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In this work, electrostatic spray deposition (ESD) technology was used to deposit dense, free-cracks and thin
La0.7Sr0.3MnO3 − δ (LSM) layers on SS446 alloy interconnect to be used in solid oxide fuel cell (SOFC) after
subsequent annealing at 800 °C in air for 2 h. The corrosion resistance of uncoated and LSM-coated steels has
been studied by electrical and thermogravimetric measurements. The oxidation rate was strongly reduced for
LSM-coated steel in ambient air and pure oxygen at 800 °C for 250 h. It was found for the first time that a
dense LSM coating as thin as 300 nm efficiently reduces the oxidation rate by limiting outward Cr3+ diffusion.
A protective chromia scale was detected by SEM and EDS at the interfacial layer. The area specific resistance
(ASR) of LSM-coated SS446 was found very low (30 mΩ·cm2) and stable in comparison with the uncoated
one (80 mΩ·cm2) after 200 h oxidation in air at 800 °C. The results of this work demonstrate the possibility of
automated production of dense conductive interconnect LSM-coated materials and give a standard thickness
to obtain stable long-term operation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ferritic stainless steel interconnects for solid oxide fuel cells (SOFC)
present several advantages such as enhanced mechanical strength and
improved seal efficiency of stacks [1]. However, the high Cr volatility
from Cr2O3 formed on the alloy surface results in a chromiumpoisoning
of the SOFC cathode [2] which is typically due to oxide scale formation
from volatile gaseous Cr(VI) species such as CrO3 or CrO2(OH)2 [1–3].
At high temperatures, a thermally grown electric conductive chromia-
based oxide layer is formed on surface alloys. The chromia scales exhibit
poor electrical conductivity [3] which may lead to power loss at the
electrode/interconnect interface during long-term SOFC operation.
According to literature [3], the outward chromium transport is likely
the dominant growth process in the chromia scales whereas the contri-
bution of oxygen transport is substantially smaller. The outward
chromium diffusion can result in the formation of voids and cavities at
the scale/metal interface leading to poor scale adherence [4]. Thus,
after exposure over a thousand hours, the chromia layer can exhibit
localized spallation.

To avoid chromium poisoning, a protection oxide coating on the
metal interconnect surface can be used andmay exhibit low Cr diffusiv-
ity at high temperatures. The protection layer is intended to serve as a
arch Institute — IPEN, PO Box
11 31339232.
).
barrier to both chromium cations and oxygen anion diffusion processes.
It can decrease the alloy oxidation kinetics, mitigate or even prevent
chromium diffusion from the alloy substrate. This buffer layer is expect-
ed to minimize the interfacial area specific resistance (ASR) between
the cathode and the interconnect by limiting the growth of the Cr-
based oxide scale. The material selected for the protection layer should
exhibit high electrical conductivity coupled with low chromium cation
diffusivity. Low oxygen ion diffusivity is also required to limit oxidation
of the substrate alloy and therefore, the subsequent growth of a chromia
or chromia-rich scale or interlayer between the protection layer and the
bulk alloy.

Perovskite oxides [5–11] have been applied as protection layer ma-
terials because of their high electrical conductivity, close TEC (thermal
expansion coefficient) values with stainless steels with a similar struc-
ture and composition of the SOFC cathode [12]. They also have the
ability to enhance thermo-mechanical integrity. Most of the reports in-
dicate that LSM coatings change the oxidation behavior of base alloys
and enhance the long term stability of metallic interconnects. Excellent
performances have been reported using protective perovskite coatings
between 2 and 40 μm in thickness [13–16]. The ASR for a (La0.80-
Sr0.15)0.9MnO3 layer (thickness ~ 30 μm) slurry-coated on a Fe–16Cr
alloy remained stable at around 74 mΩ·cm2 for 2600 h at 750 °C in
air [9]. An ASR lower than 20 mΩ·cm2 was recorded after 165 h at
800 °C in air for a plasma-sprayed LSM coating (100 μm thick) on a
SS444 substrate [17]. The ASR of (La0.80Sr0.20)0.98MnO3 (less than
100 μm thick)-coated Crofer22APU reached a value of 23 mΩ·cm2
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after oxidation for 8000 h at 800 °C in air [10]. However, only a few
studies have been devoted to the influence of both, thickness and mor-
phology of the protection coatings on metallic alloys on the chromium
diffusion. However, the coating thickness and microstructure fully de-
pend on the fabrication methods. There are numerous techniques for
coating metallic interconnects such as chemical vapor deposition,
pulsed laser deposition, plasma spraying, screen printing, slurry coating,
radio frequency magnetron sputtering, electrodeposition, and sol–gel
process [18]. Each technique has its proper advantages and drawbacks.
Although these processes are often well known, the ability of monitor-
ing both, thickness and surface morphology of the films is somewhat
limited.

