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Abstract

In this paper a 430L porous stainless steel is evaluated for possible SOFC applications. Recently, there are extensive studies related to dense
stainless steels for fuel cell purposes, but only very few publications deal with porous stainless steel. In this report porous substrates, which are
prepared by die-pressing and sintering in hydrogen of commercially available 430L stainless steel powders, are investigated. Prepared samples are
characterized by scanning electron microscopy, X-ray diffractometry and cyclic thermogravimetry in air and humidified hydrogen at 400 °C and
800 °C. The electrical properties of steel and oxide scale measured in air are investigated as well. The results show that at high temperatures porous
steel in comparison to dense steel behaves differently. It was found that porous 430L has reduced oxidation resistance both in air and in humidified
hydrogen. This is connected to its high surface area and grain boundaries, which after sintering are prone to oxidation. Formed oxide scale is mainly
composed of iron oxide after the oxidation in air and chromium oxide after the oxidation in humidified hydrogen. In case of dense substrates only
chromium oxide scale usually occurs. Iron oxide is also a cause of relatively high area-specific resistance, which reaches the literature limit of

100 m cm? when oxidizing in air only after about 70 h at 800 °C.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) are very promising energy
sources. They are offering the highest available energy efficien-
cies due to conversion of chemical energy of the electrochemical
oxidation reaction of fuel directly into electrical energy. Possible
applications include auxiliary power units for homes, hospitals,
trucks, etc. Although the main barrier for their widespread com-
mercialization is high cost. This problem can be overcome by
use of less expensive materials, e.g. stainless steel as an intercon-
nector. Recently, advanced electrolyte deposition technologies
[1] allowed fabrication of thin electrolyte layers (below 10 wm),
which allows to lower temperature of operation without increas-
ing electrolyte resistance above acceptable level. Temperatures
in the range of 500-800 °C provide an opportunity to use stain-
less steels as an interconnector or support. There are currently
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only a few steels that are considered for SOFC application. Main
problem with use of steel at elevated temperatures is its high-
temperature corrosion and thermal expansion coefficient (TEC)
mismatch between steel and ceramics. This first problem can
be partially solved by using chromia forming alloys [2] that
form passivation layer of Cr,O3, which protects steel interior
from further degradation and reveal good electrical conductiv-
ity. TEC problem is minimized once ferritic stainless steels are
used, which are well-matched with TEC, to the most popu-
lar ceramics—yttria stabilized zirconia (TECysz ~ 10 ppm K~!
and TEC430L ~ 11.4ppm K~! [3]).

Ferritic steels, which are typically studied for SOFC applica-
tions, include popular 430 series and specially developed alloys,
e.g. Crofer22APU (ThyssenKrupp VDM) E-Brite (Allegheny
Ludlum) and ZMG232 (Hitachi Metals Ltd.). In addition some
nickel-based alloys (austenitic crystal structure) are also taken
into account, e.g. Haynes 230 and Haynes 242 (Haynes Inter-
national). Table 1 presents their typical composition. The high
percent of chromium ensures formation of protective chromia
scale, while other atom additives are chosen to form scales
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Table 1

Main alloying elements in steels used as SOFC interconnects [wt%]

Steel Fe Cr Mn Mo Ni Other: Reference

430 >77.0 16.0-18.0 <1.0 <0.12 <0.5 - Si<1.0 [25]

Crofer 22 APU >72.0 20.0-24.0 <0.8 <0.03 - - Cu<0.5 [26]
Al<0.5

E-brite >70.0 26.0-27.5 <04 <0.01 <1.5 <0.5 Ni+Cu<0.5 [27]
Nb<0.2

Haynes 230 <3.0 22.0 0.5 2.0 <57.0 W—14.0 [28]
Co—35.0

on the surface of chromia and in this way restrict chromium
vaporization [4,5]. The volatile chromia, which deposits on
the cathode/electrolyte interface, degrades the fuel cell per-
formance by blocking oxygen reduction sites [6]. The ferritic
steels have been widely characterized as dense substrates
[7-9]. In this case the steel is used as a current collector
and as a physical barrier preventing fuel and oxidant mixing.
In such cells one of the ceramic layers must act as a sup-
porting structure and anode-supported configuration is often
used [10,11].

The 430 dense steel has been thoroughly evaluated in SOFC
conditions. Brylewski et al. [12,13] studied the oxidation kinet-
ics in Hp—H>O gas mixtures and in air in temperature range
of 750-900 °C for duration of up to 300 h. It was shown that
oxide scale is mainly composed of chromium oxide and grows
according to parabolic Wagner relation. It was claimed that
rates of oxidation are independent of oxygen partial pressures.
Moreover, the steel coated with (La,Sr)CoO3 exhibited average
area-specific resistances of 20mQ cm? and 45m cm? in air
and humidified hydrogen, respectively. Deng et al. [14] have suc-
cessfully electroplated 430 stainless steel by cobalt that greatly
decreased its area-specific resistance. In this case after 1900 h of
oxidation in air at 800 °C the contact resistance of 26 m$2 cm?
was obtained. Presented works show that the 430 dense stainless
steel can be regarded as prospective for high-temperature SOFC
interconnector.

