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A method for manufacturing of profiled Ni-YSZ anode support sheets by water-based viscous
processing has been developed. Mechanical and electrical properties have been studied and
were found to correlate with the microstructures and heat treatment. Electrical conductivities in
the order of 1000 S/cm were obtained at 1000◦C. The results reveal a linear dependence
between the conductivity and pre-test reduction temperature: the conductivity increases by a
factor of about 6 when reducing the anode support at 1000◦C compared to 650◦C. Heat
treatment after the reduction at low temperature does not improve the conductivity.
Insignificant degradation with time was observed at test temperatures between 800 and
1000◦C. However, very high electrical loads did lower the conductivity. The developed
microstructure withstood two redox cycles without decrease in conductivity. The mechanical
strength of components, optimised with respect to both conductivity and strength, showed
little change in strength upon reduction, i.e. when changing the structure from NiO/YSZ to
Ni/YSZ, revealing that the YSZ matrix governs the mechanical strength.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Ni-YSZ anode supported thin electrolyte cells represent
the state-of-the-art in planar solid oxide fuel cells [1]. An
additional Ni-YSZ component (anode support) serves in
the present design as the mechanical backbone, as current
collector and as fuel distributor [2, 3]. The YSZ matrix
provides the mechanical strength and percolating Ni par-
ticles the electronic conductivity. The large amount of
Ni needed (about 40 vol%) in order to obtain percola-
tion [4] may cause redox stability problems due to large
volume changes during redox cycling. The present paper
comprises one simple fabrication route and the resulting
characteristics of such an additional anode support stack
component.

The manufacturing of anode supports is carried out by
the use of several techniques, such as tape casting [2]
or calendering [5]. In this paper we present a study on
Ni-YSZ components fabricated by viscous processing:
calendering followed by shaping of gas distribution chan-

nels. The result of the processing is critically dependent
on the characteristics of the ceramic powder(s) used, the
binder-system chosen, the solids loading in the resulting
plastic masses, and the parameter settings used during
mixing and forming.

The work done at Argonne National Laboratory [6, 7]
and Allied Signal Aerospace Corporation [5, 8] is based
on the use of a binder-system composed of a thermoplas-
tic polymer and a plasticizer. The ingredients are mixed
together in a high-speed mixer, where the heat generated
by friction softens the binder, and allows the formation of
a homogeneous plastic mass [9]. Alternatively, the binder-
system may be softened or dissolved in a suitable solvent
(EtOH/MEK for the PVB/DBP system; H2O for the sys-
tem used by Kendall et al. [10] and for the one used by
Shoho and Morinaga [11]). In the present study a dif-
ferent very environmentally friendly H2O based binder
system has been chosen. Seven different NiO/8YSZ vis-
cous masses have been prepared.
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Figure 1 Procedures used for mixing of the NiO/YSZ masses.

Mechanical tests were performed before and after re-
duction. The effects of the reduction conditions were ex-
amined and the reduction temperature is found to be an
important parameter for the initial conductivity. Redox
stability of the conductivity is reported.

2. Experimental
2.1. Chemicals and viscous processing
The powders used are NiO (Merck) and 8 mol%
Yttria-stabilized Zirconia (TZ-8Y, TOSOH or MEL-
coarseSCY1291085, Magnesium Elektron). The water-
based binder system employed was composed of methyl-
hydroxy-ethyl-cellulose (Tylose MH 300P, Hoechst, or
Tylose MH 300P2, Clariant) and polyethylene glycol 400
(PEG, for synthesis, Merck-Schuchardt). The NiO has
been used either as received or as calcined (1300◦C, 2 h
with subsequent ball milling).

