
C
c

J
a

b

a

A
R
R
A
A

K
S
D
F
P
L

1

o
n
[
A
n
d

t
t
t
n
h
p
w
a
H

y
a
i

0
d

Journal of Power Sources 201 (2012) 196– 203

Contents lists available at SciVerse ScienceDirect

Journal  of  Power  Sources

jou rna l h omepa g e: www.elsev ier .com/ locate / jpowsour

omponent  interactions  after  long-term  operation  of  an  SOFC  stack  with  LSM
athode

.  Malzbendera,∗,  P.  Batfalskyb,  R.  Vaßena,  V.  Shemeta, F.  Tietza

Forschungszentrum Jülich GmbH, IEK, 52425 Jülich, Germany
Forschungszentrum Jülich GmbH, ZAT, 52425 Jülich, Germany

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 25 August 2011
eceived in revised form 28 October 2011
ccepted 31 October 2011
vailable online 6 November 2011

eywords:

a  b  s  t  r  a  c  t

The  reliable  long-term  operation  of  stacks  with  a low  degradation  rate  is  a prerequisite  for  the commer-
cialization  of solid  oxide  fuel  cell  (SOFC)  technology.  A detailed  post-test  analysis  of  stacks  is  of  major
importance  in  understanding  degradation  mechanisms.  Here  the  results  are  reported  of  a post-test  anal-
ysis of  an  SOFC  stack  with  anode  supported  cells  with  Ni/YSZ  anode,  8YSZ  electrolyte,  and  a  lanthanum
strontium  manganite  (LSM)  cathode  operated  under  steady-state  conditions  for  19,000  h. In  particular,
the  microstructural  and  chemical  analyses  of  the  relevant  metallic  and  ceramic  components  are  reported.
olid oxide fuel cell
egradation
ailure
rotective coating
anthanum strontium manganite

The interconnects  were  coated  with  a (Mn,Co,Fe)3O4 spinel  by  atmospheric  plasma  spraying,  which  pre-
vented  Cr  evaporating  into  the  cathode  compartment.  The  diffusion  of Mn  from  the (La,Sr)MnO3 cathode
into  the  8YSZ  electrolyte  led  to  local  enrichment  at grain  boundaries,  which  might  have  been  responsible
for  the  degradation  via  electronic  pathways  leading  to  partial short-circuiting  across  the  electrolyte.  How-
ever,  the  ultimate  failure  of  the  stack  was  the  result  of  a weakening  and  fracture  of  the  8YSZ  electrolyte

ue  to  
along  grain  boundaries  d

. Introduction

The development of solid oxide fuel cells (SOFCs) is based
n the high-temperature ionic conductivity of stabilized zirco-
ia, which was discovered more than a century ago by Nernst
1] and integrated in SOFCs in the 1930s by Baur and Preis [2].
fter considerable technological progress in recent years, SOFCs are
ow considered a promising alternative to convert chemical fuels
irectly into electrical energy [3].

There are essentially two main geometrical concepts for SOFCs:
he tubular and the planar design. With respect to proof of long-
erm stability and demonstration of power plant technology, the
ubular concept appears to be far more advanced, whereas the pla-
ar design has higher development potential and already provides
igher volumetric and gravimetric power density [3].  For stationary
ower generation, the aim is a operating time of 80,000 h combined
ith an acceptable total loss of power density of 25%, resulting in

n average degradation rate of 0.3%/1000 h (∼2 to 3 mV  kh−1) [4].
ence, degradation and lifetime are major challenges.

Typically, the cells manufactured at JÜLICH consist of an 8 mol%

ttria-stabilized zirconia (8YSZ) electrolyte, a Ni and 8YSZ cermet
node and anode substrate, and a lanthanum strontium mangan-
te (LSM) cathode. The operation temperatures are typically 800 ◦C

∗ Corresponding author. Tel.: +49 2461616964; fax: +49 2461613699.
E-mail address: j.malzbender@fz-juelich.de (J. Malzbender).
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the  local  Mn  enrichment.
© 2011 Elsevier B.V. All rights reserved.

for stacks with LSM cathode and 700 ◦C for lanthanum stron-
tium cobalt ferrite (LSCF) cathodes [5–8]. The cells are mounted
between ferritic steel interconnects [9].  The ferritic steels with high
chromium content (>16%) form conductive chromia scales and are
compositionally adjusted to the thermal expansion of the anode
substrate [10]. Typically, Ni meshes and ceramic contact layers are
used as electrical contacts on the anode and cathode side, respec-
tively. The fuel and air compartments are separated and sealed by
glass–ceramics [9].

