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One of the candidates for metallic interconnects of solid oxide fuel cells is ferritic stainless steel, Crofer 22 APU. Ferritic
stainless steel Crofer 22 APU specimens with different surface roughness were prepared by grinding with SiC powder
papers of various grits and then thermally cycled in air. Variation in the microstructure of the samples having different
roughness with thermal cycling was investigated. Polished Crofer 22 APU specimens after three and five thermal cycles
had relatively flat oxide layers with thicknesses of about 13.8 and 17.9 um, respectively. Micrographs of a trench made
by milling with FIB (focused ion beam) for a Crofer 22 APU specimen ground with grit 80 SiC powder paper after 8
thermal cycles (total oxygen exposure time of 200 h at 1073 K), captured by ESB (energy selective back-scattering) and
SE2 (type Il secondary electrons), showed that the surface of the sample was very coarse and its oxide layer was
undulated. In the oxide layer, the phase of the sublayer was Cr20s3, and that of the top layer was (Cr, Mn)3Oa4 spinel. The
surface of the sample ground with grit 80 SiC powder paper was very rough after 60 thermal cycles (total oxygen
exposure time of 1500 h at 1073 K). The polished Crofer 22 APU is a better applicant to an interconnect of SOFC than

those with rougher surfaces.
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1. INTRODUCTION

A repeating unit of fuel cells is composed of
interconnect, anode, electrolyte, and cathode. Interconnect
materials of a solid oxide fuel cell (SOFC) have been
studied together with the automobile-related materials
which investigated mechanical properties [1-3],
microstructural characterization [4-9], and acoustical
properties [10]. In order for a material to be applied to an
interconnect material of SOFC [11-14], the material
should have appropriate properties from the perspectives of
electronic and ionic conductivities in fuel and oxidizing
atmospheres, chemical stability in the fuel-cell
environment,  strength, and  toughness, thermal
conductivity, and cost. In addition, thermo-mechanical and
chemical harmony with adjoining parts in SOFC is
required for the material.

The SOFC operating temperature was decreased from
1173-1273 K to 874-1123 K [15] thanks to recent
research results, enabling metallic interconnects [16—21]
to be used. Metallic interconnects have many advantages
over ceramic interconnects, such as lanthanum chromite
(LaCrO3) and doped lanthanum chromite [22].
Nevertheless, oxidation of the metallic interconnects under
SOFC operation circumstances increases contact
resistance, leading to a decrease in electrical conductivity.

Yang et al. [23] studied heat resistance alloys to
examine their applicability to SOFC interconnects. They
reported that ferritic stainless steels with appropriately
selected compositions are the best candidates for SOFC
interconnect materials, and either surface or bulk needs to
be adjusted in the case of the chromium-forming alloys.
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One of the appropriate interconnect alloys is
reportedly ferritic stainless steel, Crofer 22 APU, prepared
by bulk adjustment. A bulk adjustment was done to
enhance oxidation/corrosion resistance and increase scale
conductivity. Forschungszentrum Julich of Germany
developed Crofer 22 APU, which was made of ~ 23 wt.%
Cr and small quantities of Mn, Ni, Al, Si, La, and Ti.

The way how ferritic stainless steels are oxidized
under circumstances where one side of the Crofer 22 APU
sample was exposed to air and its other side was exposed
to moist hydrogen as the fuel was examined by Yang et al.
[24]. The scales grown on the air side under these dual
exposure SOFC conditions could be significantly different
from scales grown on samples exposed to air on both sides.
From XRD analysis, they found that Cr,O; and M304
(M = Cr, Mn, and/or Fe) spinel were formed on both sides
of the sample exposed to air during heating. Iron was rich
in the spinel upper layer of the scale on the air side of
Crofer 22 APU (~ 23 wt.% Cr) sample after isothermal
heating at 1073 K, and the rate of the anomalous oxidation
was increased as temperature and the number of thermal
cycles increased.

In addition to this research, many studies on Crofer 22
APU have been carried out [25-28]. Yang et al. [25]
prepared a Mn;sCo1504 spinel barrier layer on the
Crofer 22 APU. They reported that degradation was
decreased because the layer prevented chromium from
migrating from chromium-forming alloy interconnects into
the cathode and improved good electrical contact. The
good thermal stability of the spinel protection layer
resulted from a good thermal expansion match between
Crofer 22 APU substrate and the Mn15C01504 spinel [25].