The electrostatic spray deposition (ESD) is a relatively simple tech-
nique based on electrohydrodynamic laws and does not require expen-
sive equipment or vacuum generation. It also allows an excellent
control over the stoichiometry of the film and is therefore an interesting
technique in this regard [19]. This technique provides a wide range of
very distinct morphologies while conserving strong adhesion to the
substrate. An aerosol is created by atomization of a precursor's solution
and guided by an electrical field imposed on ametallic nozzle towards a
grounded substrate which is normally heated. The shape and spraying
modes of the aerosol may be tuned by changing the applied voltage
and the physico-chemical properties of the precursor's solution such
as surface tension, density and conductivity. The cone–jet mode is the
most stable configuration and it can be obtained in a relatively small
range of applied voltages [19]. When the electric field is strong enough,
the electrostatically stressed liquid surface can be distorted into a stable
conical shape (i.e. the Taylor cone, see Fig. 1). A large variety of mor-
phologies can be tailored mainly by the size of the droplets impacting
the substrate. Droplet size in the aerosol can vary from ~10 nm to
100 μm [20] depending on the experimental setup. Several studies
have modeled how the solution properties and the deposition parame-
ters determine droplet size formed at the nozzle [21]. Themost consen-
sual is probably the Gañan–Calvo's relationship [20] (Eq. (1)), showing
Fig. 1. Sketch of the ESD setup
that the droplet size variesmainly with the flow rate of the solution and
less strongly with the conductivity and surface tension of the solution.

d∼ ρ:ε0:Q
3

γ:σ
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6

ð1Þ

where d is the droplet diameter (m), ρ is the density (kg·m−3), ε0 is
the vacuum permeability (8.85 × 10−12 F·m−1), Q is the flow rate
(m3·s−1), γ is the surface tension (N·m−1) and σ is the electrical
conductivity of the solution (S·m−1).

In this work, La0.7Sr0.3MnO3 − δ (LSM) layerswere prepared by inno-
vative ESD on SS446 steel substrates. The microstructural properties of
the LSM protective coating on stainless steels have been optimized
varying solution flow rates, nozzle to substrate distance, substrate tem-
perature, the nature of the precursor's solution, and, finally, time depo-
sition. After subsequent annealing at 800 °C in air for 2 h, dense and
free-cracks films with controlled thickness were characterized by SEM
observations and EDS analysis. The effect of a dense thin LSM coating
and the oxide scale on the electrical behavior of uncoated and LSM-
coated steels have been investigated. Moreover, aging investigations
were performed for 250 h in air at 800 °C for three different LSM thick-
nesses. One can expect that a dense coating should bemore efficient as a
diffusion barrier layer than a porous layer. However, there are still con-
troversial arguments in the literature about the effect of coating thick-
ness on the time dependence of ASR [22–29].

2. Experiments

LSM coatings were deposited by ESD on polished ferritic stainless
steel SS446 (Ugitech, France) with disc dimensions of 20 mm × 1 mm
and the chemical compositions as shown in Table 1. The substrate sur-
faces were sanded (sandpaper: 600 and 1200 SiC) and polished to elim-
inate any surface defect and composition variation that could
used for film deposition.



Table 1
Chemical composition (wt.%) of ferritic stainless steels used as substrates.