Recently porous steel was successfully used as supporting
structure in planar type SOFC [15-19]. Villarreal et al. [16]
built cells on porous 70Fe30Cr steel substrate, that was prefired
at 400 °C and then Ni-YSZ anode layer was tape-casted, pre-
fired at 600 °C and sprayed with an electrolyte. After that, cells
were co-sintered at 1350 °C in Hy. The resulting Y SZ electrolyte
had a thickness of about 20 pm. Such fuel cell provided power
densities of about 100 mW cm~2 at 800 °C and 200 mW cm >
at 900°C. Cells exhibited very good resistance to cyclic
oxidation.

A mixed steel-ceramic porous composite is a subject of work
reported by Matus et al. [17]. In this case the alumina titanate
ceramic powders were mixed with 70Fe30Cr steel powders to
lower thermal expansion coefficient. On top of this composite
the YSZ electrolyte was deposited by tape casting, vacuum infil-
tration or colloidal spray formation. This multilayer SOFC was
co-fired at 1350 °C for 4 h in reducing atmosphere. Best results
were achieved for spray deposited cells. Thickness of sintered
electrolyte was below 20 wm and the cells achieved maximum
power density of about 350 mW cm~2 at 900 °C. High thermal

conductivity of steel is also an advantage, because it allows rapid
heat up of the cells. After 50 thermal cycles between 200 °C and
800 °C at heating and cooling rate of 50 °C min~!, the cell has
not shown degradation of power density.

Tucker et al. [18] prepared cell using porous stainless
steel and achieved power densities of 285mWcm™2 and
712mW cm~2 at 700 °C in air and oxygen, respectively.

Currently, the most advanced design using porous metal-
supported cells is a “TuffCell” constructed at Argonne National
Laboratory. A self-contained complete SOFC buttons were pre-
pared using 454 stainless steel and arranged to provide a stack
[19]. Obtained power densities are on the level of 300 mW cm™2
at 800 °C.

Those works demonstrated the proof of principle for appli-
cation of porous stainless steel as SOFC support. However,
information about long-term properties of porous steels in SOFC
working conditions is still not available.

2. Experimental

For preparation of porous substrates commercially available
430L stainless steel powder (~mesh 100) from Hoeganaes,
USA, was used. Index L means low carbon type 430 stain-
less steel. Samples were uni-axially compacted to obtain highly
porous substrates. For all samples pressure of 100 MPa was
used, which results in sample porosity above 40%. The poros-
ity of samples was evaluated by the Archimedes method using
kerosene as medium. Additives, lubricants or pore formers have
not been added for sample formation. Temperatures of sintering
were evaluated in order to ensure proper mechanical strength
and electrical parameters. Sintering took place in a tube furnace
with the flow of 100% H; at ~100 sccm. Temperatures ranged
from 800 °C to 1200 °C and dwell times from 1 h to 4 h. Philips-
FEI XL30 ESEM scanning electron microscope was used to
examine surface and cross-sections of samples after sintering. In
some cases the 3% H,O was added to Hy by bubbling hydrogen
through water bubbler at room temperature.

Cyclic thermogravimetry was performed at 400°C and
800 °C in air and in 3%H,0-97%H,. These temperatures are
chosen because they are regarded as lower and upper limits of
intermediate temperature SOFCs operation. Moreover, the tem-
perature of 800 °C is most widely used for evaluation of dense
stainless steels [13]. Therefore it allows comparison between
dense and porous properties of 430L stainless steel. The perfor-
mance of porous metal-supported SOFCs was evaluated even
at higher temperatures (e.g. 900 °C [16,17]), however probably
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the temperature of 800 °C is a limit for their long-term opera-
tion [19]. The total time of thermogravimetric measurements is
below 350 h. Mass gain of samples during this time is relatively
high, so further characterization was neglected.

Mass change was calculated by comparing mass after desig-
nated oxidation time with initial mass

A -0 — My—
(m) _ M0 = Mi=0 x 100%, 1)
'

m mi=0

where m;— is the initial mass and m;~ ¢ is the mass after “#” hours
of oxidation.

Weight measurement resolution was of 0.1 mg. Only time at
soak temperature is taken into account. For oxidation in air and
in humidified hydrogen samples were sintered at 1000 °C for 4 h.
Porosity of those samples is approximately 45%. Additionally,
the oxidation process was evaluated in humidified hydrogen at
800 °C for samples sintered at 800 °C and 1000 °C.