The mean particle size (d50%, SediGraph 5000 ET)
of the as-received black NiO was 7.6 µm, while it was
5.4 µm for the calcined and ball milled NiO. The as re-
ceived Tosoh zirconia powder had the following charac-
teristics: specific surface area 13.3 m2/g, d50% = 0.14 µm,
and a crystallite size 24 nm. Coarse-grained near spher-

ical 8YSZ particles were prepared by calcination of the
as-received Tosoh powder at 1400◦C for 20 h. The pow-
ders prepared in this way were sieved at 90 µm (98 wt%
≤90 µm) before use. The sieved powder has an average
grain size of 34 µm as determined by optical microscopy.
The MELcoarseSCY1291085 powder having a d50% of
16 µm was used as received. The procedures used for
mixing of the masses are shown in Fig. 1 (Procedure I:
NYZ-1 & NYZ-4 to NYZ-6; Procedure II: NYZ-2; Pro-
cedure III: NYZ-3; and Procedure IV: NYZ-7). The dry
mixing was done by ball milling. The desired amount of
water was added during either mixing in a Z-mixer for
one hour or by hand mixing.

The compositions of the plastic masses prepared are
given in Table I. Upon firing, the composition of the
masses is close to 44 wt% YSZ and 56 wt% NiO (40 vol%
Ni upon reduction). The ratio between coarse- and fine-
grained YSZ is 4 as suggested by Itoh et al. [12] except
for composition NYZ-3, which contains no fine-grained
YSZ.

The viscous masses prepared were shaped into ≈1 mm
thick sheets using a roller machine. During rolling the
masses were wrapped in plastic film in order to minimize
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T AB L E I Compositions of viscous masses and density of green and sintered materials

Composition

NiO 8YSZ Density

Mass
Mixing
(Fig. 1)

Raw
(wt%)

Calc.
(wt%)

Fine
(wt%)

Coarse
(wt%)

PEG
(wt%)

Tylose
(wt%)

H2O
(wt%) Green (%)

Sintered
1500◦C (%)

NYZ-1 I – 42.8 6.7 26.9a 4.7 5.1 13.7 47 62
NYZ-2 II – 42.6 6.7 26.8b 4.7 5.1 14.1 47 58
NYZ-3 III – 42.8 33.6b 4.7 5.1 13.7 47 54
NYZ-4 I – 42.7 6.7 26.8b 4.7 5.1 14.0 47 60
NYZ-5 I – 42.8 6.7 26.9c 4.7 5.1 13.7 47 64
NYZ-6 I 40.3 – 6.3 25.3c 4.4 4.8 18.9 40 64
NYZ-7 IV 43.5 – 6.9 27.6b 4.6 4.5 12.9 47 66

aTosoh TZ-8Y, calcined at 1400◦C, d50%=28 µm and dmax=45 µm.
bTosoh TZ-8Y, calcined at 1400◦C, d50%=34 µm and dmax=90 µm.
cMELcoarseSCY12 91085, d50%=21 µm, dmax=80 µm and dmin≈3 µm.

evaporation of water. The sealed masses were rolled in a
polyethylene bag to avoid curling during rolling of thin
sheets. Upon rolling the sheets were cut into the desired
dimensions and dried by one of the following procedures:

1. The cut sheets were placed between alumina or glass
plates, and dried at 60◦C 75% RH for >1 day. The final
drying was done at 110◦C until the weight was constant
(0.4–1.5 wt% rest H2O).

2. The cut sheets were first dried in a microwave oven
(≈8.8 wt% of water was removed). The supports were
then placed between glass plates and dried at 110◦C for
17–24 h (≈1.5 wt% residual water).

Using either of the drying schemes described above, the
flatness of the resulting sheets depended on the flatness of
the plates between which the Ni/YSZ supports were dried
(±25 µm).

Anode supports with channels on one side have been
prepared by uniaxial pressing of green rolled Ni/YSZ
sheets using a pressing tool made of POM plastic (Poly-
Oxy-Methylene).

