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The vacuum plasma spraying (VPS) process allows the production of thin solid oxide fuel cells (SOFCs) with
low internal resistances. This enables the reduction of the cell operating temperature without a significant
decrease in power density. Consequently, the long-term stability of the cells can be improved and low-cost
materials can be used.

Different material combinations and spray parameter variations were applied to develop thin-film
SOFCs, which were plasma sprayed in a consecutive deposition process onto different porous metallic
substrates. The use of Laval nozzles, which were developed at the German Aerospace Center (DLR), and the
use of conical F4V standard nozzles enable the fabrication of thin gas tight yttria- and scandia-stabilized ZtO
(YSZ and ScSZ) electrolyte layers and of porous electrode layers with high material deposition rates. The
optimization of the VPS parameters has been supported by laser doppler anemometry (LDA) investigations.

The development of the plasma-sprayed cells with a total thickness of approximately 106 requires an
overall electrical and electrochemical characterization process of the single layers and of the completely
plasma-sprayed cell assembly. The plasma-sprayed cell layers reveal high electrical conductivities. The
plasma-sprayed cells show very good electrochemical performance and low internal resistances. Power
densities of 300 to 400 mW/cfmat low operating temperatures of 750 to 800 °C were achieved. These cells
can be assembled to high performance SOFC stacks with active cell areas up to 406, amhich can be
operated at reduced temperatures and good long-term stability.

In order to increase stability, life time, and economy, the op-
erating temperature of the cells has to be reduced to about 700 to
800 °C. For this purpose, it is necessary to decrease the overall
thickness of the SOFC and particularly of the electrolyte. This
means that a relatively thick electrolyte no longer serves as the
“backbone” of a cell. With this second generation SOFC char-
acterized by a thin-film electrolyte, an additional component is
required that has the function to mechanically stabilize the cell.
A novel concept for a metallic substrate supported thin-film
SOFC (Fig. 1) has been developed at DLR Stuttgart. In the DLR
toncept, the entire cells will be fabricated by an integrated mul-
tistep plasma deposition procedure, mainly based on specifically
adapted vacuum plasma spraying (VPS) processes. This fabri-
cation technique enables the deposition of thin, dense electrolyte
layers as well as of controlled porous electrodes in a consecutive

. - . . spray process. High material deposition rates promise inexpen-
first generation of planar SOFCs, an approximatelytahick I§ive and fast cell production, especially in the case when large

solid electrolyte has been necessary in order to support the Cective cell areas are required. Low internal resistances in the
mechanically. Because of this high thickness and the strong de- lasma-spraved cells Ie;d to hi. h bower densities and enable the
pendence of the ionic conductivity of the Zxdth temperature, P pray gnp

the cells are usually operated between 900 to 1000 °C. The higﬁc?ggscgc.): Zfrfgfri::\tgg ct:%r:s:rateur:tcle V\t”r:gcl)grt\ aft::%ngtlgg'rl]'tt d:e;n
thermal load of the materials can result in detrimental diffusion inp ) quently, 9 ity

. . . improvi nd | Xxpensive material n .
and evaporation processes with a strong reduction of the cell perpe proved and less expensive materials can be used

formance and reduced long-term stability. Another disadvantage
of the electrolyte supported cells is the low fracture toughness of2 Experimental
the zirconia, the danger of crack formation, and, hence, the very "

limited size of the cells that can be fabricated reliably. 2.1 Fabrication of the Cells

Keywords electrochemical characterization, impedance spec-
troscopy, laser doppler anemometry (LDA), solid oxide
fuel cells (SOFC), vacuum plasma spraying (VPS)

1. Introduction

Solid oxide fuel cells (SOFCs) electrochemically convert the
chemical energy of fuel gases{K O, CH,, and other hydrocar-
bons) in the reaction with oxygen into electrical power. In com-
parison to 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 emissidng.

