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Abstract

In this work the processing steps for producing YSZ thin tubes by means of powder extrusion moulding (PEM) technique are investigated.
Different feedstocks were prepared from a commercial YSZ powder and a multicomponent thermoplastic binder system based in polypropylene
and paraffin wax. The surface coating of YSZ powder with stearic acid in a high-performance dispersing instrument reduces the viscosity of the
feedstock one order of magnitude respect to a feedstock with a same composition and un-coated powder. This fact allows increasing the solid
loading up to 58 vol.% to obtain sintering tubes with densities higher than 97% and with wall thickness lower than 200 pwm.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Fuel cells convert chemical energy into electrical energy
with high efficiency and low emission of pollutants [1,2]. Solid
oxide electrolyte layer is one of the basic components in SOFCs
operating at high temperature [3,4]. Yttria stabilized zirconia
(YSZ) is widely used as the electrolyte in SOFCs due to its
thermal stability, high ionic conductivity and good thermal
expansion compatibility with the electrode materials [3,5]. The
highest conductivity level of (ZrO,);_,(Y,03), electrolyte is
obtained when x is 0.08 [6,7].

Among various cell configurations studied and reported in
the literature (tubular, planar, monolithic, radial in electrode
and electrolyte supported configurations), tubular and planar
cells have attracted the most attention in recent years. For a self-
supported configuration, YSZ electrolyte requires a tempera-
ture of operation greater than 900 °C. However operation at this
elevated temperature represents a major problem for planar
SOFC configurations. On the contrary the tubular cell design
developed by Westinghouse Electric Corporation offers the
advantage of a seal-less generator design and cell-to-cell
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connection over the axial ceramic interconnection strip exposed
to a fuel environment [4,8,9].

Several methods can be used to fabricate a tubular support
[8,10]. Extrusion is a very economic process and effective
technique to produce objects with constant cross-section such
as rods and tubes [11,12]. Because extrusion is based on plastic
forming, there exist certain mechanical requirements for
extrusion to occur. The first requirement is flow. The material
to be extruded must be plastic (or flowable) enough during the
extrusion process to form the desired cross-section. The second
requirement is green strength. After the material is extruded it
must be strong enough to resist deformation either coming from
its own weight (slumping) or from handling stresses. If these
conditions are not met, good extrusion will not be obtained
[13]. In this sense the binder technology will have a critical
effect on PEM processes, since binders play a fundamental role
in increasing fluidities and retaining shapes. According to the
literature, the highest powder loading achieved is around
55 vol.% for YSZ mixtures with the binders based on wax
systems and with PVA as a polymer component [14-16].

Although a few publications have appeared that describe the
design and properties of fuel cells with tubular electrolyte, the
extrusion method itself is only sporadically described in detail
in the literature. For binders to be useful in thermoplastic
extrusion, their rheology and the debinding behaviour must be
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known. The present contribution describes the optimization of
the fabrication procedure for successfully extruding YSZ thin-
wall tubes. It has been performed on the basis of previous
experience on powder injection moulding (PIM) of ceramics
such as alumina, ferrites and YSZ [17-19], and metals such as
high speed steels [20,21]. Finally the conductivity properties of
the sintered thin-wall tubes has been studied by impedance
spectroscopy (IS) and compared with the conductivity of pellets
of the same YSZ powder sintered at the same temperature.

2. Experimental procedure
2.1. Materials

A commercially available cubic YSZ ceramic powder,
containing 8 mol% Y,Oj3 (Tosoh Corporation) was used as raw
material. The average particle size of the powder is 0.6 wm and
the reported surface area is 7 m?*/g. The binder used was a
multicomponent mixture similar to that used in powder
injection moulding. It is a thermoplastic binder and is
constituted of three components which fulfil different func-
tions: a backbone polymer that provides strength, a wax that
provides high flowability to the binder, decreasing the viscosity
at the processing temperature, and a surfactant to bridge
between the binder and the powder (usually the surfactant also
acts as a lubricant to help with tool release). In our case the
organic binder consisted of polypropylene (PP), paraffin wax
(PW) and stearic acid (SA). The PP used in this study has a melt
flow index of 30 g/min (at 230 °C and 2.16 kg following ISO
1133:2005), this assures low viscosity of binder but good green
strength of pieces. It was supplied by Repsol-YPF Company.
PW and stearic acid were of commercial grade provided by
Panreac. Some physical properties of the binder components
are provided in Table 1. Densities were evaluated with a He
Picnometer (Micromeritics Accupyc 1330) while thermal
properties were determined with a Differential Scanning
Calorimetry (DSC) using a PerkinElmer Dyamond instrument
under a N, flow and a heating rate of 10 °C/min.

