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In this work the oxidation of Crofer 22 APU and itderaction
with LageSlh sCopFegOs (LSCF) applied as contacting layer
have been investigated in air at 750°C under aentitoad of 0.5
Acm? with the aim to reproduce as close as possible the
interconnect interface in real operating conditiohise effects of
such interaction and of the pre-oxidation treatmieave been
studied by means of ASR measurement and post-expeti
characterizations. The behavior of such samples Ibesn
compared with the results on a working Crofer 22JABpolar
plate tested as cathode current collector of ardessopported
cell reproducing the stack cathode compartmentitond.

Introduction

The metal interconnect oxidation and interactionth wihe cell are issues limiting the
performances and the durability of the SOFC stabkspite the application of additional
surface treatments or protective coatings suchesssare still affecting the system
reliability because of hardly avoidable interactosince the operating conditions to
which such material are exposed. Beside the highpéeatures and oxygen partial
pressures one should also consider the preseneecafrent load, which acts locally
changing the working conditions, and the kinetioeas of the oxidation processes.

In this study Crofer 22 APU has been tested “agived” without any additional
treatment in comparison with the pre-oxidized d@mples have been coated with LSCF
applied as cathode contacting layer in order toagyce the same interface present at the
cathode compartment in a SOFC stack. Investigati@ave been carried out measuring
the evolution of the electrical resistance of themple and by post-experiment
characterization aiming to understand the inteoacbetween the involved materials. A
comparison with a bipolar plate tested as cathodesit collector of an anode-supported
cell allowed to confirm the results obtained onndgroduced interfaces.

Crofer 22 APU (ThyssenKrupp VD) is a ferritic steiss steel especially developed
for application in solid oxide fuel cells and reooged as standard material for
interconnects. For these reasons it has been chliosdhe research discussed in this
paper.

Several solutions can be followed in order to inwerthe characteristics of the steel
exposed at operating conditions. The pre-oxidatbra temperature higher than the
working one is a cheap tentative of protection eatfly used for high temperature
applications since the beneficial effects of therfation of a stable Cr, Mn spinel on the
steel surface. It can reduce the cathode poisanaitegsince the formation of Cwvolatile
compounds from the spinels is from 1 to 2 ordersnagnitude lower than from the



chromia (1-4). Most of the published researchedsdedth the chromium poisoning
directly related to the volatile compounds while tholid state diffusion occurring at
cathode-interconnect interface is rarely treatdds Tnterface plays the fundamental role
to transfer the electrons from the interconnecth® cathode for the reduction of the
oxygen. A specific contact paste can help in thugopse and LSCF can be a promising
contact paste thanks to its electronic conductidy high temperature) and to its
chemical similarity with the cathode (typically neadf the same materials in the
nowadays state of the art cells). LSCF is as wafis@dered a chromium getter which
could be an important issue to absorb the Cr spaeieased by the interconnect before
they enter in contact with the cathode. This lagenot meant to participate to the
catalysis of the reduction of oxygen.

M aterials and methods

Crofer 22 APU sheets 0.5 mm thick have been cutgusiaterjet in 25mm diameter
discs suitable for the electrical tests. Sample& leen tested “as received” or with an
additional pre-oxidation treatment of 5 hours aD® L& eSl.4CopFeng0s (LSCF,
Fuelcellmaterials, USA) has been applied on botledaf the discs by colloidal spraying
obtaining homogeneous layers which reproduce therfate steel-contacting layer or
steel-electrode. Discs have been contacted wittinpla meshes and four-probe DC
resistance measurements were then performed in atator about 100 hours at 750°C.
Measures were performed with a potentiostat-galsttio(Solartron Schlumberger Sl
1286 Electrochemical Interface) applying a DC cotrfead of 500 mAcH.

