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Abstract

Oxide scale formations in anode gas atmospheres were investigated for three different Fe—Cr alloys as interconnects in solid oxide
fuel cells (ZMG232, SUS430, and Fe—-Cr-W). Oxidation with anode gases, (@40, CO, and CQ) caused a relatively thick oxide
scale formation on the alloy surfaces even in low oxygen partial pressures at 1073 K. The distribution of elements in the oxide scale and
the growth rates of oxide scales were compared among the examined alloys by glow discharge optical emission spectrometry (GDOES).
Mn—Fe—Cr spinels and @Dz were formed on ZMG232 and SUS430 surfaces, whereas ontysGormation was observed on Fe-Cr-W
surface. Oxide scale thickness grew with annealing time by a parabolic relationship, and the growth rates were in the ordets of 10
105 um?s~t at 1073 K. The electrical conductivity after forming oxide scales was different depending on the oxide scale phases and
thickness. The conductivity was in the order of 10 Sérat 973 K for ZMG232 alloy.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction for optimizing the chemical stability and compatibility of
scales.

Recently, many attempts have been made to reduce the In an & atmosphere, the oxide scale formation and its
operation temperature of solid oxide fuel cells (SOFCs) chemical stability have been examined by many authors
from 1273 to 1073 K or lower. One advantage of reduc- [1-10]. On the other hand, in anode gas atmospheres, few
ing the operation temperature is the application of alloy authors have reported the oxidation of Fe—Cr alloys and
materials as interconnects, which are expected to providesome unclear points have been left regarding the oxidation
cost-reduction. Among the candidate alloys, Fe—Cr alloys [10-15] In anode atmospheres, methane ¢LBnd steam
have attracted much attention for medium operation tem- (H20) can contact alloys under the internal steam reform-
perature SOFCs, because of their reasonable price andng reactions. Also, the reformat gases, such as CO and
high mechanical strengtfil—15] However, at operation  CO, can contact alloys directly. Therefore, these gases can
temperatures, oxide scales are always formed on the al-affect the formation mechanism of oxide scales and the sta-
loy surface by the reaction with atmospheric gases. The bility of oxide scales. In a previous study, we have reported
formation of an insulating oxide layer is not favorable, the oxide scale formation on Fe—Cr alloys in-HH,O and
but is needed in order to provide a stable protective layer. in CHs—H,O atmosphere$16—-18] The minor elements’

To improve the electrical conductivity in the oxide scales, distribution was clarified by SIMS techniques. However,

several elements have been added into the Fe—Cr alloyshe effects of minor additives on the growth of oxide scale

to form CrOgz-based conductive oxide layers. Hence, it is and the electrical conductivity have not yet been clarified.

important to control and analyze the elemental distribution The purpose of the present study is to clarify the oxide

scale formation mechanism of three different Fe—Cr alloys

in CHs—H,O fuel atmospheres. We investigate the effect

* Corresponding author. Teh:81-29-861-4542; fax:-81-29-861-4540.  Of minor elements on the growth of oxide scales and the
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2. Experimental (XRD; Phillips PW 1800). Major and minor elements
distributions in depth directions were analyzed by glow
2.1. Samples discharge optical emission spectrometry (GDOES, Jobin

Yvon/HORIBA, JY-5000RF) with Ar sputtering. The depth

Three different ferritic alloys have been selected as test profiles were measured in an area of 2 mm in diameter. For
alloys because they form gDs-based oxide scales and have the RF-generator, the following condition was selected to
been reported as interconnects of SOf&6,11,12] The measure the oxide scales and alloy: pressure, 600 Pa and
selected Fe—Cr alloys are abbreviated as follows: ZMG232, power, 35W. After the formation of craters, the depths were
SUS430, and Fe—Cr—W. The chemical compositions of theseanalyzed by a surface profiler system (Dektak, Veeco).
alloys are listed imMable 1 The samples were cut into pieces The electrical conductivity of oxidized alloys was mea-
in the size of about 1cnx 1cm, and the surfaces were sured by 4-probe ac impedance measureniéfisPt-paste
polished with a diamond paste to obtain a mirror surface (up electrodes were applied to the oxidized alloy surfaces, and

to 1/4pm grade). the measurements were conducted in an air atmosphere.
The measurement time for the conductivity was 5h. The ac
2.2. Oxidation experiments impedance spectra were measured in the frequency range

from 1 mHz to 100 kHz with amplitude of 10 mV.