The cell consists of a porous (La, Sr) Mpgathode, a gas
tight oxygen ion conductive yttria- or scandia-stabilized ZrO
(YSZ, ScSZz) electrolyte, and a porous Zi@-anode. In the

M. Lang, R. Henne, S. SchapemndG. Schiller, Institut fiir Technis- The VPS technique ar_ld thg equi[:_)ment used at the DLR
che Thermodynamik, Deutsches Zentrum fiir Luft- und Raumfahrt, D- Stuttgart have been described in detail elsewfeteerefore,

70569 Stuttgart, Germany. Contact e-mail: michael.lang@dir.de. only some characteristic features of the DLR installation, which

618—Volume 10(4) December 2001 Journal of Thermal Spray Technology



é

plasma. The desired layer composition was obtained by ad
justing the powder feed rates.

In order to develop the spray parameters (Table 2) and tt
evaluate the resulting qualities of the layers separately, the eleq
: trode and electrolyte layers were sprayed onto different sub)
Bipolar Plate o0 oo / strates. For the determination of the electrical conductivity,

nonconductive alumina substrates were used, and for the eval

pPaMaINaY 1984

Contact Layer Supply ation of the electrochemical activity of the electrodes, the anode
Cathode Protective and cathodes were sprayed onto sintered YSZ electrolytes (Ke
Electrolyte Layer afol, Eschenbach Opf., Germar)The sintered electrolytes
Ancde had been screen printed with the corresponding counter eleq
Sealant trode at Siemens AG (Erlangen, Germany) prior to the spra
Parous Layer process. This enables us to individually characterize the VPS
Substrate fabricated electrodes separately from the other cell componen
and to run the cells at technical current densities of about 200 t
Fuel Gas Supply 1000 mA/cr.

""—"“'-._....... The completely sprayed cells were deposited onto differen

metallic substrateg,g.,porous plates made of chromium-based
Fig. 1 Principle of the SOFC design according to the DLR spray alloy Cr-5 wt.% Fe-1 wt.% YO, (Plansee, Reutte, Austria) or of
concept stainless steel (GKN Sinter Metal Filters, Radevormwald, Ger

many) and nickel felts (Medicoat, Switzerland). The spray para

meters for the fabrication of the cells are listed in Table 2. Morg
are essential for the manufacture of SOFC components, are emrdetails on the plasma spray process applied for the production ¢
phasized. Novel plasma torches with Laval-like nozzle contours SOFC components are given in Ref 10 and 11.
for supersonic plasma jet velocities of up to 2000 to 3000 m/s
have been developé&d] resulting in enhanced spray particle ve-
locities of up to 800 to 900 m/s.¢.,Al,Os) and improved spray
conditions to achieve thin but still very dense electrolyte lay-  Figure 3 presents an overview of the different characteriza
ersll The internal powder injection by several integrated pow- tion methods of the cells and cell components, which can be di
der injection ports at different positions along the nozzle allows vided into microstructural, electrical, and electrochemical
the spraying of very different materials simultaneously, thus en-investigations. This indicates the overall quality of the single cell
abling the production of structured composite coatings such ascomponents and enables iterative improvement of the cells b
graded cermet layers. parameter variation of the VPS processes.

Controlled porous electrode layers can be obtained by ap-  The test equipment for the electrochemical characterizatio
propriate selection of the composition, the morphology, and the of the cells at DLR Stuttgart consists of furnaces, operatio
grain size fraction of the spray powders (Table 1 and Fig. 2) control units, data acquisition systems, and a frequency respon{
and by carefully adjusting the spray parameters (Table 2). The analyzer.
optimization of the VPS parameters has been supported by
laser doppler anemometry (LDA) investigations, which allow
the evaluation of velocities and trajectories of spray parti€les.

