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Abstract

Solid oxide fuel cells (SOFCs) have been under great consideration during this last decade and much effort has been dedicated to model their
thermo-mechanical behavior, trying to take into account the different properties of the materials, such as their elasticity. In this paper, we report the
elastic behavior of three classical materials used in SOFCs as a function of temperature: Yttria stabilized zirconia (YSZ), Laj gSro,MnO3 (LSM)
and Ni-YSZ. Both YSZ and LSM present unusual behaviors. The elastic modulus of YSZ first decreases slowly up to 150 °C, then dramatically up
to 550 °C (certainly due to atomic motion) and finally increases probably because of an order—disorder transition (oxygen vacancies). The state of
the art on zirconia was reviewed. For the LSM material, Young’s modulus could not be determined below 600 °C. Above this temperature, samples
with totally closed porosity present a continuously increasing modulus, while the other samples have a quite constant modulus.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the last decade, the interest concerning SOFCs has
greatly increased. Despite extensive research on the materials,
the most frequently used are still yttria stabilized zirconia (YSZ)
for the electrolyte, Lanthanum strontium manganite (LSM) for
the cathode and Ni-YSZ cermet for the anode.

The development of SOFCs requires simulation of their
behavior by thermo-mechanical models, which in turn require
reliable values for the thermal and mechanical properties of the
materials. For instance, the elastic constants were determined for
a wide range of compositions in the ZrO,—Y;, O3 system at room
temperature.' ™ A value of 220 GPa was given for fully dense
samples of 6.5, 7.5 and 8% mol of Y,03.> Young’s modulus
as a function of temperature has also been reported for zirconia
stabilized with Y,03, CaO, ....>% However, much less liter-
ature is available concerning the elastic moduli of the cermet
Ni-YSZ!0 and the perovskite LSM.!!

In this paper, we report and discuss the results of the Young’s
modulus measurements versus temperature of the following
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materials: zirconia stabilized with 8% mol of Y,03 (YSZ),
Lag gSrg»MnO3 (LSM) and a Ni-YSZ cermet. Furthermore, we
present an extensive overview and discussion of the state of the
art concerning YSZ.

2. Experimental
2.1. Samples preparation

The YSZ and LSM samples were prepared with commercial
powders, respectively, from TOSOH (TZ-8Y) and MEDICOAT.
Both powders were cold isostatically pressed at 250 MPa into,
respectively, one and four cylindrical green bodies for YSZ and
LSM. YSZ was sintered at 1350 °C for 3 h in air. Each one of
the four LSM green bodies was heat treated in air at different
temperatures in order to obtain samples of various porosities.
For the cermet Ni-YSZ, a commercial anode (Indec Company)
in an oxidized form NiO-YSZ (50% wt of NiO) was taken and
then reduced in hydrogen.

2.2. Samples characterization

Porosity of the samples was determined by water immersion
and closed porosity of YSZ was measured by He pycnome-
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Fig. 1. Surface fracture of the YSZ sample.

try. Scanning electron microscopy was performed on fractured
samples using a Stereoscan 120 to observe the different
microstructures. The crystallographic phases of YSZ and LSM
were checked by X-ray diffraction using, respectively, a Bruker
D8 in temperature (heating and cooling) and a SIEMENS D5000
at room temperature both with a Cu Ka radiation.

Elastic modulus was determined by the impulse excitation
technique (IET) using a Grindosonic (LEMMENS Company,
Belgium). Torsion and flexion resonance frequencies were mea-
sured at room temperature on discs. Elastic constants (Young’s
modulus (E), shear modulus (G) and Poisson’s ratio (v)) were
calculated assuming isotropic elasticity. The measurements ver-
sus temperature were performed under a static argon atmosphere
on parallelepipedic samples. In this case, only the flexural mode
can be obtained and one of the constants of elasticity (most
generally v) has to be considered constant to be able to get E
and G out of the three equations defining isotropic elasticity.
Therefore, in order to calculate Young’s modulus, the variations
of Poisson’s ratio with the temperature were neglected and its
value at room temperature was used.

3. Results and discussion
3.1. Zirconia stabilized with 8% mol of Y203 (YSZ)

YSZ is a material currently used as electrolyte in SOFC. In
this application, it has to be as dense as possible to avoid gas leak-
age between anode and cathode. The sample was prepared for
this purpose and its porosity evaluated by water immersion and
helium pycnometry revealed only a closed porosity evaluated to
2+ 0.5%; the uncertainty is quite high. The microstructure of
the sample is displayed on Fig. 1 and confirms the presence of
closed pores of submicrometric size.