The alloys were annealed at 1073 K under&Hr mix-
ture with a saturation of 0. A mixture of CH; and Ar was
passed through #D (at 50°C) in a flow rate of 50 mI min?. 3. Results and discussion
The mixed gases have the following partial pressure of each
gas before feeding to the reactor tupgCHa) = 0.05bar,  3.1. X-ray diffraction of oxidized surfaces
p(Ar) = 0.85bar andp(H20) = 0.10 bar. The oxidation
treatments were examined at 1073K for 72—1050h in an  To confirm the reaction products at the oxidized alloy sur-
Al;0s3-tube reactor. When the mixed gases were supplied face, XRD was examinedig. 1 shows XRD patterns of
to the reactor at 1073 K, the GHH,O gas should be con-  0xidized alloys (oxidized at 1073 K for 288 h in GHH,0).
verted to the following composition assuming that equilib- In the XRD pattern of ZMG232Kig. 1(a), the identified
rium is attained in the reactop(O,) = 2.58 x 102%bar, peaks are alloy (“A” in figures), Fe-Mn—Cr spinels (*S”),
p(Ho) = 1.46 x 10 1bar, p(H,0) = 1.60 x 10 1bar, and CpOs oxides (“C"). Thus, the oxide scales are mainly

p(CO) = 3.59 x 10 2bar, p(CO,) = 9.56 x 10 3bar. In composed of spinel and gbg_phases._lr_Fig. 1(b) similar
this gas composition, the equilibrium calculation suggests XRD patterns are observed in the oxidized SUS430. In ad-

no carbon deposition. After the experiments, there was in- dition to the spinel phases, several peaks attributed1@£r

deed no carbon deposited in the;@®k reactor tube. are observed in the pattern, and the intensities are stronger
than those of ZMG232. IRig. 1(c) the XRD pattern mainly
2.3. Analysis of oxidized alloys shows C$O3 and alloy, which is different from the above

two patterns. Thus, the main phase in the oxide scale is

Microstructures of cross-sections of oxide scale were C120s in the case of Fe-Cr-W alloy.

analyzed by scanning electron microscope (SEM, Hitachi ) ) .
S-800) with EDX (Kevex). The reaction phases formed 3-2- Microstructures of oxide scale/alloy interfaces

on the alloy surface were identified by X-ray diffraction ] ) ] )
Fig. 2shows scanning electron microscope images around

the oxide scale/alloy interfaces after annealing at 1073 K for
1050h in CH—H,O. The microstructures of oxide scales
show relatively thick and dense layers on the alloy surface.

Table 1
Chemical compositions of Fe—Cr alloys examined for oxidation analysis

(thgczﬁizMetals (SpﬂrSCiiZe 4 rom gi;g;vl\\’ﬂétsa‘:?g%mo The thickness of oxide scale on each alloy is estimated as
Ltd., Japan) Nilaco Co.) Ltd., Japan) follows: ZMG232, 4.8.m; _SUS430, 6.1um; and F_e—Cr—W,
c 0.02 0.048 B 14pm. For the ZMG232Kig. 2(a) and SUS430Kig. 2(b)
si 0.40 035 0.31 alloys, the microstructures at the oxide scale/alloy interfaces
Mn 0.50 0.21 0 are very clear without any voids and cracks. Thus, the oxide
Ni 0.26 0.12 0 scales grew continuously from the surface by reacting with
CI' 21.97 16.35 19.72 atmospheric gases, such agH CO, and C@. On the other
'S %21 (()).(())is %‘55 hand, some voids are observed at the thick oxide scale/alloy
7r 0.22 _ 0.30 interface of Fe—Cr—W alloysg. 2(c). These voids can be
La 0.04 - 0 formed during the oxidation or during the polishing treat-
w 0 0 7.03 ments. Because the oxide scale formation causes a signif-
Fe 7638 82.849 72.09 icant interdiffusion of cations around the interfaces, cation

Figures are in mass%. transport may affect change in the microstructures around
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Fig. 1. XRD patterns of oxidized alloys (A: alloy, C: £33, S: spinel, ¥
oxidation at 1073 K for 288 h in Ci#-H,0). (a) ZMG232, (b) SUS430, (9] 671004 13KV X1.58K ¢