A robot-controlled movement of the spray torch ensures uni-
form and reproducible deposition of the layers. An electrical
heating device, which has been developed for operation in vac-  The optimization procedure of the spray parameters has bee
uum conditions, is applied to heat the substrates prior to coat- supported by LDA measurements. Figure 4 shows an exampl
ing in order to diminish the thermal gradients during of the trajectories of the anode powders in the plasma jet for th
deposition. The temperature of substrates was controlled with fabrication of porous electrode layers.

2.2 Characterization of the Cells

3. Results and Discussion

3.1 Anode Development

thermocouples. A careful adjustment of the carrier gas flow rate is necessal
Table 1 lists the SOFC powders used for the fabrication of theto inject a high amount of the powder into the hot core of the
cells. Figure 2 shows their corresponding morphologies. plasma jet to realize a sufficient powder melting and a high dep|

The first step of the development of the sprayed cells fo- osition rate. It has been shown that the particle velocities depe
cused on optimization of the single electrode and electrolyte strongly on spray parameters such as type of torch nozzle, g
layers in terms of microstructure, electrical conductivity, and composition, chamber pressure, and torch power. With the spra
electrochemical activity. The anodes were sprayed by combin- parameters listed in Table 2, particle velocities between 380 m/
ing the NiO with the YSZ or the ScSZ powder. In the case of ata distance of 50 mm and 250 m/s at a distance of 240 mm we
the cathodes, (LSt 2)oss MNO; powder (LSM) was sprayed  measured for spraying of the anode layer. The relatively low ve
together with YSZ or ScSZ, respectively, for the electrocat- locity of the particles at impact on the substrate leads to the dg
alytic layers. An additional layer of pure LSM acts as a current sired formation of porous electrodes.
collector. The high melting YSZ and ScSZ ceramic powders  The NiO in the anode is reduced by hydrogen to pure Ni a
were injected internally, while the lower melting NiO and operating conditions of the cells. This leads to a further increas
LSM powders were fed externally of the nozzle into the in porosity to about 21 vol.%, which ensures sufficiently high
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Fig. 2 Powders used for the fabrication of the SOFCs (above: YSZ and ScSZ electrolyte powder; below: NiO anode and LSM cathode powder)

Table 1 Description of the powders used for the spraying of the SOFC layers

Powder NiO ZrO -7 mol.% Y,0, ZrO 10 mol.%ScO, (LaoeSre2)o0sMnO 3
Short name NiO YSz ScSz LSM
Morphology Sintered, Sintered, Sintered, Sintered,
crushed crushed crushed spherical
Size distribution 10-2pm 5-25um 2-35um 20-40um
Supplier Cerac Medicoat Siemens EMPA
(Milwaukee, WI) (Niederrohrdorf, Switzerland) (Erlangen, Germany) "b@Endorf, Switzerland)

gas diffusion. Figure 5 shows the corresponding pore size dis- The pore size distribution of the plasma-sprayed and reduced
tribution, measured with mercury intrusion porosimetry. In con- YSZ + NiO-anode ranges from 0.03 to 2tn, with a maximum

trast to other porosimetry determination systeeng.(quanti- at about 0.5um. The smaller pores are formed by the reduction
tative image analysis), mercury intrusion porosimetry is suitable of NiO, whereas the larger pores are created during the spray
to also detect pores less thaprh. process.
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molten particles with high velocities. Therefore, the formation