2.2. Characterisation
2.2.1. Sintering
The dry Ni/YSZ supports were sintered at 1500◦C on
coarse-grained YSZ powder (fraction ≥90 µm) to avoid
sticking to the substrate during sintering. The density of
sintered samples has been determined by Archimedes’
method in water. Linear sintering shrinkage was measured
both with a calliper before and after sintering and on dry
anode support samples, ≈15 × 5 × 5 mm3, using a Netzch
dilatometer.

2.2.2. Thermal expansion and dimensional
change on reduction

Dimensional change upon reduction (1) and thermal ex-
pansion coefficient (TEC) of reduced supports (2) were

measured using a Setaram 2050 dilatometer with a 75–
100 g/cm2 load on the samples that were presintered at
1500◦C in air. The experimental procedure is outlined
below:

1. Heat treatment in air to 1100◦C with a heating rate
of 2◦C/min, then cooled to 850◦C at which temperature
the atmosphere was changed to dry 9%H2:91%N2, and fi-
nally cooling to room temperature after dimensional equi-
librium was reached.

2. TECs were measured during re-heating of the sam-
ples to 1100◦C with 2◦C/min in a dry 9%H2:91%N2 at-
mosphere.

2.2.3. 4-Point bending strength
The four point bending strength was measured at room
temperature (RT) on bars sintered at 1500◦C for 2 h and
on bars sintered and then reduced at 850◦C for ≈50 h. The
bars were cut before sintering and reduction and surface
flaws were not removed prior to the bending tests.

The 4-point bending strength was measured using
outer/inner spans 10 mm/5 mm, and a cross head speed
of 0.22 mm/min. The median bending strength and
Weibull modulus was calculated as originally suggested
by Weibull [13] and later advocated by Sullivan and Lau-
zon [14]. Considering the limited numbers of specimens
tested, the statistical calculations should only serve as a
rough estimate of the variation among samples.

2.2.4. In-plane conductivity
The in-plane conductivity of anode supports has been
measured using the four-point DC measurement tech-
nique. Test bars (≈50 ∗ 1 ∗ 7 mm3) were cut from green
dry plates and sintered at 1500◦C for 2 h in air. Samples
tested at 800–1000◦C had four Pt-wires attached using
Pt-paste, baked at 1040◦C for 2 h in air prior to testing.
The test bars were mounted in a closed Kanthal vessel
placed in a furnace. The furnace was heated to the test
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temperature in ≈5 h and the sample chamber was flushed
with N2 prior to switching to the test gas (9 or 10% H2

in N2). The reduction of NiO to Ni was performed at the
test temperature, except for two samples (NYZ-2 & NYZ-
4), which were reduced during heating (≥600◦C). The test
gas flow was kept constant (≈100 l/h) in order to maintain
a low oxygen partial pressure (pO2 ) during testing (10−18–
10−17 Pa) and to keep the samples reduced during cooling
to room temperature. Current was imposed via the outer
probes and voltage was measured at the inner probes. The
samples were continuously exposed to a constant voltage
of 3 V during testing, resulting in a current density of
the order of 7 A/cm2. Typical SOFC current densities are
around 1 A/cm2. Data were collected at two-minute inter-

vals using commercial software (GENIE, Advantech) and
an ADAM5000 unit for data transmission (Advantech).

The in-plane conductivity at RT was also measured
using the four-point measurement technique. The pre-
sintered (1500◦C/2 h) NYZ-7 samples were reduced in
one of the following two ways:

1. At Tmax (600–1000◦C) in a 9%H2:91%N2 atmo-
sphere, or

2. Gradually during heating: RT-600◦C: in air, 600◦C-
Tmax with 1◦C/min in a 1%H2:99%N2 atmosphere (pO2 ≤
10−10 Pa) switching to 9%H2:91%N2 at Tmax, and leaving
the sample under these conditions for 24 hrs.

Figure 2 (A) Green anode supports with fuel channels on one side, (B) Cross-section of sintered NYZ-5 with channels.

1100



The reduction conditions outlined in (2) simulate real op-
erating conditions, where the anode is reduced gradually
during the first start up.

