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Abstract

The high-temperature oxidation behavior of a ferritic alloy (SUS 430) in a SOFC environ-
ment, corresponding to the anode (Hy/H,O gas mixture) and cathode (air) operating condi-
tions, was determined with regard to application of the afloy as a metallic separator material in
SOFC. The oxidation kinetics of Fe—16Cr alloy (SUS 430), was studied by thermogravimetry
in HyH,0O gas mixtures with pHZ/pH »=94/6 and 97/3 and in air, in the temperature range
1023-1223 K, for 3.6 up to 1080 ks. 2It was found that the protective oxide scale, composed
mainly of Cr,O4 with uniform thickness and excellent adhesion to the metal substrate, grows in
accordance with the parabolic rate law. The dependence of the parabolic rate constant, &, of the
scale on temperature obeys the Arrhenius equation: kp=6.8><10"4 exp (2023 k) mol'R™'T™)
for Hy/H,O gas mixtures with py /py =94/6. The determined k, was independent of the oxy-
gen partial pressure in the range from 5.2x107 to .21 atm at 1073 K, which means that the
rates of growth of the scale on Fe—~16Cr alloy in the above-mentioned atmospheres are compa-
rable. The oxidation test results on Fe—16Cralloy in H,/H,O gas mixtures and air demonstrate
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the applicability of SUS 430 ailoys as a separator for SGFC.
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Introduction

In recent years, the high-temperature solid oxide fuel cells (SOFC) have been
extensively investigated as a new electric power generating system, since they
have the potential of converting the chemical energy of the reactants directly into
electrical energy with a high conversion efficiency [1]. Moreover, the advantages
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of the SOFC are their environmental compatibility, modularity and siting flexi-
bility [1]. The planar-type SOFC have been proposed for application in a modern
automobile [1]. In the planar design of SOFC stacks, the individual cells, consist-
ing of solid electrolyte (Zr0::Y,0;) sandwiched between an anode and a cath-
ode, are interconnected by an electrical conductor, which simultaneously acts as
a gas separator and a distributor in the anode and cathode gas counterflow [1].
Such specific conditions of separator exploitation determine the particular re-
quirements of the materials to be used for its construction. The most important
are: high oxidation resistance, high electrical conductivity, a thermal expansion
coefficient close to that of an electrolyte material, high mechanical strength, gas-
tightness and machinability.

The commonly used ceramic separators of LaCrO; doped with either SrO or
CaO exhibit high electrical conductivity and high corrosion resistance in the
SOFC environment, corresponding to the anode (H»/H,O gas mixtures) and cath-
ode (air) operating conditions [1]. The disadvantages of such materials are their
poor resistivity to sudden temperature changes, the permeability of H" and o*
and difficulties in producing separators of complex shapes. The chromia-form-
ing alloy may offer a potential alternative for ceramic separators {2]. Alloys are
quietly dense not to permit gas leakage and display high oxidation resistance by
forming Cr,O; on their surface as a result of the selective oxidation of Cr. How-
ever, chromium oxide has poor electrical conductivity, which increases in pro-
portion to its thickness during the oxidation process. Recent studies [2—4] have
demonstrated that the electrical conductivity of Cr,Oz formed on the chromia-
forming alloy can be improved by applying a conducting oxide layer of
(La,Sr)Co0; as a coating on the surface of these alloys,

From among the many tested alloys, the ferritic alloys seem to be promising
materials for the construction of separators of planar-type SOFC operating at
1073 K, on account of their following advantages in comparison with those of

other Ni or Co-based alloys [5-7]. First, the thermal expansion coefficients of

these alloys are close to those of solid electrolytes of stabilized zirconia (for
Z105:Y,05, Aa=10-10°[K'); for Fe—~Cr, Aa=9-12-10"°[K']). Secondly, the
iron-based scaling-resistant alloys have chemical stability due to the high oxida-
tion resistance of the Cr,O; formed with good adhesion on the Fe—Cr alloy at ele-
vated temperature in air and oxygen, and also in Ho/H>O and H./H>O/H,S gas
mixtures, and the cost of fabrication of these alloys i1s considerably lower than
that of other Ni or Co-based alloys. An additional important advantage of
Fe—16Cr alloy coated with a Lap sS194CoO3 layer by spray-pyrolysis is the low
electrical resistance in comparison with that of a commercially available ceramic
separator made of Lag gsSro15Cr0; [6, 7].