( Characterization ) of a dense lamellar microstructured electrolyte layer with high £
interparticle bonding can be achieved. =
Ll u Figure 7 shows the measured deposition rates and porositig (.:El
. of two YSZ electrolyte layers, which were produced with the J&
Single Layers SOFC-Cells Mach 3 Laval nozzles using different plasma gas compositions %
(see also Table 2) as a function of the distance from the nozzl g
- Both deposition rates decrease from aboutr@pass at a dis-
—)|Metallograp hyl _)l V-1-Behavior I tance from the nozzle of 220 mm tquén/pass at a distance of
Microscopy | 5[ Impedance iise?:trrrg&glg. 7). Similar results were achieved with the ScSZ
Thermal Spectroscopy The porosities, measured by quantitative image analysis, o
the electrolyte layers are in the range of 1.5 to 2.5 area% and i
Exposure (3| Long-Term dicate the closed porosity. The lowest porosity of about 1.6
Hg Intrusion Measurement area% was obtained with the 40Ar/gllasma gas composition
—>»> Porosimet at a spray distance of 230 mm. Due to the high contery, aifiéd
ry - Metallographyl plasma enthalpy and thermal conductivity are increased and
higher fraction of the YSZ patrticles is sufficiently melted and de-
_)l SEM + EDXI — Microscopy posited on the substrate. With a plasma gas composition d
38Ar/2H,/20He (SLPM), the porosity values, especially at larger
_> spray distances, are slightly higher.
Electrical
—> Conductivity 3.3 Cathode Development
The plasma-sprayed YSZ LSM cathodes were optimized
Fig. 3 Characterization methods for the cells in a similar way as the anodes. The variation of the spray para
eters has shown that the perovskite of the cathode tends to d
Table 2 VPS parameters for the fabrication of the cells compose, especially in the case wherstadded to the plasma
gas. With the spray parameters listed in Table 2, cathodes can
Spray parameters Anode Electrolyte Cathode sprayed without decomposition (Fig. 8) at deposition rates a
Powders YSZt+ NiO YSz YSZ + LSM high as 4 to fum/pass.
Torch nozzle Scsl\ﬁ;’d':"?? Sﬁifh 2 ST:?‘%/*_ slirl:/cllar g The lack of a “pore forming process” leads to a lower overall
Laval(a) Laval(a) (7 mm) porosity in the LSM+ YSZ cathodes in comparison to the an-
(7 mm) (7 mm) odes. Actual development focuses on the usage of alternati
Torch power 30 kw 30 kW 30 kw cathode powders, the application of pore formers, and a furthg
Plasma gas composition Arjitle Ar/H, Ar/He optimization of the spray parameters_
Chamber pressure 200 mbar 100 mbar 200 mbar
Spray distance 240 mm 230 mm 180 mm
Thickness 30-4@m 20-30um 20-30um 3.4 Cell Deve/opment

(2) Developed at DLR Figure 9 shows the cross section of a completely plasma

sprayed SOFC consisting of a N#©OYSZ anode, a YSZ elec-
3.2 Electrolyte Development trolyte, and a double-layered LSMYSZ/LSM cathode. These
layers were consecutively sprayed onto a porous metallic sub
For the production of high performance SOFCs, it is neces- strate.
sary to spray thin gas tight electrolyte layers with high material  The plasma-sprayed YSZ electrolyte exhibits a dense lamel
deposition efficiencies. These requirements are best achieved blar microstructure, whereas the anode has a fine open porosity
completely melting the powder particles. These are then accel-21 vol.% after the reduction of the NiO. The overall porosity of
erated to a high speed in the plasma jet and, therefore, flatten tthe cathode reaches only about 10 vol.% with relatively coarsg
form dense lamellae on impact upon the substrate. Figure €pores. Recent developments aim at improving the cathode’s m
shows the measured particle velocities (LDA) of the YSZ elec- crostructure and at optimization of the thicknesses of the layers
trolyte powder (Fig. 2), which was sprayed with a conventional
E?_r:?ical F4V nozzle, and a Mach 3 Laval nozzle, developed atg g Scale-up of the Cells
The velocities of the particles sprayed with the Mach 3 Laval ~ The first plasma-sprayed cells for the electrochemical char
nozzle increase to about 650 m/s, whereas the particle velocitie:acterization were of a diameter 35 mm and had active cell ares
of the standard nozzle are in the range of 450 m/s. With the uti-of 5 cn?. In the next steps of development, the diameter of the
lization of the Laval nozzles of DLRS the temperature and ve-  cells was increased to 48 and 96 mm. These cells were also us
locity profiles of the laminar hot plasma jet are broadened andfor single cell measurements. Preheating of the substrates pri
elongated. This leads to an increase of the heat and momenturto the deposition process diminishes thermal stresses in t
transfer to the ceramic particles, thereby resulting in completely plasma-sprayed layers. For the assembling of SOFC stack
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Fig. 4 Trajectories of the SOFC YSZ powder in the plasma jet (for spray parameters, see Table 2