The electrical conductivity of steel was investigated on a
series of steel samples sintered in dry hydrogen for 2 h. It was
measured by Keithley 2400 SourceMeter using van der Pauw
method (Fig. 1a).

Silver paste was used as contacts. Porosity of the samples
is not taken into calculations. The porosities of those samples
were about 45-55%. Conductivity versus temperature depen-
dence after different oxidation times in 800 °C was measured
for sample sintered in 800 °C.

Electrical resistance of oxide scale was evaluated using stan-
dard 4 probe technique (Fig. 1b). Sample was pre-oxidized
for 40h at 800 °C before painting the electrodes. Electrodes
were prepared on opposite facets of the sample, each size of
1 cm x 1 cmusing platinum paste (ESL 5542), which after depo-
sition was sintered at 750 °C for 30 min. Current density was set
to 300 mA cm~2 and voltage drop was measured using Hameg
HMS8112-2.

XRD spectra were collected by Philips X’ Pert diffractometer
after different times of oxidation in air and humidified hydrogen.
Measurements were taken in air at room temperature using Cu
Ka radiation. In all cases surface of the samples was studied.
Qualitative analysis of diffraction spectra was carried out with
ICDD PDF database [20]. In order to resolve similar spectra of
isostructural iron oxide and chromium oxide Rietveld refinement
analysis was performed [21].

van der Pauw b) Area Specific Resistance
method measurement
OXIDE |

\ / SCALE ™

k .. POROUS .~ ]
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CONTACT WIRES ~ CONTACT

Fig. 1. Schematic diagrams of electrical conductivity measurements of conduc-
tivity of steel (a) and area-specific resistance (b).

3. Results

Sintering of steel powders in order to obtain porous substrates
should take place above 900 °C. Below this temperature grains
are not connected and sample is mechanically not rigid (Fig. 2b).
Temperatures above 900 °C ensure good grain necking (Fig. 2a)
and samples possess good mechanical properties. At tempera-
tures of 1100 °C and above shrinkage of samples is observed.
In all cases porosities were above 40% which ensures good
gas permeability. Based on SEM images the evaluated surface
roughness is approximately 20 pm, while the average pore diam-
eters are also in the range of 20 wm. Such surface roughness and
pore diameter can provide problems during deposition of thin
layers. Ceramic anode substrates used for electrolyte supports
usually have grain sizes in the range of few pm. As a result the
pore sizes are greatly reduced in comparison to reported here.
Smaller grains (higher mesh parameter) of steel would lower
the pore sizes and minimize those problems. However, during
the sintering step samples would loose their porosity. Usually
smaller grain sizes promote higher densification, which is unde-
sirable for SOFC support application. Microstructure of the inner
part of the sample is similar to its surface. It is interesting to note,
that in the SEM images of polished cross-section (Fig. 2c) the
porosity seems to be smaller than that measured by Archimedes
method.

Cyclic thermogravimetry measurements at 400 °C presented
in Fig. 3 showed mass gain during oxidation in air, while in
humidified hydrogen virtually no mass gain was observed. Mass
gain is related to oxide scale formation on the steel surface. The
weight gain as a function of time follows a parabolic rate law
(Fig. 3). This type of mass gain can be related to a modified
Wagner rate law. In its original form [22] the oxide thickness
(or weight gain per unit area) versus time of oxidation is mea-
sured, which describes the oxide scale formation connected to
the limiting process of an outward diffusion of the metal cations
from bulk of the steel through scale to the surface. In this study it
was necessary to modify the model due to evaluation of porous
samples. Therefore, the relative mass change (from Eq. (1)) is
measured as a function of time

2

where kj, is the parabolic rate constant and ¢ is the time.

The results of thermogravimetry performed at 800 °C pre-
sented in Fig. 4 show oxide formation in both atmospheres,
although oxides created are different, as will be described later.
Oxidation in air is more rapid than in humidified hydrogen.
Oxidation processes in both cases obey modified Wagner law.

Sintering temperature has visible influence on oxidation rate.
Asshownin Fig. 5, oxidation in humidified hydrogen of a sample
sintered at 800 °C for 4 h is faster than that at 1000 °C. Porosities
of the samples are the same within margin of 2%. The grains
of samples sintered at 1000 °C are well bonded to each other
(Fig. 2a). On the other hand the sintering temperature of 800 °C
does not provide good contacts between grains (Fig. 2b).
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Fig. 2. SEM images of 430L surface sintered at 1100 °C (a) and at 800 °C (b) and cross-section of polished 430L sintered at 1000 °C (c).
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Fig. 3. Mass gain as a function of time for oxidation in air and in humidified
hydrogen at 400 °C. Samples sintered at 1000 °C.
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Fig. 4. Mass gain as a function of time for oxidation in air and in humidified
hydrogen at 800 °C. Samples sintered at 1000 °C.
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Fig. 5. Mass gain in humidified hydrogen at 800 °C as a function of time for
samples sintered at 800 °C and 1000 °C.

