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The very low pressure plasma spray (VLPPS) process operates at a pressure range of approximately
100 Pa. At this pressure, the plasma jet interaction with the surrounding atmosphere is very weak. Thus,
the plasma velocity is almost constant over a large distance from the nozzle exit. Furthermore, at these
low pressures the collision frequency is distinctly reduced and the mean free path is strongly increased.
As a consequence, at low pressure the specific enthalpy of the plasma is substantially higher, but at lower
density. These particular plasma characteristics offer enhanced possibilities to spray thin and dense
ceramics compared to conventional processes which operate in the pressure range between 5 and 20 kPa.
This paper presents some examples of gas-tight and electrically insulating coatings with low thicknesses
<50 pm for solid oxide fuel cell applications. Furthermore, plasma spraying of oxygen conducting

membrane materials such as perovskites is discussed.

Keywords Al-Mg-spinel, gas separation, insulating layer, low
pressure plasma spraying (LPPS), membrane,
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1. Introduction

The very low pressure plasma spray (VLPPS) process
has been developed with the aim of depositing uniform
and thin coatings with large area coverage by plasma
spraying. At typical pressures of 100-200 Pa, the charac-
teristics of the plasma jet change compared to conven-
tional low pressure plasma spraying processes (LPPS)
operating at 5-20 kPa. Enthalpy probe measurements
(Ref 1) show that the plasma jet extends much larger in
the axial as well as in the radial direction. Typical
dimensions are >1 m in length and >0.2 m in diameter
depending on the parameters. Accordingly, the profiles of
specific enthalpies and temperature change only slightly
over a large range of the axial spray distance and are
also broadened in the radial direction. Furthermore, the
specific enthalpy and temperature on the jet axis are
enhanced. The plasma velocities are also distinctly
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dependant on the pressure. The lower the pressure, the
higher the velocity level becomes and the velocity is
almost constant over the axial distance. Similarly, the
radial velocity profiles are broadened as pressure is
decreased.

2. Literature Review

Enthalpy probe measurements clearly show that at
lower ambient pressure the plasma jet becomes super-
sonic. This means that the plasma gas can exit the nozzle
at a pressure which is different from the chamber pressure.
As the flow is faster than the pressure waves traveling in
the plasma at the local speed of sound, no information on
the chamber pressure is communicated inside the nozzle
(Ref 2). If the exit pressure of the jet is lower than the
chamber pressure it is over-expanded showing typical
luminous oblique shock waves originating from the edge
of the nozzle and forming subsequent compression and
expansion cells indicating that the jet local static pressure
is brought to the chamber pressure level. However, in the
VLPPS process the ambient pressure is significantly below
the exit pressure of the jet. Thus, it becomes under-
expanded showing a hot and dense plume exiting the
nozzle. The jet length increases as the chamber pressure is
decreased (Ref 3) and the subsequent expansion zone
being associated with a drop in temperature and pressure
moves downstream.

Enthalpy probe measurements showed that the axial
temperature profile of the plasma jet is at higher level and
more uniform compared to conventional spray processes
at higher chamber pressures. One reason for the more
uniform temperature and velocity distribution and their
raised levels is the laminar flow of the plasma. Therefore,
the interaction of the plasma jet with the surrounding low
density atmosphere is weak consequently it is cooled and
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decelerated less. Moreover, in the plasma jet the mean
free path is increased and accordingly the collision fre-
quency is reduced. This is indicated by a reduction of the
continuum emission which is a sign of fewer recombina-
tion processes. As a consequence, the specific enthalpy of
the plasma is substantially higher at low pressure (Ref 1).
However, it has also to be considered, that the density and
viscosity of the plasma jet are lowered so that the thermal
transfer to particles and the deposition efficiency are
affected. Therefore, the grain size distribution of the
powder feedstock preferably has to be reduced (Ref 4).

The plasma characteristics at very low pressure are
promising with regard to manufacturing of thin, dense,
and well-adherent ceramic coatings. The large and uni-
form energy distribution also allows coating of thin sub-
strates which are sensitive to thermal deformation.

