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Abstract: Iron-based alloys are the most hopeful intercon-
nects of intermediate temperature solid oxide fuel cell
(IT-SOFC). Fe-16Cr alloy is one of the common iron-based
alloys. Oxidation of the alloy is the key issue in the running
process, which could be described in terms of diffusion
path. Chemical potential, which is one of the primary
factors to the diffusion process, is determined by the ther-
modynamics. The equilibrium phase in the oxidation of
Fe-16Cr alloy was analyzed for better understanding of the
mechanism of alloy oxidation in varied atmosphere. A
novel form of thermodynamic diagram associated to the
oxidation process was given. Phases in the equilibrium
are changing with the quantitative increase of reacted fuel
gas during the process. The diagram of Fe-16Cr alloy in
atmospheres at cathode and anode sides were calculated.
The diagram gives the intuitionistic phase transformation
process corresponding to the practical oxidation process
in the view of thermodynamics.
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1 Introduction

The interconnect of an solid oxide fuel cell (SOFC) stack
electrically and physically connects the anode of one fuel
cell to the cathode of the adjacent fuel cell in the stack.
The interconnect can be ceramic or metallic materials.
Considering the economical use in SOFC stacks, metallic
interconnects are more promising materials, such as

iron-based alloys, nickel-based alloys as well as
chromium-based alloys [1-5]. It is easy to notice all these
materials contain chromium since it is one of most import-
ant anti-corrosion elements. Among these metallic mate-
rials, ferritic stainless steel can be regarded as the most
economical one for the interconnection of SOFC. Com-
monly, it contains 10-30% Cr and a small amount of Mn
[31.

The interconnect materials used for SOFC stacks must
be oxidation resistant, impermeable to the diffusion of
gases, and chemically stable with fuel cell materials. Fur-
thermore, the oxide scale formed should not spall from
the substrate. In case of the oxidation resistant, a number
of investigations were carried out in both air and fuel
atmospheres [6-20]. The oxidates formed in the oxidation
process of ferritic stainless steel were found in sequence.
The Cr-basedoxide was formed on the surface of the
stainless steel at initial. Take Fe-16Cr alloy for example; a
double layered oxide scale was formed in this stage. The
outside layer was MnCr,0,, and the next layer was Cr,0,.
With oxidation continued, FeCr,0, was observed. If the
reaction time was long enough, ferriferous oxide would
also formed [13, 14]. The sequence of oxides formation can
be attributed to elements diffusion capacities, different
physical properties of oxides and also oxidation thermo-
dynamics. Diffusion kinetics is the determining factor of
the scale forming ways. However, Chemical potential of
oxide is one of the keys of the diffusion path in the stain-
less steel oxidation, which could be calculated in thermo-
dynamics. Equilibrium diagrams and Ellingham charts
interrelated with the oxidation was provided in many
reports [11-14, 21, 22]. However, there are few of thermody-
namic analysis associated to the practical alloy-gas system
but pure substances only.

Equilibrium calculation of Fe-16Cr alloy oxidation
was performed in anode and cathode atmospheres in
the current work. A novel form of thermodynamic
diagram was given. Change process of compounds
amounts in the oxidation of Fe-16Cr alloy were quantifica-
tion in the series of diagrams. The effects of temperature,
chromium content and atmosphere to the oxidation were
considered.
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Table 1: Chemical composition of Fe-16Cr alloy.

Elements C Si Cr Ni Mn S P

mass% 0.05 0.40 16.05 0.05 0.25 0.005 0.012

2 Thermodynamic calculation

The thermodynamic calculation was performed in Gibbs
energy minimizer of ChemSage Module of FactSage 6.2
with the database of FACT53. There is no data for MnCr,0,
in FactSage. Nevertheless, the formation sequence of
MnCr,0, in the Fe-Cr alloy oxidation can be derived from
kurokawa’s work [14]. In the present study, the equilib-
rium diagrams of 100 g Fe-16Cr alloy under various gases
were calculated from 500 °C to 1200 °C. They indicated the
most possible way of the stainless steel oxidation in
various atmospheres. Furthermore, formation sequences
and mass change of the compounds in the oxidation of
Fe-Cr alloy are suggested.

Fe-16Cr stainless steel was chose to be the typical
ferric stainless steels used as interconnects in this calcula-
tion. The composition of the Fe-16Cr alloy used in this
study is shown in Table 1.