Contact between interconnect and cathode is related
with surface roughness. The surface roughness of
interconnects is thus believed to have great effect on the



electrical properties of interconnects. In the present work,
we ground surfaces of Crofer 22 APU pieces (1 x1cm
squares, 0.8 mm thickness) with SiC powder papers of
different grits and prepared Crofer 22 APU specimens with
different roughness. They were then thermally cycled
between 1073 K and room temperature in air. Change in
the microstructure of these specimens with the number of
thermal cycles was investigated.

2. EXPERIMENTAL DETAILS

A Crofer 22 APU plate with a thickness of 0.8 mm
was cut into 1 x 1 cm squares and ground with SiC powder
papers of different grits. The chemical composition of
Crofer 22 APU [29-32] is given in Table 1. We prepared
samples with different surface roughness by grinding with
SiC powder papers of various grits and by polishing.

Table 1. The chemical composition (wt.%) of Crofer 22 APU

C |Cr{Mn| Al |Si| Ni | Ti |V|Co|Others| Fe | Ti |V|Co
0.03(23|0.41(0.12(0.1{0.16{0.05| - | — O.L(;8 ~76.08(0.05|—| -

Polished samples were cycled by heating to 1073 K
with a rate of 5 K/min, maintaining at 1073 K for 100 h,
and cooling to room temperature with a rate of 15 K/min in
air. The numbers of thermal cycles for the preparation of
samples were three and five, with the 1073 K maintenance
periods (oxygen exposure time) being 300 h and 500 h,
respectively.

Samples ground with 80 and 240 grit SiC powder
papers and a polished sample were cycled by heating to
1073 K with a rate of 10 K/min, maintaining at 1073 K for
25h, and cooling to room temperature with a rate of
10 K/min in air. The numbers of thermal cycles to prepare
the samples were 8, 20, and 60, with the 1073 K
maintenance periods (oxygen exposure time) being 200,
500, and 1500 h, respectively.

The surfaces of the prepared samples were
investigated by scanning electron microscopy (SEM). In
addition, trenches were made by milling with the FIB
(focused ion beam), and scale/alloy interfaces were
observed by ESB (energy selective back-scattering) and
SE2 (type Il secondary electrons) for the sample ground
with grit 80 SiC powder paper and the polished sample
thermally-cycled for 8 and 60 times in the air. Phases were
analyzed by EDS (energy dispersive spectroscopy).

3. RESULTS AND DISCUSSION

The SEM micrographs for the cross-sections of
polished Crofer 22 APU samples after three thermal cycles
(total oxygen exposure time of 300 h at 1073 K) and five
thermal cycles (total oxygen exposure time of 500 h at
1073 K), each cycle consisting of heating to 1073 K,
maintaining at 1073 K for 100 h, and cooling to room
temperature, are shown in Fig. 1. For this observation, the
surface of the polished Crofer 22 APU sample after cycling
was Ni-coated by electroless plating technique [30] and
polished after mounting using epoxy resin and hardener.
The samples exhibit the alloy, oxide layer, and Ni-coated
layer. The oxide layer is relatively flat and has a quite
homogeneous thickness. The sample after three cycles
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shows a broken oxide layer. It is believed that the oxide
layer was broken during preparing the sample for SEM
observation. Pores are observed between the alloy and the
oxide layer and between the oxide layer and the Ni-coated
layer in the sample after five thermal cycles. The samples
after three and five thermal cycles have thicknesses of
about 13.8 and 17.9 um, respectively. This shows that, as
the number of thermal cycles increased, the thickness of
the oxide layer increased.
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Fig. 1. SEM micrographs for the cross-sections of polished
Crofer 22 APU samples: a-after three thermal cycles;
b—five thermal cycles, each cycle consisting of heating,
maintaining at 1073 K for 100 h, and cooling

A micrograph by BSE (back-scattered electron) at high
magnification for the cross-section of polished
Crofer 22 APU samples after five thermal cycles, each
cycle consisting of heating to 1073 K, maintaining at
1073 K for 100 h, and cooling to room temperature, is
shown in Fig. 2. Inside the oxide layer, a quite wide crack
is observed. We can see grain boundaries inside the alloy.
Pores are observed between the oxide layer and the Ni-
coated layer.

