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Mechanical and Electrical Characterization of 8YSZ-ScCeSZ Ceramics
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The effects of small amounts (up to 5 wt.%) of scandia- and ceria-stabilized zirconia on the electrical
conductivity, and the elastic modulus and hardness of yttria-stabilized zirconia were investigated by
impedance spectroscopy and nanoindentation tests, respectively. The main purpose of this work was to
obtain solid electrolyte compounds with improved properties compared to those of the base materials.
Solid electrolytes compounds were prepared by solid-state reaction synthesis with sintering at 1450 °C
for 4 h. All prepared compounds exhibit a cubic fluorite-type structure. The microstructure of the
compounds consists of polygonal grains with low (< 2%) porosity. The mean grain size estimated by
the intercept method was 5 + 1 pm. The electrical conductivity of the compound ceramics is lower
than that of the base material. Addition of scandia-stabilized zirconia is found to exert a beneficial
effect on the matrix by increasing the elastic modulus, achieving 221 MPa for 5 wt.% of the additive.
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1. Introduction

Over the last decades, the development of clean and
sustainable energy sources has been one of the main subjects
of scientific research. In this area, energy converters such
as fuel cells, batteries and solar cells stand out, due to their
promising contribution to reduce carbon emissions to the
atmosphere'.

Solid oxide fuel cells (SOFCs) are electrochemical
devices for electric energy production with high efficiency,
flexibility and low emission of pollutants?. This type of device
utilizes ceramic solid oxides like yttria-stabilized zirconia as
solid electrolyte and operates at relatively high temperatures
(800 - 1000 °C)**. Nevertheless, at such high temperatures
the rate of interfacial reactions among SOFC components
increases and may influence its long-term performance. In
addition, issues with the sealant, which must withstand several
thermal cycles while maintaining its mechanical integrity,
are prone to occur. To overcome those undesirable effects,
most of the research work in recent years is concentrated in
solid electrolytes able to operate in the so-called intermediate
temperature (~550 to ~750°C) range with efficiency similar to
the high-temperature SOFCs*¢. One approach to accomplish
that goal is to exploit a mixture of solid electrolytes forming a
compound or composite with improved properties compared
to the individual materials. This strategy has long been used
for other cell components’™?. In general, for application in
SOFCs, the solid electrolyte must be as thin as possible to
maximize its electrical performance and possess sufficient
mechanical strength to support all sort of stresses imposed
during fabrication and operation'.
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The electrical and mechanical properties of the composite
solid electrolytes based on 8 mol% yttria-stabilized zirconia
(8YSZ) and 3 mol% yttria stabilized zirconia (3YSZ)
revealed increased fracture toughness accompanied by
a slight improvement of the electrical conductivity!'!.
Nanocomposites of 8YSZ and yttria-doped ceria (YDC)
with 1:1 volume ratio were investigated as a function of
the particle size. Increase of the electrical conductivity and
hardness was claimed, due to the size effect'>. 8YSZ was also
added as a minor phase (up to 20 wt.%) to strontium- and
magnesium-doped lanthanum gallate (LSGM). Reduction
of'the fraction of impurity phases, accompanied by a slight
increase of the ionic conductivity were reported'®. The
addition of 8YSZ to Bi,O, revealed a dual structure with
high ionic conductivity and suitable thermal expansion
coefficient up to 650 °C'. Recently, a LaNiO,/YSZ
composite electrolyte along with a Sr-free cathode was
proposed to reduce the operation temperature of SOFCs'>.
Relatively few works are found in the reported literature
on compound or composite electrolytes based on 8YSZ,
particularly when this solid electrolyte is the major phase.

In this work, the influence of small amounts of zirconia-10 mol%
scandia-1 mol% ceria, ScCeSZ, on the ionic conductivity and
mechanical properties of 8Y SZ was investigated by impedance
spectroscopy and nanoindentation techniques.

2. Experimental

2.1. Sample preparation

Zirconia-8 mol% yttria (8YSZ, 99.6%, Tosoh, Japan) and
zirconia-10 mol% scandia-1 mol% ceria (ScCeSZ, 99.98%,
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Fuel Cell Materials, USA) were used as starting materials
without further purification.

Compound electrolytes of (100-x) 8YSZ + xScCeSZ,
withx =0, 1 and 5 wt.% (hereafter 8YSZ, 8YSZ-ScCeSZ1
and 8YSZ-ScCeSZ5, respectively) were synthesized by the
solid-state reaction method. The starting materials were
weighted in stoichiometric proportions after drying, mixed
together in an agate mortar with isopropyl alcohol, and
dried again in an oven. The powder mixture was pressed
into pellets, (¢ 9 mm and thickness of 3 mm) in a stainless
steel dye, with 50 MPa applied pressure. Sintering of green
pellets was carried out at 1450 °C for 4 h, in air, in a resistive
furnace (Lindberg, BlueM) to generate dense specimens.

