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a  b  s  t  r  a  c  t

Planar  solid  oxide  fuel  cells  (SOFC)  are  considered  to  be  power  generators  with  high  efficiency  and  low
emission  at  small  power  units  (1–200  kWel). Many  prototype  systems  are  already  successfully  realized.
For  mass  production  the  costs  have  to  be  reduced  and  the  long-term  stability  has  to  be  enhanced.  Power
losses  <0.5%/1000  h  is  the  target  value  for  stacks  in stationary  SOFC-based  power  systems.  To  reach
this  goal,  the  factors  influencing  degradation  have  to be  found  and  reduced.  In  this  work  the  inter-
action  between  interconnect  and  different  ceramic  materials  such  as  perovskites  (La0.8Sr0.2(Mn,Co)O3,
La0.65Sr0.3MnO3,  La0.65Sr0.3(Mn,Co)O3) and  spinels  (Mn(Co,Fe)O4, (Cu,Ni)Mn2O4)  was  investigated  on the
cathode  (air)  side  of  conventional  ferritic  interconnect  materials  (CroFer22APU,  ITMLC,  ZMG232L).  The
method to  determine  the  value  of  the  area  specific  resistance  between  interconnect  and  contact  layer
(R#ICC)  within  a  tolerance  of 10%  has been  developed  to provide  reliable  data  for  ASR values  and  their
degradation.

The R#ICC-value  increases  with  annealing  time.  The  degree  of  this  increase  depends  on  used materials
and  their  combination.  The  spinel  contact  layers  form  a thin  dense  ceramic  layer  at  the  beginning  of  the
annealing  process.  This layer  reduces  the  oxidation  rate  of  the  alloy.  Because  of  this  protection  layer  a thin-
ner  oxide  scale  grows  and  the  ASR  aging  rate  is  much  lower  (0.4–0.9  m�  cm2/1000  h).  The  comparison
of  the  aging  rates  of  different  alloys  with  La0.8Sr0.2(Mn,Co)O3 contact  layer  reveals  remarkable  differ-
ences:  3.1  m�  cm2/1000  h  for  CroFer22APU,  10.9  m�  cm2/1000  h  for  ITMLC  and  21.2  m�  cm2/1000  h  for

ZMG232L.

The degradation  in  a stack  has  been  determined  from  the  R#ICC-values  and  geometric  factors.  The  impact
of  oxidation  at  the  cathode  side  of  interconnect  is  about  one  third  of  the  total  stack  degradation.  The
method  opens  the  possibility  for  comparing  area  specific  resistances  of  special  material  combinations
with  high  accuracy.  By optimized  material  combinations  the  degradation  in  stacks  can  be reduced  to
<0.5%/1000  h.
. Introduction

Planar, bipolar SOFC needs interconnects for separating gas and
ir flow, electrical contacting and mechanical stabilization of the
ells in stack. In the past years several types of ferritic stainless
teels have been examined as potential candidates for stack
nterconnects, because of their low resistivity of oxide scale, easy
rocessing and low-cost manufacturing. The thermal expansion
oefficient (TEC) of the ferritic alloy Crofer22APU [1,2] is well
uited to the TEC of the electrolyte and the material has a sufficient

tability at temperatures about 800 ◦C.

At high temperatures oxide layers grow on the surface of
erritic stainless steels. The oxide scale with relatively good elec-
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trical conductivity protects alloy from chromium evaporation and
breakaway oxidation. Ceramic protection layers affect the oxide
formation at the interconnect and are important for the long-term
operation of a stack. The oxide layers grow under typical SOFC
operating conditions with rising time, cause an increase of the
area specific resistance (ASR) and are partially responsible for
stack degradation. Many efforts were made to diminish disad-
vantages of using ferritic alloys for SOFC interconnect materials.
The common strategy to minimize the oxide scale growth is the
realization of a gas-tight, highly electrical conductive protection
layer with a thermal expansion coefficient (TEC) matched to the
interconnect. Different coatings were tested in order to ascertain
the most suitable SOFC interconnect protection and contact

material.