2.2. Mixing and compounding

As mentioned the prepared binders were based on
polypropylene and paraffin wax in the optimal proportion of
50 PP-46 PW vol.%. The amount of stearic acid was selected to
be 4 vol.% [19]. Binder components (PP, PW and SA) and YSZ
powder were premixed in a Turbula mixer at room temperature.
A second mixture was prepared in the same way but with a
previous surface treatment of zirconia powders with the 4% of

Table 1
Characteristics of the binder components.

Component Density (g/cm3) T (°C) AH,,"° J/g)
Polypropylene 0.8858 163.8 100.5
Paraffin wax 0.8886 56.8 145.0
Stearic acid 1.0122 73.7 169.5

# Melting temperature.
® Melting enthalpy.

stearic acid, using a high-performance dispersing instrument
(Miccra) at 20,000 min~" for 15 min. After that, the dry powder
was mixed in the Turbula mixer with the other components of
the binder (PP and PW). Feedstock having different solid
loading (55 and 58 vol.%) were prepared.

Afterwards, a twin screw extruder was used to prepare the
feedstocks for the extrusion moulding of the samples. In order
to obtain a feedstock with high homogeneity the mixture was
extruded three times. The homogeneity was confirmed through
density measurements of the extrudates. The temperature
control was set to be 170-175-180 °C from barrel to nozzle at
40 r.p.m. The rheological characterization of all the mixtures
prepared was performed in a Rheoflixer capillary rheometer
(ThermoHaake) at 180 °C over a range of shear rates from 100
to 10,000 s~ with temperature control of +1°C. The
dimensions of the die were 30 mm length (L) and 1 mm
diameter (D) (L/D ratio of 30).

2.3. Extrusion moulding

Continuous tube extrusion was performed on a single screw
extruder (Rheomex) with temperatures from feed to nozzle
between 170 and 180 °C. A home-designed extrusion die was
connected to the extruder. The tubes were vertically extruded
through a nozzle of 4 mm outer diameter and 3.5 mm inner
diameter (i.e. a wall thickness of 0.5 mm).

2.4. Debinding and sintering

Removal of the binder was performed by a solvent debinding
process followed by a thermal treatment. The solvent debinding
was conducted in the optimal conditions of 60 °C and 3 h
holding time. The details of the experimental procedures have
been described in a previous paper [19]. Thermogravimetric
analyses (TGA) were used to study the thermal debinding
characteristics of the prepared binders. The TGA experiments
were performed on a PerkinElmer TGA Pyrysl. Thermogravi-
metric experiments were performed from room temperature to
600 °C with a heating rate of 10 °C/min and air flow of 100 mL/
min. The total amount of carbon in the debound parts was
determined by elemental analysis performed with a LECO
instrument.

The sintering process took place immediately after the
debinding. The tubes were placed horizontally on an Al,O3
crucible and a vertically hung was not necessary to enable the
tubes to remain straight during firing. Debound tubes were
sintered at temperatures ranging from 1350 to 1650 °C with a
soaking time of 2 h and a constant heating rate of 3 °C/min. For
comparison uniaxially pressed disks (P =200 MPa) of YSZ
powder were sintered in the same conditions.

The sectional microstructures of extrusion moulding parts
were observed using an optic microscope. The microstructure
of the materials was evaluated in a Philips XL 30 scanning
electron microscope operating at 15kV, on polished and
chemically etched surfaces. Sintered samples densities were
measured by Archimedes method. Electrical measurements
were carried out on Ag-electroded tubes. Ag slurries were
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prepared diluting DUPONT Ag 5009 conductive paint in
terpineol and then deposited on the YSZ substrates by the slurry
coating process to produce the electrodes on both sides of the
tubes. Impedance spectroscopy measurements were made
under static air atmosphere using an Agilent E4980A LCR in
the frequency range 20 Hz to 1 MHz. The applied electric field
was kept below 1 V/cm to ensure linear electrical response. The
temperature range used was 200-500 °C with 25 °C increment
between subsequent steps. On the other hand the pellets
sintered in the same conditions as the tubes, were polished in
their larger faces and Pt electrodes were deposited by
sputtering. The measuring conditions of the pellets were the
same as for the tubes.