Electrical conductivity of steel is strongly related to grain
connections and thus is related to sintering temperature (Fig. 6).
Samples prepared below 900 °C reveal relatively low electrical
conductivity while sintered at 900 °C and above show metallic
level of conductivity. In all cases electrical conductivity versus
temperature shows metallic type conductivity. For comparison
conductivity of steel sample without sintering step is shown.
Conductivity versus oxidation time at 800 °C is shown in Fig. 7.
Decrease of conductivity is clearly seen and after about 180 h
the level of conductivity is almost one order of magnitude lower
than at the beginning.
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Fig. 6. Temperature dependence of 430L conductivity for different sintering
temperatures.
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Fig. 7. 430L conductivity as a function of temperature after different times of
oxidation in air at 800 °C.

Electrical conductivity of oxide scale measured at 800 °C in
air is shown in Fig. 8. After about 30h of measurement and
total of about 75 h of soaking time at 800 °C, the area-specific
resistance of oxide scale reaches level of 100 m§2 cm?, which
is considered as maximum allowable level for SOFC compo-
nent [23]. This is unacceptable deterioration of stainless steel
in comparison to expected operation time of fuel cell of about
40,000 h. The results obtained by Deng et al. [14] on dense
430 stainless steel show that the area-specific resistance reached
100 mQ cm? after 500 h at 800 °C and after this time exhibited
runaway increase of ASR. The rate of ASR change calculated
from linear part of the plot in Fig. 8 is of about 3.3 mQ cm?h~!.
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Fig. 8. Area-specific resistance of oxide scale formed on 430L in air at 800 °C.
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Fig. 9. XRD spectra before and after oxidation in air and humidified hydrogen.
Due to isostructural nature of Fe;O3 and Cr,O3 Rietveld refinement method
was used to distinguish the type of formed oxides.

The reported high level of contact resistance can be related to
undesired iron oxide scale formation. Thus porous 430L is not
regarded as a prospective for high-temperature fuel cells appli-
cations. In consequence porous 430L must be operated at lower
temperature or coated with protective film in order to decrease
area-specific resistance.

In Fig. 9 the XRD spectra of 430L oxidized in air and
humidified hydrogen are presented. Spectra of as-received
steel powder are also shown for comparison. Due to isostruc-
tural nature of Fe;O3 and Crp O3 Rietveld refinement method
was used to distinguish the type of formed oxides. In air
the spectra shows that the oxide scale is composed mainly
of Fe;O3. Some signs of (Fe,Cr);03 and Fe3O4 crystalline
phases can also be observed. In humidified hydrogen mostly
Cr0j3 scale is formed on the steel surface. This is also indi-
cated by steel color. Samples oxidized in air are black in
color while they are green when oxidized in humidified hydro-
gen. This corresponds to colors of dominating oxides phases.
Formation of iron oxide in air is in contradiction with the
results obtained for dense 430L [24]. In this case only the
chromium oxide is formed both in air and in hydrogen. Dif-
ferent behavior of porous steel can be related to high specific
surface area, which is available for oxidation. The chromium
reservoir in bulk of the steel is probably insufficient to pro-
vide enough chromium for oxidation processes. Therefore
other oxides, e.g. iron oxide can also be created. In case of
the dense steel the chromium content of about 16-18% by
weight ensures forming continuous protective chromium oxide
[12-24].

4. Conclusions

The 430L stainless steel in dense form is regarded as possible
candidate for SOFC interconnector. However, in recent years the
idea has become very attractive to use porous stainless steel as a
SOFC support. In this study the 430L stainless steel with desired
porosity and mechanical properties was successfully prepared
and evaluated. It can be noted that sintering above 900 °C is
required to meet the demand for porous support. The oxidation
of porous 430L is relatively fast due to its high specific surface
area. The mass gain follows modified Wagner’s law. Thermo-
gravimetric measurements showed relatively high mass gain in
air and in humidified hydrogen. It is related to formed oxide
scale, which is composed mainly of Fe;O3 during oxidation in
air. This scale is not regarded as prospective for SOFC oper-
ational conditions. The chromium content of about 16-18% is
not enough to form protective chromium oxide scale. The Fe;O3
oxide scale also contributes to high area-specific resistance that
after only 75 h of oxidation exceeded the level of 100 m$2 cm?.
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