Perovskites (ABO3) with lanthanum and strontium on the
A-site and manganese on the B-site as well as different manganese,
cobalt, or copper-based spinel materials offer relatively good

dx.doi.org/10.1016/j.jpowsour.2010.09.003
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Table  1
Selected ferritic alloys for investigations.

Name Charge Manufacturer Date of delivery

Crofer22APU 170845 Thyssen Krupp VDM 06/2006
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The sample setup was optimized in several efforts and is illus-
trated in Fig. 2. The asymmetric assembly of current- and voltage
contacts was  chosen to keep the uniform current distribution
ITMLC 007 Plansee SE 08/2006
ZMG232L LM647 Hitachi Metals LTd. 12/2006

hemical stability, high electrical conductivity and a TEC near to
he interconnect and electrolyte one.

There are different approaches for measuring the ASR values of
he oxide scale formed between ferritic alloy and ceramics. How-
ver, the measured ASR values are actually a sum of different
esistances consisting of interconnect-, contact layer- and oxide
cale resistances. The separation of those different parts of resis-
ances is complicated. A great scattering of absolute ASR values
nd their change with the time appears due to various assemblies
f samples and different material compositions [3].  For example,
he ASR values of the oxide scale for similar material combina-
ions (La0.8Sr0.2(Mn,Co)O3 and CroFer22APU) range from 0.8 to
2 m� cm2 [4–7]. The rate of the ASR value increment of the oxide
cale is very important for the estimation of the degradation of

 stack. This rate varies from 0.5 to 25 m� cm2/1000 h for above
entioned material combination and shows the importance to

nd appropriate samples to measure reliable ASR values and their
ehavior over time.

The goal of this work is to calculate a contribution of ASR of oxide
cale in contact with ceramic layer to the total ASR of the stack
nd to degradation rate for different interconnect materials. We
emonstrate an approach for the determination of ASR of the oxide
cale and show the impact of appropriate material combinations of
ifferent alloys with protection or contact layer on the degradation
ate of ASR due to oxide scale growth.

. Experiments

.1. Oxidation investigations of Crofer22APU, ITMLC and
MG232L

We  investigated the formation of the oxide scale on the surface
f metallic interconnect after oxidation in air atmosphere to find

 correlation between resistance increase and parameters of the
xide scale. An important reference value for the metallic inter-
onnect materials is the weight gain of the sample. The samples
f the size 15 mm × 15 mm × 0.5 mm were prepared from different
erritic alloys (Table 1) and were annealed at 850 ◦C for differ-
nt times to evaluate the oxidation behavior parallel to the ASR
easurements. Nine specimens were prepared from each ferritic

lloy for different oxidation duration. Three of nine samples were
oated with LSMC perovskite protective layers by roll-coating. The
ncoated and coated samples were annealed in air at 850 ◦C. The
rst set of specimens was removed from the furnace after 800 h
nd the next ones after 1600 h and 3200 h. The weight gain of each
ample was determined by a Sartorius (LA 230 s) balance before
nd after annealing. For comparison the values were normalized to
he surface area of the sample.

.2. Measurements of ceramic contact layer

A four-point probe method was used to measure the resistivity
f the low temperature sintered contact layer materials (Fig. 1). The

easurements were performed under static air conditions compa-

able to the measurements in [8].  Minimum two  samples for each
ombination were measured and the average values were calcu-
ated.
Fig. 1. Schematic diagram of the sample with ceramic rib made of paste to measure
the  resistivity of low temperature sintered ceramic.

The temperature in the furnace corresponds to the joining pro-
file of the stack (920 ◦C/2 h → 850 ◦C/800 h). The measurements
were carried out with thermal cycles after 800, 1600, and 3200 h of
oxidation. A constant current of 0.1 A with offset compensation was
applied. The resistivity �Meas was  calculated using the equation (1):

�Meas = ROhm · Across

lU
(1)

where ROhm is the measured resistance, Across is the cross section
area of the sample, and lU is the distance between the potential
contacts.

A profilometer (Fries Research Technologies GmbH) was  used to
determine the cross section area. For this purpose, the height profile
of the ceramic rib was  recorded on five different points. The cross
section area was defined by integration. The uncertainty for the
resistivity measurement given by such estimation of cross section
area was ±4.6%.