In  fact, more than 20 stacks have been operated at JÜLICH during
the last four years with operation times of more than 3000 h. The
use of improved steels, high-performance cells operating at lower
temperatures and optimized protective layers permitted tests to
be carried out for stack operation times of 34,000 h at 700 ◦C with
an average degradation rate of 10 mV  kh−1 at 500 mA  cm−2 [11]
and about 19,000 h at 800 ◦C with 4 mV  kh−1 at 500 mA  cm−2 (work
reported here), thus coming closer to technological targets. Details
on the post operational analysis of the former stack are reported
in [12]. Here the results of post-test analyses of the latter SOFC
stack are reported, which was  shut down after the failure of one
cell. In particular, the microstructural and chemical analyses of the
relevant components are highlighted.
2. Experimental

The investigated stack consisted of four cells based
on Ni/YSZ cermets as anode substrates with dimensions

dx.doi.org/10.1016/j.jpowsour.2011.10.117
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:j.malzbender@fz-juelich.de
dx.doi.org/10.1016/j.jpowsour.2011.10.117


J. Malzbender et al. / Journal of Power Sources 201 (2012) 196– 203 197

F tion c
I 75 and

o
(
r
M
a
c
d
A
S

p
g
o
S
s
c
a
S
d

c
T
t

c
u
2

ig. 1. (a) Time–voltage curve of the stack during long-term operation, (b) degrada
–V  measurements at the beginning and end of the stack test (800 ◦C; H2, 8; H2O, 0.

f 100 mm × 100 mm,  and a double-layer cathode of LSM
La0.65Sr0.3MnO3). The metallic parts were made of the fer-
itic steel Crofer22APU. The protective interconnect coating was  a
nCo1.9Fe0.1O4 spinel (MCF) with a thermal expansion coefficient

djusted to the ferritic Crofer 22 APU steel [13]. However, in
ontrast to previously reported stack tests [14], the coating was
eposited here using atmospheric plasma spraying (APS). Such
PS coatings have proven to be advantageous for the operation of
OFC stacks [15].

The coatings were deposited with a three-cathode Triplex I
lasma torch (Sulzer Metco AG, Wohlen, Switzerland). The plasma
un was mounted on a six-axis robot. The plasma jet was a mixture
f argon and helium gas, the total gas flow rate was Ar/He: 20/18
LPM; current: 300 A; spraying distance: 80 mm;  robot movement
peed: 550 mm s−1 and feeding rate: 7 g min−1. The spraying pro-
ess used only one pass to obtain the required film thickness of
bout 50 �m [16]. As feedstock, an MCF  powder supplied by H.C.
tarck, Germany was used (grain size distribution d10 = 33 �m,
50 = 66 �m,  d90 = 106 �m).

The ceramic contact material between cathode and protective
oating was a perovskite material based on La(Mn,Cu,Co)O3 [17].
he sealing material was a Ba–B–Ca–Al silicate glass [18]. Addi-
ional details of the stack design can be found in [19].
The stack was operated for 19,000 h at 800 ◦C under a steady
urrent load of 0.5 A cm−2. H2/3% H2O was used as fuel. The fuel
tilization was  39.8%, the oxygen utilization of the air fed in was
6.6%. The four cells in the stack all showed good performance over
urve. The stack was shut down after progressive degradation of one cell. (c and d)
 air, 10 l min−1).

the whole period of operation; the cell no. 1 showing about 20 mV
lower voltage than the other three. Unfortunately, the test had to be
stopped after a total operation time of just over 19,000 h because
of a sudden loss of performance in cell no. 4. The corresponding
voltage-time curves and degradation curves as well as the ASR
curves at the beginning and end of the stack test are shown in Fig. 1.
The post-operational analysis followed the procedure outlined in
[12]. The stack was  partly embedded in resin parallel to the direc-
tion of gas flow and specimens were obtained for the subsequent
microstructural and chemical analysis using water jet cutting. The
remaining non-embedded stack part was disassembled to permit a
non-localized examination of the origin of degradation and failure.