The phase diagram ZrO,—Y»03 is much debated. Yashima
et al.!? shows all the discrepancies encountered in the litera-
ture. He proposes a stable-metastable phase diagram for the
ZrO, rich part. It displays the phases usually described: mono-
clinic, cubic and the two known tetragonal ones, but also a third
tetragonal metastable phase obtained by air quenching (t”).!3
The cell’s parameters of this phase are identical to those of
the cubic one and the difference is due to the oxygen displace-

ment along the ¢ axis which is responsible for the tetragonal
symmetry. Thus, if we refer to the phase diagram given by
Yashima et al.,!2 the zirconia stabilized with 8% mol Y03
should not be cubic. On the other hand, Irvine et al.'4 consider
that the composition Yo 157108501 925, which corresponds to
8% mol of Y,03, shows a cubic fluorite structure at a macro-
scopic scale containing short range order microdomains which
are detected using electron diffraction. Therefore, in order to
check the cubic character of our material, X-ray diffraction was
performed at room temperature (Fig. 2), and also at different
temperatures (Fig. 3). Note that at a given temperature, the dia-
grams obtained while heating and cooling are identical. If the
material had contained the monoclinic phase, we should see
two peaks (at 28° and 31°) on both sides of the 30° peak.!’
In the high angles region, only the 4 00 peak is present. If the
tetragonal phases t or t' were present, the 400 and 004 peaks
should be detectable. Only the displacement of the 4 00 peak
is observed when the temperature increases or decreases. These
results indicate that the material can be considered as cubic and
are in better agreement with the phase diagram given by Ruh et
al.1o

At room temperature, the values of Young’s modulus (E),
modulus of rigidity (G) and Poisson’s ratio obtained on the YSZ
sample are, respectively, 205, 78 and 0.31 GPa. The elastic mod-
ulus is in correct agreement with the values given by literature! =
for zirconia stabilized with various contents of Y,03 (Fig. 4).

Fig. 5 displays the variation of the elastic modulus of YSZ
as a function of temperature. The observed behavior is rather
complicated and can be divided in three regions. From ambi-
ent temperature to around 150 °C, Young’s modulus decreases
first slowly, and then more strongly from 150 to 550 °C with
an important dispersion of the data. Finally, it increases above
600 °C. Many authors have reported a similar behavior for zir-
conia stabilized with various amounts of Y,03, CaO, ...> In
Fig. 5, yttria stabilized zirconia with 6.5% mol> (data corrected
from porosity) and 3% mol® are reported. The high temperature
part of the curves depends on the Y,Os3 content. Indeed, at high
temperature, the elastic modulus decreases for 3% mol, is quite
constant for 6.5% mol and increases for 8% mol.

To explain the variations of the elastic modulus with temper-
ature, some authors have mentioned elastic anisotropy.>-!7-18
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Fig. 2. X-ray diffraction pattern of YSZ at room temperature.
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Fig. 3. X-ray diffraction pattern of YSZ as a function of temperature (a) 27°-33°
and (b) 71°-76°.

On the other hand, many data on the mechanical loss
are available for zirconia stabilized with various contents of
Y203.2’6'19’20 As described by Weller et al.,'%2% the internal
friction of cubic zirconia measured as a function of tempera-
ture shows a characteristic doublet peak around 130 °C but only
one for the composition with 3% mol Y,0O3. So the first and
the second peaks are, respectively, assigned to the reorientation
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Fig. 4. Young’s modulus at room temperature for zirconias stabilized with var-
ious contents of Y,03.
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Fig. 5. Young’s modulus as a function of temperature of zirconias with 8% mol
(+), 6.5% mol ((A, ) and 3% mol (O)° of Y,0s.

jumps of the pairs V,**-Y, representing the elastic and elec-
tric dipoles and to the relaxation of oxygen vacancies within a
cluster of two (or more) yttrium ions.! This loss of energy due
to the atomic motion takes place in the range of temperature
corresponding to the strong decrease of YSZ Young’s modulus
from 150 to 550 °C and to the scattering of the values. Indeed,
mechanical loss is often responsible of large scattering of the
values.

Young’s modulus

equation?!:

is calculated using the following

pl*r?

