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Abstract

The chemical stability of Fe—Cr alloys (ZMG232 and SUS430) was examined under humidified CH, gases at 1073 K to simulate the real
anode atmosphere in SOFC operation. Surface microstructure change and oxide scale layer formation were observed on the oxidized Fe—Cr
alloy surfaces. The main reaction products were Mn—Cr—(Fe) spinels for both alloys. Secondary ion mass spectrometry (SIMS) was applied to
measure the elemental distribution of minor and major elements around the oxide scale/alloy interface. A high concentration of Mn on the
oxide scale surface suggested the fast diffusion of Mn in the oxide scale to form the spinels. Annealing in CH4—H,0O made the oxide scale
thicker with duration time on the alloy surface. The parabolic growth rates (k) of oxide scale layer were evaluated from the thickness of oxide
scales by secondary ion mass spectrometry (SIMS) depth profiles, which were calculated to the following: k, = 6.25 x 10¢ um?s for
SUS430 and k, = 4.42 x 107° pum?/s for ZMG232. The electrical conductivity of oxidized alloys showed the semi-conductor temperature

dependence for both alloys. The electrical conductivity of oxidized ZMG232 alloy was higher than that of oxidized SUS430.

© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Fe—Cr alloy; Solid oxide fuel cells (SOFCs); Interconnects; Oxide scales

1. Introduction

Solid oxide fuel cells (SOFCs) are one of the promising
high-energy conversion systems that produce electricity and
heat. The development of SOFCs is now coming to the
second generation. That is, the second generation SOFCs
operates at a temperature around 873-1073 K with an
internal reforming of hydrocarbon fuels. With a reduction
of operation temperature, alloy materials can be applied to
interconnect of SOFCs. Merits of applying alloys to the
interconnects in SOFCs are: (1) achievement of dense and
gas-tightness between fuel and air gases, (2) easy for hand-
ling, which makes cheaper fabrication cost, and (3) high
electronic and thermal conductivity, which makes the cell
performance higher. On the other hand, under operation at
high temperatures, oxide scale formation occurs on the alloy
surface with reacting the atmospheric gases, such as O,
H,0, CO, CO,, and CH,.

So far, several kinds of alloys are examined as candidates
for interconnect in medium operation temperature SOFCs [1—
18]. Because Cr,O; forming alloys show relatively low
electrical resistance (high resistance against oxidation), these
materials are attractive and suitable for interconnect applica-
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tions. Among the Cr,O3 forming alloys, ferritic steel contain-
ing some active elements can form relatively stable oxide
scale and reduce the Cr vaporization [12—18]. Thus, the
ferristic alloys are promising materials for the interconnect
SOFCs in medium temperature operation [17,18]. The oxida-
tion mechanism and oxide scale formation of ferritic alloys
have been reported by several groups, especially in air and
H>—H,0 atmosphere [12—-19]. On the other hand, there still
remain uncertainly about oxidation of alloy and oxide scale
formation in CH, or reforming gas atmospheres.

The aims of this study are to investigate the chemical
stability of ferritic alloys against the oxidation in anode
atmospheres, especially in CH4—H,O atmospheres to simu-
late anode atmospheres. Two different kinds of Fe—Cr alloys
(ZMG232 and SUS430) were selected for testing in CHy—
H,O atmospheres. Elemental distribution was analyzed by
SIMS to detect minor and major elements in depth direction
precisely.

2. Experimental

2.1. Materials

Commercially available Fe—Cr alloys were examined for
oxidation experiments; one is multi-purpose commercially
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Table 1
Chemical composition of Fe—Cr alloy examined for oxidation analysis
Element Mass
ZMG232 (Hitachi SUS430
Metals Ltd., Japan)
C 0.02 0.048
Si 0.40 0.35
Mn 0.50 0.21
Ni 0.26 0.12
Cr 21.97 16.31
Al 0.21 0.11
Zr 0.22 0.023
La 0.04 0.0006
Fe 76.38 82.8

available alloy, SUS430 and the other is specially developed
alloy for SOFC interconnect, ZMG232 (supplied from
Hitachi Metals Ltd.). The chemical compositions of these
alloys are listed in Table 1. These alloys contain Fe and Cr
with several kinds of minor elements; C, Si, Mn, Ni, Al, La,
and Zr. The stability of ZMG232 alloy has already been
examined in O, atmosphere [17]. The electrical conductivity
of this alloy was only 6 mQ cm? at 1273 K after operation at
1273 K for 1000 h [17]. The surface of the alloys was
polished with a diamond paste up to 0.25 pm finish to obtain
a clean and flat surface.