The samples were investigated in detail using scanning elec-
tron microscopy (SEM, Ultra 55, Zeiss, Oberkochen, Germany) and
energy-dispersive X-ray analysis (EDX, INCA, Oxford Instruments,
Oxford, UK). X-ray diffraction (XRD) measurements were carried
out with the diffractometers Siemens D5000 and Bruker-AXS/D4
Endeavor using Cu K� radiation. Additional investigations were car-
ried out for non-embedded specimens in order to characterize the
crystalline structure of the components and layers after the stack
test.

3. Results and discussion
In the following sections, the results of the stack dismantling
and subsequent microstructural investigations are presented. After
the macroscopic observations, the microstructural results are given
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Fig. 2. Glass-ceramic sealant after stack operation times of (a) 1000 h, (b) 7000 h and (c) 19,000 h.

Table 1
Chemical composition in terms of cation ratios determined by EDX (in at.%) of points indicated in Fig. 4b.

Spectra
Fig. 4b

Cr Mn Fe Co Cu

Spectrum 1 2.0 38.4 4.7 51.1 3.8 Protective layer
Spectrum 2 0.5 38.8 4.5 51.9 4.3 Protective layer
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of the interconnect. A similar microstructure has been observed for
coatings that were annealed for 110 h at 800 ◦C without current,
hence it is possible to rule out a relationship to cation diffusion
in the electrical field, which is known to occur in ceramic oxide
Spectrum 4 79.5 19.2 

Spectrum 5 2.5 37.9 

Spectrum 6 0 38.9 

nd discussed starting with the sealant material and then proceed-
ng from the cathode side interconnect via the electrolyte to the
node side interconnect.

.1. Macroscopic observations

As already mentioned above, the average degradation was
educed by a factor of two  compared to stacks subjected to long-
erm operation at 700 ◦C [11] even though the stack examined here
as operated at the higher temperature of 800 ◦C. In addition to

he difference in degradation rate, one stack operated at 700 ◦C was
hut down due to progressive degradation of all the cells, one other
s still in operation at the time of writing, whereas the stack under
iscussion was shut down after a sudden increase in the degrada-
ion of one cell, which suggested internal failure—an aspect that
eceived special consideration in the subsequent analysis.

The successive dissection of the non-embedded stack sec-
ion after shut down revealed a color change of the uncoated

etallic manifold of the cell pointing to a sudden voltage drop.
ccording to previous experience, this color change indicated a
igh-temperature event, e.g. overheating due to burned fuel gas
s a result of a cell leakage.

.2. Sealant material

The sealant showed a good adherence to the interconnect with
 thin reaction zone. Fig. 2 shows a comparison of the sealant mate-
ial after different stack operation times (1000, 7000 and 19,000 h).
t can be seen that the degree of crystallization increases with stack
peration time. The phases that are visible after shorter operation
imes appear to increase in volume at the expense of the remaining
on-crystallized glass phase. In addition, some micropores were

ormed after 19,000 h of stack operation due to crystallization-
elated shrinkage.

.3. Protective coating and metallic interconnect (cathode side)

A low magnification optical micrograph of a polished cross-

ection of the cell, the adjacent contact and protection layers and
he metallic interconnect is shown in Fig. 3. The MCF  spinel layer
howed very good adhesion to the oxide scale on the interconnect,
lthough locally minor crack formation was observed perhaps due
0 0 Oxide scale
50.1 4.5 Protective layer
53.6 4.0 Protective layer

to the metallographic sample preparation. A well-developed, dense
oxide scale formed between the protective coating and the steel
interconnect. In fact, the oxidation of the steel is predominately
directed inwards, in contrast to a stack with LSCF cathode and MnO2
protective coating [12], in which the oxidation was additionally
enhanced at the edges of the interconnect channels.