3. Results and discussion
3.1. Rheological behaviour

One of the aims when formulating feedstock for powder
extrusion moulding is to maximize the solids loading in order to
reduce the problems associated with binder elimination and the
shrinkage during densification. In a first step, the volume
fraction of powder in the moulding mixture was fixed at 55%
which is the highest level of solid loading reported for YSZ
feedstocks in powder injection moulding [14—16].

The rheological properties of feedstocks are crucial to
evaluate the suitability for being extruded. The main problem in
extruding thin-wall tubes is the tendency of the thin-wall profile
to collapse. In this sense the rheological properties of the
mixture being extruded must be such that no deformation of the
plastic green body can occur due to own weight or to the
necessary handling. When a thermoplastic mixture is used, the
extruded green body solidifies immediately after the tube is
cooled below the shaping nozzle. In contrast, a too high
viscosity of the blend at the working temperature could obstruct
the nozzle impeding the extrusion process. Fig. 1 gives the
dependence of viscosity on shear rate for the feedstocks at the
extrusion temperature (180 °C). The ceramic mixtures showed
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Fig. 1. Rheological behaviour at 180 °C for the different feedstocks prepared:
with a powder loading of 55% and using coated and non-coated powders, and
with a powder loading of 58% and SA-coated YSZ powder.

pseudoplastic behaviour and the viscosity decreased with the
shear rate in the whole studied range. This behaviour is the most
adequate for the injection or extrusion process. The viscosity at
100 s~! was less than 1000 Pa s, the recommended value for
PIM purpose [22].

As it can be seen in Fig. 1, for the mixtures with 55 vol.% of
powder loading the flow behaviour of the feedstock prepared
with stearic acid coated powders is basically identical to the
feedstock with not coated YSZ powder, but the values are
reduced almost one order of magnitude in all the shear rate
range studied. This decrease in the viscosity is considerably
higher than other reported for zirconia powder where the
viscosity was slightly reduced at similar temperature [23] or the
reduction was about 0.3 or 0.4 orders of magnitude with about
5 wt.% of SA [24]. This fact suggests that the decrease in the
viscosity is not only determined by the SA coating and that the
method of dispersion of the surfactant agent with the ceramic
powders is decisive. In addition, this composition with powder
coated, unlike of feedstock with not coated powder, did not
present abrasion problems with the surface of the equipments.
Fig. 2 shows the morphology of the untreated and treated YSZ
powders. As it can be seen, large agglomerates were
disintegrated by dispersion processes into primary particles
and hard aggregates in the coated powders. This effect, together
with the better dispersion promoted by the stearic acid, explains
the decreasing of viscosity in feedstock prepared with SA
recovery powder. As above mentioned, stearic acid is often used
with ceramic particles as dispersive surfactant acting on the
principle of stearic stabilization, but besides it also acts as a

Fig. 2. Scanning electron micrographs of: (a) untreated and (b) treated YSZ
powders.
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wetting agent, reducing the viscosity of the ceramic mixture by
breaking up the existing particle networks [23,25].

This decreasing in both the viscosity and the abrasion
problems with the equipments when using SA-coated YSZ
powder, allowed to increase the powder loading up to 58%, with
the same binder composition (50 PP—46 PW vol.%, and YSZ
coated with 4 SAvol.%). Fig. 1 shows the rheological
behaviour of this new feedstock formulation and it is compared
with the previous mixture formulated. The greater amount of
ceramic powder for this mixture leads to an increase in the
viscosity with respect to the other feedstock studied, however,
the viscosity curve is still acceptable for PEM purpose and
again it showed no abrasion problems with the surface of the
equipments.

Taking into account these facts, the powder treated with SA
and mixed with the binder 50 PP-46 PW vol.% (for a solid
loading of 58 vol.%) was selected as the optimum feedstock in
this study.