Fig. 3 shows the SEM micrographs at different
magnifications for the surfaces of Crofer 22 APU samples
ground with grit 240 SiC powder paper after 8 thermal



cycles, each cycle consisting of heating, maintaining at
1073 K for 25 h, and cooling.

Ni-coated layer
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Fig. 2. A micrograph by BSE (back-scattered electron) at high
magnification for the cross section of polished

o

Crofer 22 APU samples after five thermal cycles, each
cycle consisting of heating, maintaining at 1073 K for
100 h, and cooling
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Fig. 3. SEM micrographs at different magnifications for the
surfaces of Crofer 22 APU samples ground with grit
240 SiC powder paper after 8 thermal cycles, each cycle
consisting of heating, maintaining at 1073 K for 25 h, and
cooling
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The SEM micrograph at a low magnification exhibits
valleys and ridges consisting of particles, and that at high
magnification exhibits the particles which are in shapes of
polyhedron with flat surfaces of various sizes.

The SEM micrographs at different magnifications for
the surfaces of Crofer 22 APU samples ground with grit
240 SiC powder paper after 20 thermal cycles, each cycle
consisting of heating, maintaining at 1073 K for 25 h, and
cooling, are shown in Fig. 4.
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Fig. 4. SEM micrographs at different magnifications for the
surfaces of Crofer 22 APU samples ground with grit
240 SiC powder paper after 20 thermal cycles, each cycle
consisting of heating, maintaining at 1073 K for 25 h, and
cooling

The sample exhibits a microstructure similar to that of
the sample after 8 thermal cycles (shown in Fig. 3), having
deeper valleys and higher ridges consisting of larger
particles than those of the sample after 8 thermal cycles.
The particles are in shapes of polyhedron with flat surfaces
of larger sizes than those of the sample after 8 thermal
cycles (shown in Fig. 3).

Fig. 5 shows a SEM micrograph at high magnification
for the surface of the Crofer 22 APU sample ground with
grit 240 SiC powder paper after 20 thermal cycles, each
cycle consisting of heating, maintaining at 1073 K for
25 h, and cooling. A particle made of polyhedrons with flat
surfaces looks like a rose. Large flat surfaces forming
particles are also observed.
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Fig. 5. SEM micrograph at high magnification for the surface of
the Crofer 22 APU sample ground with grit 240 SiC
powder paper after 20thermal cycles, each cycle
consisting of heating, maintaining at 1073 K for 25 h, and
cooling
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The micrographs of a trench made by milling with the
FIB (focused ion beam) for a Crofer 22 APU sample
ground with grit 80 SiC powder paper after 8 thermal
cycles, captured by ESB and SE2, are shown in Fig. 6.
Each cycle consisted of heating, maintaining at 1073 K for
25 h, and cooling to room temperature. The surface of the
sample is very coarse. The oxide layer is undulated with a
thickness of about 0.6 um. The phases are marked. In the
oxide layer, the Cr,O3 phase develops near the side of the
alloy, and the (Cr, Mn)3O4 spinel phase forms outside the
Cr,03 phase. The micrograph captured by ESB shows the
boundary between the Cr,Oz phase and the (Cr, Mn)3;04
spinel phase. On the other hand, the micrographs taken by
SE do not exhibit the boundary between the Cr,O3; phase
and the (Cr, Mn)30. spinel phase. The bright region in the
oxide layer is believed to appear due to highly
concentrated electrons, and the boundary between the
Cr,03 and (Cr, Mn)304 phases is believed to be located in
the middle of the oxide layer.

Fig.7 shows the micrographs at different
magnifications captured by ESB of a trench made by
milling with the FIB for a polished Crofer 22 APU sample
after 8 thermal cycles, each cycle consisting of heating,
maintaining at 1073 K for 25 h, and cooling. The oxide
layer is straighter, compared with that formed in the
sample ground with grit 80 SiC powder paper after 8
thermal cycles. The phases are marked. In the oxide layer
with a thickness of about 0.8 pum, the Cr,O3 phase develops
near the side of the alloy, and the (Cr, Mn)3O4 spinel phase
forms outside the Cr,O; phase. Grain boundaries are
observed.