Sample Fe Cr Mn Si Mo V W Ni Cu

SS446 Bal. 23.15 0.53 0.36 0.07 0.11 0.02 0.20 0.15
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Fig. 2. XRD patterns of the uncoated SS446 samples oxidized at 800 °C for 250 h (a) in air
and (b) pure oxygen.
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potentially influence oxidation performance of the alloys. The polished
substrates were washed using ultrasound in several steps with deion-
ized water, isopropyl alcohol and acetone during 10 min and were
then dried at 100 °C in a furnace.

The LSM-coated SS446filmswere deposited using a vertical ESD set-
up shown in Fig. 1. The experimental device consists of a syringe pump
connected to a hypodermic nozzle that controls the flow rate of the
precursor's solution. The substrate is placed above the syringe on a
heating plate while a mask is used to define the deposition area. The
temperature of the substrate is measured with a K-type thermocouple
on the substrate surfacewithout spray. The distance between the nozzle
and the substrate can be adjusted. A high-voltage supply is connected
to the metallic nozzle and is grounded on the substrate side. The LSM
precursor's solution was delivered to the nozzle flow rate at 0.50 mL/h
using a Sage™ M361 syringe pump.

The precursor's solutions with a concentration of 0.02 mol·L−1 were
prepared starting from La(NO3)·6H2O, SrCl2·6H2O and Mn(NO3)3·6H2O
in a mixture of 67:33 vol.% ratio of ethanol (C2H5OH, 99.9%) and butyl
carbitol (CH3(CH2)3OCH2CH2OCH2CH2OH, 99%) referred to as EtOH
and BC, respectively. The boiling points of ethanol and butyl carbitol
are equal to 78 and 231 °C, respectively. One deposition was performed
with pure ethanol in order to decrease the boiling point of the solution
without butyl carbitol. The ESD film deposition conditions concerning
the nozzle to substrate distances D, solution flow rate q, deposition
time t, and substrate temperature T were initially extracted from a pre-
vious report on the deposition of (La0.85Sr0.15)0.95MnO3 − δ on an yttria
stabilized zirconia substrate [30]. The deposition temperature was re-
ferred to the substrate surface facing the solution spray, obtained after
temperature calibration with a type K thermocouple. Positive high volt-
ages of approximately 8 kV were used and applied for proper aerosol
generation and spray stabilization for each sample. The LSM depositions
were performed in the following ranges for the substrate temperature T,
the nozzle to substrate distance D, the flow rate q and the deposition
time t: T = 300, 450 and 500 °C, D = 20, 40 and 50 mm, q = 0.34,
0.50 and 0.67 mL/h, t = 15, 30 and 60 min. All raw coatings were
found amorphous and a subsequent annealing at 800 °C for 2 h in air
was sufficient for the crystallization of LSM films.

The oxidation behavior of uncoated and LSM-coated SS446 alloys
was studied by monitoring theweight change in air and in pure oxygen
at 800 °C for 250 h. Heating and cooling rates were 2 °C/min. The fur-
nace was cooled down, and the samples were balanced in an interval
of 50 h until 250 h. The average mass change was calculated from indi-
vidualmass gains of coated anduncoated samples. Theweight gain after
each thermal cycle was measured with an accuracy of 10−4 g. The gas
flow rate was kept constant at 6 L·h−1 during the test.

The phase formation was characterized by X-ray diffraction (XRD)
using a PANalytical X'Pert Pro MPD diffractometer, from 10 to 90° 2θ
range with a speed of 2°min−1. The morphology and chemical compo-
sition of the films were analyzed by scanning electron microscopy
using a field-emission gun ZEISS Ultra 55 coupled with energy disper-
sive X-ray analyzer ZEISS 1540XB (Carl Zeiss NTS GmbH, Germany).

The ASR of uncoated and LSM-coated Fe–Cr alloyswasmeasured as a
function of time (up to 200 h) at 800 °C in air by using a DC two-point,
four-wire probe. In order to avoid any penetration of the metal elec-
trode through the thin LSM dense coatings, platinum meshes were
used as current collectors. A constant load (100 g) was applied to
achieve the better contact area of the current collectors and investigated
samples. Meshes were chosen instead of paste because some studies
[31,32] have shown that contacting with platinum paste not only mod-
ifies the thickness of the oxide scale formed but also the recorded
resistance. A constant current from 1 to 10 mA was passed through Pt
probes and the voltage in the sample wasmeasured using a multimeter
(HP 34401A). In parallel, the electric behavior of LSM-coated SS446
samples was evaluated during thermal cycles between 800 and 50 °C
for up to approximately 300 h.