2.2. Oxidation experiments (CH,~H>O treatments)

The alloys were annealed at 1073 K under CH4—Ar mixture
with saturation of H,O. A mixture of CH, and Ar was passed
through H,O (at 50 °C) in a flow rate of 50 ml/min. The mixed
gases have the following partial pressure of each gas before
feeding to the reactor tube: p(CH4) = 0.11 bar, p(Ar) =
0.79 bar and p(H,0) = 0.10 bar. The oxidation treatments
were examined at 1073 K for 3-792 h in an Al,Os-tube
reactor. When the mixed gases were supplied to the reactor
at 1073 K, the CH4—H,0O gas should be converted to the
following composition assuming that the equilibrium is
attained in the reactor: p(0;) = 5.23 x 1072 bar, p(H,) =
2.57 x 107! bar, p(H,0) = 2.85 x 10~ bar, p(CO) = 8.40
x1072 bar, p(CO,) = 1.01 x 1072 bar, p(CH4) = 3.25x
1073 bar. In this gas composition, the equilibrium calculation
suggests that carbon deposition will occur. The experimental
observation confirmed the deposition of carbon inside the
Al,Os-tube reactors.

2.3. Analysis of alloys

Surface microstructure was analyzed by scanning electron
microscope (SEM, Hitachi S-800) with EDX (Kevex). The
reaction phases formed on the alloy surface were identified
by X-ray diffraction (XRD) (Phillips PW 1800). In order to
analyze the microstructure of oxide scales at the interfaces,
the cross-section of the oxide scale/alloy interface was

observed by SEM. Major and minor elements distributions
were analyzed by SIMS (CAMECA, ims-5f) in its depth
profile mode. The primary O," beam sputtered the sample
surface, and M secondary ions were collected as a function
of sputtering time (depth from surface) in the area of 150-
250 um? (M: each metal species, acceleration voltage:
10 kV, primary beam intensity: 50-100 nA). For observing
the distribution of light elements (such as hydrogen, carbon,
oxygen, and sulfur), the primary Cs* beam was adopted to
sputter the sample surface, and signal counts of '"H™, 12C~,
160~ and 32S~ were measured as a function of depth from
the surface.

The electrical conductivity of oxidized alloy was mea-
sured by two-probe ac impedance measurements [16]. Pt-
paste electrodes were applied to the surface of the oxidized
alloy surfaces, and the measurements were conducted in air
atmosphere.

3. Results and discussion
3.1. Surface microstructure and formed phases

Fig. 1 shows microstructures of oxidized alloy surfaces
in CH4—H,O0 atmosphere at 1073 K for 72 h. The micro-
structures of the alloy surface is varied drastically by the
CH,—H,0 atmosphere; the grain boundary parts increase in
height (Fig. 1a and c) and needle- or plate-like grains are
observed on the alloy surface (Fig. 1b and d). On the
ZMG232 surface, the grain boundaries are plate-like shape
grains and the other parts are cubic shape grains (Fig. 1b).
On the other hand, on the SUS430 surface, whole surface
of oxidized alloy is covered with plate-like grains (Fig. 1d).
The microstructures of oxidized alloys are observed for
prolonged annealing duration time. Fig. 2 shows micro-
structures of oxidized alloys annealed at 1073 K for 144 h
in CH4~H,0. On the ZMG232 surface, plate-like grains
and cubic-shape grains cover the whole surface of alloy.
For SUS430 surface, whole surface is covered with plate-
like grains, which is different from the case of ZMG232.
For both surfaces, distinct grain boundaries are not
observed, which suggests thick oxide scale layer formation
on the alloy surface. Fig. 3 shows oxidized alloy surface
annealed at 1073 K for 1032 h in CH4~H,0. Many cubic-
shape grains cover the ZMG232 surface (Fig. 3a) and these
cubic shape grains consist of porous structure on the top
surface of oxide scale. For the oxidized SUS430 surface,
many needle-like grains cover the whole surface of alloy.
The microstructures of the oxide scale are significantly
different from each other.