3. Results and discussion
3.1. Shaping and sintering
The calendering technique offers a fast and simple
possibility of imposing fuel channels on either side
of the wet calendered sheet. Anode supports with 22
channels on one side are shown in Fig. 2A together
with a micrograph of the channels in cross section
(Fig. 2B).

The green supports are easy to handle upon drying
(110◦C). They posses a green density in excess of 40% as
shown in Table I together with sintered density. This low
density is caused by use of black, un-milled NiO powder
having the original dendrite morphology and resulting in
a low packing density.

The sintering profiles seen in Fig. 3 divide the samples
in two groups:

1. NYZ-1, NYZ-2 & NYZ-4 show some shrinkage
(1.5–3.0%) during binder burnout below 400◦C, almost
no shrinkage between 400 to 1100◦C, and minor shrink-
age above 1100◦C due to sintering.

2. NYZ-6 & NYZ-7 show a relatively small shrinkage
during binder burnout at temperatures below 400◦C, lim-
ited shrinkage in the temperature interval 400–900◦C, and
a significant increase in the shrinkage rate above 900◦C.

The total shrinkage of group 2 samples is significantly
higher than that of group 1 samples. The absence of
shrinkage during binder burnout for the group 2 samples
is probably the result of a high degree of particle-particle
contact in the green body(agglomeration). The major dif-
ference between the two groups is that the NiO powder
used for the second group was as-received, whereas for the
remaining compositions it was calcined at 1300◦C. From
Fig. 3 it is also seen that the use of black as-received
NiO powder significantly lowers the onset temperature

Figure 3 Linear sintering shrinkage measured by dilatometry.

for sintering. The microstructure of group 2 samples with
fine <1 micron NiO particles and coarse YSZ particles is
illustrated in Fig. 4A by NYZ-7. Despite the poorer pack-
ing density of NYZ-7, the final density is almost identical
to that of NYZ-6 (cf. Table I).

The difference in bulk densities between plates made
of mass NYZ-2 and NYZ-4 having identical composition
is most likely due to the different mixing procedures.
For NYZ-2, fine-grained 8YSZ was mixed with the NiO
in the first step (Procedure II, Fig. 1), while for NYZ-
4 the two fractions of 8YSZ powder were mixed before
addition of the NiO (Procedure I, Fig. 1). This results in
a different spatial distribution of the fine-grained 8YSZ
powder, which again affects the sinterability of the green
bodies (the microstructures can be compared in Fig. 4B
and D, respectively).

Mass NYZ-5 was prepared as NYZ-4 (Procedure
I, Fig. 1), except that the coarse YSZ powder used
is finer (Table I) and has a sub-angular morphology.
This change enhances the sinterability and results in an
increased density. NYZ-3 represents a sample fabricated
with no fine grained 8YSZ at all and this results not
surprisingly in a significantly lower sintered density; the
comparatively coarse microstructure is shown in Fig. 4C.

The microstructures obtained upon reduction at 1000◦C
of some of the differently prepared Ni/YSZ supports are
shown in Fig. 5. Comparing Fig. 5A and C shows the effect
of fine versus coarse NiO powder on the microstructure.
In both cases, an excellent percolation of the Ni structure
is evident. Samples NYZ-2 and NYZ-4 that are compo-
sitionally identical (different mixing procedure) reveals
similar Ni microstructures that appear more scattered and
less rigid in comparison with the microstructures shown
in Fig. 5A and C.

3.2. Thermal expansion and dimensional
change during reduction

The thermal expansions were found to be almost indepen-
dent of the composition as well as the preparation proce-
dure. TEC in the temperature range from RT to 850◦C
in air and under reducing conditions were 11.8 and 12.4
× 10−6 K−1, respectively (expansion curves not shown
here).