The combination of plasma spraying at low pres-
sures with enhanced electrical input power has led to
the development of the LPPS-TF™ process (TF =thin
film). Applying the O3CP gun (Sulzer Metco, Wohlen,
Switzerland) at electrical currents up to 2.5 kA an input
power level of 150 kW is achieved (Ref 5). At appropriate
parameters, it is even possible to evaporate the powder
feedstock material providing advanced microstructures of
the deposits (Ref 6). However, in this study the conven-
tional F4 gun (Sulzer Metco, Wohlen, Switzerland) was
used as it was the gun which was available at the time. It
can be operated up to 55 kW input power. The F4 has
already been applied at low pressures as reported in Ref 4.
To distinguish this process from the LPPS-TF™ process as
well as from the conventional LPPS process at much
higher pressures, the terminology of VLPPS is used in this

paper.

3. Application Fields for Thin and Dense
Plasma Sprayed Ceramic Coatings

Plasma sprayed coatings consist of molten or partially
molten droplets impacting on a substrate, spreading to
thin lamellae which are rapidly cooling down. Thus,
especially coatings of high melting ceramics usually show
interconnected pores and cracks and hence are not useful
for applications in which gas-tightness is essential (Ref 7).
Gas permeation through porous plasma sprayed coatings
is controlled by two basic mechanisms. In larger globular
pores, the mean free path of the permeating gas molecules
is small compared to the pore dimensions. In this case,
gas permeation shows viscous flow which is characterized
by molecule-molecule collisions and can be assumed to
be primarily laminar. In contrast, in smaller pores and
cracks molecule-wall collisions are predominating. In this
so-called Knudsen region, gas permeation occurs due to
free molecule flow. Permeation measurements (Ref 8) on
plasma sprayed yttria-stabilized zirconia (YSZ) coatings
made from different size distribution powders showed
the dependence of the gas permeability on the amount
of porosity as well as on the pore sizes and further-
more proved the significance of both the mechanisms at
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different proportions in each case. Hence, gas-tight cera-
mic coatings are a challenge for plasma spray technology
in particular at small layer thicknesses of some tens of
micrometers. In the following, two application fields for
plasma sprayed dense ceramic coatings are described with
their specific requirements.

3.1 Gas Separating Membranes

Perovskite type materials with a high electronic and
ionic (“mixed””) conductivity can be used as oxygen ion
conducting membranes. They have the potential to play
an important role in the CO, sequestration technologies
in which fuel combustion in pure oxygen is one strategy
(Ref 7). In general, perovskite powders decompose easily
above their melting temperatures or in reducing atmo-
spheres due to the evaporation or chemical reaction of
constituents. As a consequence, in many cases significant
fractions of plasma sprayed coatings are non-stoichiometric
containing secondary phases affecting the pronounced
perovskite conductivity. Thus, plasma spray parameters
have to be chosen carefully, in order to limit the heat
transfer and the in-flight dwell time to the necessary
extent (Ref 9, 10). On the other hand in-flight particle
temperatures and velocities must be high enough to pro-
vide good deposition efficiency as well as dense coating
microstructures even at small coating thickness. Thin
coatings are preferred to keep the internal resistance for
conducting the electrons and oxygen-ions low. In this
paper, VLPPS-sprayed coatings are presented with
Bag 5S1g5Fep,Cop O3 perovskite material which is a new
candidate for oxygen ion conducting membranes.

3.2 Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) are one of the options
for future energy conversion techniques, e.g., in auxiliary
power units (APU) in vehicles or aircrafts (Ref 11).
Concerning industrialization of particular metal supported
planar cells consisting of metallic frames and substrates
coated with the different functional layers are of high
interest. Several of them, which require gas-tightness,
have the potential to be produced by plasma spraying, for
example

e Electrolyte layers of YSZ (Ref 4, 12-16), and

e FElectrically insulating layers such as Mg-spinel
(MgAl,04) on metallic interconnects (Ref 17, 18).

In addition, other functional layers such as anodes,
cathodes, and diffusion barriers have also been plasma
sprayed (Ref 12-16).