After each degradation test, samples have been tewbun epoxy resin and cut to
expose their cross-section. They were subsequemghallographically polished with a
diamond suspension up to 250 nm grain size. Theplesnwhere then ultrasonically
washed in absolute ethanol and dried. Lastly, there gold plated (5 nm thick Au layer)
for further observations by SEM equipped with SEBtectors and EDX spectroscopy
sensitive to light elements. The post-experimestilts have been compared with those
related to a Crofer 22 APU bipolar plate stampedhfia sheet of the same batch used in
this study and tested in contact with the cathddencanode-supported cell. Between the
bipolar plate and the electrode the LSCF contaqtissfe has been applied with the aim
to improve the cell performances increasing thetaxirarea between the two elements.
The cell testing has been carried out for 100 hatithe temperature of 750°C using 1
NIpm air flow at the cathode side, in the bipoliate channels.

Results

The application of a current load to the sampledeuninvestigation offered the
possibility to measure their resistance and caleulhhe ASR for a performance
comparison. ASR of Crofer 22 APU without any cohtiayer highlights the excellent
electrical behavior under oxidation conditions otls material (figure 1). It showed an
increase of the resistance in the first testinghioeiaching stabilization on the ASR after
10 hours. During the rest of the experiment it baen measured a stable electrical
resistance which slightly decreases after 60 hoiitise test until the end. Problems arose
when the metal was in contact with the cathode amimg material, LSCF, which
brought to a considerable increase of the ASRhénsample constituted by as-received
steel with an applied contacting layer the resistamas grown assuming, after 20 hours, a



linear increase meanwhile in the pre-oxidized stat#i LSCF a significant mitigation of
the resistance increase is noticeable limitingatisies since the beginning of the test and
reducing the slope of the linear growth in compariwith the previous sample.
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Figure 1. ASR at 750°C for 100 hours of Crofer Z2UA(green curve) and LSCF coated
Crofer 22 APU, as-received (black curve) and prighard (red curve).

From the post-experiment characterization the Cra2eAPU sample without LSCF
exhibited a dense oxide layer on its surface wittheomium distribution between 20
at.% and 30 at.% along the cross-section (figurd@2¢ iron amount decreases in the first
500 nm of the scale to values below 10 at.% medeavithe Mn reaches a maximum
value of 15 at.% in the oxide layer.
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Figure 2. SEM-BSE image in cross-section (left) &1oX analyses results along the
white line (right) of Crofer 22 APU aged at 750°@m0.5 Acm? applied current load.
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In the sample coated with LSCF the chromium amasiisuddenly decreasing after
the oxide-contacting material interface (figuret&ple I). This element reacts with the
LSCF forming dense phases scattered on the whdleneoof the layer and constituted
by strontium chromates. They most probably surraiimedoriginal crystals of the doped
ferrite. The estimated porosity of the contactiagelr was of 31%.

The pre-oxidation treatment favored the formatidraspinel layer with geometric
crystals covering a thin chromia-based scale (&gUr as it is common for FSS oxidized
at high temperature.
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Figure 3. SEM-BSE image in cross-section (left) &12X analyses results along the
white line (right) of Crofer 22 APU-LSCF cathodelsiaged at 750°C with 0.5 Aém
applied current load. Additional EDX point analysesults are listed in table |

TABLE |I. EDX analyses results of measure points indicated urdi@

Sp. O/at.% Cr/at.% Mn / at.% Fe/at% Co/at% S/ at% Lal/at.%

1 a7 26.7 2.6 23 0.4 0.1 0.4
2 50 3.54 - 20 4.8 8.5 14
3 46 1.82 0.1 23 6.4 7.6 16
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Figure 4. SEM-BSE image in cross-section (left) &folX analyses results along the
white line (right) of Crofer 22 APU (pre-oxidizetl5CF cathode side aged at 750°C
with 0.5 Acm? applied current load. Additional EDX point analysesults are listed in
table Il

