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Abstract

Oxide scale formations on Fe—Cr alloy interconnects were investigated in anode gas (mixtures of CH, and H,0) atmospheres for solid oxide
fuel cells. The silicon concentration in Fe—Cr alloy changed the microstructures of oxide scales, elemental distribution and oxide scale growth
rates. Oxide scale is composed of the following phases from surface to inner oxides: Fe—Mn spinel, Cr,03, oxide scale/alloy interface and internal
oxides of Si and Al. With decreasing the Si concentration from 0.4 to 0.01 mass%, formation of thin Si and Mn layer was observed inside the
Fe—Cr alloy. Oxide scale growth rate constants decreased by lowering the Si concentration in Fe—Cr alloy from 4.2 x 107% t0 2.1 x 107'¥ m? s~
at 1073 K. Diffusivity of Fe and Cr was changed by the concentration of Si in Fe—Cr alloy, which affects the growth rates of oxide scale. The
electrical conductivity of oxidized Fe—Cr alloy shows almost same level regardless the Si concentration (in the orders of 10 S cm™2 at 1073 K).

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, many attempts have been made on the reduc-
tion of operation temperature of solid oxide fuel cells (SOFCs)
from 1273 to 1073 K or lower. For such intermediate temperature
operation SOFCs, alloy materials can be applied as intercon-
nects, which are cost-effective materials for fabrication. Among
the several candidate alloys, Fe—Cr alloys have attracted much
attention because of their reasonable price and high mechani-
cal strength [1-15]. However, at operation temperatures, oxide
scales are always formed on the alloy surface by the reaction
with atmospheric gases. Many authors have reported the oxide
scale formation in air atmospheres [1-15]. In addition, even in a
fuel gas atmosphere, such as H»—H>O or CH4—H,O mixtures,
several authors have reported the formation of oxide scales on
the alloys [1,4,8-10,14—16]. Therefore, one critical issue for
applying the Fe—Cr alloys is a formation of oxide scales on the
surface at operation temperatures. We are very interested in the
oxide scale formation in a fuel atmosphere because the supply
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of fuel with metallic components is technologically important
to have stable SOFC system. The formation of insulating oxide
layer is not favourable, but it is needed to have a stable pro-
tective layer. To increase the electrical conductivity of oxide
scales, compositional modification of Fe—Cr alloys have been
examined.

So far, several elements have been added into the Fe—Cr
alloys to form Cr,O3-based conductive oxide layers. The addi-
tion of minor elements (such as Mn and Si) to Fe—Cr alloy gave
different oxide scale formation and elemental distribution. We
have reported depth profiles of elements for different kinds of
oxide scales formed on Fe—Cr alloys in Hp—H;O or CH4—H>0O
[17-21]. In the previous study [20,21], we found the follow-
ing two points in relation to the formation of oxide scales in
CH4—H;O: (i) fast diffusion of Mn in the oxide scale promotes
the formation of Mn-spinel oxide on the top surface. This is
important to control the oxide scale layers formation and the
electrical conductivity. (ii) Si-rich phase was formed around
the oxide scale/alloy interfaces, which was distributed homo-
geneously at the interfaces. The Si-rich part is considered to be
SiO, oxide phase and the growth of this part is unfavourable
because the insulating thick SiO; layer will reduce the electrical
conductivity.
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Table 1
Chemical composition of examined Fe—Cr alloys

C Si Mn Ni Cr Al Zr La Fe

ZMG232 0.02 04 05 026 2197 021 022 0.04 7638
387 0.025 001 045 026 2200 021 021 0.03 76.79
825 0.028 0.1 048 028 2192 023 022 0.05 76.68

The purpose of the present study is to clarify the effects of
Si concentration on the formation of oxide scales in CH4—H,O
atmospheres. Especially three different Si concentrations were
examined in the Fe—Cr alloys. The distribution of elements and
growth rates of oxide scales are compared among the three dif-
ferent Fe—Cr alloys.