During oxidation at high temperature, theASR of uncoated and LSM-
coated alloys is affected by the resistivity of the interfacial oxide layer.
By exposing alloys at high temperature, oxide scale forms on both
sides of the substrate. The ASR was calculated according to Ohm's law:
ASR = V / 2i, where V is the voltage drop and i the current density. A
factor of 2 was added to take into account that the voltage drop was
measured across two scales connected in series. The area was chosen
equal to the geometric area covered by platinum meshes according to
high conductivities of stainless steel substrates and LSM coating. ASR
measurements during oxidation at 800 °C in air were performed twice
on all samples. The ASR values variedwithin less than 10% in the chosen
experimental conditions.

3. Results and discussion

3.1. Microstructure

3.1.1. Uncoated alloys
Fig. 2 depicts the XRD pattern of uncoated SS446 steel after anneal-

ing for 250 h. The main diffraction peaks of the ferritic SS446 steel are
detected. Through XRD analysis, it is observed that the oxides formed
on the alloy surface are mainly composed of Cr2O3 (ICSD — 381479)
and (Cr,Mn)3O4 (ICSD — 330895) with a spinel structure. We can ob-
serve that there is an increase in the intensity of the peaks of chromium
oxide, suggesting that pure (andmost likely thicker) oxygen Cr2O3 scale
is formed on (Cr, Mn)3O4.

The surface micrographs of uncoated SS446 substrates exposed to
air and pure oxygen atmospheres at 800 °C for 250 h are shown in
Fig. 3. A prism shaped surface with a typical pyramid structure, charac-
teristic of a spinel (Mn–Cr) crystalline phase, can be observed. After
oxidation in pure oxygen (Fig. 3(b)), the layer presents some flaws in
the presence of aggregates with finer microstructures between the
prism shaped particles. This can be attributed to spallation of the
oxidized layer. Indeed, a high partial oxygen pressure at the oxide/
alloy interface can alter the inward diffusion of oxygen and the adher-
ence of the layer. The lower contents ofmanganese and iron after oxida-
tion in pure oxygen are in agreement with this assumption. A spinel
(Mn–Cr) crystalline phase, covering an inner chromia layerwith smaller
grains, has already been evidenced after oxidation at high temperatures
in air [33–37]. The oxidation process of Fe–Cr alloys containing

image of Fig.�2


Fig. 3. SEM images of the uncoated surface of SS446 samples oxidized at 800 °C for 250 h (a) in air and (b) pure oxygen.
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manganese is controlled by the outward diffusion of cations through
the well-developed oxide scale [38–41]. Manganese ions diffuse faster
than chromium ions in the oxide scale resulting in a double layered
oxide scale with Mn–Cr spinel on top of the chromia layer. The Mn
content in the surface spinel is an increasing function of that of the
alloy. Moreover, no Mn-containing oxide was detected after oxidation
of a Mn-free alloy [42]. Accordingly, the Mn rich surface oxide is likely
to originate from a fast diffusion of manganese ions across the oxide
scale.

3.1.2. LSM-coated alloys before long term oxidation
As mentioned above and based on a previous study [30], the ESD

deposition parameters must be optimized for a metallic substrate to
control the morphology of the LSM film.