TABLE Il. EDX analyses results of measure points indicated urdig
Sp. Olat.% Cr/at% Mn/at.% Fe/at.% Co/at.% Sr/at.% La/at.%

1 64.6 17.8 5.5 4.2 6.1 0.7 1.2
2 53.9 7.9 0.7 14.1 3.5 8.3 11.6
3 48.6 8.6 - 18.0 4.6 6.5 13.7

Compared to the previous sample the chromium diffuideeper into the LSCF layer.
It forms well visible dense agglomerated homogesbBoulispersed and keeping the



amount of this element rather high until the edgeeiached. The highest Cr and Mn
amounts have been found in the oxide scale atrteeface between the steel and the
LSCF. In this case manganese concentrates le$® ioxide layer and shows a limited
diffusion toward the contacting material. Detaikualyses on various phases show that
the steel oxide scale is rich in chromium and woth a limited amount of manganese.
Some Co, La and Sr are diffusing as well (figurdéadle 11). The stronger formation of
dense Cr- and Sr-rich phases in the LSCF redus@®rbsity to 15%.

The steel tested as current collector for an arsoggorted cell exhibited a similar
oxidation behavior and interaction with the contagtiayer compared to the previously
described samples. The cross-sections in figuredsfigure 6 show a bipolar plate rib,
where the steel is in contact with the LSCF layepart of this layer remained attached
to the steel after the cell was removed. From tBX Enap the presence of chromium
migrated toward the contacting material can be meske(figure 5). EDX spot analyses
confirmed such results (figure 6, table Ill) quéntig the chromium amount close to the
steel at 4.55 at.%. The oxide formed over the sseeface is characterized by the
presence of a white (in BSE) iron-rich area (3%6atin the middle of the scale. The
remaining part is constituted by two grey simillwiapes, one is dense and located at the
interface with the steel, the other one is thicked characterized by more defects and
irregularities in its structure. The inner layemtains a high amount of oxygen (50.5
at.%) and chromium (23.7 at.%) meanwhile the edleome is characterized by the
presence of significant amounts of strontium (28.%), lanthanum (1.1 at.%) and cobalt
(0.82 at.%). A limited amount of titanium (<0.3%).was also found in the oxide scale.

Figure 5. SEM-S f an interconnect rib in surfagéh superimposed EDX map of
chromium
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Figure 6. SEM-BSE image of an interconnect crossiaein correspondence of a rib

TABLE I1l1. EDX analyses results of measure points and areas fadigafigure 6

Sp. o/ Mg/ Al/ S/ Cal/ Til Cr/  Mn/ Fel Co/ S/ La/
a% at% at% at% at% at% at.% at.% at% at% at.% at.%

P1 54.22 - - - - - 4.55 - 18.02 4.27 6.82 12.13
P2 60.46 - - - 030 0.23 2370 233 9.78 - 2.70 005
P3 57.13 - 010 010 0.39 0.29 2527 295 11.79 41.00.96 -
P4 37.05 0.25 - 0.24 0.67 0.25 22.56 - 36.98 - 1.46.53
P5 55.59 - - - 0.33 - 20.08 219 6.21 0.82 13.70091.
P6 34.96 - - - 0.24 - 14.19 - 36.71 261 494 6.35
P7 35.38 - - - 0.25 - 14.15 - 36.56 2.44 5.05 6.17
Discussion

The electrical measurements have shown that th&eilC2@ APU maintains a stable
ASR during the first 100h, which tend to decreagend) the aging test. Such effect can
be related to changes in the oxide scale, whicHdcoefer to the composition or the
microstructural aspect and to the limited thickngssvth of the oxide scale. It is known
(5) that on the top of the scale is common to ltheeformation of a (Cr,MaPD, spinel
which has an higher conductivity than the chromAdternatively, microstructural
changes can be due to the oxidation reaction afnatar to form volatile Cf-based
compounds, which could cause a thickness reduatondensification of the oxide (1, 2,
6).