The micrographs captured by ESB and SE2 of a trench
made by milling with the FIB, for a Crofer 22 APU sample
ground with grit 80 SiC powder paper after 60 thermal
cycles, are shown in Fig. 8. Each cycle consisted of heating
to 1073 K, maintaining at 1073 K for 25 h, and cooling to
room temperature. The surface of the sample is very rough.
Some ridges are quite straight and continuous. The phases
(alloy, Cr,03, and (Cr, Mn)3O4 spinel) are marked in the
micrographs.
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Fig. 6. Micrographs of a trench made by milling with the FIB
(focused ion beam) for a Crofer 22 APU sample ground
with grit 80 SiC powder paper after 8 thermal cycles, each
cycle consisting of heating, maintaining at 1073 K for
25 h, and cooling, captured by: a—ESB (energy selective
back-scattering); b—SE2 (type Il secondary electrons)

In the oxide layer with a thickness of about 2.1 um, the
Cr,03 phase develops near the side of the alloy, and the
(Cr, Mn)304 spinel phase forms outside the Cr,O3; phase.
The micrograph captured by ESB shows clearly the
boundary between the Cr,O; phase and the (Cr, Mn)304
spinel phase. The (Cr, Mn);04 spinel phase in shapes of a
polyhedron with flat surfaces can be observed clearly on
the sample surface in Fig. 8 b. The sample ground with grit
80 SiC powder paper after 60 thermal cycles had a thicker
oxide layer (about 2.1 um) than that after 8 thermal cycles
(about 0.6 um). Compared with the oxide layer of the
polished sample, the oxide layer of the sample ground with
grit 80 SiC powder paper is more undulated.

As the number of thermal cycles increased, the
quantities of formed Cr,O3 and (Cr, Mn)304 spinel phases
increased. The (Mn, Co0)304 spinel phase has high
electrical conductivity, and the formation of Cr.0;
increases the electrical resistance. With an increasing
number of thermal cycles, the oxide layer got thicker,
leading to an increase in area specific resistance (ASR).
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Fig. 7. Micrographs at different magnifications captured by ESB
of a trench made by milling with the FIB for a polished
Crofer 22 APU sample after 8 thermal cycles, each cycle
consisting of heating, maintaining at 1073 K for 25 h, and
cooling

As the number of a grit of used emery paper
decreased, the oxide layer was more undulated. A more
undulated oxide layer has larger electrical resistance
because the contact between the cathode and interconnect
is poorer than a flat oxide layer. The oxidation rate in an
undulated layer is believed to be higher than that in a flat
layer because the former has a larger surface area than the
latter.

Zhu et al. [33] reported that chromia (Cr,0s) produced
on the surface of chromium-based alloys are intrinsically
too volatile to be applicable as interconnects for SOFCs
operating above 1073 K, some intermediate phases
occurring between iron-based interconnect and cathode
significantly increase the contact resistance, and metallic
materials that form stable oxide scales with acceptable
growth rate and reasonably high electrical conductivity
over the expected SOFC lifetime need to be developed.
Zhu et al. [33] investigated oxidation behaviors of two
specimens, 304 and 430 stainless steels with and without
different pre-surface treatments on the surface. The
polished samples have traces of polishing on the surfaces
[33]. The as-received samples have smaller grains than the
sand-blast samples.
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Fig. 8. Micrographs captured by: a—ESB; b—SE2 of a trench
made by milling with the FIB, for a Crofer 22 APU
sample ground with grit 80 SiC powder paper after 60
thermal cycles
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After exposure to the oxidation atmosphere, the as-
received samples have the smallest grains, followed in
order by the polished samples and the sand-blast samples.
The as-received samples also have some large grains. After
100 h exposure to the oxidation atmosphere, the polished,
the as-received, and the sand-blast STS430 samples had
the formed oxide layer thicknesses of about 4.2, 7.5, 3.1
um, respectively [33], showing that the sand-blast sample
has the highest high-temperature oxidation stability,
followed in order by the polished and the as-received
samples. The Al,O; on the surface deposited during sand-
blasting is believed to reduce the formation rate of Cr,O3 at
high-temperature oxidation atmosphere [33]. The authors
reported that the oxidation progresses along the grain
boundaries. Cracks and pores are believed to be formed
among the finest grains of the as-received samples.
Oxygen then penetrates through them and oxides form.
These are thought to have led to the formation of the
thickest oxide layer in the as-received samples [33].