Porosity [Vol. %] Deposition rate d* [um/pass] Porosity [Area %]
20 9 5
1 . o 8 Deposition rate
@ Porosity (Vol. %) “
15 7 L 4
6
5 Plasma gases [SLPM]:
10 | 3
4 —8— 38 Ar/ 2 H2/ 20 He .
—A— 40 Ar/ 6/ H2 Porosity
3. 0" ...
> 2 ) Fra.l, ,..--':z ol x2
. ) X ________
(s} H M O O MmO O N D © W, + $ ¥ $ + 1
Ssse°° T 230 240 250
Pore diameter [um] 220

Distance from the nozzle [mm]

Fig. 5 Pore size distribution of a plasma-sprayed and reducedtNiO ) B )
YSZ SOFC anode Fig. 7 Deposition rate and porosity of plasma-sprayed YSZ
electrolytes

square cells with 108 100 mm and 20& 200 mm with active
Particle velocity v (m/s) areas up to 300 c¢rwere produced.
700

3.6 Electrical Characterization
600
The overall ohmic resistances of the cells are a sum of the

contact resistances and the ohmic resistances of the cell layers.
Figure 10 shows the electrical conductivity of the plasma-
sprayed layers as a function of temperature.

The electronic conductivities of the electrodes are 3 to 4 or-
ders of magnitude higher than the oxygen ion conductivities of

500
400

300 the electrolytes. Because of the high mobility of the electrons in
€ Mach 3 Laval nozzle the Ni phase, the reduced N#OYSZ anode shows a high elec-
200 OF4V standard nozzle tronic conductivity. Due to the lamellar microstructure, the con-
ductivity of the sprayed anode is higher compared to sintered
100 —r—+—+—t+—+——r—t—r—t anodes of the same material compositidrs expected for
0 50 100 150 200 250 300 metals, the electronic conductivity decreases with temperature.
Distance from the nozzle (mm) It can be suggested that the fine porous and highly electronically

conducting anode structure exhibits extended three-phase
Fig. 6 Velocities of the YSZ powder, sprayed with different plasma boundaries (Ni/YSZ/pore) where the electrochemical reaction
nozzles takes place.
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Angle 2xTheta [] Fig. 10 Electrical conductivity of the plasma-sprayed cell layers

Fig. 8 X-ray diffraction pattern of a plasma-sprayed LSMYSZ

cathode (for parameters, see Table 2) v [mV] P [m'ﬂl‘{: rnI]
1000 1200
YSZ+LEM cathods 800 a0
¥S2Z electrolyte 600
B o 400 400
200 * 200
D 1= 0
L 0 500 1000 1500 2000
Fig.9 Cross section of a plasma-sprayed SOFC (for spray parameters, i [I'I'I-NI:I'I'II]

see Table 2)
Fig. 11 |-V behavior of a plasma-sprayed SOFC using YSZ and ScSZ
as electrolyte material (operating gases: 0.5 SLBMII5 SLPM Q,

The conductivity of the plasma-sprayed LSM cathode is and temperature: 900 °C)

higher than that of the corresponding LSMYSZ cathode, in

which the YSZ contributes very little to the overall conductiv- density. In the case of the electrolyte, the YSZ was replaced b

ity. Due to an intrinsig-type conduction mechanism, the con- ScSzZ.

ductivities of both cathodes gradually increase with temperature. A comparison of two cells fabricated with YSZ and ScSZ as

The ionic conductivity of the ScSZ electrolyte is about twice as electrolyte powder is depicted in Fig. 11. The cells with active

high as that of the YSZ electrolyte. The increase of ionic con- areas of 5 cAwere sprayed onto porous nickel felts and oper-

ductivity with temperature is due to the enhanced diffusion of ated at 900 °C with hydrogen and oxygen as process gases.