0, and H,0 are two of the oxidants of interconnect in
operating environment. Oxygen and water are the main
components in cathode atmosphere. Wet hydrogen is used
as the anode atmospheres. CH, mixed with different
oxidant was also introduced in the calculation.

3 Results and discussion

3.1 Dry oxygen

Figure 1 shows the main produce oxide in the Equilibrium
of Fe-16Cr alloys reacted with oxygen at 800 °C. One could
see that Cr,0, forms at first. Then the equilibrium phase
FeCr,0, forms and Cr,0, disappears with the increase of
oxygen introduced into the inhomogeneous reaction. The
protective Cr,0, scale prevents Fe-Cr alloys from further
oxidization. The deformation of Cr,0;and the formation of
iron-contained oxide are indicated that the oxygen trans-
ports though the scales more easily, and the oxidization of
the metal is faster. It is indicated the material is in failure
[23]. Other ferrous anti-oxides appear with the forma-
tion of FeCr,0,. When O, reaches about 1.4 molar, FeCr,0,
becomes disintegrating into Fe,0, and Cr,0,. Kinds of
ferrous oxide coexist after the deformation of Cr,0,.
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Fig. 1: Equilibrium of oxygen to 100 g Fe-16Cr alloy at 800 °C.
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Fig. 2: Equilibrium of oxygen to 100 g Fe-16Cr alloy at different
temperature.

Si0, and MnSiO, appear with the formation of Cr,0; in
the calculation results, but the quantities of Mn-oxides and
Si-oxides are small. Silicon was also found in the initial
oxide scale in the experiment of Brylewski et al. [16].

As Figure 2 shows, ferrous anti-oxides in the equilib-
rium diagram at 800 °C are very different from it at 500 °C
for the reason of the FeO is an unstable phase at high
temperature. There are two approaches of Fe oxidizing
to Fe,0,: 1) Fe —» Fe,0, — Fe,0,, which is below 570 °C;
2) Fe — FeO — Fe,0, — Fe,0;, which is occurred above
570 °C. There was a report that FeO existed in the oxida-
tion process (in the water vapor atmosphere) [24]. The
diagrams of 800 °C and 1200 °C are almost the same. It is
indicated that the oxidation mechanism is not change
during the temperature range in the view of thermody-
namics. So the effect of the temperature to the oxidation
process is only by the influence to the diffusion rates and
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Fig. 3: Equilibrium of oxygen to Fe-Cr alloys with different Cr
contents at 800 °C.

the structure of the scales above 570 °C. And the accelerat-
ing oxidation experiments above the application tempera-
ture of alloy interconnectors are reasonable in the view-
point of thermodynamics.

Influence of Cr content is considered as shown in
Figure 3. Higher Cr content results the higher peak of Cr,0,
content. Furthermore, the deformation of Cr,0, and the
formation of FeCr,0, are delayed. That means the increase
of Cr content in the Fe-Cr alloys is helpful to the oxidation

resistance of the alloys.

3.2 Wet oxygen

Water vapor could be introduced to the cathode in wet
external environment. As Figure 4 shows, the formation of
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Fig. 5: Equilibrium of dry and wet oxygen to 100 g Fe-16Cr alloy at
800 °C.

FeCr,0, is start at 0.5 mol H,O in pure water vapor, instead
of at 0.25 mol O, in dry oxygen. That means H,0 is a weak
oxidant. As a result, FeCr,0, does not decompose into
Fe,0, and Cr,0, in H,0 atmospheres.

The equilibrium diagram of wet oxygen to Fe-16Cr
alloy is similar to which of dry oxygen. Nevertheless, the
formation of oxides in wet oxygen is earlier than in dry
oxygen as shown in Figure 5. The oxidation rate of Cr-
based alloys in wet oxygen was faster than that in dry
oxygen in Reports also [23, 24]. Water vapor plays two
different roles in the oxidization of Fe-Cr alloys. Firstly, it
is weak oxidant. Secondly, it increases the diffusion of
oxygen in dense chromia scales, cause the rapid internal
oxidation of alloys [12].