To confirm the phases formed in the oxide scale, XRD
analysis was examined for the oxide scale. Figs. 4 and 5
show XRD patterns of oxidized alloy surface for different
annealing duration times. The identified phases in the oxi-
dized alloys are Mn—Cr—(Fe) spinel oxides (marked as S in the
patterns), Cr,O3 oxides (marked as C in the patterns), and
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CH,-H,0,
1073 K-72 h

Fig. 1. Scanning microscope images of oxidized alloy surface (oxidation at 1073 K for 72 h in CH4—H,O atmosphere): (a) ZMG232 alloy surface, (b) high
magnification of ZMG232 alloy surface, (c) SUS430 alloy surface, (d) high magnification of SUS430 alloy surface.

CH,-H,0, 1073 K-144 h
(@) ZMG232 (b) SUS430

Fig. 2. Scanning microscope images of oxidized alloy surface (oxidation at 1073 K for 144 h in CH,—H,O atmosphere): (a) ZMG232 alloy surface, (b)
SUS430 alloy surface.



CH,-H,0, 1073 K-1032 h
(a) ZMG232 (b) SUS430

Fig. 3. Scanning microscope images of oxidized alloy surface (oxidation at 1073 K for 1032 h in CH4—H,O atmosphere): (a) ZMG232 alloy surface, (b)
SUS430 alloy surface.
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Fig. 4. X-ray diffraction patterns of oxidized ZMG232 alloy surface in Fig. 5. X-ray diffraction patterns of oxidized SUS430 alloy surface in
CH4-H,O atmosphere: (a) 3 h, (b) 144 h, (c) 768 h. CH,4-H,O atmosphere: (a) 3 h, (b) 144 h, (c) 768 h.
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alloy themselves (marked as A in the patterns). With increas-
ing the oxidation duration times, the peaks intensities attrib-
uted to spinel oxides become higher, which suggests the
formation of thick reaction products on the surface. Similar
phases are observed for ZMG232 alloy and SUS430 alloy.
This suggests that the formed oxides on the surface are similar
in the crystal structure between these two alloys. For XRD
peaks attributed to spinel phases, some peak shifts are
observed between these alloys. This indicates the minor
crystal structure change in the spinel phases in oxide scales.
Minor crystal structure change can be attributed to the minor
elements in the oxide scale.

3.2. Microstructures of cross-section at the oxide
scale/alloy interfaces

Fig. 6 shows microstructures of cross-section at the oxide
scale/alloy interfaces for ZMG232 and SUS430. Thick and
dense oxide scales formed on the alloys surface for both
cases. The oxide scale/alloy interfaces are clear without any
voids and cracks for both alloys. Therefore, the oxide scale
grew continuously on alloy by diffusion process.

In Fig. 6a, oxide scale is identified as dark zone on the
ZMG232 alloy surface with a thick and dense microstruc-
ture. Many dark spots are observed inside the alloy; these
spots are Al,Oj-rich parts from EDX analysis and these
are inner oxides of Al,Os;. The Al,O; inner oxides are

(@) scale

alloy resin
«— |e'—>

Al, O, inner oxides

observed in the oxidized ZMG232 alloy in H,—H,O atmo-
sphere [19].

In Fig. 6b, the microstructure of the oxide scale layer in
SUS430 is somewhat different from that in ZMG232. A
relatively thick oxide scale grew on the alloy surface. Also,
no inner Al,O3 spots are observed in the alloy. This micro-
structure of SUS430 is completely different from that of
ZMG?232. Although Al,Oj3 inner oxides are observed in the
SUS430 annealed in air atmosphere, no such spots are
observed in the samples annealed in CH,—H,O. This may
be related to the concentration of Al and phase stability of
Al,O3 in the annealed atmosphere.