In this paper, electrically insulating Mg-spinel layers
produced by VLPPS are presented. In the case of
metal supported cells, they are needed to prevent short-
circuiting between adjacent support frames. Thus, these
layers should maintain sufficient electrical resistance even
at SOFC operating temperatures up to 800 °C. Because
the frames are brazed for geometrical fixation, the layers
should show good wetting and adhesion to the solder.
However, as the braze material is electrically conductive,
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it is important to prevent it from penetrating into the
deposit and causing an electrical short circuit or at least a
considerable reduction of the resistance (Ref 17). Fur-
thermore, the insulating layers and braze material have to
seal the gas volumes of the cell. In summary, a dense
microstructure is an essential feature of plasma sprayed
SOFC insulating layers. In addition, they should be
preferably thin to prevent cracks and bending due to the
thermal mismatch with the substrates. Moreover, an
important basic condition is the required planarity of the
components which are sensitive for thermal deformation
due to their small thickness of approximately 0.5 mm
and residual stresses originating from the forming
manufacturing.

4. Experimental Procedures

Experiments were carried out on a Sulzer Metco
VLPPS Multicoat System. It resulted from a comprehen-
sive reconstruction of an existing conventional LPPS sys-
tem. In particular, it was equipped with an additional
vacuum pumping unit, a large vacuum blower to provide
sufficient pumping capacity at low pressures, enlarged
cooling capacity, and new control units. Figure 1 gives an
overall view of the facility. Presently the F4 gun can be
operated. For the nearest future, all preparations are
made to apply the TriplexPro gun as soon as a vacuum
feasible version is available. Furthermore, additional
power sources will be installed to be able then to run also
the LPPS-TF™ process with the O3CP gun at elevated
power level.

The powder used for the oxygen ion conducting
membrane coatings was an in-house spray dried perov-
skite Bay5Sr( sFep,CopsO3; powder. The grain sizes mea-
sured by laser diffraction were dyo=16 pm, dso=41 pum,
and dgp =103 pm. Figure 2 shows the particle morphology.
As mentioned above, the powder grain sizes should
be preferably small for VLPPS operations. Thus, the
powder was sieved and only the fraction —45 pm was used.
Initially, the substrate material was stainless steel, how-
ever for membrane applications, high porous substrates
made from the ferrite 26% chromium alloy ITM14
(Plansee, Reutte, Austria) are provided. The substrates
were preheated by the plasma jet up to 500 °C immedi-
ately before coating.

Table 1 shows the appropriate plasma spray parame-
ters. As reducing atmospheres should be avoided with
regard to possible decomposition of the sprayed material,
no hydrogen was used as secondary plasma gas. In order
to achieve short particle dwell times and high particle
in-flight velocities a high argon flow was set for the first
sample. In the second parameter set, predominantly
helium was used to increase the velocity and to concen-
trate the plasma jet. Helium has a distinctly higher ioni-
zation temperature and the associated drop in viscosity
takes place at much higher temperatures compared to
argon. This leads to an increased momentum transfer to
the particles. As helium and argon are both monatomic
gases they show similar enthalpy characteristics. In the
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Fig. 1 VLPPS system at the Institute of Energy Research
(IEF-1), Forschungszentrum Jiilich GmbH

Fig. 2 Morphology of the perovskite BagsSrysFeq,CopsO03
powder used for the oxygen ion conducting membranes (SEM)

Table 1 Plasma spray parameters applied
for the perovskite Ba sSrsFe,Coy 303 oxygen
ion conducting membranes

Plasma gas Ar/N,/He,
input power

(1) 80 slpm/0 slpm/40 slpm, 44.7 kW

(2) 20 slpm/0 slpm/40 slpm, 31.0 kW
(3) 50 slpm/8 slpm/0 slpm, 51.2 kW
(4) 40 slpm/6 slpm/12 slpm, 51.5 kW
(5) 30 slpm/10 slpm/5 slpm, 51.2 kW

Current 800 A

Atmosphere 150 Pa Ar

Stand-off distance 800 mm

slpm, Standard liters per minute

third parameter set, nitrogen was introduced as secondary
plasma gas. Similar to hydrogen, its enthalpy is consider-
ably higher than of monatomic species due to dissociation.
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However, as hydrogen shows highest thermal conductiv-
ity, it can be adequately substituted by nitrogen only to
limited extent. Finally, two different combinations of N,
and He with Ar were set to combine the advantages of
both the secondary gas species.