3.3.1. Protective coating
The MCF  protective coating in the as-sprayed state is rather

macroporous and the splat boundaries can be clearly seen (Fig. 4a).
Due to fast cooling from the melt during the plasma spraying
process, as-deposited coatings often consist of non-equilibrium
phases. XRD patterns of the as-sprayed coating revealed two peaks
of mixed rocksalt structure phases with different lattice parame-
ters, the one with the smaller lattice parameter probably contains
more Co. Annealing of such a coating for 19 h at 800 ◦C revealed
the formation of MnCo2O4. The APS coatings were not heat treated
after deposition, and therefore re-crystallization and densification
occurs during the first thousand hours of operation [20]. Although
the protective coating showed healing of splat boundaries due to
the long-term operation, it also locally displayed a much lower den-
sity than in the as-sprayed condition (Fig. 4b) with an increasing
microporosity gradient from the contact layer to the corrosion layer
Fig. 3. Optical micrograph of a polished cross-section of the cell, the adjacent contact
and protection layer and metallic interconnect.
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Fig. 4. (a) MCF  protective coating in the as-sprayed state, (b) MCF  protective coating and oxide scale after operation. The composition was verified by EDX spectra at positions
1,  2, 5 and 6.
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Fig. 6. XRD patterns of the contact layer in the cathode compartment (a: on the
gas  channels; b: on the manifold surface) and the steel surface in the anode
compartment (c). The main crystallographic phase in (a) and (b) was identified
as  orthorhombic perovskite with a = 5.488(4) Å, b = 7.773(5) Å, c = 5.528(3) Å and
a  = 5.488(3) Å, b = 7.780(6) Å, c = 5.528(3) Å, respectively. In (a) the reflections marked
with  a solid square could not be identified, whereas in (b) the marked reflections
belong to a spinel phase with a = 8.303(14) Å. In (c) the main crystallographic phase
was  identified as cubic MnO  with a = 4.437(2) Å, the reflections marked with solid
and open squares were identified as spinel with a = 8.476(4) Å and Cr2O3,  respec-
tively.

T
C

ig. 5. SEM image of protective coating and oxide scale on interconnect after
9,000 h stack operation at 800 ◦C. Numbers indicate analysis areas shown in Table 2.

aterials and is described as electro-transport-induced demixing
21,22], however there might be cation diffusion associated with
he formation of Kirkendall voids or micropores.

An EDX analysis (Fig. 4b and Table 1) verified a very
omogeneous cation distribution that can be described as
Mn0.88Cu0.12)(Mn0.27Fe0.13Co1.55Cr0.04)O4 assuming AB2O4
pinel-type composition taking into account the required cation
harge and site distribution. Compared with the initial compo-
ition, this final composition implies a decrease of Co, which is
ompensated by an increase of Mn  and Cu as well as a small
mount of Cr incorporation, mainly indicating an interaction of
he APS coating with the contact layer rather than with the oxide
cale layer of the Crofer 22 APU interconnect.

The SEM-based analysis of a cross-section showed no indi-
ations of reactions and hence suggests very good long-term

ompatibility of the protective coating with the contact layer and
he metallic interconnect after long-term exposure. Although the
Mn,Co,Fe)3O4–spinel layer showed some porosity and a number of

able  2
hemical composition in at.-% (as determined by EDX) of the points indicated in Fig. 5.

Spectrum O Cr Mn Fe Co Cu La

1 63.2 33.4 1.7 1.6 0.1 – – Oxide scale
2  58.9 0.4 15.2 1.9 21.2 2.5 – Protective layer
3 58.5  0.1 15.4 1.5 21.6 2.8 0.2 Protective layer
4  64.2 – 10.7 0.2 10.4 0.8 13.8 Contact layer
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Fig. 7. The SEM images in (a) and (b) show Mn accumulation in the 8YSZ electrolyte. Whereas in (a) only an enhancement of Mn at the grain boundaries can be seen, in
( chme
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s
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b)  separation already becomes visible. The EDX element analysis reveals Mn enri
icrocracking and (d) the same area as a cathodoluminescence image verifying tha

mall cracks, no spallation or delamination was observed. Beneath
he protective layer the thermally grown oxide only had a thickness
f ∼3 �m,  which is significantly smaller than the critical thickness
or spallation [23].

Unlike other perovskite contact layers [24,25],  the protective
PS spinel coating proved to be an effective mass-transport barrier
gainst chromium migration from the steel towards the cath-

de. SEM/EDX analyses (Fig. 5 and Table 2) revealed hardly any
hromium at the interface between the steel oxide layer and the
rotective spinel layer (point 2). No chromium was detectable in
he spinel layer and near its surface after 19,000 h of stack operation
nt of 5–10 at.% (insert in b) along grain boundaries. Image (c) shows an area with
oclinic zirconia formed only in small grains in the anode.

(point 3). Also no chromium was found in the La(Mn,Cu,Co)O3 con-
tact layer (Fig. 5, point 4). The APS spinel coating appears to be a very
effective tool for improving the surface stability and contact resis-
tance of the interconnect and also prevents chromia evaporation
from the interconnect surface.