As shown in Fig. 4, a densemorphology accompanied by large cracks
was obtained by using a short nozzle to substrate distance with a large
flow rate and a low deposition temperature (Sample (1)). The forma-
tion of these cracks is assigned to the large amount of liquid droplets
favoring low temperature evaporation according to Eq. (1) [43]. Then,
a lower solution flow rate (0.34 mL/h) was used with a larger nozzle
to substrate distance (50 mm) while the substrate temperature was in-
creased from 300 to 450 °C. Thus, cracks were removed due to a rapid
solvent evaporation but the presence of smaller and drier droplets
resulted in a granular morphology (Sample (2)). At this stage, a com-
promise must be found to increase the compactness of the film in
order to compensate the lack of dense morphology. This is why the
same distance of 50 mm, a flow rate of 0.67 mL/h and a temperature
of 500 °C were applied for Sample (3) using pure ethanol to prevent
an excess of liquid in the droplets according to its lower boiling point.
A porous layer with a “coral” typemicrostructurewas obtained because
the droplets arriving on the substrate still contained a low amount of
solvent and were attracted by preferential landing when impacting
the substrate [43]. Accordingly, the droplet size must be increased for
a better spreading on the substrate by reducing the nozzle to substrate
distance to an intermediate value of 40 mm and by reducing the sub-
strate temperature from 500 to 450 °C to decrease their evaporation
rate during flight [44]. The flow rate was adjusted to 0.50 mL/h to
avoid any excess of liquid impacting the substrate. In these conditions,
a dense and homogeneous LSM film, free of cracks was obtained using
a mixture of ethanol and butyl carbitol (Sample (4)).

By using these optimized deposition parameters, the LSM thickness
was adjusted by varying the depositing time between 15 and 60 min.
After deposition for 15 min at 450 °C and subsequent annealing at
800 °C for 2 h, the surface of a LSM-coated SS446 alloy shows typical
pyramidal particles of similar size (Fig. 4a) which is characteristic of a
spinel crystalline structure [45]. The direct observation of these oxides
can be related to a breakdown of the thin LSM coating (less than
100 nm) (Fig. 4b). This is likely due to non-uniform coating after
15min deposition time by ESD. Thus, such a layer is not efficient to hin-
der cations diffusion. For longer deposition times, the LSM coatings
present a more homogeneous surface, almost dense and free of cracks
(Fig. 4).

When the ESD deposition time was increased by a factor of 2 (from
30 to 60 min), the LSM thickness is not strongly increased (from 280 to
300 nm)while the increase in the deposition time from 15 to 30min al-
most led to a threefold increase of the thickness (from 100 to 280 nm)
(Fig. 5). However, the LSM film appears denser with a flat surface after
deposition for 60 min. It seems that during the very first moments of
coating formation, the first droplets impact the smooth polished
substrate with an equilibrium between the incoming solution and the
solvents' evaporation on the hot substrate. This leads to a dense and
very thin film due to a spreading on a smooth surface. As far as the pro-
cess continues up to 15 min, the incoming droplets preferentially land
on the top of already existing highest points of the layer surface because
these parts act as concentrators of the electrical field lines on the surface
of the substrate (this phenomenon can be referred to as “preferential
landing” [43,44]). Hence, an increased roughness of the coating is ob-
served. An increased porosity is formed in particular when deposition
time is increased up to 30 min. Then, the arriving liquid droplet excess
penetrates by capillary action (Fig. 5(e)) into the formed pores in the
sublayer and consequently fills the porous microstructure leading to a
dense film. A clear more compact microstructure has been obtained
after 60 min keeping the thickness almost constant.

3.1.3. LSM-coated alloys after long-term oxidation
After oxidation at 800 °C for 250 h in air, some cracks are observed

on the surface of SS446 alloy coated by a thin LSM film (Fig. 5a),
which is not so surprising since surface cracks were evidenced before
oxidation (Fig. 4). The faceted grains located between the LSM grains
are related to duplex Cr2O3 and/or (Cr, Mn)3O4 phases [6,11] as
confirmed by EDS analysis (Fig. 6a). Since LSM is crystallized after 2 h
at 800 °C, the crackling of the coating could originate from a thermal
expansion mismatch between the alloy and thin LSM film [5,45,46],
yielding the development of compressive residual stresses in the film



Fig. 4.Morphology of thin LSM films coating on SS446 alloy and annealed at 800 °C for 2 h in air.
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during the cooling process [47]. The EDS analysis also revealed the exis-
tence of iron oxides in the outer layer (Fig. 6a). Such oxides are more
permeable to oxygen and, thus, favor the thickening of the chromium-
based layer [48].

