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Summary:

For plasma sprayed thin-film SOFCs porous metallic substrates were investi-
gated regarding the required properties. The main essential properties are a
sufficient electrical conductivity, a high temperature corrosion resistance and
an adapted thermal expansion coefficient with respect to the other SOFC
components. Proceeding from these requirements metallic materials such as
a porous Cr-ODS alloy (Cr-5Fe-1Y2O3), a stainless steel plate (Fe-18Cr-12Ni-
2Mo) and a Ni felt were tested. Additionally, to investigate the metallic sub-
strates and their interaction with the layers of the cells completely plasma
sprayed SOFCs were fabricated and electrochemically characterised.
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1. Introduction

Solid Oxide Fuel Cells (SOFCs) convert electrochemically the chemical en-
ergy of fuel gases (H2, CO, CH4 and other hydrocarbons) with oxygen or air
directly into electrical power. In comparison to the power generation by
means of combustion processes, the electrochemical oxidation of the fuel
gases in a SOFC leads to higher overall efficiencies with very low harmful
emissions.



Th. Franco et al. RM 19 65
15" International Plansee Seminar, Eds. G. Kneringer, P. Rödhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 4

The central unit of a SOFC is consisting of two electrodes (a porous
(La,Sr)MnO3 cathode, and a porous ZrO2/Ni anode) separated by a gastight
solid ZrO2 electrolyte (Fig. 1). This combination is also called "PEN" (positive
electrode, electrolyte, negative electrode) or "MEA" (membrane electrodes
assembly).
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Fig. 1: Principle of a Solid Oxide Fuel Cell

An oxidant (in this case oxygen) is fed to the porous cathode, where it ac-
cepts electrons from the external circuit, and undergoes a reduction reaction:

2_ (Eq. 1.1)

The electrolyte conducts the oxygen ions due to the difference of concentra-
tion. Fuel (in this case H2) is fed to the Anode, where it undergoes an oxida-
tion reaction with the oxygen ions, and releases electrons to the external cir-
cuit:

(Eq. 1.2)

The overall reaction can be written as:

(Eq. 1.3)
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This is a strong exothermal reaction. The Gibbs free enthalpy is AG°= -228,7
kJ/mol.

In the first generation of planar SOFCs, an approximately 150 urn thick solid
electrolyte has been necessary in order to support the cell mechanically (1,2).
Because of this high thickness and the strong dependence of the ionic con-
ductivity of the ZrO2 with temperature, the cells are usually operated between
900-1000 °C. The high thermal load of the materials can result in detrimental
diffusion and evaporation processes with a strong reduction of the cell per-
formance and of long-term stability. Another disadvantage of the electrolyte
supported cells is the low fracture toughness of zirconia, the danger of crack
formation and hence the very limited size of the cells which can be fabricated
and operated reliably.

In order to increase stability, life time and economy, the operating tempera-
ture of the cells has to be reduced to about 700-800 °C. For this purpose it is
necessary to decrease the overall thickness of the SOFC and particularly of
the electrolyte. This means that no longer a relatively thick electrolyte serves
as "backbone" of a cell. With this second-generation SOFC characterised by
a thin-film electrolyte either one of the electrodes (3-5) or an additional com-
ponent - a porous metallic substrate - has the function to mechanically stabi-
lise the cell.

2. The DLR Plasma Spray SOFC Concept

A novel concept for a metallic substrate supported thin-film SOFC has been
developed at DLR Stuttgart (6,7). In the DLR concept, the entire cell is depos-
ited onto a porous metallic substrate by an integrated multistep vacuum
plasma spray process (see chapter 3). Its characteristic properties such as
short process time, high material deposition rate and the ability to be trans-
ferred to an automated production line promise a fast and cost-effective fabri-
cation of cells with large active cell areas. Because of this substrate support,
the electrolyte layer may have a significantly reduced thickness of only 20-30
urn, resulting in a thin-film cell with a total thickness of less than 100-120 urn.