The powder being used for the SOFC insulating layers is
a commercially available fused and crushed stoichiometric
Mg-spinel (MgAl,O,) Shocoat K-70F, —25 +5 pm (Showa-
Denko, Japan). The grain sizes measured by laser diffrac-
tion were dyp=8.6 um, dso=17.1 um, and dyg=31.7 um.
Figure 3 shows the Mg-spinel particle morphology. The
substrates were samples and interconnects made of Crofer
22 APU (ThyssenKrupp VDM, Werdohl, Germany)
which is a highly corrosion resistant ferrite steel. It is fre-
quently applied for SOFCs as it shows a thermal expansion
coefficient close to that of the electrolytes. The substrates
were grit blasted by corundum (size 0.06-0.1 mm) and
compressed air (250 kPa). Immediately before coating,
they were preheated by the plasma jet up to 500 °C.

In Table 2, the corresponding plasma spray parameters
are given. In this case, the F4 gun was operated close to its
power limit. In principle, the total enthalpy of the plasma
gas mixture results from the enthalpies of its single com-
ponents according to their molar fraction. Hydrogen
shows the most considerable contribution followed by
argon and helium. Furthermore, the arc is constricted by
the increasing heat flow into the plasma gas when its flow
is increased. As a consequence, at constant currents higher
voltages are needed resulting in higher electrical input
powers. This effect is increased by adding such secondary
plasma gases with high thermal conductivities. Hydrogen

Fig. 3 Morphology of the Mg-spinel powder used for the SOFC
insulating layers (SEM)

Table 2 Plasma spray parameters applied
for the Mg-spinel SOFC insulating layers

Plasma gas Ar/H,/He 30 slpm/15 slpm/5 slpm

Current, input power 730 A, 53.5 kW
Atmosphere 150 Pa Ar
Stand-off distance 800 mm

slpm, Standard liters per minute

498—Volume 19(1-2) January 2010

in particular, shows a local maximum in the temperature
range of its dissociation. Also helium has slightly higher
thermal conductivity compared to argon. According to
these characteristics, the applied plasma gas composition
was chosen with regard to the basic objective of producing
thin and dense coatings.

Leakage testing was done at five coated and soldered
SOFC components. They were connected to a defined
vacuum measuring volume and the leakage volume
flow was determined based on the pressure increase.
The maximum allowed leakage rate was 5 mL min '
air. Furthermore the electrical resistance was measured
between two bonds on both faces of the joint components.
It should be higher than 1 MQ at 5 V voltage and room
temperature.

5. Results and Discussion

5.1 Perovskites

Spraying the perovskite Ba, sSrg sFe(,Cog O3 material
with a plasma gas composition of 80 slpm Ar and 40 slpm
He yielded high particle velocities but quite low particle
temperatures. Thus, the coating was not dense and some
incoherent. Reducing the total plasma gas flow and
increasing the helium fraction (20 slpm Ar, 40 slpm He)
resulted only in a slight improvement. The use of nitrogen
as secondary plasma gas (50 slpm Ar, 8 slpm N,) showed
better results regarding deposition efficiency and density
of the coating. Figure 4 shows a micrograph taken by
scanning electron microscope (SEM with back scattering
electrons). The thickness is 75 um.

The samples sprayed with combinations of both
the secondary plasma gas species N, and He showed
first indications of decomposition. The corresponding
x-ray diffraction (XRD) patterns in Fig. 5 imply some
peaks coming up in addition to the perovskite reflections.
They are marked with red arrows, as they could not be

Fig. 4 Perovskite BaysSrysFey,CopsO5; oxygen ion conducting
membrane layer as VLPPS sprayed with 50 slpm Ar and 8 slpm
N, (SEM back scattering electron micrograph)

Journal of Thermal Spray Technology
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Fig. 5 XRD patterns of the perovskite Bag sSrgsFeq,Coo O3 powder feedstock and of the coatings sprayed with five different plasma
gas compositions. Upcoming peaks denoting decomposition products are marked with red arrows

clearly allocated. Probably they indicate decomposition
products like BaO or BaFe,O, Regarding the other
parameters, it can be seen that a possible decomposition
of the material was successfully avoided. Only some small
reflections of CoO were detected which is already present
in the powder feedstock. Analyzing the least dense
(80 slpm Ar, 40 slpm He) and the least thick coating
(40 slpm Ar, 6 slpm N, 12 slpm He), some Cr-Fe reflec-
tions were also found originating from the substrate. The
weak CaCOj; reflections are caused by a contamination at
sample preparation.