For thicker LSM films, no cracks are evidenced on the surface of the
coated alloys, suggesting a better adherence of the coatings. For a
280 nm thick LSM film, the formation of Cr2O3 and/or (Cr, Mn)3O4

phases on the surface is confirmed by EDS (Fig. 6b). The existence of
small pores in the film is likely to favor both chromium and oxygen dif-
fusion processes [6]. Due to a low open porosity (Fig. 3), no chromium-
based oxides are detected on the surface of the alloy coated by a 300 nm
thick LSM film (Fig. 6). After 200 h of oxidation no thickness variation of
the Cr2O3 and/or (Cr, Mn)3O4 layers was detected, proving that this
coating is efficient as a diffusion barrier layer for chromium. It is worthy
to note that the high intensities of oxide scale peaks (Fig. 6c) are likely
due to the fact that the penetration depth of X-rays is higher than the
LSM thickness.
3.2. Weight gain investigation

Uncoated and LSM-coated SS446 alloys exhibited a near parabolic
oxidation behavior for 250 h at 800 °C in air and pure oxygen (Fig. 7).
The parabolic rate law was verified by plotting the ratio of the weight
gain Δm to the total oxidized area S versus the square of the oxidation
time t. The corresponding slopes enabled the calculation of the apparent
parabolic rate constant Kp [1,36]. The result indicates a diffusion con-
trolled oxidation process [49,50]. Since chromium oxide and manga-
nese–chromium spinel phase are the main reaction products (Figs. 5
and 6), Kp can be seen as a combination of O2−, Cr3+ and Mn2+/3+

diffusivities in such oxides.
The first obvious result from Fig. 7 is that coating a SS446 alloy by a

LSM film decreased the mass gain during long term oxidation at high
temperatures, regardless of both, film thickness and aging atmosphere
which is in agreementwith literature data [51,52]. This also corresponds
to previous reports on Crofer22APU coated by La0.85Sr0.15MnO3-based

image of Fig.�4


Fig. 5. SEM images of the surface and cross sections of LSM-coated SS446 with different thicknesses: (a), (b) 100 nm; (c), (d) 280 nm and (e), (f) 300 nm.
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films with thicknesses higher than 15 μm deposited by plasma spraying
[49] or slurry coating [53]. The recorded decrease of weight gain is an in-
creasing function of the LSM thickness at 800 °C. No gain was evidenced
by Persson et al. [53] at 900 °C in humidified air after 4000 h by increas-
ing the LSM thickness from 15 to 30 μm. For an uncoated alloy, the ap-
parent rate constant is equal to 2.6 10−13 g2·cm−4.s−1 at 800 °C (Fig. 8)
which is rather to previously reported values for such commercial stain-
less steel treated at this temperature (1.3–2.0 10−13 g2·cm−4.s−1) [36,
54]. At this stage, one can note that the Kp values are higher than
those determined for Crofer22APU alloy of rather close chromium con-
tents, for instance 4–8 10−4 g2·cm−4·s−1 at 800 °C in air [38,55,56].
However, these values are significantly lower than other reported values
for this alloy [57]. Nonetheless, one must keep in mind that the oxida-
tion behavior of ferritic stainless steels depends on the chromium
contents and alloying elements [31,58,59].

After deposition of a 100 nm thick LSM film, the apparent rate con-
stant decreases down to 1.5 10−13 g2·cm−4·s−1 at 800 °C in air, indi-
cating a partial hindering of the growth of the oxide scale.
Nevertheless, this coating cannot be viewed as totally efficient because
LSM was not evenly distributed on the alloy surface before long term
oxidation. Therefore, the inward oxygen diffusion was not fully hin-
dered. An argument in favoring this assumption is that the mass gain
and Kp are lower when depositing thicker LSM layers (Figs. 7 and 8).
The apparent rate constant is then lower than 4 10−14 g2·cm−4·s−1

at 800 °C in air. As these layers are evenly distributed on the sample
surface(Fig.5),therecordeddecreaseindicatesthatthesecoatingsacted
asatransportbarrier foroxygenbyreducingtheoxygenpartialpressure
attheLSM/oxidescaleinterface.Accordingly,thedrivingforceforthein-
wardoxygendiffusionisdecreasedandtheparabolicrateconstant isre-
duced [49]. This suggests that the oxidation process becomes more
controlledbyoutwarddiffusionofcationsthroughtheoxidescale, since
thecationdiffusioncoefficientsarehigherthanthatofoxygen[60,61].