The principle and design of the substrate supported DLR spray concept is
schematically shown in Fig. 2. In this concept the substrate supported MEA is
fitted into a recess within the bipolar plate and sealed by a glass sealant
layer.
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Fig. 2: Principle of SOFC design according to the DLR spray concept

Fig. 3: Vacuum plasma sprayed SOFCs on porous metallic substrates with
active cell areas between 5 and 320 cm2
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For practical reasons the porous substrate is fixed within the bipolar plate
prior to the deposition process and the sealing procedure is performed after
the manufacture of the entire MEA structure. The fuel gas is fed to the porous
substrate (gas distributor) through gas channels within the bipolar plate in
counter flow to the air on the cathode side. In general, for the assembling of
SOFC stacks square-shaped cells with 10 cm x 10 cm and 20 cm x 20 cm
with active areas up to 320 cm2 were produced (Fig. 3).

3. The Plasma Spray Process (VPS)

The plasma spray process is based on the generation of a plasma jet consist-
ing of argon or argon with admixtures of H2 and He which are ionised by a
high current arc discharge in a plasma torch. Fig. 4 shows schematically the
principle of the DLR plasma torch with a Laval-like nozzle contour.
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Fig. 4: Principle of the DLR plasma torch

Powders to be sprayed are injected into the plasma where they are acceler-
ated, melted and finally projected onto a substrate. The coating is formed by
solidification and flattening of the particles at impact on the substrate. Carry-
ing out the spray process in a vacuum chamber with reduced pressure a long
and laminar plasma jet with high velocity and reduced interaction with the sur-
rounding cold gas is formed resulting in improved spray conditions. The
plasma torch is moved by means of a robot system to cover the whole sur-
face of the component to be coated in a reproducible way.
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4. Experimental

A material to be used as a porous metallic substrate for SOFC applications
has to fulfil a variety of required properties. Beside high mechanical strength
and a sufficient gas permeability some further requirements have to be met.
Those are an excellent electrical conductivity, an adequate corrosion stability
at SOFC operating conditions and an adapted thermal expansion behaviour
with respect to the MEA layers. Proceeding from these requirements the fol-
lowing substrate materials have been investigated and tested:

Substrate

Cr-ODS plate

Stainless steel
plate

Ni felt

Material composition

Cr-5%Fe-1%Y2O3

Fe-18%Cr-12% Ni-
2%Mo

Ni

Thickness
[mm]

-1 .0

-2 .0

-2 .0

Porosity
[vol. %]

- 3 5

- 4 5

- 8 0

Supplier

Plansee,

Austria

GKN,
Germany

Medicoat,
Switzerland

Table 1 : Substrates studied for the plasma sprayed SOFC

In a second step, to investigate the porous metallic substrates and their inter-
action with the MEA layers, SOFCs have been fabricated and subsequently
electrochemically characterised. For this purpose cells with active areas of 12
cm2 were completely plasma sprayed onto different metallic substrates under
same producing conditions. The selection of the substrates depended on the
results of the previous material investigations. The powder materials, which
have been used for the spray process are listed in table 2.

Powder

Short name

Particle size

Supplier

NiO

NiO

<28 urn

Medicoat, Swit-
zerland

ZrO2-
7 mol% Y2O3

YSZ

<22 urn

Medicoat,
Switzerland

(Lao.8Sr0.2)o.98
MnO3

LSM

20 - 50 urn

EMPA,
Switzerland

Table 2: Powders used for spraying of SOFC layers



70 RM 19 Th. Franco et al.

15* International Plansee Seminar, Eds. G. Kneringer, P. Rödhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 4

5. Results and Discussion

5.1 Electrical Conductivity

For the use of porous metallic materials as SOFC substrates, the ohmic resis-
tance should be as low as possible. Therefore, a high electronic conductivity
of the substrates is required. To investigate the conductivity, a 4-point meas-
urement which offers the possibility to measure in SOFC relevant atmos-
pheres was used. Fig. 5 shows the electrical conductivity of the porous metal-
lic substrates as a function of temperature, measured in Ar-5% H2-2% H2O
atmosphere.
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Fig. 5: Electrical conductivity of different porous metallic substrates as a func-
tion of temperature, measured in Ar-5% H2-2% H2O

The conductivity of the Cr-ODS substrate is nearly one order of magnitude
higher than the conductivity of the stainless steel plate and about half an or-
der of magnitude higher than the conductivity of the Ni felt. According to ref-
erence (8) the value of bulk nickel should be higher compared to the electrical
conductivity of the Cr-ODS and the stainless steel plate. But, due to the high
porosity (Table 1) the electrical conductivity of the Ni felt is significantly re-
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duced. In accordance with reference (8) the stainless steel plate shows the
lowest conductivity in the measured temperature range.