Our calculation results show that the influence of
temperature and chromium content in the alloy in wet
oxygen ambient are the same as it in dry oxygen. The
researchers also founded the corresponding results that
the higher Cr content in the alloys was, the longer the pro-
tection time in the wet oxygen was [23]. Cr,0; is less stable
in the equilibrium calculation results when the content of
water vapor in the oxygen is raised. There is a report that
the higher water-vapor content, the earlier the initiation of
the nonprotective breakaway oxidation [20].
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Fig. 4: Equilibrium of pure water vapor to 100 g Fe-16Cr alloy at

800 °C.

3.3 Wet hydrogen

Alloys can be oxidized in wet hydrogen atmosphere, but
the oxidation is slower than which in the air usually [25].
The first oxide appeared in the equilibrium is Cr,0, in wet
hydrogen as which in oxidizing atmosphere. As a evi-
dence, the initial dense scale of the alloy was found in the
form of chromium oxide in the SEM micrograph [19, 26].
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different temperatures.

As Figure 6 shows, the peak level of Cr,0, and FeCr,0, is
the same as Figure 1. That means Cr could be oxidized
totally in this atmosphere. Kurokawa et al. observed Cr,0,
and FeCr,0, both in the air and H,0-H, atmospheres [14]. It
is interesting that the calculation results show that the
deformation of Cr,0, and the formation of FeCr,0, are
delayed when the temperature is raised.

The finial oxide product is decided by the pressure
ratio of H,O to H,. The final main solid oxide is change from
FeCr,0, to FeO, then to Fe,0,, and finally to Fe,0, conse-
quently with the increase of the water vapor mass ratio in
the wet hydrogen. Nevertheless, the finial oxide product is
FeCr,0, even when m(H,0):m(H,) reaches to 0.5:1 in the
equilibrium. High pressure of Fe(OH), appears in the same
condition. Hydrogen is found in the equilibrium diagram,
which would results fast oxidization of the alloy.

3.4 Methane

Methane is one of the simplest hydrocarbons. However,
the reaction mechanism of it in the SOFC anode chamber
is complicated. Carbon, CO,, and several species produced
in the reaction. Carbon deposition is associated with pure
methane fuel in the SOFC operation. In addition to reduc-
ing carbon formation, oxygen, CO,, or H,0 was co-feed in
the fuel stream [27, 28]. The oxidation of the interconnect
material is associated with the mixtures feeding. Cr,0, and
spinel oxides products were found in the alloy reaction
with CH,-H,0 gas [17, 22, 29]. But there are not plenty of
studies about the oxidation of alloy in methane contain-
ing atmosphere.

Methane is assumed to be introduced in to react with
16Cr stainless steel with a certain amount of CO,, H,0 or O,
in the calculation. The equilibrium results are compared
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in Figure 7. Pure methane results no oxidation, but carbu-
rization and carbon deposition. Both of the CO,, H,0 or O,
co-feed with methane result the oxidation of the stainless
steel. Carbon deposit and carburization is associated with
the oxidization in oxidant contained atmosphere. And
carburization may results the degradation of the intercon-
nect [15]. Chromium carbide forms at first in the corrosion
of Fe-16Cr alloy. Cr,C reacts with CO, to product Cr,C,. At
the same time, Cr,0, and C form with the deformation of
the chromium carbide.

The order of compounds formation is Cr,C — Cr,C, -
Cr,0; » FeCr,0,. The formation and deformation of the
Cr,C lasts short in the equilibrium diagram. With the
transformation of the Cr,C to Cr;C,, Carbon deposition
generates. Then the Cr,0, formats and Cr,C disappears.
FeCr,0, is the final oxide. So one could see that methane
introduced with oxygen will result the oxidation of metal-
lic interconnect. So do the CO, and H,0.

4 Analyses of experimental results

The sample used in the present study was 16Cr stainless
steel sheet, and cut into 21 x 42 x 1.3 mm. The surface of
each sample was well-polished through 2000 mesh SiC
abrasive paper. In a typical experiment, the sample was
hanged into a vertical furnace by a Al,0, stick, which was
connected to a balance to detect the weight change during
the experimental process. Pure air, moist air as well as
moist argon gas were introduced in to the reactor respec-
tively. The thermo-gravimetric measurement was acceler-
ated by rising the temperature to 1000 °C. After oxidation
corrosion, the microstructure of the sample was analyzed
by scanning electron microscope (SEM, CARL ZEISS EVO
MA 10/LS 10 JS) with energy dispersive spectrum (EDS,
Thermo NORAN System).