0?2~ vacancies in the cubically stabilized structures. The use of ScSZ as the electrolyte powder, with a higher ionig

conductivity compared to YSZ, leads to a high power densit

cell of about 1260 mW/ctr{700 mV, 1800 mA/ci). A similar

cell fabricated with YSZ resulted in a power density of approx-

The electrochemical performance of the first plasma-sprayedimately 630 mW/cri(700 mV, 900 mA/cr).

cells was poor because the porosities in the electrodes were to  For the basic experiments and developmenigr@ H were

low and the thicknesses of the cell layers were not adapted. Reused to evaluate the cell characteristics; whereas for technical ag

duction of the electrolyte thickness to abou40 leads to an plication, the SOFCswill be operated with airand hydrogen. Figure

increase in the electrical power density of the cells. The use 0f12 shows the corresponding I-V curves of a plasma-sprayed ce

improved cathode and anode powders enabled the optimizatiorthatwasfabricatedwithNiO, ScSZ,and LSM (53rithe flowrates

of the electrodes’ microstructure and further increased the powelof the operating gases used were 0.5 SLP)ittl 1.5 SLPM air.

3.7 Electrochemical Characterization

Journal of Thermal Spray Technology Volume 10(4) December2@2B
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400 il Fig. 14 Equivalent circuit of a SOFC
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Fig. 12 |-V behavior of a plasma-sprayed SOFC at different temper-
atures (operating gases: 0.5 SLPWaAd 1.5 SLPM air)

impedance |Z | [mi] Phase shift | g | [*] 0.2
| |
R |
_ I 80 0.1
LU e gy «lz] |
=
30 T § 200 850 800 750
4 800°C ! T[C]
0 850°C lel - sl 40
&8 900G Fig. 15 Impedance values of a plasma-sprayed SOFC (0.5 SLPM H
j 1.5 SLPM air, and 750 to 900 °C)
3 Anode . ]
Cathode F anode, a ScSZ electrolyte, and a LSMScSZ cathode, meas-
L e | ured at a current density of 200 mA/¢mt different tempera-
i = 0 tures. The impedance values in the high frequency range
00m 1 0 100 1K 10K 100K correspond to the ohmic resistance, and the impedance values
F P in the low frequency range correspond to the overall resis-
oyt tance of the cell.
Fig. 13 Impedance spectra of a plasma-sprayed SORCafH and The measured spectra show very low ohmic impedaRges,
750 to 900 °C) in the high frequency range and low total impedankgs, in

the low frequency range. The ohmic resistances change from 8

When using air instead of oxygen, the lower oxygen partial mQ at 900 °C to only 12 fhat 750 °C, while the total area spe-
pressure at the cathode reduces the performance of the cells kcific resistances range from 85200 °C) to 180 2 (750 °C).
about 35%. Nevertheless, this cell still reached high power den-  Three frequency-dependent processes can be detected in the
sities,P, at a cell voltage of 0.7 V of 750 mW/érat 900 °C impedance spectra : The polarization resistances at the anode,
(1075 mA/cm), 570 mW/cm at 850 °C (825 mA/cA), 410 Ry(A), and the cathod®,(C), appear in the high and the middle
mW/cn? at 800 °C (600 mA/ch), and 280 mW/ciat 750 °C frequency ranges, respectively. In the low frequency range, a
(400 mA/cn?). The maximum power densities—at lower cell third impedance is registered, which is attributed to the diffusion
voltages—were approximately 150 mW£Fdhigher. of H, and produced D at the anode side. Figure 14 shows the