2.2. Characterization

The crystalline structure of sintered specimens was
characterized by room-temperature X-ray diffraction, XRD,
in a diffractometer (Bruker-AXS, D8 Advance), with 0.05°
step size and 2 s counting time, and with Cu K (A= 1.5405 A)
source, in the 20° < 26 < 80° range, with 40 kV and 30 mA.
Identification of the crystalline phase was accomplished with
PDF 30-1468 file of 8YSZ. The apparent density of pellets
was determined by the immersion method with distilled water.
The relative density, o, , was calculated from Equation 1:

pr =[”—’"].100 1
PC

where p, and pc are the measured and the compound

electrolyte densities, respectively. The compound electrolyte

density was obtained from Equation 2:

pc=pPaVa+PBVB @

where p; and ¥; (i=A,B) are the crystallographic density and
volume fraction, in weight percent, of 8YSZ and ScCeSZ,
respectively.

Microstructure characterization was performed by field
emission gun scanning electron microscopy, FEG-SEM
(FEL Inspect F50) for both powders and sintered pellets.
Powders were spread out onto carbon tape, and sintered pellets
were polished with diamond pastes (15, 6 and 1 pm), and
thermally etched at 100 °C below the sintering temperature
for this analysis. The mean grain size was estimated with
Image] software.

Electrical conductivity measurements were carried out
by impedance spectroscopy (Solartron, SI 1260) in the 10 Hz
to 10 MHz and 500 to 800 °C frequency and temperature
ranges, respectively. Impedance spectra were analyzed with
ZView (Scriber Associates, Inc., USA) software utilizing the
equivalent electric circuit model of Figure 1.

In this electric circuit model R1, CPE1 refers to the bulk
and R2, CPE2 are due to interfaces. The R1 and R2 represent
the electrical resistances and CPE1 and CPE2 symbolize the
constant phase elements.

Nanoindentation tests were conducted with a triboindenter
(Bruker, Hysitron TI 950) under maximum loads of 4 and 8 mN,
with loading time of 5 s. Diamond indenter with Berkovich
geometry was applied during tests. Load-displacement
curves (P-h curves) were obtained for the samples. Reduced
elastic modulus and indentation hardness can be predicted
taking the data to be analyzed by Oliver-Pharr algorithm!'¢.
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In addition, the sample elastic modulus (E.M.) was calculated
based on the reduced modulus (E) and indenter elastic
modulus (E), and respective influences of Poisson ratios (v)
according to Equation 3:

4[] (-9) o

E,  E EM.

3. Results and Discussion

Figure 2 shows scanning electron microscopy micrographs
(secondary electron images) of the starting powders. 8YSZ (top)
and ScCeSZ (bottom) powders consist of micrometer-sized
spherical granules with large distribution in size, due to the
production routes. Those granules are constituted by very
small crystalline particles, similar to 25 nm for 8YSZ and
lower than 100 nm for ScCeSZ.

R1 R2

CPE1 CPE2
z>— z>—

Figure 1. Equivalent electric circuit. R1 and R2 are resistances;
CPE 1 and CPE2 are constant phase elements.
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Figure 2. FEG-SEM micrographs of (a) 8YSZ and (b) ScCeSZ
starting powders.



Mechanical and Electrical Characterization of 8YSZ-ScCeSZ Ceramics 3

The starting powders form soft agglomerates after mixing
together, which are broken or disintegrated during conformation,
leading to high density specimens after sintering at 1450 °C
for 4 h. The relative density of all sintered pellets is high,
similar to 97% of the theoretical value. There is a tendency
to decrease the density, 97.9% (8YSZ), 97.7% (1 wt.%) and
97.1% (5 wt.%) of compounds with increasing the amount
of ScCeSZ. The apparent porosity is also low, less than 2%
for all sintered pellets.

The XRD patterns of sintered compounds are depicted
in Figure 3. The 8YSZ specimen displays the characteristic
cubic fluorite-type crystalline structure (Fm3m space group)
according to PDF 30-1468. Other compound electrolytes reveal
equivalent XRD profile. This result was expected, because
ScCeSZ also has the cubic structure for sintering temperatures
above 1300 °C"7. No impurity phases were detected.

The sintered pellets exhibit similar microstructure
features. Figure 4 shows, as an example, typical FEG-SEM
micrographs of (a) 8YSZ and (b) 8YSZ-ScCeSZ5. The
microstructure of sintered pellets consists of polygonal
grains. The average grain size of sintered specimens,
about 5 + 1 um, is relatively large. Randomly distributed
pores are found at grain boundaries and inside the grains.
No undesirable features like abnormal grain growth, cracks and
segregated phases were found. Other compound electrolytes
display alike microstructure.