As noted above, an important requirement for a metallic separator material is
that the electrical resistivity across the oxide scale is kept at a low level. In order
to evaluate the predicted change with time in the electrical resistivity of the oxide
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scale formed on the alloy, a knowledge of the scale thickness is necessary, which
can be determined from the oxidation kinetics results. Moreover, the rate of oxi-
dation the alloy can be applied to design a separator with appropriate geometric
parameters, ensuring its long-time exploitation (210000 h) in the SOFC environ-
ment.

The objective of this work is a thermogravimetric experimental study of the
kinetics of oxidation of Fe—16Cr (SUS 430) alloy under both Hy/H>O gas mix-
ture and air atmospheres.

Experimental

The material selected for the experiments was SUS 430 stainless steel (Nip-
pon Steel Corp., Japan), the results of chemical analysis of which are listed in Ta-
ble 1. This alloy was produced by the manufacturer using a standard industrial
process called ‘2B’, as described in [8]. No further treatment was performed on
the surface, and the alloy was used as-received for the present study.

Table 1 Chemical composition of SUS 430 alloy

Element Fe Cr Mn 8i Ni Al C P 5

Mass/
%

82.9 16.31 0.21 0.35 0.12 0.11 0.048 0.023 0.0006

The Fe—16 mass per cent Cr alloy coupons for the oxidation test were pre-
pared by a standard metallographic procedure, including cutting in the form of
rectangular plates with a thickness of 1.0-1.3 mm and an area of 10x10 mm
{mass about 1 g); mechanical abrading on all faces with silicon carbide papers of
increasing fineness (from 100 up to 2000-grit); polishing with diamond paste to
a finish of 1.4 um,; and finally washing in an ultrasonic cleaner with distilled
water and with acetone.

Oxidation experiments on the Fe—16Cr alloy were carried out under isother-
mal conditions in controlled Hz/H:O gas mixtures with pu/pu.o= values of 94/6
or 97/3, at 1073 K, and in a static air atmosphere in the temperature range
1023-1223 K (1023, 1073, 1123 and 1223 K)), for 3.6 up to 1080 ks, using the ap-
paratus shown in Fig. 1.

This apparatus was equipped with a saturator, a flowmeter system, a tempera-
ture regulator and a reaction furnace. Samples suspended on a platinum wire
were introduced into the reaction zone from the upper end of the quartz tube,
whereas the lower end of this tube contained the zirconium solid electrolyte,
Z10,:Ca0 (CSZ) sensor for monitoring the partial pressure of oxygen (po,) in the
H,/H,0 gas mixtures. The central part of the quartz tube was heated by a resistor
furnace, automatically controlled at £2°C, the temperature being measured by
means of a platinum/platinum-rhodium thermocouple (R). The moisturizing sys-
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tem, called the ‘saturator’, consisted of a glass flask containing water, the tem-
perature of which was adjusted to 273 K by means of a dewar filled with ice and
water. The temperature of the water in the flask was checked continually with a
thermometer. To obtain the H,/H:O vapor mixture with the composition
Py pu,o=94/6, which is equivalent to a dewpoint of 273 K, argon containing 10%
of H; was used as carrier gas and supplied from a cylinder. The carrier gas was
passed through the saturator to absorb water vapor (pu,c=010 Pa), and was finally
introduced into the reaction tube at a flow rate of 125 ¢m® min™, set by a mass
flowmeter.

¢/ manometer -
20 liquid i
iquid paraffin Ar-10% Hp

und thermocouple

liquid paratfin

Fig. 1 Schematic diagram of the apparatus for the oxidation of alloys

The rate of oxidation of Fe—16Cr alloy was measured via the mass gains of the
oxidized samples with an accuracy of 1x107° g under precisely determined ther-
modynamic conditions. The mass gains were used to estimate the mean thickness
of the oxide films, Moreover, the thickness of the oxide film on oxidized samples
in various conditions was measured separately by means of scanning electron
microscopy (SEM).

The phase composition of the scale formed on the oxidized samples was iden-
tified by means of reflection X-ray diffraction, using CuKy radiation. Micro-
structural characterizations of cross-sections of the samples were performed by
SEM. To obtain information on the chemical compositions of the samples, the
energy dispersive X-ray (EDAX) analyzer attachment of the scanning electron
microscope was applied.