A four-point probe resistance measurement, where corre-
sponding current and voltage wires were directly connected to
the ceramic layer, insures that contacting of ceramic ribs influ-
ences neither the absolute value nor long-term behavior of the
resistance. Three different perovskites: La0.8Sr0.2Mn0.9Co0.1O3,
La0.65Sr0.3MnO3, La0.65Sr0.3Mn0.9Co0.1O3 and two spinels:
MnCo1.9Fe0.1O4, Cu0.6Ni0.4Mn2O4 were chosen from a broad
field of contact or protection ceramics [3,9–13]. They give infor-
mation about influence of substoichiometry, different amount
of strontium and presence of cobalt on ASR of the oxide scale.
The compound Cu0.6Ni0.4Mn2O4 was  synthesized from the binary
oxides Mn2O3, CuO and NiO at temperatures 1050–1100 ◦C in air
using a common solid state reaction process, the other powders
for preparation of contact materials were supplied by company
Staxera GmbH (Dresden, Germany).

In the following text the ceramic materials are abbreviated as:

La0.8Sr0.2(Mn,Co)O3 LSMC
La0.65Sr0.3MnO3 uLSM
La0.65Sr0.3(Mn,Co)O3 uLSMC
Mn(Co,Fe)O4 MCF
(Cu,Ni)Mn2O4 CNM

2.3. Measurements of ASR between interconnect and ceramic
contact
Fig. 2. Sample assembly for ASR measurements between interconnect and ceramic
contact (dimensions in mm).
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ig. 3. Real geometry of a sample for ASR measurement between interconnect and
ontact layer.

hrough the sample. A specially developed paste (applied also in
he stacks) with solid phase content up to 82% and with high vis-
osity (binder on basis of ethyl cellulose) was used to contact the
ibs. This paste keeps its shape after application by dispensing.
hree ribs made of ceramic material were dispensed on the surface
f sheets (size 20 mm × 20 mm × 0.53 mm)  of Crofer22APU, ITMLC
nd ZMG232L and then contacted with a second similar sheet to
btain a symmetric sample (Fig. 2). Spacers were inserted between
wo sheets to keep the height of the ribs constant. The samples were
nserted into a furnace (Nabertherm GmbH M11/HR), connected

ith the measuring equipment and heated up to operating tem-
erature. Each sample was  loaded with 250 g in order to achieve a
eliable mechanical and electrical contact between both sheets dur-
ng the measurement. The measurements were carried out similar
o the resistivity measurements, however a current of 0.5 A were
pplied.

The measured resistance reflects a performance of the complete
ample as a function of annealing time. The measured resistance has
o be separated into corresponding shares. The geometry of each
ample has to be exactly determined by polished cross-sections
f embedded samples (Fig. 3) with two component epoxy resin
Epofix Struers A/S). The width, height and cross-section area of
ach rib were established using the measuring microscope (Olym-
us STM-MJS with a measuring table MMDC  201).

For characterization of the microstructure and composition of
he samples after ASR measurements, cross-sections were exam-
ned with a field emission scanning electron microscope (FESEM,
emini 982, Leo). For a more intensive element contrast, the back
cattered electrons mode at around 8 keV were used. The chemical
ompositions of the sample layers were established with an energy
ispersive X-ray device (Oxford Inca) by point scan, line scan and
urface scan analyze.
.4. Tests of SOFC-stacks

The MK100 stack design of the Staxera GmbH was  used for inves-
igation of the cathode contacting [19]. The stack consists of a cell
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Fig. 4. Weight gain (a) and oxide scale thickness (b) of
urces 196 (2011) 7136– 7143

with a 3YSZ (3 mol  Yttria stabilized Zirconia) electrolyte, of the
interconnect made of Crofer22APU without protection layer and
of LSMC contact ribs. A two-cell stack heated by an oven was  cho-
sen because of the low temperature gradient over the cells. The
stack was  sealed with a sealing glass by an especial heat up process.
After the sealing process the stack operated at constant current of
309 mA  cm−2 over time in a gas mixture of 50% N2–40% H2–10%
H2O and 10 Nl min−1 air.