3.3.2. Metallic interconnect (cathode side)

An EDX analysis revealed that the oxide scale formed on the

steel surface consisted of chromia with minor amounts of Fe and
Mn  (Fig. 5, point 1). Thus, during exposure the Crofer 22 APU
interconnect did not form the double-layered scale consisting of
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Fig. 8. Solubility limit of Mn  (cMn) as a function of exposure temperature. Data were
taken from Kawada et al. [30] (squares) and Tietz and Stochniol [31] (circles). The
numbers at the symbols denote the duration of exposure in hours.

indications of Mn  at the grain boundaries. This means that in the
long term diffusion of manganese ions along the grain boundaries
can lead to a detrimental failure of the SOFC. In contrast no such
J. Malzbender et al. / Journal of

r2O3 and Cr/Mn–spinel commonly found during the oxidation of
ncoated Crofer 22 APU. The excellent thermo-mechanical stabil-

ty and stable electrical performance are attributed to the inhibited
xide scale growth, a good strain tolerance of the porous coating
icrostructure and an excellent thermal expansion match between

he (Mn,Co,Fe)3O4–spinel and the metal substrate (thermal expan-
ion coefficient RT-800 ◦C for Crofer 22 APU: 12.6 × 10−6 K−1, MCF:
3.4 × 10−6 K−1 [13]).

.4. Contact layer and cathode

There was no significant change in the microstructure of cathode
r current collector due to the long-term exposure. The composi-
ion of the contact layer after operation showed a reduction of the
u content, probably due to loss by diffusion into the MCF  layer.
owever, the other cation ratios remained the same as at the begin-
ing of the stack test. Cr was not detectable in the contact layer
r the cathode, which confirms the Cr retention capability of MCF
lready previously reported for porous coatings [26].

An XRD analysis of the contact layer at different positions
evealed only small differences. As shown in Fig. 6, the XRD pattern
s equivalent to an almost pure perovskite structure. The coating
ad the same lattice parameters on the gas channel (cell area)
nd on the gas manifold. The coating on the gas manifold had a
mall amount of spinel phase, which might be an artifact due to the
nderlying protective coating.

Furthermore, at the edges of the cells Sr- and Zr chromate forma-
ion was observed in the cathode close to the electrolyte interface.
ince some parts of the interconnect are not coated with the pro-
ective MCF  layer for technical reasons, the chromate formation can
e related to evaporation of Cr from these regions.

.5. Electrolyte

The SEM images in Fig. 7a and b show the Mn  accumulation in
he 8YSZ electrolyte. Whereas in Fig. 7a only an enhancement of

n at the grain boundaries can be seen, in Fig. 7b separation of
rains becomes visible. The EDX element analysis reveals a very
ow amount of Mn  within grains (0–2 at.%), but Mn  enrichment
long grain boundaries of 5–10 at.% (insert in Fig. 7b). The growth
f microcracks eventually resulted in large cracks (see Fig. 7c).

In fact, enriched Mn  concentrations along the grain boundaries
f the electrolyte material closer to the cathode interface were
lready noted in [27]. However, no indication of grain bound-
ry separation was reported. The cathodes in [27] were tested
t 300 mA  cm2 at 1000 ◦C in air for about 2000 h. Furthermore, it
as been reported that 8YSZ and sub-stoichiometric LSM mixtures
nnealed at 950 ◦C for 2300 h (i.e. La1 − x − yAxMn1 − zCozO3 with

 = Ca, Sr, 0.15 < x < 0.3, y = 0.05 and 0 < z < 0.2), typically resulted in
he formation of monoclinic zirconia, whereas stoichiometric LSM

aterials (y = 0) did not show any new phases [28]. An SEM-based
athodoluminescence analysis of the 8YSZ electrolyte of the stack
perated for 19,000 h did not reveal any indications of the forma-
ion of monoclinic zirconia. The monoclinic phase could only be
bserved as small grains in the anode structure (Fig. 7c und 7d,
dentical position). A similar observation was reported in [29]. The
hase transformation for grains in the anode structure was  corre-

ated with the diffusion and dissolution of Ni.
The small amount of Mn  found inside the electrolyte grains after

he stack test agrees very well with solubility studies of transition
etal cations in 8YSZ. Fig. 8 shows the solubility limit of Mn  (cMn)

s a function of the exposure temperature [30,31].  According to this

raph, cMn is about 1 at.% at 800 ◦C. Therefore the higher concentra-
ions of Mn  along the grain boundaries lead to a decomposition of
he cubic phase of zirconia and to increased electronic conductivity
long the grain boundaries [30].
Fig. 9. Oxide scale morphology on the interconnect on the anode side after 19,000 h
service at 800 ◦C.