E=0.94642—
t

T(t, L,v)

fr: measured resonance frequency; v: Poisson’s coefficient; L:
length of the sample; #: thickness of the sample; I: width of the
sample; p: density of the material.

Since the sample’s dimensions are very important param-
eters, their variations (and, therefore, the thermal expansion
coefficient) have to be considered. We took a constant ther-
mal expansion coefficient over the whole range of temperature.
But in the literature, a discontinuity in the thermal expansion
coefficient is observed around 650 °C by Gibson and Irvine,??
which is indicative of a second-order transition. A change in
the slope of the Arrhenius plot for conduction was also reported
to occur at the same temperature.!#?223 At higher temperature,
the low temperature defect ordered structure is destroyed corre-
sponding to the breakdown of local ordering of vacancy-dopant
complexes. This order—disorder transition could explain the vol-
ume increase,? resulting in a higher stress level in the sample
and finally in a higher Young’s modulus.

3.2. LaggSrooMnO3 (LSM)

LSM is generally used as a cathode material in SOFCs. It
has to exhibit a relatively high porosity in order to allow a
good circulation of gases. But since the porosity is responsi-
ble for degradation of the mechanical behavior, it was decided
to perform a complete study of the mechanical properties versus
temperature including some samples showing only a few per-
cents of porosity. The porosity of all the samples was evaluated
by immersion in water and the values are reported in Table 1.
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Fig. 6. Surface fracture of the LSM samples: (a) LSM-1, (b) LSM-2, (c) LSM-3 and (d) LSM-4.

The microstructures are presented in Fig. 6. They show a rela-
tively homogeneous porosity in each sample. Porosity decreases
from LSM-1 to LSM-4. Some defaults were noticed in some of
the massive samples; the bars and discs were cut by avoiding
them. Defaults can decrease the rigidity.

An X-ray diffraction pattern of the LSM-4 sample is dis-
played in Fig. 7. The peaks can be indexed in the monoclinic
cell given by the JCPDS 00-040-1100 for the Lag gSrg2MnO3
compound. However, it is also possible to index the diffrac-
tion lines in a rhombohedral cell.?*-2 The literature reports the
existence of some phase transitions for the family of compounds
La;_,Sr,MnOj3. A rhombohedral-cubic transition happens at a
temperature which depends on the x value. For example, the
transition temperature are, respectively, 1235 and 180°C for
x=0.2 and 0.5.2° Hammouche et al.>* point out the fact that
no transition should occur below a temperature of 1000 °C for
x=0.19; on the other hand, he does not either mention a phase
transition for x=0.5. So, in the temperature range explored in
the present work, there is no phase transition. It is notewor-
thy that some insulator-metal and paramagnetic—ferromagnetic
transitions were characterized around 75 °C for x=0.2.2’

The values of the elastic constants at room temperature are
reported in Table 2. In order to verify the good reproducibility of

Table 1

Porosities of the various LSM samples

Sample LSM-1 LSM-2 LSM-3 LSM-4
Open porosity (OP)% 29 9 0 0
Closed porosity (CP)% 0 2.5 9 3-4

the mechanical measurements, two samples were tested for each
LSM materials except for LSM-2 (lack of material). The results
show a good reproducibility. Fehringer et al.'! finds a Young’s
modulus equal to 124 GPa, a modulus of rigidity of 46 GPa and
a Poisson’s ratio of 0.36 for a sample of LSM with a porosity
of 2% at room temperature. These values are in good agreement
with the present work.

The impact of the porosity over the elastic modulus is shown
in Fig. 8 at room temperature. As expected, Young’s modulus
decreases when the porosity increases.
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Fig. 7. X-ray diffraction pattern of LSM-4 at room temperature.
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Table 2

Elastic constants at room temperature for all the LSM samples

Sample LSM-1-a LSM-1-b LSM-2-a LSM-3-a LSM-3-b LSM-4-a LSM-4-b
E (GPa) 41 40 87 102 97 108 113

G (GPa) 16 16 33 38 36 40 41

v 0.28 0.27 0.34 0.35 0.36 0.36 0.36

Samples are referenced with the number of the batch (1-4) and a letter (a, b) corresponding to different samples of the same batch.
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Fig. 8. Young’s modulus as a function of porosity at room temperature for LSM.