3. Results and discussion

3.1. Oxidation behavior of interconnect materials

Fig. 4 represents the diagrams of the weight gain and of the oxide
scale thickness of studied alloys in dependence on oxidation dura-
bility at 850 ◦C in air. The general trend of both diagrams is similar.
ITMLC samples show the lowest weight gain according to this inves-
tigation. The samples of CroFer22APU and ZMG232L increase their
weight nearly equally at the beginning of the oxidation process. The
oxidation of Crofer22APU obeys almost a parabolic rule x = kt1/2 of
Wagner’s theory for the whole period investigated [14,15], whereas
the dependence of the process of the weight gain is more com-
plicated in the ZMG232L alloy. After 1600 h, the weight increases
more rapidly in the ZMG232L samples. Accelerated oxidation of
alloy ZMG232L can be caused by the loss of Chromium from the
matrix material accompanied by the breakaway oxidation [16,17]
and the real oxidation process of the alloy surface can be described
according to the formula x = ktn. The value n can range from 0 <n < 1
depending on the material and the stage or duration of oxida-
tion [18]. It should be noted that the diagram of the oxide scale
gain does not correctly reflect the oxidation process in materials
because breakaway oxidation starts at the edges of the sample, and
such areas can be unintentionally omitted during the cutting of the
samples.

The samples with LSMC roll-coating protection layer have lower
rates of weight gain and of the oxide scale growth. The break-
away oxidation takes place in the coated material after much longer
oxidation time in comparison to uncoated samples. Although the
protection layers are not dense and remain permeable for gases, an
access of gaseous oxygen species to the interconnect is remarkably
reduced in comparison with uncoated samples. Correspondingly,

this reduces the corrosion rate of the interconnect surface. The
experiments have clearly shown that even simple porous pro-
tection layer inhibits remarkably the oxidation process of the
interconnect material.
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ig. 5. Resistivity of different materials for contact layer as a function of time.

.2. Resistivity of contact layer

Fig. 5 demonstrates resistivity of contact layers as a function of
nnealing time at 850 ◦C. The resistivity of all perovskites decreases
uring annealing time due to continuous sintering of powder parti-
les. The resistivity of MCF  and CNM spinels were almost constant.
he contact layers made from MCF  and CNM powders have better
intering activity and lower sintering temperature. Therefore they
inter faster than perovskite powders which have a similar pack-
ng density. Hence the resistivity of spinels reaches much faster a
alue which does not change or changes very little during anneal-
ng at 850 ◦C. After 1600 h annealing the MCF  and CNM spinels had

 resistance of about 39 and 33 m�  cm (porosity not considered),
espectively. The lowest resistivity of about 20 m� cm exhibited
LSM perovskite. The resistivity of the low temperature sintered
eramic is not corrected by the porosity to get values of the bulk
aterial. The resistivity of the bulk material at 850 ◦C in air is in the

ange of 4–16 m� cm [3].

.3. Measuring principle and validation

.3.1. Results of ASR measurements
The resistivity of eight samples with the same material combina-

ion (Crofer22APU with LSMC contact layer) was  measured in order
o determine the reproducibility of estimation of ASR values of the
xide scale. Results are displayed in Fig. 6. All samples show a com-
arable values with decrease of resistance in the first 100–150 h of

nnealing followed by subsequent linear rise. No resistance change
as observed by increasing current used for measurement up to

.5 A. This demonstrates the ohmic behavior of the samples. The

ig. 6. Resistance of eight samples with the same material combination (Cro-
er22APU with LSMC contact layer) as a function of annealing time.
Fig. 7. Three-dimensional simulated current distribution in the sample LSMC Test f
during 150 h oxidation with the position of contact wires.

applied current did not modify the composition of the contact layer
as well as the oxide scale.