Shim [30] reported that technical problems must be
solved to apply chromia scale forming ferritic stainless
steel in the environment of the SOFC stack. The chromium



scale that develops at the interconnect/contact interface
leads to very high electrical resistance and severe
degradation of cell performance [30]. Scale growth leads to
crack formation and subsequent delamination, the
accumulation of pores at the metal/scale interface, cracking
and spallation, and wrinkling of the oxide scale [30].

That the inherent volatility of high-valent chromium
compounds not only accelerates the oxidation rate but also
causes chromium diffusion into the porous cathode was
also reported by Shim [30]. Under such conditions,
reduction and deposition of chromium compounds such as
Cr;03, occurring at the cathode/electrolyte interface, may
greatly reduce the electro-catalytic reaction efficacy of
triple-phase boundary regions [30].

Shim [30] reported that during the early stage of
oxidation, both chromia and spinel phases nucleated on the
alloy surface, and coarse spinel phases were formed on the
chromia subscale. As oxidation time increased, the top
surface of oxide became to be covered with spinel phases.
Oxide growth through alloy grain boundaries was
pronounced in Crofer 22 APU [30]. The evolution of the
scale’s microstructure and chemical composition were
directly related to ASR. Crofer 22 APU appears to be the
most promising alloy for SOFC interconnect applications
among tested Fe-Cr based stainless steels (Crofer 22 APU,
ZMG232L, and SS430) and a Ni-Cr based alloy (Haynes
230) [30].

Moon et al. [34] reported that the electrical
conductivity of a metallic interconnect depends largely on
the electrical conductivities of the oxides formed on the
surface and pre-surface treatments of metallic
interconnects are required to reduce their oxidation rates.

Yang et al. [24] reported that Cr,O3; and M;30,
(M =Cr, Mn, and/or Fe) spinel were formed on both sides
of the sample exposed to air during heating and the rate of
the anomalous oxidation was increased as temperature and
the number of thermal cycles increased. Yang et al. [25]
also reported that a MnysCo1504 spinel barrier layer
prepared on the crofer22 APU decreased degradation
because the layer prevented chromium from migrating
from chromium forming alloy interconnects into the
cathode and improved good electrical contact. To
minimize scale growth rate and Cr migration to the cathode,
perovskite and spinel coatings by pulsed laser deposition,
electrical spray deposition, or screen printing were
suggested by Shim [30].

ASR was measured for prepared samples. ASR
decreased as the number of the grit of used emery paper
increased, suggesting that the polished Crofer 22 APU is a
better applicant to interconnects of SOFC than those with
rougher surfaces.

4. CONCLUSIONS

Variation in the microstructure of the Crofer 22 APU
samples having different roughness with thermal cycling
was investigated. Polished Crofer 22 APU specimens after
three and five thermal cycles had relatively flat oxide
layers with thicknesses of about 13.8 and 17.9 pm,
respectively. The SEM micrograph for the surfaces of
Crofer 22 APU samples ground with grit 240 SiC powder
paper after 8 thermal cycles, each cycle consisting of
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heating, maintaining at 1073 K for 25h, and cooling to
room temperature, clearly exhibited valleys and ridges
consisting of particles, and the particles in shapes of a
polyhedron with flat surfaces of various sizes. Micrographs
of a trench made by milling with the FIB (focused ion
beam) for a Crofer 22 APU sample ground with grit 80 SiC
powder paper after 8 thermal cycles (total oxygen exposure
time of 200 h at 1073 K), captured by ESB and SE2,
showed that the surface of the sample was very coarse and
its oxide layer was undulated. In the oxide layer, the Cr,03
phase developed near the side of the alloy, and the (Cr,
Mn)3;04 spinel phase formed outside the Cr,O3; phase. The
sample ground with grit 80 SiC powder paper after 60
thermal cycles had a thicker oxide layer (about 2.1 um)
than that after 8 thermal cycles (about 0.6 um). Compared
with the oxide layer of the sample ground with grit 80 SiC
powder paper, the oxide layer of the polished sample was
less undulated. The polished Crofer 22 APU is a better
applicant to an interconnect of SOFC than those with
rougher surfaces.
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