2. Experimental
2.1. Samples

The selected Fe—Cr alloys were ZMG232 (Hitachi Metals
Ltd.) based alloys: ZMG232, 825 alloy and 387 alloy, which
have been specially developed for SOFC interconnect by Hitachi
Metals Ltd., Japan. The chemical composition of the alloys are
listed in Table 1 (The alloy contains Fe and about 22 mass% of Cr
with several kinds of minor elements; C, Si, Mn, Ni, Al, La and
Zr.) The stability of ZM G232 has already been examined in O,
atmosphere [6]. The electrical resistance of this alloy was only
6 x 1073 Q cm? after operation at 1273 K for 1000 h [6]. The
samples were cut into pieces in the size of about 1 cm x 1 cm,
and the surfaces were polished with a diamond paste to obtain
a mirror surface (up to 1/4 pwm grade).

2.2. Oxidation experiments in CHy—H,0

The alloys were annealed at 1073 K under a H,O saturated
CH4—Ar mixture. The mixture of CHs and Ar was passed
through H,O (at 50 °C) at a flow rate of 50 ml min~!. The gases
partial pressures before feeding to the reactor tube were as fol-
lows: p(CH4) = 6.0 x 103 Pa, p(Ar) = 8.5 x 10* Paand p(H,0) =
1.0 x 10* Pa. Thus, the steam/carbon ratio should be around 1.6
in this experimental condition (the calculated equilibrium par-
tial pressure for each gas is as follows: p(Hy)=1.9 x 10* Pa,
p(CO)=5.1 x 103 Pa, p(CO2)=9.0 x 102Pa, p(H,0)=3.1 x
103 Pa and carbon activity, a(C)=0.36). The oxidation treat-
ments were carried out at 1073 K for 3-1032h in an Al;O3-
tube reactor. When the mixed gases were supplied to the
reactor at 1073 K, they should be converted to CO, CO,, H»
and H;O. The estimated oxygen partial pressure is around
p(02)=1.3x 10715 Pa. Under this condition, carbon will not
be deposited according to the thermodynamic equilibrium cal-
culation. After the experiments, there was no carbon deposited
in the Al,Os3 reactor tube. The oxide scale can be formed in
the CH4—H,>O atmosphere even at very low oxygen partial
pressures. The formation of oxide scale in CH4—H>O can be
described by the following equation when H,O and CO; are the
oxygen source for oxidation:

M + H;O = MO + Hp (1)

M + CO,= MO + CO ()

where M is metal elements in the alloys and MO is the oxide
phase formed on the alloy surface.

2.3. Analysis of oxidized alloys

Microstructures of cross-section of oxide scale were analyzed
by scanning electron microscope (KEYENCE VE-7800, Japan)
with EDX (Kevex, USA). The reaction phases formed on the
alloy surface were identified by X-ray diffraction (Phillips PW
1800, The Netherlands).

Major and minor elements distributions in depth directions
were analyzed by glow discharge optical emission spectroscopy
(GDOES, JobinYvon/HORIBA, JY-5000RF) with Ar sputter-
ing. The depth profiles were measured in an area of 2 mm
in diameter. For RF generating, the following condition was
selected to measure the oxide scale and alloy: pressure, 600 Pa
and power 35 W. After sputtering the craters, the depths of the
craters were measured by a surface profiler system (Dektak,
Veeco, USA).

The electrical conductivity of oxidized alloys was measured
by four-probe ac impedance measurements in the frequency
range of 1 mHz to 100 kHz. Platinum paste was applied to the
oxide scale surface, and the measurements were conducted in
air for about 5 h. The effect of additional oxide scale growth is
considered to be small because a thick oxide scale was formed
for more than 1000 h oxidation.