3.3.2. 3D-simulation of R#ICC-values
Since the measured resistance is the sum of contributions of

different resistances of contact layer, oxide scale, interconnect and
as well as of the influence of test equipments, it is necessary to
separate these resistances. The resistivity of interconnect is known
from the data sheet of Thyssen Krupp VDM [2]. The resistivity
of contact layer and geometry of contact ribs has been deter-
mined separately (Section 3.2). The resistance of the oxide scale
and the resistance caused by interaction with the contact layer,
both defined here as R#ICC-value, is the only unknown value. It is
necessary to simulate the samples in three dimensions because of
the non-uniform current distribution through the sample, espe-
cially at low R#ICC-values. A finite-element structural model based
on Multiphysics-Code ANSYS 5.6 was used for three-dimensional
mathematical simulation of the specimens with different layers
(Fig. 7). The resistance of oxide scale (R#ICC-value) was calculated by
parameter inversion and adjustment to the measured resistance.

The results of the simulations are demonstrated by the exam-
ple of Crofer22APU in combination with LSMC ceramic layer and
are shown in Fig. 8. At the beginning of oxidation, the contact layer
had the highest contribution to the total resistance of the sample
(Fig. 8a). This contribution decreases with time due to sintering of
the contact layer despite the oxide scale is steadily growing. After
700 h oxidation, the contributions of contact layer and oxide scale
are nearly equal. Further the total resistance is affected basically
by the oxide scale. Since the resistance of growing oxides increases
strongly with decreasing temperature, the oxide scale resistance
dominates at lower temperatures, and the contribution of the con-
tact layer (ceramic rib) has a diminishing role (Fig. 8b).

The three-dimensional simulation was  carried out for all sam-
ples and is shown in Fig. 9. After 150 h the R#ICC-values range
between 1.0 and 1.3 m� cm2 and increase after 1340 h up to
4.2–5.0 m� cm2 (time of heating up and temperature cycling are
not included). The resistance increase (�R#ICC-value) from 150
to 1340 h was  2.8 m�  cm2/1000 h. The minimum and maximum
values show the scattering of the estimated ASR values. The R#ICC-
values of eight identical samples were tested and delivered values

with tolerances ±10%. Therefore the method can be used to analyze
the interactions between interconnects and contact layers.

The precise definition of the specimen shape for measurement
of ASR of the junction “oxide scale – contact layer” coupled with
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Table 2
Calculated average R#ICC-values for different contact layers in combination with CroFer22APU, ITMLC and ZMG232L after 150 and 3200 h at 850 ◦C in air.

Alloy Contact layer

LSMC (m� cm2) uLSM (m� cm2) uLSMC (m� cm2) MCF  (m� cm2) CNM (m� cm2)

150a 3200a 150a 3200a 150a 3200a 150a 3200a 150a 3200a

Crofer22APU 1.0 9.1 1.0 8.6 0.9 11.0 3.2 5.4 0.7 2.0b

ITMLC 3.0 28.7 3.5 29.7 5.0 35.7 2.2 3.6 0.5 1.1
ZMG232L 4.2 36.0 4.1 31.7 4.9 29.2 10.3 27.8 Not measured

s
r
l
v
o
b
a
c

3

f
m

a Annealing time (h).
b Value after 1600 h annealing.

imulation analysis (R#ICC-value) allows a new method for getting
eproducible and reliable values of resistance with respect to abso-
ute value and degradation. The deviation of ±10% of the measured
alue can be reduced by more accurate determination of geometry
f ceramic ribs. However it exceeds the precision of measurements
y conventional methods and is sufficient for obtaining information
bout absolute values as well as degradation behavior of different
ontact layers.

.4. R#ICC-values of different material combinations
For determination of R#ICC-values the samples were oxidized
or 150, 1600 and 3200 h. The determined R#ICC-values after 3200 h

easurement are summarized in Table 2.
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The growth of the oxide scale during the long-term annealing is
the main reason for increasing resistance in the specimens. Applica-
tion of spinel layers for Crofer22APU and ITMLC shows considerable
decrease of R#ICC-values in comparison with the samples contain-
ing perovskite layers. Iron diffused from the matrix alloy material
was  found in (Mn,Cr)3O4 oxide scale of all samples investigated.
The doping with Iron causes the reduction of resistivity of oxides
[3].