The oxidizing atmosphere has an effect on the oxidation behavior
(Fig. 7). A higher mass increase was observed in oxygen compared to
air, except for a 100 nm thick LSM film. The origin of this behavior re-
mains unclear. The increase of Kp in oxygen is lower than those recorded
for uncoated and LSM-coated chromia-forming steels [49]. Since one
can assume that a limited access to oxygen at the surface of the growing
oxide scale is expected, the increase of the oxidation rate with the
oxygen partial pressure can be related to enhanced cation diffusion
[49]. At this stage, it is worth to mention that, according to our knowl-
edge, it is the first time that a dense LSM film of 300 nm thickness acts
as an efficient barrier to hinder the growth of the oxide scale.

3.3. ASR investigation

The ASR variations versus oxidation time at 800 °C in air for all in-
vestigated specimens are shown in Fig. 9. For the uncoated alloy, the ini-
tial decrease of ASR during ~10 h can be due to enhanced contacts with
the current collector. Indeed, since platinum meshes were used for

image of Fig.�5


Fig. 6. SEM images and EDS analysis of the surface of LSM-coated SS446 with different thicknesses after oxidation at 800 °C during 250 h in air: (a) 100 nm, (b) 280 nm and (c) 300 nm.
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current collection, no penetration of platinum in the growing oxide
scale can be invoked in the chosen experimental conditions. For longer
aging times, the ASR steadily increases versus the oxidation time, as al-
ready observed for uncoated ferritic stainless steels with nearly similar
chromium contents than SS446 alloy [10,14,15,27,45,62–65]. This in-
crease can be related to the continuous growth of the oxide scale on
the substrate surface. After 200 h at 800 °C in air, the ASR of uncoated
alloy is lower than 80 mΩ·cm2, value higher than those reported in lit-
erature under the same experimental conditions (b40 mΩ·cm2). This
difference can originate from high silicium content (Table 1) yielding
the formation of insulating silicon precipitates [66] as seen by EDS anal-
ysis (Fig. 3). TheASRof an uncoated ZMG232 alloy containing 0.16 wt.%,
the Si content was higher than that recorded for uncoated Crofer22APU
alloy containing 0.03wt.% Si by a factor of 1.6 after 200 h at 800 °C in air
[5].

During the first 50 h of oxidation, the ASR of LSM-coated alloys de-
creases regardless to the coating thickness. This is in contradiction
with some previously published results. There, the recorded steady in-
crease of ASR is attributed to the continuing growth of the oxide scale
on the substrate surface [10,11,14,27,45,63,67]. However, the decrease
of the ASR of coated-stainless steels during oxidation at 800 °C in air
was also reported [68]. For instance, the decreasing ASR of Crofer22APU
alloys coated by reactive element oxideswas related to the formation of
perovskite oxides with the chromia growing layer which has a good
conductivity at high temperature [55]. Since the LSM films, deposited
by ESD, are well crystallized before aging at 800 °C and by considering
the high compactness of these films (Fig. 5), the decrease of ASR is not
likely due to a continuous sintering of the protection layers; at least
for the two thicker films. Accordingly, the recorded decrease can be re-
lated to increased contact area between the current collectors and LSM
deposited to the formation of a structure of higher conductivity [56,59],
i.e. a spinel phase. An argument which supports this assumption is that
the ASR remains nearly unchanged for oxidation times higher than 150
h and is lower than its initial value. This indicates that the spinel layer
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Fig. 7. Oxidation kinetics of uncoated and LSM-coated SS446 in air and pure oxygen with
different thicknesses: (a) 100 nm, (b) 280 nm and (c) 300 nm.

Fig. 8.Parabolic rate constants determined for uncoated and LSM-coatedSS446 alloys after
250 h at 800 °C in air and pure oxygen.
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coated SS446 alloy.
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compensates the continuous growth of chromia. A peculiar behavior
was observed for the 100 nm thick LSM film between 100 and 140 h
at 800 °C in air (Fig. 9). This is not linked to the experimental conditions
because it was recorded for two similar samples. The sudden increase in
ASR is not likely due to a partial spallation of the oxide layer, grown at
800 °C [69,70], but rather to a partial cracking of the LSM film during
oxidation, thus enhancing the growth of the oxide scale (Fig. 5). The fur-
ther formation of the spinel phase allows the increase of the contact
area with the current collectors and results in a decreasing ASR to
reach an average value slightly higher than that recorded after 100 h
(Fig. 9).