3. Results and discussion
3.1. Microstructures of oxidized alloy surface

Fig. 1 shows microstructures of oxidized alloy surfaces after
exposure to CHy—H,O at 1073 K for 72 and 1032 h. At the initial
oxidation for 72 h, cubic or plate-like grains are observed all over
the surface for the examined oxidized alloys (in Fig. 1(b, d and
f)). The grain boundary parts of oxidized alloys are identified
as peaks of ridges, which are high concentration of Mn deter-
mined by EDS analysis (in Fig. 1(a, c and e)) [21]. Many grain
boundary lines are observed on the ZMG232 alloy (Fig. 1(a)),
while relatively smooth surface on the low Si containing alloys
(825 alloy in Fig. 1(c) and 387 alloy in Fig. 1(e)). Although the
Mn concentration is almost the same for the examined alloys,
formation of Mn-rich grain boundaries is significantly different
among the examined Fe—Cr alloys. After exposure to CH4—H>O
for 1032 h (Fig. 1(g-1)), the oxide scale surface was covered with
cubic-shaped grains for all the examined alloys. The surface of
oxide scale at ZMG232 alloy shows a relatively porous struc-
ture, while those at 825 alloy and 387 alloy show dense structures
with cubic grains.

3.2. Microstructure of cross-section around the oxide
scale/alloy interfaces

Fig. 2 shows microstructures of cross-section at the oxide
scale/alloy interfaces for ZMG232, 825 alloy and 387 alloy,
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Fig. 1. Scanning electron microscope images of oxidized surfaces of Fe—Cr alloys. [Treated at 1073 K for 72 h in CH4—HO: (a and b): ZMG232, (c and d): 825
alloy, (e and f): 387 alloy, treated at 1073 K for 1032 h in CH4—H,O, (g and h): ZMG232, (i and j): 825 alloy, (k and 1): 387 alloy.]

which were treated at 1073 K for 1032 h in CH4—H,O. Rela-
tively thick and dense oxide scales were formed on the alloy sur-
faces for all the examined alloys (thickness about 2.8-3.8 pm).
The oxide scale/alloy interfaces are clear without any voids and
cracks, suggesting a continuous growth of oxide scale from the
alloy surfaces by diffusion process of elements. The oxide scale
is identified as a zone of dark part on the surface in ZMG232

(Fig. 2a), while the other alloys show different microstructures.
The characteristics of 825 and 387 alloys are summarized as fol-
lows. In the microstructures of 825 alloy (low Si concentration,
Fig. 2b), a thin line is observed at the inner alloy, which is iden-
tified as Si and Mn condensed layer. Many spots are observed
inside the alloys, which correspond to Al,O3 oxide scales. For
387 alloy (in Fig. 2c, very low Si-concentration alloy), a sim-
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Fig. 2. Microstructures of cross-section at oxide scale/alloy interfaces treated at 1073 K for 1032 h in CH4—H;O. [(a): Oxidized ZMG232 alloy, (b): oxidized 825

alloy and (c): oxidized 387 alloy].

ilar thin line is observed inner alloy. This line is Mn-enriched
line, not Si-enriched line as was observed in 825 alloy. The
cross-sectional microstructures are different with decreasing Si
concentration in Fe—Cr alloy.