(c) Fe—Cr-W. . . . . . .
Fig. 2. Scanning electron microscope images of cross-section at the oxide

scale/alloy interfaces. (a) ZMG232, (b) SUS430, (c) Fe—Cr-W.
the interfaces. IrFig. 2(a) many dark spots are observed
in the ZMG232 alloy. These spots correspond to th®©4A  gpinels), a Cr-rich zone (@03), and a Si-rich zone. In the
internal oxides, which were confirmed by EDX analysis.  gys430 alloy Fig. 4), the distribution of elements is simi-
lar to that of ZMG232. The oxide phases identified are the
3.3. Elemental distributions around the oxide scale/alloy following, from the surface to the inner oxides: an Fe—Mn
interfaces rich phase, a Cr-rich zone, and a Si-rich zone. The mi-
nor difference between ZMG232 and SUS430 is the distri-
Figs. 3—5show GDOES depth profiles of elements around bution of Al. Since ZMG232 alloy contains much Al, the
the oxide scale/alloy interfaces after oxidation experiments Al,Ogz internal oxides were formed in the alloy bulk, as were
at 1073 K for 144 h. The-axis of these profiles is the depth  observed in dark spots iRig. 2(a) The Mn—Fe—Cr rich
from the sample surface, andaxis indicates the optical zone is identified as a spinel-type structure by XRD anal-
emission intensities of each element. The depth of the craterysis of oxidized ZMG232 and SUS430 surfac&sg( 1).
is measured by a surface profiler system (Dektak, Veeco).In the depth profile of Fe—Cr—WF(g. 5), the following
In the depth profiles of ZMG232 alloyF(g. 3), the thick- zones are observed from the surface to the inner oxide: a
ness of the oxide scale is estimated to be aboug.th%e- Cr-rich zone and a Si-rich zone. A relatively thick,Cg
cause of the constant intensities of O in the depth range ofoxide layer was formed (aboutpdn) on the alloy sur-
0-1.5um. Around the oxide scale/alloy interfaces, the fol- face compared with ZMG232 and SUS430. The distribu-
lowing zones are identified from the surface to the inner tion of W was not observed because the instrument did not
oxides: a high concentration zone of Mn and Fe (Mn—Fe have a photo multi-meter at the corresponding wavelength.
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Fig. 5. GDOES depth profile for each element around the oxide scale/alloy

Fig. 3. GDOES depth profile for each element around the oxide scale/alloy interfaces (Fe—Cr—W alloy, oxidation at 1073 K for 144 h).

interfaces (ZMG232 alloy, oxidation at 1073 K for 144 h).

No spinel phases were identified from the distribution of
cations and XRD analysis. The growth rate of oxide scale
in Fe—Cr—W alloy is considered to be very high compared
with that in ZMG232 and SUS430. From the GDOES depth
profiles for the three different alloys examined, the distri-
bution of Si seems to be most important for the formation

SUS, 1073 K-144 h
Cr,0. SiO_-rich zone

Spinel . e W K
10 e

x/um

of conductive stable oxide scale/alloy interfaces. Since Si
is condensed at the oxide scale/alloy for all the examined
alloys, the distribution of Si may affect the conductivity of
oxide scales and the growth of oxide scale.

3.4. Oxide scale growth kinetics

From the GDOES depth profiles, we can estimate the
thickness of oxide scales for each alloy at different duration
times. The thickness of the oxide scale was estimated from
the flat parts of the oxygen (O) depth profil€sy. 6 shows
oxide scale thickness as a function of annealing time. The
thickness of oxide scale follows the parabolic relationship:

(1)

wherex indicates the thickness of the oxide scédgis the
growth rate constant, ands the annealing reaction time. In
Fig. 6, the least square fitting lines are also shown. A rel-
atively good agreement is observed between observed and
fitted data. This suggests that the growth of oxide scale is
controlled by a diffusion process, such as cation diffusion in
the alloy. From the slopes of these fitting lines, we can esti-
mate the growth ratek,, for each alloy. The calculated val-
ues ofk,, are as follows: & x 10~% um? s~ for ZMG232,

1.0 x 10> um?s1 for SUS430, and 6 x 1072 um?s1

for Fe—Cr—W. The growth rates of ZMG232 and SUS430 are
similar in the orders of magnitude. On the other hand, the
growth rate of oxide scale in the Fe—Cr—W alloy is consider-
ably high. The growth rate of oxide scale can be controlled