The EDS results of alloy oxidized scale at the initial
exposure time were detected. The external face of the
scale contained Cr: 21.57; Mn: 12.30; O: 66.12. While the in-
ternal face of the scale contained Cr: 61.87; O: 38.13. The
oxides are supposed to be MnCr,0, and Cr,0, by the EDS
results. Many of the former investigations observed
MnCr,0,, Cr,0, and few FeCr,0, in the initial oxidation
process also [16, 30]. Ferrous rich oxides, such as FeO,
Fe,0, and Fe,0, formed after the Cr,0, layer could not pro-
tected the alloy from oxidization [11, 12].

An EDS result of the cross section of the oxidized
Fe-16Cr alloy at 1000 °C in pure air for about 40 min is
shown in Figure 8. The outward side of the oxide scale in
Figure 8 was ferrous oxide; but near the interface of the
oxide scale and the alloy, high Cr content indicated there
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Fig. 8: Elements contents of the cross section of oxidized Fe-16Cr
alloy exposure in dry air at 1000 °C for about 40 min obtained by
EDS.

was FeCr,0,. As the EDS and SEM results shown, the for-
mation sequence of oxides is corresponding to the ther-
modynamic calculation.

The SEM photos of the interface of the oxide scale
which was oxidized in wet air (1.2vol% H,0 in air) at
1000 °Cis shown in Figure 9(a), sizeable holes and coarser

grains were found at the interface of the scale formed in
the wet air compared with Figure 9(b). It suggested that
different ways of oxide scale developing. The looser oxide
scale compared to the dry air results more quick oxygen
diffusion into the fresh alloy interface under the scale. So
a quicker oxidation rate will be shown. The formation of
hydrogen in the calculation results as Figure 4 shown
would be one of the reasons to change the topography of
oxide scales.

The mass gain of 16Cr stainless steel in various atmo-
spheres at 1000 °C is given in Figure 10. A slow initial
stage to a quick mass gain stage is the sign of the Cr-based
alloy oxidation. At the first stage, Cr,0, protected the alloy
defined the oxidization. But when the Fe rich oxides
formed (Figures 1 and 4), the oxidization process was
accelerated.

The oxidation of Fe-16Cr alloy in pure argon indicated
that there was a little of oxygen in the furnace. But it had
little impact the analysis of the experimental results. The
transfer time of the first slow oxidation stage to the last
quick oxidation stage of the reaction in H,0 was later than
it in the dry air atmosphere. However, the reaction rate of
the alloy oxidation in the H,0 was faster than it in the dry
air. The complicated kinetic phenomenon is the combined
effect of thermodynamics and diffusion. The transfer time
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Fig. 9: The SEM micrographs of the Fe-16Cr alloy oxide scale at 1000 °C for 24 h: (a) the internal interface of the scale in H,0-air (0.001 pL
liquid water pumped into 100 ml air, (b) the internal interface of the scale in air.
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Fig. 10: The mass change curves of Fe-16Cr alloy at 1000 °C in
different atmospheres.

was move ahead finitely by co-feeding about 1.2vol% H,0
into 100 ml dry air. But the oxidation rate of the second
stage increased distinctly.

In Othman’s work [12], an obvious change of the main
contents in oxide scales of Fe-9Cr alloy was found. The
oxides changed from Chromite to ferriferous oxides with
the increase of water vapor in the oxygen. It indicated that
the oxidation process is accelerated by the co-feed water
vapor in oxygen atmosphere. Thermodynamic contribu-
tion is one of the reasons to the phenomenon.

5 Conclusions

1. The equilibriums of Fe-16Cr alloy at anode/cathode
gases were calculated and confirmed by experiment
results carried out in our experiments and adequate
previous reports. The results obtained in this study
show that the thermodynamic diagram in this form

could be used for deeper insight into the mechanism
of the interconnect corrosion.

2. The oxides produced in the equilibrium are varying
with different amount of gases, atmospheres and tem-
peratures. The order of the solid oxides generation is
always Cr,0, — FeCr,0, — FeO — Fe,0, — Fe,0,, but
which ferrous oxide exists or not is decided by the
oxygen practical pressure. Cr,0, is the most important
oxide to protect the alloy form failure. High Cr content
in the alloy and low oxygen practical pressure are
both advantageous to this scale.

3. Carbon deposition and carbonization will happen in
carbonic atmospheres. The main carbides are Cr,C,
and Cr,C.
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