3.3. Elemental distribution around the oxide scale/alloy
interfaces

Fig. 3 shows depth profiles of elements around the oxide
scale/alloy interfaces for the examined alloys treated at 1073 K
for 1032 h. In the ZMG232 alloy (Fig. 3a), the oxide scale is
identified as constant signal intensity of “O” (*3.8 pm in depth)
in the GDOES depth analysis. The following characteristics of
elemental distribution are identified from surface to the oxide
scale/alloy interface; Mn and Fe rich part (Mn—Fe spinel, which
was confirmed by XRD), CryO3 rich part, Si condensed part
and Al,O3 internal oxides in Fe—Cr alloy. This distribution is
consistent with the observed microstructure in the cross-section
(Fig.2a). Inthe 825 alloy (Fig. 3b), the following phases are iden-
tified from surface to inner oxide; Mn and Fe rich part (Fe—Mn
spinel), Cr,O3 rich part, Fe—Cr—Ni rich part (alloy part), Si and
Mn condensed part and Al,Oj3 internal oxides and Fe—Cer alloy.
A significant difference is observed in the distributions of Si
and Mn between ZMG232 and 825 alloy. Si and Mn are con-
densed as the oxide form in the Fe—Cr alloy. In the 387 alloy
(Fig. 3c, very low Si concentration Fe—Cr alloy), the elemental
distribution is similar to low Si alloy (825 alloy). The identified
phases are Fe—Mn rich part, Cr,O3 rich part, Fe—Cr—Ni alloy,
Mn condensed part and Al,O3 internal oxides and Fe—Cr alloy.
In the oxide scale close to the surface region, oxide scale is
composed of a similar oxides from surface to inner part regard-
less the Si concentration. The difference between 825 and 387
alloys is the distribution of Si in the Fe—Cr alloy. Although
387 alloy contains 0.01 mass% of Si, the GDOES profile shows
the detection limit level (Fig. 3c), which is very difficult to
determine the distribution of Si around the oxide scale/alloy
interface.

For the formation of Si and Mn thin oxide line in the Fe—Cr
alloy, equilibrium oxygen partial pressure between metal and
oxide is considered. If we assume the following oxidation reac-
tion for Si and Mn, the equilibrium oxygen partial pressures
between metal and oxide can be derived from the calcula-
tions:

Si(sh) + Oa(g) = SiO2(s) 3)
Mn(sl) + $02(g) = MnO(s) )
Mn(sl) + $02(g) = 3Mn304(s) 5)

The equilibrium constant for each reaction at 1073K
is K3=9.0x 10 for Eq. (3), K4=7.8 x 10'* for Eq. (4)
and K5=3.0x 10! for Eq. (5), respectively. Thus, the
equilibrium oxygen partial pressures between metal/oxide
are calculated assuming the activities of each metal is
unity: p(02)=1.1x 1073 bar (1.1 x 1073 Pa) for Eq. (3),
p(02)=1.6x 107 bar (1.6 x 107> Pa) for Eq. (4) and
p(02)=1.9 x 1072 bar (1.9 x 10720 Pa) for Eq. (5). The oxy-
gen partial pressures for Egs. (3) and (4) are lower than the equi-
librium of Cr/Cr,03 (p(02) = 1.4 x 1028 bar (1.4 x 10723 Pa)).
This suggests that the formation of SiO, and MnO oxides should
be inside the Cr,O3 oxide scales on Fe—Cr alloy, where the
lower oxygen partial pressure is assumed inside the oxide scale
(Fig. 3). Although Mn304 oxide is most probable oxide form for
Mn—oxide, the stable oxide phase in the lower oxygen partial
pressure is assumed to be MnO inside the Cr,O3 based oxide
scale on Fe—Cr alloy. For determining the precise oxide scale
phases, we need more data to understand the reaction phases.
We will report this point in the near future.

3.4. Oxide scale growths for oxide scales

The oxide scale thickness was estimated from the distribution
of O in the GDOES depth profiles. A constant intensity of O
signal part is identified as oxide scale thickness. Fig. 4 shows
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Fig. 3. Depth profiles of elements around the oxide scale/alloy interfaces treated at 1073 K for 1032 h in CH4—H,O. [(a): ZMG232, (b): 825 alloy and (c): 387 alloy].

oxide scale thickness as a function of annealing time for three
different Fe—Cr alloys. The growth of oxide scale obeys the
parabolic growth relationship, which is described as follows:

2 = kyt ©)

where x is the thickness of oxide scale formed on the alloys,
kp the parabolic growth rate constant and ¢ is the anneal-
ing time for oxide scale. From the slopes of the fitting lines,
the growth rate constants are calculated for each oxide scale
formed on the alloys; k,=4.2 x 107¥m?s~! for ZMG232,
2.9 x 1078 m?s~! for 825 alloy and 2.1 x 10~ 8 m?s~! for
387 alloy. The growth rate constants decreased with lowering
the Si concentration in Fe—Cr alloys. This suggests that a reduc-
tion of Si concentration in Fe—Cr alloy affects the diffusivity of
Fe and Cr in Fe—Cr alloy, which eventually reduces the oxide
scale growth rates. Minor additions of Si and Mn can also change
the microstructures of oxide scales, which affect the diffusivity
of Fe and Cr in the oxide scales and in the Fe—Cr alloy (Fig. 4).