3.3. SIMS depth profiles

Fig. 7 shows SIMS depth profiles of composed elements
around the oxide scale/alloy interface. In Fig. 7a, SIMS
signal counts of oxidized ZMG232 are shown as a function
of depth from the surface. High concentration of Cr, Mn, and
Fe are observed in the oxide scale, which suggests the
formation of Mn-Cr—Fe oxides on the surface. This result
supports the XRD patterns and SEM/EDX observation that
the Mn—-Cr-Fe spinels are observed on the surface. For
minor elements, high concentration of La is observed in
the oxide scale, whereas the counts of Zr are low in the oxide
scale but high in the alloy. The oxide scale thickness is
considered to be about 1200 nm from the profile of Cr*.

(b) scale

alloy resin

Fig. 6. Microstructures of cross-sections at the oxide scale/alloy interfaces annealed at 1073 K for 1032 h in CH4—H,0O: (a) oxidized ZMG232 alloy, (b)

oxidized SUS430 alloy.
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Fig. 7. SIMS depth profiles at the oxide scale/alloy interfaces (oxidation at 1073 K for 144 h in CH4—H,O atmosphere): (a) oxidized ZMG232 alloy, (b)

oxidized SUS430 alloy.

In Fig. 7b, the distribution of SIMS signal counts is shown
around the oxide scale/alloy interface for SUS430. High
concentrations of Cr and Mn are observed in the oxide scale.
A relatively low Fe-concentration is observed in the oxide
scale, and it increases in the alloy. Distinct high concentra-
tion profiles of Al and Si are observed at the oxide scale/
alloy interface. This indicates the condensation of Al and Si
at the oxide scale/alloy interface by annealing in CH4,—H,O.
The profile of Al supports the SEM observation that no inner
Al,Oj3 are observed in the SUS430 alloy. The depth profiles
of Ni and Al are considerably different between ZMG232
and SUS430. The oxide scale thickness is about 1100 nm
from the profile of Cr", which is comparable level of
ZMG232.

3.4. Oxidation kinetics

The thickness of oxide scale increases with an extension
of annealing duration time. The thickness of oxide scale, x,
was estimated from SIMS depth profiles of Cr' for each
sample. Fig. 8 shows growth of oxide scale layer versus
annealing duration time. The thickness of oxide scale
increase with duration time by the following relationship:

x2:kp><t (1)

where k, is the parabolic growth rate constant, and ¢ is
annealing duration time. The solid lines in Fig. 8 are fitting
lines of the observed data for each alloy. For both alloys, the
growth of oxide scale layer thickness obeys the parabolic
law. This implies that the growth of oxide scale is controlled
by the diffusion process. From the slopes of the lines, k,
values are calculated for examined two alloys; for SUS430:
ky = 6.25 x 107 um*/s, and for ZMG232: k, = 4.42x

10~ um?/s. The growth rate constants of ZMG232 and
SUS430 are similar orders, but SUS430 shows a little bit
higher k;, value than ZMG232. This implies that similar
growth thicknesses are expected for same annealing duration
times.

3.5. SIMS depth profiles of light elements

In CH4—H,O fuel gases, the reformed gases or CHy are
directly contact with alloys, and they may react with alloys
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Fig. 8. Growth of oxide scale layers for examined alloys: (@) ZMG232
alloy, () SUS430 alloy.
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Fig. 9. SIMS depth profiles for light elements (H, C, O) at the oxide scale/
alloy interfaces: (a) ZMG232 alloy, (b) SUS430 alloy.

and/or oxide scales. Therefore, the light elements distribu-
tions were examined by Cs* sputtering of SIMS in the oxide
scale. Fig. 9 shows SIMS depth profiles of light elements
around the oxide scale/alloy interface. The 'O~ profiles show
flat part in the surface region that corresponds to the oxide
scale on the alloy surface at x = 0—1100 nm. Therefore, the
oxide scale thickness is thought to be around 1100 nm, which
is consistent with the Cr" profiles (Fig. 7). Similar 'O~
profiles are observed for both ZMG232 and SUS430. Thus,
the depths of oxide scales in these two alloys are almost same
in this annealing condition.