As expected for metals, the electronic conductivity decreases when the tem-
perature is rising. The Cr-ODS alloy shows the highest and the stainless steel
plate the lowest temperature dependency. In the case of the Ni felt a bend in
the conductivity curve can be observed at about 360 °C (Curie Point), which
is caused by the ferromagnetic to paramagnetic transition. The same phe-
nomenon can be observed with a smaller extent in the stainless steel curve
because of 12 wt. % of Nickel in the alloy (Table 1).

5.2 High Temperature Corrosion Resistance

In general, metallic substrates to be used for SOFC application have to pos-
sess an excellent high temperature corrosion resistance in humid and reduc-
ing atmospheres. To investigate the corrosion behaviour of the metallic sub-
strates they have been annealed under SOFC relevant conditions and sub-
sequently characterised by optical microscopy and X-ray diffraction. Fig. 6
shows the cross sections and the corresponding X-ray diffraction patterns of
the investigated substrates after annealing at 900 °C for 50 hours in Ar-5%
H2-2% H2O atmosphere.

The Cr-ODS and the stainless steel plate show a significant formation of ox-
ide (bulk material: white, oxide: grey). The Cr-ODS plate has formed an 5 -10
urn thick Cr2O3 layer on the surface of its Cr particles, whereas the stainless
steel plate shows a significant formation of FeCr2O4 inside its bulk material.
The reasons of these relatively strong oxide formations are given on the one
hand in an oxygen pollution of the gas atmosphere where substrates have
been annealed. On the other hand, according to literature (9), an adsorptive
dissociation of water molecules of the 2% H2O steam on the surface of the
metallic substrates is possible in the given atmosphere. In this case the oxy-
gen of the water steam (dissociation product) reacts directly to oxide with the
substrate material.

However, the Ni felt (Fig. 6b) shows an excellent oxidation stability in the
used atmosphere. According to reference (10) a reversible oxidation reaction
in atmospheres with hydrogen partial pressures > 10~6 bar is possible. In the
annealing atmosphere a hydrogen partial pressure of about 50 x
10"3 bar was existing.
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Fig. 6: Cross sections and corresponding X-ray diffraction patterns of the in-
vestigated substrates after annealing at 900 °C in Ar-5% H2-2% H2O
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In general, the formation of oxide on porous metals is essentially higher com-
pared with bulk materials because of its larger surface. Such oxide formation
as observed in the case of the Cr-ODS and the stainless steel plate during
SOFC operation can considerably reduce the electrical conductivity, espe-
cially when the sintered contacts between the bulk particles were oxidised
(Fig. 6a).

5.3 Thermal Expansion Behaviour

For crack-free deposition of MEA layers onto large substrates (10x10 cm2)
and for using them in a SOFC stack, a mismatch of the thermal expansion
coefficients between the substrate and the MEA layers has to be kept as low
as possible. The ideal expansion coefficient of metallic SOFC components
with respect to the MEA layers is about 11 x 10~6 K"1 in the temperature range
30 - 1000 °C. To investigate the thermal expansion coefficients of the sub-
strates a dilatometer (Netzsch, Selb) was used. Fig. 7 shows the temperature
dependence of the thermal expansion coefficient of different porous metallic
substrates in Ar-5% H2 atmosphere.
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Fig. 7: Temperature dependence of thermal expansion coefficient of the dif-
ferent porous metallic substrates in Ar-5% H2-atmosphere
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The stainless steel plate shows a thermal expansion coefficient of 19 x 10"6

K"1 in the SOFC operating temperature range (700 - 900 °C), which is about 8
x 10"6 K"1 higher than the required expansion coefficient. For SOFC applica-
tion such a thermal mismatch is not acceptable.

In the case of the Ni felt, a measurement with the dilatometer was not possi-
ble. Because of its structure (thin nickel wires) a deflection of the felt at about
400 °C occured during the measurement. Thus, for a rough estimation of the
thermal expansion behaviour correlative values of bulk nickel from literature
(8) were used. The curve of the bulk nickel shows an expansion coefficient of
about 16 - 17x 10"6 K"1 in the relevant temperature range. On the one hand,
this expansion coefficient is significantly too high and problems could arise
especially with large cell areas (10x10 cm2 or 20 x 20 cm2). But on the other
hand, in the case of the Ni felt the inherent flexibility of its structure is able to
compensate this mismatch to a certain extent (11).