Results and discussion

The results of the high-temperature measurements of the oxidation kinetic:

s
for Fe—16Cr alloy under a HQIHZO gas mixture are presented in Figs 2 and 3. The
curves of the mass gain per unit area as a function of time for the oxidation of
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Fe—16Cr alloy in the Ho/H,O gas mixture with Pr/pr,o=94/6 at various tempera-
tures are shown in Fig. 2a, while Fig. 2b depicts the plots for the above data in the
form of the mass change per unit squared as a function of time. It follows from

Mass gain x 10-4, kgm-2
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Fig. 2 a) Kinctics and b) parabolic plots expressed as mass gain per unit area for Fe-16Cr al-
loy oxidation in a H,/H,0 atmosphere (sz/p“ o= 94/6) at 1023, 1073, 1123 and
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Fig. 3 Parabolic plots expressed as thickness of scale formed on Fe-16Cr alloy during oxida-
tion in a H,/H,O atmosphere (py /py o= 94/6) at 1023, 1073, 1123 and 1173 K {c and
m denote the caleulated and the meadured average thickness of the scale, respectively)
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this Figure that the oxidation of the studied alloy obeys the parabolic rate law, in-
dicating a diffusion-controlled mechanism for the times and temperatures inves-
tigated.

Figure 3 shows the curves of the scale thickness squared as a function of time
for the oxidation of Fe—16Cr alloy in the H2/Hz0 gas mixture with pr,/pu,o=94/6
at vartous temperatures, calculated from the data presented in Fig. 2, based on

Eq. (1):

Am-Mueo,

- 16V'A'pMe()v (l)

where victhe th
¥ LInL A 1D Lbiv L

ample. 4
umym,“ i3
the surface area of the sample, Pueo, 18 the denmy of the sc M Meq 18 the mo-
lecular weight of the reaction product and 16 is the atomic we:ght of oxygen.

This plot also includes data concerning the thickness of the scale formed un-
der the above-mentioned conditions, obtained by direct optical measurements
using SEM.

It can be seen from Fig. 3 that the average scale thickness always corresponds
to the thickness computed from the thermogravimetric data within £7%, con-
firming as a consequence that the process of oxidation of Fe—16Cr alloy foltows

the parabolic rate law, according to the Wagner [9] equation:
X = ket (2)

where x is the thickness of the layer at time 7, and &;, is the parabolic rate constant,
which is a function of the self-diffusivity of the rate-detcrmining species and the
standard Gibbs encrgy change of the oxidation reaction.

Table 2 summarizes the experimental data, including the sample treatments,
the parabolic rate constant (k;) and the correlation coefficients (r) in regression
analysis, obtained after oxidation of Fe—16Cr alloy.

Table 2 Parabolic rate constants of Fe—16Cr alloy oxidation

J[;/ Total oxxltuon time A;ﬂ??:{ljgm (;fcyi gil;c?:;;il kp/g2cmf4s4 v kp/umzs’l
1023 360 94/6 1.59-10%2 3410 09841 120"
1073 1080 94/6 2.35107 8.8107% 09817 3.8107°
1123 360 94/6 2.76. 107 291077 09968 1.1.10°7
1173 360 94/6 2.62.10™" 74107 09073 27107
1073 360 97/3 52107 70107 09927 2610°
1073 360 air 0.21 85107 0.9859 3.0107
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Tt follows rom a comparison of these data that the parabolic rate constant of
Fe—16Cr alloy oxidation are independent of the oxygen partial pressure in the ex-
perimental range 5.2 10 **t0 0.21 atm at a constant temperature of 1073 K. Thus,
the thicknesses of the chromia scale formed on the studied alloy during the oxi-
dation in the alloy anticipated to be exposed to both air (cathode) and Ho/Ho0) gas
mixture with pu/pu o of 94/6 or 97/3 (anode) conditions of SOFC are similar, and
correspond to the calculated thicknesses of 10.5, T1.8 and 9.8 um, respectively,
after oxidation for 10 000 h under the SOFC conditions predicted an automobile.

On the basis of the k, value (Table 2), the temperature dependence of the para-
bolic rate constant for oxidation of the alloy in the Hy/H>O gas mixture with
pu,/pne=94/6 obeys the Arrhenius equation:

-1
ko= 68107 exp[— M%@LJ (3)

The standard error in the experimental activation energy is about
+1.3 kJ mol .

In order to compare the experimental values of the parabolic rate constant
with published values, Fig. 4 presents values of logk, for the parabolic oxidation
of Fe—Cr alloys and pure Cr as a function of the reciprocal of temperature. More-
over, Table 3 lists the activation energy (E) and pre-exponential constant (ko) val-

ues calculated from the data in Fig. 4.