2 _
xX°=kpt

Fig. 4. GDOES depth profile for each element around the oxide scale/alloy DY the addition of minor elements, such as Si, Al, Mn, La,

interfaces (SUS430 alloy, oxidation at 1073 K for 144 h).

and Zr. Addition of Mn and La can be effective to reduce the
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Fig. 6. Oxide scale thickness as a function of annealing times for three

different alloys @: ZMG232, M : SUS430.4 : Fe-Cr-W). Fig. 7. Electrical conductivity of oxidized alloys as a function of inverse

of temperature (oxidation at 1073 K for 1050@; ZMG232,l: SUS430,
oxide scale growth rates by forming the Mn—Fe—Cr spinel A: Fe-Cr-W).
phases on the surface. From these oxide scale growth rates,
we can estimate the thickness of oxide scale for a long-termRelatively low electrical conductivity in the Fe—Cr—W alloy
operation. In ZMG232 alloy, the thickness of oxide scale is due to a thick oxide scale and pores formed at the oxide
will be about 14 and 3lm for 1 and 5 years’ operation, scale/alloy interfaces.

respectively. The slope of theT(= R,37) versus inverse temperatures
was calculated from the following relationship:

3.5. Electrical conductivity of oxidized alloys _E
of = RpalT = A exp(k—T‘"> (3)

The electrical conductivity after forming the oxide scale
was measured by 4-probe methods. An area specific resiswhereA is pre-exponential constar, is activation energy,
tance Ras) was adopted to evaluate the resistance of the k is Boltzman constant, and@l is temperature. The activa-
samples: tion energy for each oxidized alloy was calculated from least
Ras (Qcm?) = RS ) square fitting of the observed Qata in the temperature range

from 689 to 1081 K. The obtained values are 0.67 eV for
whereR andSindicate the measured resistance and the sur-ZMG232, 0.57 eV for SUS430, and 0.84 eV for Fe-Cr-W
face area of the samples, respectively. Rag can contain alloys. These values are similar to the reported activation en-
the resistance from oxide scales and alloy bulk. Since we ergy for the oxidized Fe—Cr alloy40]. However, they are
cannot measure the exact effective oxide thickness of scalesyery high compared to the electrical conduction op@y
we adopted thdras as a resistance of the oxidized alloy. (x0.18-0.3 eV). The temperature dependence of the electri-
Fig. 7shows electrical conductivityy(= R,g) as a function cal conductivity is affected by the Mn—Fe—Cr spinel phases.
of inverse temperature. The electrical conductivity increases
with increasing temperatures, which is semiconductor tem- 3.6. Possibility and improvements of Fe-Cr alloys as
perature dependence. Thus, the electrical conductivity canSOFC interconnects
indicate the contribution from the oxide scales formed on the
Fe—Cr alloys. The electrical conductivity of ZMG232 shows  In this study, oxide scale formation was compared among
higher values than the other alloys (area specific resistancesome candidate Fe—Cr alloys in gHH,O atmospheres.
Ras ~ 0.1-02Q cm? at 973 K). High electrical conductiv-  Even in low oxygen partial pressures, oxide scales were
ity can come from a relatively thin oxide scale and spinel formed on the alloy surfaces. Reaction with® CO, and
(Mn—Fe—Cr) formation on the surface. The difference in the CO, can cause a significant increase in the thickness of
electrical conductivity between ZMG232 and SUS430 can oxide scales. The reported growth rates of oxide scales of
come from the oxide scale thickness and microstructures.SUS430 in air £10°%um?s™1) were similar orders of
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magnitude with the present data. Thus, the thickness ofsions. The samples of Fe—Cr—W were supplied from Sum-
oxide scale is expected to be similar both in air and in itomo Special Metals Co. Ltd. The authors also thank Dr.
fuel atmospheres for SUS430, which is different from the Ueda, Dr. Kimura, Dr. Nakano and Dr. Miura for their valu-
Ni-based alloyg19,20] Several minor additions, such as able comments (Sumitomo Special Metals Co. Ltd.).

Mn and La, can reduce the oxide scale growth and increase

the electrical conductivity in the oxide scales. Thus, the for-
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