The linear contraction during reduction is shown in Fig.
6. The supports based on calcined NiO (NYZ-1, NYZ-2
and NYZ-4) reveal a slower reduction profile in compar-
ison with the supports fabricated with as-received NiO
(NYZ-6 & NYZ-7, Table I). In the latter cases, the di-
mensional change upon reduction is completed after less
than 3 h. The reported difference in reduction rate is in
correspondence with the NiO grain sizes and microstruc-
tures as illustrated in Figs 4 and 5. The finer the NiO grain
size, the faster the rate of reduction. The support prepared
without fine grained YSZ (NYZ-3) displays the highest
shrinkage upon reduction, illustrating that the YSZ does
not form a stable network during sintering (cf. Figs 4C
and 5C).

1101



Figure 4 SEM micrographs showing fractured surfaces of the porous Ni/YSZ supports after sintering in air at 1500◦C for 2 h. The white scale-bar is 10 µm
on all four pictures. A: NYZ-7, B: NYZ-2, C: NYZ-3 and D: NYZ-1. Large spherical particles are YSZ; matrix is a mixture of NiO and fine YSZ.

In summary, the degree of shrinkage is directly related
to the strength of the YSZ backbone and this is mainly
controlled by the sinterability of the green YSZ structure,
but the initial grain size of NiO also plays a minor role as
the samples prepared with the most sinter active NiO show
the largest shrinkage e.g. NYZ-2 and NYZ-7 is prepared
with identical YSZ amount & types, but while NYZ-7 was
prepared with black as -receive NiO, was NYZ-2 prepared
with calcined NiO.

3.3. Bending strength
The 4-point bending strength of the as-sintered samples
divides the supports into three groups. Samples prepared
without fine-grained YSZ represent the weakest group.
These supports (NYZ-3) were too weak to be tested (the
bending strength was estimated to be below 5 MPa), in
both the as-sintered and the as-reduced state. The strength
of the other two groups is illustrated in Fig. 7. The strength
of the ceramic in the strongest group (NYZ-5 and NYZ-
7) has a mean value ≈20 MPa, which is twice that of

the weaker group. The calculated Weibull modulus (m ≈
10) is within the typical range of technical ceramics [15].
There is a strong correlation between the densities and
strengths. The three groups have mean densities of 54,
60, and 65, respectively, the strongest group having the
highest density.

The strength of the supports depends on the strength of
the YSZ structure, as discussed previously, while the tex-
ture of the NiO network has a controlling influence on the
Ni network formed upon reduction, and thus, on the elec-
tronic conductivity and its long-term stability. The weak-
est group, prepared without fine-grained YSZ powder,
shows a coarse-grained NiO network and no or very lim-
ited necking between the large spherical zirconia grains
(Fig. 4C). The two supports in the strongest group belong
to the densest supports fabricated (>64% TD, Table I),
which allow a better zirconia network simply by closer
physical contact during sintering. However, the density
has no apparent influence on the strength of supports with
<64% TD because of their high porosity. The two dens-
est and strongest supports are based on different precursor
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Figure 5 SEM micrographs showing fractured surfaces of the porous Ni/YSZ support after reduction at 1000◦C. Samples sintered at 1500◦C for 2 h prior
to reduction. A: NYZ-7, B: NYZ-2, C: NYZ-3 and D: NYZ-1. Large spherical particles are YSZ; matrix is a mixture of Ni and fine YSZ.

Figure 6 Linear dimensional change during reduction measured by
dilatometry.

powders (Table I). One type is based on black as-received
NiO and large spherical coarse 8YSZ (calcined TZ-8Y
TOSOH, d50%: 40 µm), while the other type is fabri-
cated by calcined (1300◦C/2 h) and ball milled black NiO
(d50%: 5 µm) and MEL coarse SCY1291085 powder as the
coarse 8YSZ (d50% of 16 µm). The supports in the mid-
dle group are based on other combinations of the above
precursor powders and different mixing schemes, which
result in more porous and weaker supports.