3.5. Electrical conductivity of oxidized alloy

Fig. 5 shows electrical conductivity of oxidized alloys as
a function of inverse temperatures. The electrical conductivity
shows semi-conductor temperature dependence, which is mainly
contributed from oxide scales formed on the alloys. The elec-
trical conductivity of the examined alloy was in the range of
0.05-0.1 S cm™2 at 1073 K. The electrical conductivity shows a
similar order of the magnitude for all the examined alloys. No
distinct effect of Si reduction was observed in the oxide scales
formed on Fe—Cr alloy surface. From the slopes of the electrical
conductivity, we can estimate the activation energy for electri-
cal conduction. The calculated activation energy is 0.67 eV for
ZMG232, 0.90¢eV for 825 alloy and 1.0eV for 387 alloy. The
difference of activation energy can come from the composition
of oxide scale, thickness of oxide scale and formed structures in
the oxide scales. The formation of thin Si and Mn layer inside the
Fe—Cr alloy can also affect the electrical conduction properties.
The electrical conductivity obtained in this study shows almost
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Fig. 4. Oxide scale thickness as a function of annealing time for three differ-
ent Fe—Cr alloys treated at 1073 K in CH4—H;O0. [(®): ZMG232, (@®): 825
alloy, (A): 387 alloy, the slopes indicate the growth rate constants (k) for each
alloy; kp=4.2 x 107 m? 57! for ZMG232, 2.9 x 10~ ¥ m?s~! for 825 alloy,
2.1 x 1078 m? s~ for 387 alloy].

same level those reported in the previous study [14,15] both in
oxidizing and reducing atmospheres. This is because the simi-
larity of oxide scale phases formed on ZMG232 based alloys for
both atmospheres.

3.6. Application to the real SOFC stack operation

The present results suggested that controlling the Si concen-
tration in Fe—Cr alloy could change the oxide scale composition
and the growth rate of oxide scale. In a real SOFC operation,
the Fe—Cr alloy interconnects contact with oxide based elec-
trode and Ni—oxide cermet under current flow condition. The
oxide scale in a real operation condition may be somewhat dif-
ferent from the present results because of the interface diffusion
of elements between Fe—Cr alloy and electrodes. However, this
work suggests the basic oxidation mechanism on Fe—Cr alloy.
At least, controlling the Si concentration is one of the important
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Fig. 5. Electrical conductivity of oxidized alloys as a function of inverse tem-
perature. [Oxidation at 1073 K for 1032 h in CH4—H,O. (@®): ZMG232, (O):
825 alloy, (V): 387 alloy].

factors to have stable Mn-spinel and Cr,O3 based oxide scales
on Fe—Cr alloy interconnects.

4. Conclusion

Oxide scales formation was investigated on Fe—Cr alloy inter-
connects in CH4—H,O atmosphere at 1073 K. Concentration of
Si changed the microstructures of oxide scales, elemental dis-
tribution and oxide scale growth rates. Oxide scale formed is
composed of the following phases from surface to inner oxides:
Fe—Mn spinel, CrpO3 rich part, oxide scale/alloy interface and
internal oxides of Al and Si. Formation of thin Si and Mn layers
were observed as internal oxides inside the Fe—Cr alloy in the
lower Si concentration Fe—Cr alloy. Oxide scale growth rates
decreased by lowering the Si concentration in Fe—Cr alloy. Dif-
fusivity of Fe and Cr was changed by the concentration of Si,
which affects the growth rates of oxide scale. The electrical
conductivity of oxidized Fe—Cr alloy shows almost same level
regardless the Si concentration (about 10 S cm~2 at 1073 K).
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