3.2. Debinding and sintering

Debinding is one of the most critical steps in PEM process
since removing the organic binder from the moulded parts often
gives rise to defects, especially when fine ceramic powder is
used. Heating profiles have a strong influence on the formation
of internal cracks in the moulded components.

According to this a combination of solvent and thermal
debinding was carried out. First, an organic solvent (n-heptane)
was used to extract soluble PW and SA in the tubes. After
drying, a thermal debinding in air at atmospheric pressure was
applied, in order to remove the polypropylene. The most
suitable heating cycle was designed by means of thermo-
gravimetrical analysis of the feedstock (see Fig. 3). The
decomposition of the binder occurs gradually in a relative wide
temperature range. Degradation starts at about 180 °C and
finishes at about 500 °C, through two weight loss stages. The
first weight loss stage, about 50 wt.% of the total loss in the
temperature range of 180-350 °C is attributed to the degrada-
tion of paraffin wax and stearic acid in the binder system. The
second stage between 350 and 500 °C is associated to the
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Fig. 3. Thermogravimetrical analysis (TGA) of the feedstock at a heating rate
of 10 °C/min in air.

degradation of PP. The total weight loss percent (11 wt.%)
corresponds to total organic component of the feedstock
(10.9 wt.%). The heating cycle, used for binder removal,
follows several steps: before 150 °C a relatively quick heating
rate of 5 °C/min was chosen taking into account that higher
heating rates will cause cracking in the samples and lower
heating rates will unnecessarily increase the debinding time.
Between 150 and 200 °C a slower heating rate, 2 °C/min, was
used in order to degrade the residual low molecular weight
components of the blend. Between 200 and 300 °C a slope of
5 °C/min was employed. A slower heating rate of 1 °C/min was
determined as the optimum rate between 300 and 500 °C to
prevent surface cracks and internal bubbles. Finally, the parts
were kept at 500 °C for 1 h to completely burn out the organic
components.

This combined solvent and thermal debinding process
makes possible to obtain free defects tubes in a reduced time
(11 h). This time is quite lower than that reported by other
authors [13,26]. The complete elimination of the polymeric part
was again confirmed through carbon elemental analysis of the
brown parts. The carbon content of these parts was around
0.01%, indicative of a successful debinding process.

Fig. 4 depicts the evolution of the theoretical density of PEM
and uniaxial pressed samples as a function of sintering
temperature at a heating rate of 3 °C/min. Tubes free of defect
could be obtained for all sintering temperatures. At approxi-
mately 1450 °C the plateau of the curve is achieved for both
extruded tubes and compacted samples, obtaining densities
higher than 97% of the theoretical. Nevertheless in pressed
samples sintering seems to occur at slightly lower temperatures,
probably because the density in the pressed green bodies is
higher than in the tubes. The shrinkage of the tubes was
approximately 40%, being the final wall thickness lower than
200 pm for all sintering temperatures. Fig. 5 shows a
photograph of the tubes in the different steps: green body,
debound and sintered at 1500 °C, and Fig. 6 shows the
micrograph of the cross-section of a tube sintered at 1500 °C/
2 h.

SEM micrographs of the tube and the compacted sample
sintered at 1500 °C are shown in Fig. 7. The pressed sample
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Fig. 4. Densification as a function of temperature for the compacted disks and
the extruded tubes sintered for 2 h at temperatures from 1350 to 1650 °C.
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Fig. 5. Photograph of the tubes in the different steps: (a) green body, (b)
debound and (c) sintered at 1500 °C.

contained tiny round pores mostly enclosed within the grains.
The enclosed pores in grain centres are indicative of a rapid
growth of grains during sintering. The average grain size was
around 5 pm. In the micrograph of the sintered tube a more
frequent occurrence of pores of up to 1 wm and smaller grains
of an average size of 3 wm can be observed. There are also
some big pores in the image, but these can be attributed to the
pulling out of grains during the polishing treatment. The
microstructure and density of the sintered tubes were largely
dependent upon the preparation method of the green tubes. This
microstructure could be improved by using the optimized
extrudate procedures to obtain higher green densities in the
tubes.

3.3. Characterization of properties.

Impedance spectroscopy measurements were performed at
temperatures ranging from 200 to 500 °C. Fig. 8 shows the

Fig. 6. Cross-section micrograph of a tube sintered at 1500 °C/2 h.