The 'H™ profiles show gradual decrease of concentration
from the surface for both alloys. In the oxidized ZMG, the
signal counts of 'H™ decrease to a certain level in the oxide
scale. This suggests that H can diffuse into oxide scale from
gas phase. On the other hand, the profile of "H™ in SUS430
shows sudden decrease in the surface region and gradual
decrease in the oxide scale. This suggests that the difference

CH,- H,0, 1073 K- 768 h

log ( //cps)

x/nm

Fig. 10. SIMS depth profiles of sulfur(**S™) and oxygen(*?0,~) at the
oxide scale/ZMG232 alloy interfaces.

of H diffusivity in the formed oxide scale. This may be
related to the microstructures of oxide scales.

The depth profiles of '>C~ show gradual decrease of
signal counts from the oxide scale surface. The maximum
of counts are observed around the oxide scale/alloy interface
for both alloys. The sources of C are thought to be gas phase
or alloy bulk themselves. In the present study, we cannot
identify the source of C and exact explanation of these depth
profiles in the oxide scale. Further investigation will be made
in the future work.

In the CH, containing fuels, it may contain a very little
amount of sulfur (S) (less than ppm orders) as impurity.
Thus, SIMS analysis was conducted for 328~ in a shallow
region by the high mass resolution mode (M/AM = 1000) to
distinguish the mass spectra of 20~ and 32S™. Fig. 10 shows
SIMS depth profiles of 320~ and 32S~ for the oxidized ZMG
alloy surface (oxidation in CH4;—H,0 at 1073 K-768 h).
The depth profiles of 3>S~ show a sudden decrease of signal
counts from the sample surface. The signal counts of 32S™ is
background level at deeper than 30 nm. Thus, the diffusion
length of S is considered to be only 20-30 nm. S may be
diffuse into oxide scale from gas phase from the impurity of
CH, gas. The amount of S in the oxide scale is considered to
be very low, although SIMS analysis is difficult to determine
the real concentration.

3.6. Electrical conductivity

Fig. 11 shows electrical conductivity of oxidized alloys
as a function of inverse temperature. The -electrical
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Fig. 11. Electrical conductivity of oxidized alloys: (@) ZMG232 alloy,
() SUS430 alloy.

conductivity increases with temperature, which suggests the
semi-conduction temperature dependence. Therefore, the
electrical conductivity mainly shows the contribution from
the oxide scales formed on the alloy. For both alloys, the
temperature dependence of the conductivity is similar. The
activation energy of conductivity is 0.66 eV for ZMG232,
and 0.58 eV for SUS430. Similar activation energy indicates
that similar conduction mechanism in oxide scale layers.
The electrical conductivity of the oxidized ZMG shows
higher values than that of the oxidized SUS430. Although
the formed phases and oxide scale thickness are similar, the
electrical conductivity shows some difference between
ZMG232 and SUS430. This may be attributed from the
minor element distribution, especially Al and Si distribu-
tions around the oxide scale/alloy interfaces. A relatively
high Si and Al concentration suggests that insulating layer
can be formed at the oxide scale/alloy interface. This
insulating layer is more significant in the case of SUS430
to reduce the electrical conductivity.

4. Conclusions

The oxidation behaviors were compared in CH4;—H,O
atmosphere for two kinds of Fe-Cr alloys: SUS430 and
ZMG?232. Surface microstructure changes and oxide scale
layer formation were observed on the oxidized Fe—Cr alloy
surface. The main reaction products in the oxide scale were
Mn-Cr—Fe spinels and Cr,O3 for both alloys. SIMS was
applied to measure the elemental distribution of minor and
major elements around the oxide scale/alloy interface. A high
concentration of Mn on the oxide scale surface suggests that

fast diffusion of Mn in the oxide scale to form spinels.
Annealing in CH4—H,O made the oxide scale thicker with
duration time on the alloy surface. Growth of oxide scale
layer was evaluated by the parabolic growth relationship. The
parabolic growth rate constants for oxide scale were evaluated
as follows: k, = 6.25 x 10°® um%*s for SUS430 and
k, =4.42 x 1076 pum?*/s for ZMG232. Similar growth rate
values indicated that the thickness of the oxide scale forma-
tion was of the same order for both alloys. The electrical
conductivity showed semi-conductor temperature depen-
dence for both alloys. The electrical conductivity of oxidized
ZMG?232 was higher than that of SUS430 in the examined
temperature range.
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