Table 3 Values of activation energies and pre-exponential constants for the oxidation of Cr and

Fe— Cr alloys
aterd E’l kn/ Tr;muc/ s {0
Material K] mol ! gz et © Refl.
Pure Cr 247 0.11 9731473 12
Fe-20Cr 201 0.01 923-1223 10
Fe-50Cr 205 0.01 923-1273 1t
Fe-16Cr 202.3 0.00068 1023-1173 present work
Cations In sintered 555 0.14 fem’s™) 1323-1723 13
’r,0,
Aniens in Cr,0, 423 16 [em’s™"] 1373-1723 14

Tt can be seen from these data that the present experimental activation energy
of 202.3 kJ mol™ agrees closely with the corresponding results for Fe—Cr alloys
containing 20-50% Cr [10, 11] and approximately agrees with those of Hagel
[12] for pure Cr oxidation at different oxygen pressures, and for cation self-dif-
fusion in Cr,O; [13], implying that the rate of oxidation for the present alloy is
controlled by the outward diffusion of Cr cations in the chromia scale.

J. Therm. Anal Cal., 55, 1999



688

log kp , [g2em-4s-1]

Fig, 4 Logk, valucs for the parabolic oxidation of Fe—Cr alloys and pure Cr metal as func-
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The roentgenographic analyses have demonstrated that the structure of the
oxide scales formed on Fe—16Cr alloy throughout the whole range of experimen-
tal conditions is mainly composed of Cr.Os. Moreover, the occurrence of the
MnCr,04 and Al,O; phases, and of the a—Fe phase, originating from the sub-

strate material, was also observed.

The morphological observations of the cross-sections of the scales formed on
Fe—16Cr alloy under different thermal treatment conditions revealed that the
chromia scales had uniform thickness, were compact and exhibited excellent ad-
hesion to the metal substrate, as shown, for instance, in Fig. 5. The microchemi-

Fe-~16Cr alloy

Fig. 5 SEM micrographs (BEI mode) of the cross-section of the scale [ormed on
Fe—16Cr alley in a HyH,0 gas mixture with p, /oy, ;=94/6 al 1073 K for 1058 ks
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cal analysis performed by EDAX of the various parts of the oxide scale formed
on Fe—16Cr alloy during the oxidation in Hy/H»O gas mixture with pn,/pe,0=94/6
at 1073 K for 1058 ks revealed the presence of a strong concentration of Cr in the
central zone of the scale, while the outer region was composed of chroma scale
enriched with manganese. Moreover, this analysis also indicated that the
subscale precipitates formed in the internal oxidation zone were composed of
ALOs. Similarly, a morphological structure was found in the case of the alloy
oxidized at 1073 X for up to 360 ks in a H,/H20 gas mixture with pu,/pu.0=97/3
and in air.

As already mentioned, under the predicted SOFC operating conditions, a
chromia scale is formed, which displays good adherence to the alloy (Fig. 5).
This scale also includes a very thin non-continuous outer layer of MaCr,04
spinel phase. The mechanism of formation of the MnCr,Ox spinel layer which is
thermodynamically stable under the given experimental conditions, in spite of
the very low concentration of manganese in the SUS 430 alloys (Table 1), may be
explained by the faster diffusion on Mn in Cr;Os than that of Cr in the oxide
[15, 16]. Since the activation energies of oxidation of an alloy containing Mn and
an alloy without Mn were the same and nearly corresponded to the activation en-
ergy of Crdiffusion in Cr»Os it is presumed that the oxidation process of the pres-
ent alloy is always accompanied by the formation of a MnCr,O, spinel layer out-
side the Cr,0s, while the inner Cr,0; oxide layer continues to grow and thicken
with increasing exposure time [17).

Conclusions

1. The oxidation of Fe—16Cr (SUS 430) alloy followed a parabolic rate law
throughout the whole range of temperatures (10231173 K and oxygen pres-
sures (5.2:1077°-0.21 atm), which suggests that the diffusion of ionic defects in
the scale is the slowest, rate-determining step. The oxide scale was composed
mainly of Cr>0s, with a thin MnCr,Oy spinel layer on top of the chromia scale.

2. The calculated activation energy was 202.3 KJ mol ™', which is approxi-
mately the same as the values for pure Cr and Fe—Cr alloys containing
20-50% Cr.

3. The determined parabolic rate constant is independent of the oxygen par-
tial pressure in the experimental range of 5.2- 10710 0.21 atm at 1073 K, which
means that the rates of growth of scale on Fe—16Cr alloy in air and in Hy/H,O gas
mixtures, i.e. under conditions corresponding to the operating conditions of the
separator, are comparable.

4. The SUS 430 alloy containing 16% of Cr is a promising material for the
separator used in the planar type of the solid oxide fuel cell.

I
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