The higher electrical resistance values measuredaamples coated with LSCF are
due to the lower contacting material conductivigmpared to the metal substrate. The
testing conditions led to a sintering of such layfigures 3 and 4), however the ASR
increase of samples is revealing the interactiosuds between those materials
significantly changing their electrical behavior ime. LSCF is known to be a good
chromium getter (7, 8) because of its tendencybpe and contain a large amount of
Cr, which is fixed on the material surface formisgcondary phases as shown by the
EDX analyses. The presence of low-conducting Cettgghases can be then the cause of
the decreased overall conductivity of the sample.

The pre-oxidation applied to the Crofer 22 APU teslin a limited protection at the
cathode side. About the observed scale composit®pan state that the high amount of
iron is mainly due to the Fe from the LSCF and thgyht result in a reduced



participation of Mn to the spinel formation. Altatively, it is possible that higher Mn
concentration was present in the original scalenéat after the pre-oxidation treatment,
which has diffused into the LSCF being substituigdron during the aging test.

The amount of chromium diffusing into the LSCF wagher for the pre-oxidized
Crofer 22 APU when compared with the "as receivaathple meaning that the applied
thermal treatment resulted not effectively stoppimg Cr diffusion into the LSCF. This
behavior can be explained considering the highailate chromium amount in the
oxide scale, which was accumulated during the i@atinent. Despite the lower volatility
due to the presence of manganese in the oxid@nitnugrate by solid-state diffusion
toward the contacting layer. The higher chromiumoam can be responsible of the
differences in the contacting layer densificatibhe higher density measured in the pre-
oxidized sample could have mitigated the ASR ineeaduring the 100 hours of test.

The bipolar plate aged in contact with the cathogserial of the anode-supported
cell allowed to confirm the post-experiment reswaltghe previously described samples.
The scale formed over the steel surface was mamalge of CsFeO3 and (Cr,MnjO,,
in agreement with other studies (9-13) and compenaith the “as-received” Crofer 22
APU under the compositional point of view as expdcsince similar experimental
conditions have been applied in term of gas fl@mperature and current load. The EDX
map showed the tendency of inhomogeneous chromisimbdition along the contacting
material with the formation of agglomerated phasasch behavior is well comparable
between the two kinds of samples underlying thefdldochromium migration mode by
evaporation and solid state diffusion. In the re&y short ageing time of this study the
solid state diffusion resulted more effective thiwe classical chromium poisoning
process by oxidation evaporation and reduction lebmium rich species. This was
especially confirmed by the EDX analyses perforroacdthe pre-oxidized sample. This
research, besides confirming the need of protecibatings in order to avoid the issues
caused by chromium diffusion into the cathode, lghits the need to investigate the
solid state diffusion between the coating and tagnade as an important parameter in
order to select the most effective materials fbabde and durable SOFC stacks.

Conclusions

In this work the oxidation of Crofer 22 APU and itderaction with the cathode
contacting layer have been studied reproducing sotface and the cell operating
conditions of the cathode side. The detrimentaafbf the interaction between the two
materials at the interface has been measured tenelectrical point of view showing a
significant increase of the resistance. The comsparwith a bipolar plate tested at the
cathode side of an operating anode-supported oellirmed the effectiveness of the
reproduced steel-contacting material interface bgtqexperiment characterization. An
additional test on pre-oxidized Crofer 22 APU shdwibe beneficial effect of this
thermal treatment to limit the electrical resis@nncrease by forming a stable spinel
oxide on the top of the scale. This mitigates themium evaporation but has a limited
efficacy to stop the solid state diffusion of Cidavin into the cathode contacting layer.
The solid state diffusion at this interface, reprasig the condition of the ribs in a real
interconnect, is the main interaction between ththade material and the metallic
interconnect. Further studies on coatings shak tdiks result into account in order to
determine the interdiffusion rate between the ogaéind the cathode of a real SOFC in a
stack.
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