In order to evaluate the voltage losses of the different cell corresponding equivalent circuit to describe the electrochemical
components, impedance spectroscopy was performed. Withbehavior of the cells. The diffusion process is taken into account
this technique, a potentiostat with an alternating voltage of 5 by the Nernst termrRy — Cy. The individual resistances calcu-
to 10 mV and variable frequencies between 10 mHz and 4 lated by fitting of the equivalent circuit to the measured imped-
MHz was applied to the cell. A frequency response analyzer ance spectra at the different temperatures (750 to 900 °C) are
monitors the corresponding current signal of the cell. From depicted in Fig. 15. The current density is 200 m&/cm
the phase shift between voltage and current, the complex re- The thin plasma-sprayed ScSZ electrolyte contributes very
sistance (impedance) can be calculated. Figure 13 shows thelittle to the overall resistance. The relative losses decrease from
impedance spectra of a cell, consisting of a N#OScSZ 9% at 900 °C to only 7% at 750 °C. The polarization resistance

624—Volume 10(4) December 2001 Journal of Thermal Spray Technology
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Fig 16 Long-term measurement of a plasma-sprayed SOFC (0.5
SLPM H,, 0.5 SLPM @, 900 °C, and 200 mA/cih

of the porous anod&,(Anode), remains at around @& for
the entire temperature range, which is also very low.

The diffusion resistanc&(Nernst), increases in the meas-
ured range from 0.05 to 0.28n? with decreasing temperature.
The highest losses are caused through the polarization resistanc
of the cathode, which is in the range of 0.25 to Qdi¥ (50 to
60%). Further improvement of the microstructure, especially an
increase in the porosity by further developed spray parameters
and powders (pore formers), is expected to lower the polariza-
tion resistance of the plasma-sprayed cathodes.

A second approach to improve cathode porosity pursued ai
DLR Stuttgart is the development of porous cathodes-situ
synthesis of (La, Sr)Mngproduced by injection of cheap liquid
precursors consisting of solved salts or suspensions into the hc
core of a plasma generated in a high frequency torch. In the firsi
spray experiments, almost pure LaMri®yers with columnar
crystal growth and high porosity were fabricaféd.

3.8 Long-Term Stability

Figure 16 shows the long-term measurement at 200 nfA/cm
and 900 °C with Hand Q as operating gases. During the 2000
operation hours of the SOFC, the degradation of the cell voltage
was in the range of 1% per 1000 h. Further improvement con-
cerning stability can be achieved by lowering the operating tem-
perature and modifying the microstructure of the electrodes.

4. Conclusions

The VPS technique has proved to be a very useful material

processing tool for producing the entire SOFC assembly. In con-1

trast to sintering techniques, thin-film SOFCs with material and
porosity gradients can be produced with the plasma spraying
technique in only one consecutive process. The plasma spra
technology has high potential to be developed into a continuous
mass production process for the cells. In such a production line,
the different cell layers are deposited in different chambers,

Journal of Thermal Spray Technology
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which are connected to each other with vacuum locks. Cost eq
timations for the continuous fabrication of the cells in such a
multichamber installation with several plasma torches reveale(
a significant cost reduction.

The cells show very good electrochemical performance ang
low internal resistances. Power densities of 300 to 400 m¥v//cm
at reduced operating temperatures of 750 to 800 °C wer
achieved. These values are comparable to the best valug
achieved with sintered cells!

The use of the plasma-sprayed cells allows the reduction o
the operating temperature of the SOFC to below 800 °C wit
higher long-term stability and lowered production costs. Furthe
developmental work will concentrate on improving the layers’
microstructures and thus the electrochemical performance o
cells up to a size of 208 200 mm. Stacks with several cells of
this size will be assembled and investigated in short-term ang
long-term operation in order to obtain information about stack|
performance and durability.
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