Figure 5 shows impedance spectroscopy spectra of
8YSZ (top) and 8YSZ-ScCeSZ5 (bottom) recorded at 525
and 500 °C, respectively. These diagrams consist of a large
arc due to capacitive and resistive effects of the bulk. The
arc attributed to grain boundaries/interfaces usually detected
between those of the bulk and of the electrodes, is known
to become negligible in polycrystalline ceramics with grain
sizes higher than 5 um'8. Nevertheless, in the frequency
range around 100 kHz, the impedance diagram of the pellet
containing ScCeSZ is flattened reflecting some differences
in the grain boundary/interface region. This difference may
be a consequence of a composite formation between 8YSZ
and ScCeSZ, although some solubility may be expected. The
impedance spectroscopy response of the specimen containing
1 wt.% ScCeSZ is quite similar to that of the base ceramic 8YSZ.
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Figure 3. XRD patterns of sintered pellets: 8YSZ, 8YSZ-ScCeSZ1
(1%) and 8YSZ-ScCeSZS (5%).

Figure 4. FEG-SEM micrographs of (a) 8YSZ and (b) 8YSZ-ScCeSZ5
pellets sintered at 1450 °C/4 h.
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Figure 5. Impedance spectroscopy diagrams of 8YSZ (top) and
8YSZ-ScCeSZ5 (bottom) specimens.
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Table 1. Values of hardness and elastic modulus (E.M.) of sintered specimens.

Specimen Load (mN) Hardness (GPa) E.M. (GPa) Load (mN) Hardness (GPa) E.M. (GPa)
8YSZ 4 19.0+£0.5 211.7+3.4 8 18.2+0.3 205.8+5.3
1 wt.% ScCeSZ 4 18.0+0.7 216.5+7.1 8 17.4+0.7 216.4+4.4
5 wt.% ScCeSZ 4 18.2+0.4 221.0+4.0 8 18.2+0.4 216.7+£5.2
1.8 Nanoindentation tests were performed on sintered pellets.
. Figure 7 shows, as example, typical load-displacement
c e, (P-h) curves of 8YSZ for 4 and 8 mN loads. The obtained
o 121 v\it hardness and elastic modulus are summarized in Table 1
E ;”\\ 8vsz for all sintered pellets.
£ 06 - \‘(\ The hardness values obtained for 8Y'SZ are in the 18-19
L \\\;. GPa range, in agreement with previous work®. Addition of
o 8YSZ-ScCeSZ5 \\\\ ScCeSZ to 8YSZ exerts a minor influence on the hardness
§’ 0.0 A ‘!’\\\ of'the compound materials. In contrast, the elastic modulus
“ve increases with increasing the amount of ScCeSZ (Table 1).
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09 10 14 1.2 13 14 4. Conclusions

1000/T (1/K)

Figure 6. Arrhenius plots of the electrical conductivity of 8YSZ
and 8YSZ-ScCeSZ5.
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Figure 7. Load-displacement (P-h) curves of 8YSZ for 4 and 8 mN.

Analysis of the impedance spectroscopy diagrams in
the whole temperature range of measurements allowed for
obtaining the Arrhenius plots of the bulk conductivity shown
in Figure 6. Addition of ScCeSZ to 8YSZ resulted in a small
decrease in the electrical conductivity. This unexpected result
may be a consequence of some kind of interaction between
both electrolytes during sintering. Straight lines were obtained
in the temperature range of measurements for all compounds,
with a change of slope at approximately 650 °C. In the
low-temperature range the activation energies were 0.96 +0.05
(8YSZ)and 0.98 £0.05 eV (8YSZ-ScCeSZ5). The activation
energy for conduction decreases to 0.73 = 0.5 (8YSZ) and
0.79+0.05 eV (8YSZ-ScCeSZ5) in the high-temperature range.
This difference in the activation energy, in the low- and
high-temperature ranges, (about 0.2 eV) is usually assigned
to complex defects formed at low temperatures'’.

Compound electrolytes constituted by mixtures of
yttria-stabilized zirconia and scandia- and ceria-doped
zirconia were successfully prepared by solid-state reaction.
The crystalline structure and the microstructure of sintered
compounds are similar to that of 8YSZ. The relative
density of the compounds is high (~97% of the theoretical
value) and the porosity is negligible (< 2%). The estimated
mean grain size is 5 = 1 um. The electrical conductivity of
8YSZ decreases with addition of ScCeSZ. Results from
nanoindentation experiments reveal that the hardness remains
approximately constant. In contrast, the elastic modulus
tends to increase with increasing amounts of ScCeSZ. The
dispersion measurements (standard deviation) can be assigned
to the local and microstructural effects.
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