To gain additional information on the electric behavior of the inves-
tigated assemblies, the ASR was measured between 600 and 900 °C
before and after long term oxidation at 800 °C in air. Between 600 and
900 °C, the logarithm of (ASR/T) varies linearly versus the reciprocal
temperature (1/T) regardless of the sample (Fig. 9B). The corresponding
activation energy (Ea) was calculated from the slope of the recorded lin-
ear curves and values are reported in Table 2. At a given temperature,
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Table 2
Activation energy for ASR of uncoated and LSM coated SS446 before and after oxidation
during 200 h at 800 °C in air (600 °C ≤ T ≤ 900 °C).

Sample Ea (eV)
Before oxidation

Ea (eV)
After oxidation

Uncoated SS446 – 0.58
100 nm LSM-coated 0.50 0.55
280 nm LSM-coated 0.28 0.36
300 nm LSM-coated 0.38 0.40

165L. da Conceição et al. / Surface & Coatings Technology 254 (2014) 157–166
the ASR values are in good agreement with the variations recorded
during isothermal oxidation. These values are close for all LSM-coated
alloys after oxidation. Moreover, the ASR is lower in average after long
term oxidation. It is worthy to note that the activation energy for
LSM-coated samples is not strongly modified after long term oxidation,
indicating that the conduction process remains nearly unchanged. The
values of activation energy are in the order of those determined for
LSM-coated SS444 alloys [17]. The results suggest that the electric
behavior of coated alloys is not monitored by the LSM layer because
the activation energy for conduction in LSM is low (~0.10 eV) under
the chosen experimental conditions [1]. Since the activation energy for
conduction in the spinel phases (N0.80 eV) are higher than that of
chromia (~0.30 eV), the electric behavior of all investigated assemblies
are dominated by chromium oxides which represent the low conducting
phase.

The ASR of LSM-coated alloys was also recorded during thermal
cycles between 800 and 50 °C after long term oxidation at 800 °C in
air. The heating and cooling rates were equal to 10 °C/min. An example
of the corresponding variations is given in Fig. 10 for a 300 nm thick LSM
coating. As expected from the thermal activation of the electric behavior
of ASR (Fig. 9), there is a decreasing function of themeasured tempera-
ture. After 6 subsequent thermal cycles, no significant variation of the
ASR was recorded at the two reference temperatures. This clearly
shows the high adherence of LSM films on the chosen alloy and that
themicrostructure of this protection layer is efficient to provide a strain
tolerance and improved thermo-mechanical stability during the SOFC
operation.

4. Conclusions

The presented results show that thin 300 nm LSM coatings are effi-
cient for lowering the oxide scale growth rate of SS446 stainless steel
alloys at high temperature in both air and pure oxygen atmosphere.
For the 300 nm LSM-coated sample, the great ASR performance is due
to an excellent adhesion of the LSM film on the oxide scale and also to
the high density of LSM film after 200 h of oxidation. The densified
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Fig. 10. ASR testing of LSM-coated SS446 alloy during successive thermal cycles (LSM
thickness = 300 nm).
thin LSM-coating layer does not only significantly decrease the contact
resistance between the interfacial spinel, oxide scale, and the steel inter-
connect, it can also act effectively as a barrier to outward diffusion of
chromium cations, thus preventing subsequent chromium migration
into the cathode and contact material. Electrostatic spray deposition
can be seen as an alternative to other deposition methods since this
technique shows good reproducibility and excellent efficiency to obtain
nanometric layers on the interconnect surface, which is fundamental to
decreasing the cost of manufacturing of ceramic protective coatings on
SOFC interconnects. The thin LSM coating has a further advantage of
being sufficiently electrically conductive and chemically compatible
with other ceramic components of SOFC. Furthermore, it may provide
beneficial elements for the scale growth (manganese and lanthanum).
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