The changes of R#ICC-values for different material combinations
are presented in Fig. 10.  These results show that contact layers on
basis of MCF  and CNM spinel material improve significantly the

degradation behavior of Crofer22APU and ITMLC samples whereas
no considerable resistance decrease was observed in samples with
ZMG232L alloy. The combinations of ITMLC alloy with spinel (MCF
and CNM) contact layers exhibited almost tenfold lower R#ICC-
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alues than specimens with perovskite contact layer and showed
he lowest degradation rates (MCF: �R#ICC = 0.4 m� cm2/1000 h
nd CNM: �R#ICC = 0.19 m� cm2/1000 h). Different R#ICC-values
nd degradation rates of various combinations can be explained

ig. 11. Cross sections of the Crofer22APU samples in combination with LSMC (a), uLSM
50 ◦C in air.

ig. 12. Cross sections of different alloys with LSMC and MCF  contact layers after 32
MG232L + LSMC; (d) CroFer22APU + MCF; (e) ITMLC + MCF; (f) ZMG232L + MCF.
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by formation of different oxide scales between interconnect and
contact layer as well as by different thickness of the oxide scale
(Figs. 11 and 12). As observed in Fig. 11a–c all three perovskite
contact layers (LSMC, uLSM and uLSMC) formed on Crofer22APU a
very similar double oxide scale consisting of Cr2O3 and (Mn,Cr)3O4.
This result shows that the different contents of Sr and Co in the
perovskite materials have an unimportant influence on the R#ICC-
value. In contrary to CroFer22APU and ZMG232L alloys, ITMLC
with perovskite coating forms only one very porous Chromia scale.
The oxide scale of ZMG232L with perovskite contact layer has a
comparable double layer structure but is much thicker than on Cro-
Fer22APU (Fig. 12). The analysis of cross section of the spinel coated
samples shows a very thin Cr2O3 layer between the contact layer
and CroFer22APU or ITMLC alloy after ASR measurements. A den-
sified zone of the contact layer was  found close to the Cr2O3 layer
in the samples with MCF  and CNM contact layers. This densified
area is referred to be a reaction zone at the interface between the
interconnect and the contact layer and consist of spinel based solid
solution, which has higher conductivity than other oxides growing

between interconnect and contact layer. Especially, interdiffusion
of iron or cobalt into the oxide scale changes the layer composition
and morphology and therefore can decrease or increase the resis-
tance of the sample. The chromium content decreases in a small

 (b), uLSMC (c), MCF  (d) and CNM (e) contact layers after 3200 h measurement at

00 h oxidation at 850 ◦C in air: (a) CroFer22APU + LSMC; (b) ITMLC + LSMC; (c)
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ig. 13. Losses in the stack and degradation rates as example of a stack with LSMC
eramic ribs and CroFer22APU interconnect.

nterface zone between chromia layer and contact layer. It is impor-
ant for the use in SOFC-stacks, that the material of the densified
one has no chromium content. This densified zone protects the
nterconnect against further oxidation and chromium evaporation.

Figs. 11 and 12 show that all coatings have good adherence to
he interconnects. ZMG232L forms the thickest oxide scale with
ll contact layers, what is reflected in the highest R#ICC-values and
egradation rates in comparison with other ferritic alloys analyzed.
he Cr2O3 scale between ITMLC and perovskite contact layers is
ery thin and porous. Nevertheless, the resistance of the samples
s very high. In these samples a high porosity of the oxide scale
ormed between interconnect and contact layer has more influence
n degradation than thickness of growing oxide scale.

A porosity correction of the R#ICC-values makes no sense. The
orosity analysis by images has a high uncertainty and does not
eflect the real contacted area.

.5. Determination of resistance contribution to the stack
erformance and degradation

The corrected ASR of one arbitrary chosen cell in a stack with
he material combination of Crofer22APU and LSMC increased from
#Stack = 744 m� cm2 to 767 m�  cm2 within the first 1000 h oper-
ting time (Fig. 13). The measurements of the single cell showed a
onstant resistance of 520 m� cm2. The discrepancies between the
ingle cell and stack data, coming from measurement differences,
rise from inhomogeneous temperature and gas distributions on
he anode side of the single cell, different activation of the anode
s well as from the contacting of the cathode. In the stack the same
ontact layer like in samples for R#ICC-validation was used to get a
omparable porosity, reactions and oxide scale.