The values of the elastic modulus as a function of temperature
are reported in Fig. 9 for all the samples. Below a tempera-
ture ranging from 350 to 600 °C, depending on the porosity
of the material, the results are strongly dispersed and were not
reported in Fig. 9. This is not due to the experimental set-up, as it
sometimes occurs when the vibrations frequencies are below the
detectors limit, which is not the case here. Therefore, it should
be due to the material’s ability to absorb vibrations.

At higher temperature, the Young’s modulus behaves dif-
ferently depending on the kind of porosity of the samples. On
one side, the samples with totally or partially opened porosity
present a more or less constant elastic modulus with a good
reproducibility. For LSM-1-1 and LSM-1-2, Young’s modu-
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Fig. 9. Young’s modulus of LSM as a function of temperature. LSM-1-1 (&),
LSM-1-2 (x), LSM-2-1 (-), LSM-3-1 (+), LSM-3-2 ("), LSM-4-1 (A), LSM-
42 ().

Fig. 10. Surface fracture of the Ni-YSZ sample.

lus reaches, respectively, constant values of 48 and 51 GPa at
high temperatures. These values are slightly higher than the
room temperature ones. For LSM-2, elastic modulus oscillates
between 103 and 106 GPa which is also higher than the ambient
value.

On the other side, the samples with a fully closed porosity
show a very different behavior. Indeed, in this case, the elastic
modulus increases strongly and not linearly above 400 °C. As for
the other samples of LSM, some differences of around 3 GPa are
measured for samples of identical porosity. The LSM-3-2 sam-
ple, containing 9% of closed porosity, has a Young’s modulus
of 64 GPa at 410 °C and 109 GPa at 1000 °C. The samples with
3-4% of closed porosity present a similar behavior but due to
the lowest porosity, the modulus is higher and reaches 118 GPa
at 1000 °C for LSM-4-2.

The thermal expansion coefficient of Laj_,SryMnO3 with
x> 0.19 increases linearly from ambient to 1000 °C>* and can-
not explain the complex behaviors of the elastic moduli.

3.3. Ni-YSZ

The Ni-YSZ cermet is a usual anode material for SOFC. As
the cathode, the anode must be porous. The material used for this
study is a commercial one (Indec). The porosity after reduction
of NiO was evaluated by water immersion at 30%. Fig. 10 shows
the microstructure of this cermet.

The resonance frequencies at room temperature could not
be measured on the disc because they were out of the detec-
tion limits of the system and Poisson’s coefficient could not be
determined. Therefore, it was considered to be equal to 0.3 for
the calculations of the Young’s modulus as a function of tem-
perature (Fig. 11). Below 80°C, there is not scattering of the
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Fig. 11. Young’s modulus of Ni-YSZ as a function of temperature.

measured values and so by extrapolation of the curve, the value
of Young’s modulus at room temperature is estimated to 85 GPa
for Ni-YSZ. In the literature, Radovic and Lara-Curzio!© report
a value around 55 GPa for a cermet with 40% of porosity and
containing 63% wt of NiO before reduction, which seems in
accordance with our results since our sample presents a lower
porosity (30%) and a lower content of NiO (50%).

Despite the fact that the experiment versus temperature was
conduced under a static argon atmosphere, the sample Ni-
YSZ was oxidized into NiO-YSZ. The sample was grey before
measurement and green after, a color characteristic of nickel
oxide NiO. This oxidation could explain the sudden increase of
Young’s modulus around 500 °C.

4. Conclusions

Young’s modulus measurements were performed versus tem-
perature on some well-known SOFC materials: YSZ, LSM and
Ni-YSZ.

Rather complex behaviors were observed. For YSZ, the
Young’s modulus presents a linear decrease, but with a suddenly
stronger slope beginning at 150 °C. This phenomenon is proba-
bly due to atomic motion. Then, at 600 °C, the elastic modulus
increases, certainly due to an order—disorder transition.

For LSM, two different behaviors can be distinguished
depending on the kind of porosity of the sample: the samples
with partially or totally opened porosity present a quite constant
elastic modulus while the ones with fully closed porosity present
an increasing modulus versus temperature.

Concerning the cermet, we were able to get a value of the
modulus estimated at room temperature using the curve of
Young’s modulus as a function of temperature. Unfortunately,
the sample was oxidized during this measurement despite the
static argon atmosphere. A new measurement should be done
under a flux of argon to avoid this oxidation.
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