An SEM analysis of electrolyte regions at the outer edges of the
cell which were not coated with a cathode layer did not show any
Fig. 10. Oxide scale thicknesses on different Crofer22APU batches after laboratory
tests in Ar–H2–H2O at 800 ◦C [7,10] (Crofer22APU batches designated as JZF and
LXF) compared with data after stack service at the anode side of the stacks.
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ig. 11. (a) Electrical contact between Ni mesh and interconnect and (b) SEM cross
hown in Table 3.

iffusion along the grain boundaries was found for Fe or Co using
n LSCF cathode [11,12].

.6. Metallic interconnect (anode side)

The interconnect surface of the manifold in the anode compart-
ent was mainly covered by long and thin yellowish MnO  crystals
ith NaCl-type structure as well as by spinel and chromia, the

ypical phases found as corrosion products of Crofer 22 APU [26].
The microstructure of the oxide scale of the uncoated inter-

onnect (anode side) is shown in Fig. 9. The inner chromia layer
as covered with a thick layer of Cr/Mn–spinel, identified by EDX

nalysis as MnCr2O4. The total oxide thickness was approximately
1–12 �m.  It has been verified that oxide scales grown in wet
ydrogen are generally thicker and rather porous, but adhere better
o the metal substrate than scales grown in air [32].

Fig. 10 compares the measured oxide scale thickness on the Cro-
er 22 APU interconnect after stack tests with data obtained during
aboratory testing in Ar/4% H2–2% H2O [33]. The data from labora-
ory and stack tests show good agreement, in spite of the substantial
ifference in gas composition. Assuming that oxide scale thick-
ning obeys a classical parabolic time dependence, a thickness of
pproximately 14 �m for 40,000 h at 800 ◦C can be expected.

The interface between the Ni mesh and the interconnect is
hown in Fig. 11.  During stack manufacturing the Ni mesh was
pot-welded to the interconnect. EDX analyses after stack oper-
tion showed that Ni diffused from the mesh into the interconnect,
hereas Fe, Cr and Mn  diffused from the steel into the Ni mesh

Fig. 11b and Table 3). The latter leads to the formation of Cr and
n oxides at grain boundaries in the Ni mesh, whereas the diffu-

ion of Ni into the ferritic steel results in the formation of austenite
Fig. 11b).

It has to be considered that the austenite has a significantly
igher coefficient of thermal expansion than the other cell com-
onents (18 × 10−6 K−1). Additionally, the austenitization leads to

 reduction of the Cr diffusion in the steel, which may  result in

oorer oxidation resistance [34]. An austenite layer with a width of
pproximately 100 �m was formed at locations where Ni and Cro-
er 22 APU were in direct contact (Fig. 11). It is interesting to note

able 3
hemical composition in at.-% of points indicated in Fig. 9.

Spectrum Cr Mn  Fe Ni

1 8.4 0.0 27.2 64.4
2  3.6 0.3 13.7 82.4
3 0.0  0.2 0.3 99.5
n of interface between Ni mesh and interconnect. Numbers indicate analysis areas

the SEM/EDX analyses revealed that Mn,  Si, Mg  and Al are enriched
at the grain boundaries of the Ni mesh (Fig. 11b).

4. Conclusions

No significant Cr contents could be found in the cathode thus
verifying that the MCF  layer applied by APS is an efficient Cr barrier
which can hinder the formation of strontium chromate or the for-
mation of chromium manganese spinels at the cathode/electrolyte
interface. However, Mn  diffusion into 8YSZ led to local accumula-
tion at the grain boundaries which caused probably a decrease in
conductivity and a mechanical weakening and eventually separa-
tion of the grain boundaries and crack growth. The growth of these
cracks eventually resulted in the fracture of one cell, burning of fuel
gas and sudden failure of the stack.

The present observations indicate that degradation is due to a
combination of various phenomena. If the strong effects that are
usually observed due to the interaction with Cr are eliminated,
other mechanisms emerge which are, however, the main chal-
lenges for the long-term operation targets of SOFC stacks. From
the results, it can be concluded that the targeted operation times
of SOFC stacks can become realistic by combining an LSCF cathode
with an APS protective coating.
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