Fig. 8 shows the fracture probability as a function of the
bending force in a four-point bending test, for NYZ-7. The
mean mechanical bending strengths before and after re-
duction (850◦C) are not significantly different, both being
around 20 MPa. While the Weibull modulus is somewhat

Figure 7 Weibull plot of the 4-point bending strength of as sintered anode
supports.

lowered after reduction, the limited number of samples
does not allow a firm conclusion to be drawn. The rel-
atively small difference in strength between the as sin-
tered and the reduced samples signifies that the strength
is governed mainly by the three-dimensional network
of YSZ.

3.4. Electrical conductivity
The four point electrical in-plane conductivity at 850◦C of
the eight support types fabricated reveals the same three
groups.
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Figure 8 Bending strength of the strongest anode support type both as
sintered and as reduced.

Figure 9 The symbols mark the in-plane electrical conductivity versus re-
duction and test temperature after 100 h of test where the samples were
exposed to a current load of ≈7 A/cm2. The lines with arrows show the
change of conductivity upon cooling.

• The weakest support (NYZ-3) with no fine-grained
zirconia shows a modest conductivity of 120 S/cm
upon reduction and test at 850◦C, and a limited degra-
dation (5% within the first 100 h of test at 850◦C).

• The intermediate group (NYZ-1, NYZ-2, NYZ-4, and
NYZ-6) shows a variable conductivity upon reduction
at 850◦C ranging between 40 and 410 S/cm. However,
all samples within this group show a rapid, undesir-
able degradation of 25–85% within the first 100 h of
test at 850◦C.

• The support types (NYZ-5 and NYZ-7) with the high-
est strength have a high conductivity of 550–600 S/cm
upon reduction at 850◦C, and a lower degradation of
≈10% within the first 100 h of test.

The last group of supports possesses the desired properties
in the screening outlined above. The following detailed
electrical conductivity is studied only on samples prepared
from one of these supports (NYZ-7).

During the conductivity measurements, the final con-
ductivity of the samples was found to be strongly de-

Figure 10 Microstructure of reduced NYZ-7. Scale-bar is 10 µm on both
micrographs. Ni-particles are grey while YSZ is lighter. A: Reduced
and tested for 100 h at 1000◦C. B: Reduced and tested for 100 h at
800◦C.

pendent on the reduction temperature. This is illustrated
in Fig. 9, where the electronic conductivity is plotted as
function of the test temperature, which is identical to the
reduction temperature. The samples reduced and tested at
1000◦C show a factor 3 times higher conductivity than
the similar samples reduced and tested at 800◦C. The ob-
served relation between reduction temperature and con-
ductivity is almost linear. The microstructures of the two
samples are shown in Fig. 10. Heating to a higher temper-
ature did not improve the conductivity once the samples
are reduced at a lower temperature as illustrated in Fig.
11. The sample reduced at 800◦C (Fig. 10B) has a promi-
nent YSZ network surrounding islands of Ni-particles,
while the sample reduced at 1000◦C has the same YSZ
microstructure but with a continuous Ni phase (Fig. 10A).
We speculate that the formation of a continuous Ni net-
work at 1000◦C is due to a redistribution of the freshly
formed metal while it is still surface active. Accordingly,
the failure to achieve the same effect at lower temperatures
is explained by slow kinetics, while failure to achieve it
upon subsequent high temperature treatment is explained
by loss of surface activity of the nickel.
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Figure 11 Conductivity of a sample reduced (57% TD) and tested at 800◦C
for 100 h followed by heating to 900◦C at which temperature the sample
was kept for another 100 h at a continuous current load of 7 A/cm2 before
cooling to room temperature.

Figure 12 Conductivity at RT versus reduction temperature of NYZ-7
samples that not were exposed to current load before testing at RT. Closed
symbols represent samples that were reduced and measured at the given
temperature. Open symbols represent samples that were gradually heated
under reducing conditions (reducing initiated at 600◦C).