20pm

Fig. 7. SEM micrographs of polished and chemically etched surfaces of (a)
extruded sample and (b) pressed sample sintered at 1500 °C.

impedance plots at 300 °C, corresponding mainly to the bulk
contribution, for both the extruded and the pressed samples. In
the case of the pressed samples and for all the temperatures
analyzed, the bulk and the grain boundary contributions could
not be easily separated, which should be attributed to a highly
homogeneous microstructure.

Sample was polished and chemically etched to reveal the microstructure.
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Fig. 8. Impedance spectra at 300 °C in air of the extruded and the pressed
samples sintered at 1550 °C.

The total resistance was considered to be the sum of the grain
boundary and the bulk resistances. Arrhenius plots of total
conductivity for the compacted disks and the extruded tubes
sintered at 1550 °C are depicted in Fig. 9. Conductivity of the
tubes is one order of magnitude lower than the compacted disks.
The activation energy for the d.c. conductivity is larger in the
extruded tubes (1.09 eV) than in the sintered pellets (0.88 eV).
Both values are in the range expected for oxygen vacancy
conduction in YSZ. This difference in the ionic conductivity
should be related to changes in the microstructure. The relative
density of the tubes and the pellets is nearly the same (~97%),
but a larger amount of grain boundaries is present in the tubes
due to its lower grain size (3 pwm; 5 wm for the pellets). The
presence of the intra-granular pores in the YSZ tubes prepared
by extrusion, can also constraint the conductivity. These two
effects can produce a decrease in the total conductivity, as well
as an increase in the activation energy due to the larger
influence of grain boundaries in the extruded tubes. Never-
theless the lowering of one order of magnitude seems too large
for samples with 97% of density. At this stage it is possible to
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Fig. 9. Arrhenius plots of total conductivity for the extruded tubes and the
pressed samples sintered at 1550 °C. The activation energy is 1.09 eV in the
extruded tubes and 0.88 eV in the sintered pellets.

take into account other microstructural effects whose relative
importance is increased when treating with thin ceramics. One
of these effects is the difference between the real contact area
and the macroscopic area. Kenjo and Nakagawa [27]
demonstrated that the contact between a fired Au electrode
and the ceramics is composed of multiple discrete spots (see
Fig. 7 in Ref. [27]). The effect of the electrode coverage and
microstructure (size of the contact spots and separation between
them) is to increase the effective resistivity of the pellet as the
thickness of the ceramic is reduced. The use of sputtered Pt
electrodes on the polished surfaces of the YSZ pellets strongly
increases the electrode coverage, preventing the contact
spreading in discrete spots and producing an effective
resistivity, closer to the true one of the bulk ceramic. Part of
the increase in the resistivity observed in the extruded tubes can
be related to an inappropriate microstructure of the Ag/YSZ
tube contact, indicating that Ag slurry used to cover the tube
surfaces should be optimized to avoid detrimental geometrical
effects in the electric response [28].

4. Conclusions

A polymer-based system with high solid loading has been
developed to obtain YSZ thin-wall tubes by thermoplastic
powder extrusion moulding. The binder used to prepare the
optimum feedstock was composed by polypropylene (50 vol.%),
paraffin wax (46 vol.%) and stearic acid (4 vol.%). When the
surface of the YSZ powder is previously treated with stearic acid
in a high-performance dispersing instrument, the feedstock
substantially reduces the viscosity (one order of magnitude), with
respect to that of the non-treated powder. This allows an increase
of the powder loading up to 58 vol.%. The debinding stage was
optimized in order to decrease the total time of the process down
to 11 h. A combination of solvent and thermal treatment led to
achieve debound tubes free of defects. The achieved densities are
similar to those of the pressed samples, with densities higher than
97% of the theoretical. Also a homogeneous microstructure is
obtained, being the final wall thickness lower than 200 wm. The
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conductivities values obtained in the extruded thin-wall tubes are
slightly lower than in the pressed samples because of difference
in the microstructure of both the ceramic and the electrode/
electrolyte contact. The latter microstructural effect become
more important as the thickness of the ceramic diminishes.
Conductivity could be improved by using the optimized
extrudate procedures to obtain higher green densities in the
tubes and by improving the electrode/electrolyte contact.
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