIN 50049 steel –
uncoated and coated with (La,Sr)CrO3 – approximately obeys the
parabolic rate law at 1073 K in air and the Ar–H2–H2O gas mixture.
The oxidation rate for the uncoated steel is higher than that for
the steel coated with a conducting film, which indicates that the
composite material exhibits significant resistance to oxidation in
the afore-mentioned thermal conditions. SEM-EDS and TEM-SAD
investigations of the ferritic steel coated with the perovskite film
after oxidation in different atmospheres revealed the formation of
an intermediate, chromia-rich and/or spinel multilayer between
the coating and steel. This intermediate layer, which is the result of
the structural modification of the coating/steel interface reaction,
has been shown to have considerable influence on the area-specific
resistance level of the investigated composite materials. The forma-
tion of continuous, structurally-modified Cr2O3 or (Mn,Fe)Cr2O4
spinel layers, both of which include SrCrO4 precipitates, in the
(La,Sr)CrO3/DIN 50049 materials oxidized in air and the Ar–H2–H2O
gas mixture, respectively, has a beneficial effect on their electri-
cal properties and the chromium-getter barrier. The increase of
ASR in the DIN 50049 steel coated with (La,Sr)CrO3 results from
the formation of a thin, continuous Cr2O3 layer between the steel
and the oxide film in air, while the formation of the continuous
(Mn,Fe)Cr2O4 spinel layer in the afore-mentioned composite oxi-
dized in the Ar–H2–H2O gas mixture has an advantageous effect
on its electrical properties. The obtained results prove that the
(La,Sr)CrO3 coatings deposited on the DIN 50049 steel play a pro-
tective role as thermal and diffusion barriers against oxidation and
chromium vaporization at 1073 K and they are promising candi-
dates for chromia-forming metallic interconnects for planar-type
SOFCs.
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