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A B S T R A C T

Lanthanum silicate oxyapatite (LSO) is an encouraging material for its use as an electrolyte in intermediate
temperature solid oxide fuel cells. There is a vacancy in knowledge respecting to LSO's mechanical properties,
and thus they are the scope of research of the present work.

Isostatically pressed bars were sintered at temperatures from 1200 °C to 1500 °C. The dependence of Young's
modulus with porosity was fitted using three different modeling curves, and extrapolated for a fully dense
material. The fitting of these equations give an E0 between 144 GPa and 169 GPa. This is the first time that LSO's
Young's modulus is reported.

Flexural strength,Vickers hardness, fracture toughness (KIC) from microindentation cracks and nanohardness
were also measured. Scanning electron micrography was performed on both a sub-sintered and the most sintered
sample, and the microstructure and fracture mechanism were analyzed.

In general, the mechanical behaviour is similar to other intermediate temperature solid oxide electrolytes.
The fracture mechanism of the most sintered sample makes it well-suited for future SOFC applications.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical energy-conver-
sion devices, which have a long history of research, development and
implementations since their inception in 1853 by Gaugain [1]. Nowa-
days, they are used for providing electric energy in specific situations
that can't get connected to mains electricity distribution grid, such as
military outposts or space vehicles. Although their peripheral use in
present energetic infrastructure, they are promising candidates to re-
place combustion engines in energy conversion tasks, due to having a
better performance as not being limited by Carnot's cycle.

In commercial SOFC systems based on oxygen conduction electro-
lytes, the most widely used ceramic electrolyte is yttria-stabilized zir-
conia (YSZ), favored by its high oxide ion conductivity at high tem-
peratures (800–1000 °C). Nevertheless, there is a trend to switch to
lower operation temperatures, in order to reduce operational costs,
allow a broader set of materials (as seals and stack interconnections) to
be used and overcome the low lifetime of the components caused by the
high operation temperature [2–4],as well as making SOFCs more sui-
table for other uses in which high temperatures can't be tolerated, like

domestic electricity generation and vehicle auxiliary power units [5].
Lanthanum silicate oxyapatite (LSO), with an apatite-like structure and
formula La9.33+x(SiO4)6O2+3×/2 (where 0 < x < 0.66), is an en-
couraging material for replacing YSZ in intermediate temperature
SOFCs (IT-SOFCs), i.e. in the range between 600 °C and 800 °C. Since
Nakayama et al. [6] reported oxygen ion conductivity in rare earth
silicate oxyapatites, it has become the focus of a vast amount of in-
vestigation [7–20]; recently, the possibility to confer proton con-
ductivity to LSO has been investigated [21].

The design of SOFCs and SOFC stacks demands not only the
knowledge of electric properties (e.g. area-specific resistivity, conduc-
tion mechanism) of its constituents, but also their mechanical proper-
ties and behaviour, in order to build devices able to operate for long
terms [5,22]; these materials must possess adequate mechanical prop-
erties such as high hardness, rigidity and fracture toughness in order to
assure a desirable performance of the anode-electrolyte-cathode final
assembly [23]. Nevertheless, lanthanum silicates have been poorly
studied in this aspect: mainly lanthanum silicate glasses [24,25] and
lanthanum silicate oxyapatites doped with germanium [23].

In the present work we address the lack of information regarding the
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mechanical properties of LSO. We investigate Young's modulus, hard-
ness, fracture toughness and flexural strength in relation with the ma-
terial's porosity, which in turn is controlled by the sintering tempera-
ture. Furthermore, we report for the first time lanthanum silicate
oxyapatite's Young's modulus for different porosities, and extrapolate it
for a fully dense material.

2. Materials and methods

2.1. Material

Synthesis of the LSO powder was carried out the same way as in a
previous study [26]. In essence, La(OH)3 and SiO2 powders were mixed
and calcined thrice at 1400 °C for 10 h in air. The synthesis process used
to obtain the ceramic powder is described elsewhere [27].

2.2. Forming

Rectangular cross-section bar samples of approximately 5.6 g, with
dimensions of 50× 7×3mm3 each were uniaxially pressed at 50MPa,
grinded with mortar and uniaxially pressed at 50MPa again, in order to
avoid a preferential orientation that would lead to lamination. Then,
the bars were isostatically pressed at 100MPa for 5min and dried at
110 °C for 24 h.

2.3. Sintering

Bars were sintered at temperatures of 1200, 1300, 1400 and
1500 °C, six bars at each temperature, in an electric furnace with
heating rates of 5 °C/min and a dwell time of 2 h, in an air atmosphere.
Samples sintered at each of these temperatures will be named through
this work M12, M13, M14 and M15, respectively.

2.4. Sample characterizations

Density and porosity of sintered pieces were determined by
Archimedes method, using distilled water.

A multi-technique approach was used to examine LSO mechanical
properties. The impulse excitation method (Grindosonic MK05
“Industrial”) was employed to measure Young's modulus, following Eq.
(1) [28]
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where ρ is the material's density, l is the length of the bar, f is the
fundamental resonant frequency, t is the cross-sectional area of the
beam and T a correction factor given by Spinner and Tefft [29]. Stress-
strain curves from three point flexural tests (INSTRON 5985) were
studied to obtain flexural strength. It is possible to evaluate Young's
modulus from the slope of these stress-strain curves; however, this
method is not recommended, as non-elastic contributions to the de-
flection render it an inaccurate measurement technique, with a lower
precision and repeatability than other techniques [30,31]. Na-
noindentation tests were performed on polished samples (down to 1 µm
diamond paste followed by a 5 h polish in a Buehler Vibramet using a
50 nm alumina suspension) of an M15 sample using a nanoindenter
(Hysitron Triboindenter TI 900) with a Berkovich diamond tip up to a
50 mN load with a loading/unloading rate of 10 mN/s and 2 s dwell at
the maximum load. Reduced Young's modulus and hardness were cal-
culated using the Oliver and Pharr model [32], averaging 25 na-
noindentations. Fig. 1 shows a load vs displacement plot for one of the
nanoindentations. Nanohardness is calculated using the maximum load
(Pmax) and a projected area (Ap = 24.5 hmax