These results show that for this Bag 5Srg sFep»Coo 503
perovskite material there is obviously only a small gap
between sufficient melting of the particles on one side and
beginning decomposition of the material on the other side.
With these preconditions, it seems very difficult to achieve
gas-tight coatings. Since it obvious from the microstruc-
tures that the perovskite coatings sprayed within these
experiments were still not gas-tight, no such measure-
ments were performed. As a part of the ongoing work on
this material a new powder batch with considerably
smaller grain sizes (dso approximately 10 pm) will be
manufactured and tested. The process parameters will be
adapted to achieve proper injection into the plasma plume
and to avoid overheating of the particles.

5.2 Mg-Spinel Coatings

Figure 6 shows a micrograph taken by SEM (secondary
electrons) of an as sprayed Mg-spinel SOFC insulation
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Fig. 6 Mg-spinel SOFC insulation layer as VLPPS sprayed
(SEM secondary electron micrograph)

layer. The thickness is almost 40 pm. Some lamellae
appear darker than others. This material contrast which is
well known for sprayed Mg-spinel coatings was confirmed
to be true and not an artifact by several images at different
tilt angels. However, no differences in composition could
be identified by energy dispersive-x-ray (EDX) analysis.
Furthermore, the only phase which could be determined
by XRD in the powder feedstock as well as in the sprayed
coatings was the cubic MgAl,O,4. Thus, any changes of
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Fig. 7 Mg-spinel SOFC insulation layer as soldered (optical
microscope)

composition or phases do not explain the observed color
variations.

Impurities which could be found by SEM backscatter-
ing electron micrographs and EDX (not shown) were
small traces of calcium silicate (CaSiOs;) originating from
impurities of the powder. However, their locations do not
correlate with the lamellae color variations. Thus, it has to
be assumed that it is a preparation effect associated with
hardness variations for different crystal orientations.

5.3 Solder Joints

In Fig. 7, an optical microscope micrograph of a sol-
dered sample is given. The Ag-based solder material
containing 4 mol% CuO had been applied by screen
printing. The insulation layers must show an electrical
resistance of at least 1 kQ at 750 °C (~1 MQ at testing
conditions 5 V and room temperature) and gas perme-
ability below 0.03 mL min~' part~'. Although some sol-
der penetrated pores can be identified, the electrical
resistance was determined to be 2.0 £ 0.4 MQ. Thus, all
five sprayed components met the specification. One of
these five frames was also completely dense according to
the requirements while the others showed too high leak-
age rates. The example given in Fig. 7 shows a good joint
between the solder and insulation layer. However, x-ray
patterns of such brazed parts which are not sufficiently
dense (not shown) show that the main reasons are voids in
the soldering due to locally imperfect wetting. To improve
this, in the framework of the future development the
composition of the solder material will be modified.

6. Summary and Conclusion

Ion conducting oxygen ion conducting membrane lay-
ers were sprayed using a spray dried Bag 5Sry sFe,Co sO3
powder with the VLPPS process at 150 Pa. No hydrogen
was used as secondary plasma gas to avoid decomposition
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due to reduction. It was found that the composition of the
plasma gas considerably affects the coating properties.
Obviously, for this perovskite material there is only a
small gap between sufficient melting of the particles on
one side and beginning decomposition of the material on
the other side. Thus, further efforts have to be undertaken
to achieve sufficient gas-tight coatings for gas separating
membrane applications. In contrast, VLPPS-sprayed
Mg-spinel SOFC insulation layers were gas-tight and
showed adequate electrical resistances at a coating thick-
ness of approximately 40 um.
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