This explanation is consistent with conductivities pre-
sented in Fig. 12 for samples that were reduced in two
different ways. Samples in the first group were reduced
by heating to the maximum temperature in 9%H2:91%N2,
while the samples in the other group were heated to the
maximum temperature in air and then reduced by intro-
ducing 9%H2:91%N2. The first treatment was intended to
simulate the conditions obtained upon the initial SOFC-
stack heating. These samples show no influence of the
maximum temperature on the conductivity. On the other
hand, the second group show a linear relationship between
conductivity and reduction temperature. These results are
in good agreement with the results reported above (Fig.
9). The above results also indicate that aging under con-
ditions of no current load is negligible for short aging
times.

The effect of current load upon degradation is further
emphasized by the results shown in Fig. 13, where the
sample was twice exposed to a high continuous current

Figure 13 (A) Experimental log of an aging experiment. (B) Evolution of
conductivity during the first and third aging where the sample was exposed
to a current load of ≈10 A/cm2.

load for 100 h, with a 1000 h aging without current load
in between. The measured conductivity in the third aging
cycle does not follow the development predicted from the
first aging (Fig. 13A), taking the full aging time into con-
sideration. However, the calculated model of long time
performance fits perfectly when only the time where the
sample was exposed to current load was considered Fig.
13B. The degradation of conductivity during load is il-
lustrated in Fig. 14; upright and inverted triangles are re-
produced results from Fig. 12, open circles represent the
conductivity measured at room temperature after 100 h
current load of 7 A/cm2 at various temperatures. During
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Figure 14 Conductivity measured at RT versus reduction temperature mea-
sured on samples with and without current load during the dwell time, open
and closed symbols, respectively.

current load, redistribution of Ni is believed to take place
and is thus the major reason for the measured degradation.
The microstructure of the NiO network has a controlling
influence on the Ni network formed upon reduction, and
thus, on the electronic conductivity and its long-term sta-
bility. When no fine-grained 8YSZ powder is added, a
much more coarse-grained NiO network is formed (NYZ-
3, Fig. 4C). The fine-grained 8YSZ appear to be evenly
distributed, where it acts as growth inhibitor for the Ni
phase (Fig. 4A, B and D). This is even more pronounced
in the reduced supports (Fig. 5).

3.5. Redox stability
One major disadvantage of using Ni-YSZ cermet based
anodes in SOFC is the poor redox stability due to the large
volume change upon oxidation/reduction that may cause
an almost total disintegration. Fig. 15 shows preliminary
results of redox cycling. In the figure, the conductivity is
plotted as a function of time at 850◦C for a sample that has
undergone two redox cycles. The conductivity increases
by a factor of two after the first cycle and remains at that

Figure 15 Redox-stability test of NYZ-7. The circles indicate the data end
points for each of the three calculations of the longer time performance
(dotted lines).

level after the second cycle. However, the conductivity
seems to degrade faster after redox cycling.

4. Summary and conclusion
Profiled anode supports have been successfully fabri-
cated by water-based viscous processing. The mechan-
ical strength and the conductivity have been examined
as a function of composition and microstructure of the
NiO/YSZ component. The mechanical strength of the
optimised materials was not significantly altered upon
reduction, indicating that the mechanical strength is
determined mainly by the YSZ structure. The YSZ matrix
holds the structure together such that redox stability, as
measured by absence of degradation in the electronic con-
ductivity, is achieved. In fact, the conductivity improved
after redox cycling.

The overall conductivity and the stability of con-
ductivity with time fulfil the requirements for use of
these materials as anode supports or current collectors.
Electronic conductivities of 250–900 S/cm have been
achieved at 800 to 1000◦C. The conductivity is signif-
icantly increased by raising the reduction temperature.
However, once the material has been reduced, subsequent
high temperature treatment in reducing conditions does
not improve the conductivity. In other words, the samples
show a memory of their thermal/redox history. It can
be concluded that reduction should be carried out at
the highest possible temperature in order to achieve the
highest electronic conductivity.
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