However, the Cr-ODS alloy (here a porous plate compared with a dense
plate) shows an excellent adapted thermal expansion coefficient of about 10 -
11 x 10~6 K"1 between 700 - 900 °C. The reason for that is the content of 5 wt.
% iron in the Cr based alloy (Table 1), which shifts the thermal expansion co-
efficient close to YSZ (yttria stabilised zirconia) (12). The porous Cr-ODS
plate shows in spite of its porosity of 35 vol. % (Table 1) the same expansion
characteristics than the dense alloy. This means, that the thermal expansion
behaviour of this substrate material is not dependent of its porosity.

5.4 Electrochemical Performance of Substrate Supported Cells

Because of the high thermal expansion coefficient and the relatively bad oxi-
dation resistance of the stainless steel plate the plasma sprayed cells have
been produced using Ni felts and Cr-ODS plates. Fig. 8 shows the cross sec-
tion of a completely plasma sprayed SOFC, consisting of a NiO + YSZ (ZrO2-
7 mol % Y2O3) anode, a YSZ electrolyte and a double layered LSM
((Lao.8Sr0.2)o.98Mn03) + YSZ / LSM cathode, which were consecutively
sprayed onto a porous Cr-ODS plate. The plasma sprayed YSZ electrolyte
exhibits a dense lamellar microstructure, whereas the anode has a fine open
porosity of 21 vol. % after the reduction of the NiO with H2 to pure Ni. The
overall porosity of the cathode reaches only about 10 vol. % with relatively
coarse pores.
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Recent developments aim at improving the cathode's microstructure and at
optimisation of the thicknesses of the layers (13).

Fig. 8: Metallographic cross section of an entirely plasma sprayed cell on a
porous Cr-ODS plate

The electrochemical performance of the substrate supported cells was mainly
determined by performing I-V characteristics and impedance spectroscopy
measurements. For a direct comparison of the electrochemical behaviour of
the substrate supported cells it was important that the MEA layers were fabri-
cated under identical conditions. This means, that the plasma sprayed MEA
layers had nearly the same composition, the same thickness and especially
the same structure.

Fig. 9 shows a comparison of the l-V-characteristics of different substrate
supported cells with identical MEA layers (A: YSZ/NiO, E: YSZ, C: LSM/YSZ).
SOFC test equipment which was developed at DLR-Stuttgart was used for
the characterisation. The operating gases used were 0.5 SLPM H2 and 0.5
SLPM O2, the temperature was 900 °C and the active cell area 12 cm2.
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Fig. 9: Comparison of the l-V-characteristics of different substrate supported
cells, fabricated with identical MEA layers (900°C, 0.5 SLPM H2,

0.5 SLPM O2 as operating gases)

The OCV ("open circuit voltage") of the Cr-ODS cell is 900 mV, whereas the
Ni felt cell exhibits an OCV of about 980 mV. In the case of the Ni felt cell a
power density of about 420 mW/cm2 at a cell voltage of 0.7 V and a current
density of 600 mA/cm2 was obtained. In contrast, the Cr-ODS cell has
reached a power density of only 260 mW/cm2 at a current density of 380
mA/cm2 and the same cell voltage.

In general, the decrease of the OCV is mainly caused by a decrease of the
activities of the operating gases on the electrodes. For that reason, two
causes seem to be responsible. On the one hand, the lower porosity of the
Cr-ODS substrate (Table 1) can cause an inhibition of diffusion processes, in
which H2 is fed to the anode and H2O (as reaction product) is released from
the anode (14). On the other hand, a volume extension can arise through the
higher oxidation of the CR-ODS plate (see chapter 5.2) which causes cracks
in the MEA. In this case, a strong diffusion of the process gases H2 and O2

through the MEA can occur and hence decrease the concentration of operat-
ing gases on the electrodes.
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6. Conclusion

The presented work has shown the results of material investigations on po-
rous metallic substrates for plasma sprayed thin-film SOFCs. The investi-
gated Cr-ODS alloy possesses a high conductivity and an excellent adapted
thermal expansion coefficient to the SOFC layers. But in the SOFC relevant
atmosphere it shows a relatively low oxidation resistance. In contrast, the Ni
felt exhibits an adequate oxidation stability, but a relatively high thermal ex-
pansion behaviour. In general, it is difficult to find a material, which fulfils the
required properties for this high temperature process. In the further develop-
ment a combination of the excellent adapted thermal expansion coefficient of
the Cr-ODS alloy and the adequate corrosion resistance of the Ni felt is cur-
rently investigated.