There is no significant oxide scale in the beginning of stack
peration. Therefore the contribution of the oxide scale to the
otal resistance of the stack could be neglected in the first
ours of stack operation. By normalizing the �R#ICC-value of
.1 m�  cm2/1000 h of the material combination LSMC with Cro-
er22APU to geometrical parameters of the stack, a degradation
ate of �R#ICC,Stack = 6.2 m� cm2/1000 h can be calculated. The
xide scale formation between interconnect and contact layer
as a significant contribution to the total degradation of the
tack �R#ICC,Stack/�R#Stack = 27% of the measured stack degradation
f �R#Stack = 23 m�  cm2/1000 h. The decrease of the oxide scale
rowth would reduce this value. An application of MCF  as pro-
ection layer would lead to the lower degradation rate of the ASR
�R#ICC,Stack = 1.9 m� cm2/1000 h) and therewith would enhance
he long-term stability of the stack. Reduction of degradation by
sing spinel coatings was confirmed for several stacks [19]. The 10-

ell stack (MK200 Design of Staxera GmbH) with different coated
nterconnects was tested at IKTS. The cells, which were contacted

ith uncoated plates and LSMC contacting layers showed a degra-
ation rate of 3–4.3%/1000 h, whereas the cells with spinel (MCF
urces 196 (2011) 7136– 7143

and CNM) coated interconnects had degradation rates of 0.23–0.27
and 0.17%/1000 h, respectively [20].

Formation of the oxide scale on the surface of interconnect is one
of possible reasons influencing the stack degradation. By minimiz-
ing the impact of this process the other factors such as chromium
poisoning of the cathode, anode agglomeration, formation of oxide
scale on the anode side of the interconnect become more important
for the total stack degradation.

4. Conclusions

The long-term stability of the stacks can be effectively enhanced
by special protection layers. The newly developed design of speci-
mens, with subsequent procedure of analysis for the determination
of interactions between interconnect and contact layer provided
reproducible ASR values and allowed the optimization of pro-
tective coatings in terms of initial ASR value and degradation
rate. This testing method can provide reliable values of ASR
between interconnect and contact layer. For the Crofer22APU
samples contacted with LSMC ribs, the ASR value of the oxide
scale was  R#ICC = 1.0 m� cm2 after 150 h oxidation at 850 ◦C and
increased after 3200 h up to R#ICC = 9.1 m�  cm2. The degradation
rate �R#ICC = 3.1 m� cm2/1000 h was  established as characteris-
tic value for the interface between LSMC and Crofer22APU. The
ASR contribution of oxide scale (R#ICC = 1.0 m�  cm2) to the initial
total resistance of the stack was  less than 1% after 150 h. How-
ever their impact on total degradation rate was very high (23–27%
of total stack degradation rate). The lowest degradation rates in
here analysed Crofer22APU samples with different contact lay-
ers were established for spinels MCF  and CNM (�R#ICC = 0.9 and
1.1 m� cm2/1000 h, respectively). All used interconnect materi-
als showed higher �R#ICC-values with perovskite layers. Although
the ASR increase of ZMG232L can be reduced by the use of MCF
contact layer its value was  much higher than for other material
combinations. The increased weight gain after more than 1600 h
oxidation and appeared breakaway oxidation makes impossible
the application of uncoated ZMG322L alloy for long-term stable
stack operation at 850 ◦C. Both Crofer22APU and ITMLC are suit-
able materials for application as SOFC interconnects for operation
at 850 ◦C for more than 20,000 h, if MCF  or CNM spinels are used
as protective coatings. MCF  and CNM layers form a dense protec-
tive layer near to the interconnect surface at the beginning of the
stack operation. This layer protects the metallic interconnect from
further oxidation and possibly reduces the chromium release.
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