7. References

(1) H.J. Beie, L. Blum, B. W.Drenckhahn, H. Greiner, H. Schichl, Proc. 3th Eu-
rop. Solid Oxide Fuel Cell Forum, (Philippe Stevens, ed.), Nantes, Vol. 1,
pp. 3-14, 1998

(2) G.M Christie, R.C. Huiberts, E.J. Siewers, J.P.P Huiberts, Proc. 3th Europ.
Solid Oxide Fuel Cell Forum, (Philippe Stevens, ed.), Nantes, Vol. 1, pp.
133-141, 1998.

(3) D. Stöver, U. Diekmann, U. Flesch, H. Kabs, W. J. Quadakkers, F. Tietz, I.
C. Vinke, Proc. 6th Intern. Symp. Solid Oxide Fuel Cells (SOFC VI), (S. C.
Singhai, M. Dokiya, eds.), Honolulu, Hawaii, The Electrochemical Society,
Proc. Vol. 99-19, pp. 812-821, 1999.

(4) S.C. Singhal, 6th Intern. Symp. Solid Oxide Fuel Cells (SOFC VI), (S. C.
Singhai, M. Dokiya, eds.), Honolulu, Hawaii, The Electrochemical Society,
Proc. Vol. 99-19, pp. 39-50, 1999.

(5) R. Bolden, K. Föger, T. Pham, Proc. 6th Intern. Symp. Solid Oxide Fuel
Cells (SOFC VI), (S. C. Singhal, M. Dokiya, eds.), Honolulu, Hawaii, The
Electrochemical Society, Proc. Vol. 99-19, pp. 80-87, 1999.

(6) G. Schiller, R. Henne, M. Lang, S. Schaper, Proc. 6th Intern. Symp. Solid
Oxide Fuel Cells (SOFC VI), (S. C. Singhal, M. Dokiya, eds.), Honolulu,
Hawaii, The Electrochemical Society, Proc. Vol. 99-19, pp. 893-903, 1999.



78 RM 19 Th. Franco et al,
15lh International Plansee Seminar, Eds. G. Kneringer, P. Rödhammer and H. Wildner, Plansee Holding AG, Reutle (2001), Vol. 4

(7) M. Lang, R. Henne, S. Schaper, G. Schiller: to be published in Journal of
Thermal Spray Technology, ASM International, (C.C. Bemdt, ed.), 2001.

(8) Handbook of Chemistry and Physics, D.R. Lide (ed.), CRC-Press, New
York, Tokyo, London, pp. 12-43 and 12-44, 1997.

(9) M. Oertel, PhD-Thesis, Universtity of Stuttgart, performed at DLR Stutt-
gart, 1993.

(10) M. Lorenz, PhD-Thesis, Universtity of Essen, performed at DLR Stutt-
gart, 1999.

(11)M. Lang, T. Franco, R. Henne, R. Ruckdäschel, G. Schiller, P. Szabo
Joint Topical Meeting IEA (Annex XIII: Solid Oxide Fuel Cells) and Euro-
pean Science Foundation (OSSEP), Les Diablerets, Switzerland, pp. 92-
98,2001.

(12) M. Janousek, W. Köck, M. Baumgärtner, H. Greiner, Proc. 5th, Intern.
Symp. Solid Oxide Fuel Cells (SOFC-V), (U. Stimming, S.C. Singhai, H.
Tagawa, W. Lehnert, eds.), Aachen, Germany, The Electrochemical So-
siety, Proc. Vol. 97-18, pp. 1225-1233, 1997.

(13) G. Schiller, R. Henne, M. Lang, R. Ruckdäschel, S. Schaper, Proc. 4th

European SOFC Forum (A.J. Me Evoy, ed.), Lucerne, Vol.1, pp. 37-46,
2000.

(14) M. Lang, PhD-Thesis, Universtity of Stuttgart, performed at DLR Stutt-
gart, 1999.