2), while the reduced
Young's modulus is requires dP/dh and Ap. The Young's modulus of the
material can be further calculated following the expression
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where Er is the reduced Young's modulus, Es is the Young's modulus of
the sample, Ei is the Young's modulus of the indenter, νs is the Poisson
ratio of the sample and νi is the Poisson ratio of the indenter. For the
diamond Berkovich indenter used, Ei and νi have values of 1140 GPa
and 0.07 [33], respectively, while a value of 0.3 was used for νi.

Hardness of LSO samples was also measured by a Vickers hardness
tester (Buehler Indentamet 1100) on surfaces polished down to 1 µm
diamond paste. The load used was 0.3 kgf and the load time was 15 s.
KIC was calculated, when possible, via the Pamlqvist method, using the
formula proposed by Lankford [34], shown in Eq. (3), which fits well
for both Palmqvist and median cracks.
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The microstructures of samples and cracks developed from micro-
indentation were studied by scanning electron microscopy (FEI
Quanta200) on fracture surfaces and polished surfaces.

3. Results and discussion

3.1. Porosity and microstructural characterization of sintered samples

Bulk density and open porosity of sintered samples are shown in
Fig. 2. While it is commonplace to plot relative density, bulk density is
shown because it is not possible to differentiate between LSO phases
from an XRD pattern, as we have previously discussed [26]. However,
taking into account that the density of La9.33(SiO4)6O2 is 5.32 g/cm3

according to PDF 00-049-0443 and the density of La10(SiO4)6O3 is
5.61 g/cm3 according to PDF 00-053-0291, we can limit the relative
density of the most dense material, M15, to a range between 94% and
99% of theoretical density.

It can also be seen that porosity, whose calculation is independent of
the composition of the material, reaches a value of 8% at a sintering
temperature of 1400 °C and of 0.25% at 1500 °C, corroborating that
densification has occurred to a high degree.

3.2. Young's modulus and flexural strength

Fig. 3 shows Young's modulus measured by the impulse excitation
technique (EIET) related to the porosity of the samples. For EIET calcu-
lation, Poisson's modulus was assumed to be 0.3; Morales et al. affirm
that a rough estimate of Poisson's modulus produces a minimal un-
certainty [35]. Fitting was done using functions suggested by Pabst
et al. [36], namely the exponential, power law and empirical average

Fig. 1. nanoindenter load as a function of tip displacement.
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functions, Eqs. (4), (5) and (6), respectively.
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where E is Young's modulus, E0 is Young's modulus of the solid phase
(i.e., a fully dense material's Young's modulus) and Φ is the porosity
(volume fraction of pores). The least squares fitting of these equations
give an E0 of 144 GPa, 169 GPa and 151 GPa for the exponential, power
law and empirical average functions, respectively. To the authors'
knowledge, this is the first time this data is reported.

For these equations to give an adequate fitting, a negative para-
meter b was added to each one, which would cause the model to predict
negative values of Young's modulus at higher porosities. As such, the
fittings here presented should only be considered valid for a range of
porosities between 0% and 40%. If high porosity LSO materials ever
become of technological interest, new mechanical tests should be per-
formed in order to investigate their behaviour.

The Young's modulus measured by nanoindentation (ENI) of an M15
sample is 81.7 GPa. It can be seen that ENI is lower than EIET, contrary to

the expected behaviour. Generally, nanoindentation analysis gives
higher values, as the smaller imprints may fall entirely on a grain and
thus giving local, fully dense material measurements [37].

Fig. 4 shows flexural strength related to the porosity of the samples.
It can be seen that for increasing pore volume fraction, flexural strength
decreases; this trend is expectable for ceramic materials where porosity
is due to partial sintering. For near zero porosity, although there is a
greater dispersion of data between samples, it can be seen that flexural
strength reaches a mean value of 108MPa. This could be explained by a
different fracture behaviour for almost fully dense ceramics than for
sub-sintered ceramics.

3.3. Hardness and fracture toughness

Fig. 5 shows Vickers hardness, HV, related to the porosity of the
samples. Only three points are shown, as M12 samples were too porous
to distinguish the indentation mark using the Buehler Indentamet. It
can be seen that as porosity decreases due to the sinterization process,
hardness increases. By extrapolation it can be calculated that full dense
ceramic would have a Vickers hardness around 6 GPa, assuming similar
microstructure features, such as grain size.

Fracture toughness, KIC, was calculated from crack lengths devel-
oped from the vertices of indentation marks of M14 and M15 samples,
as M13 samples were too porous to distinguish the cracks' path. The
type of crack can be determined via the c/a ratio, where c is the crack

Fig. 2. bulk density and open porosity of sintered samples as a function of
sintering temperature. Closed marks represent density and open marks re-
present porosity.

Fig. 3. Young's modulus, measured by impulse excitement technique, as a
function of pore volume fraction.

Fig. 4. flexural strength as a function of pore volume fraction.

Fig. 5. Vickers hardness as a function of pore volume fraction.
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length and a is the indentation diagonal. c/a values lower than 2.5
correspond to Palmqvist cracks, while c/a values bigger than 2.5 in-
dicate the presence of a median crack. c/a ratios for samples sintered at
1400 °C and 1500 °C is 2.22 and 2.81, respectively. KIC is calculated
using Lankford's equation [34], which has demonstrated great agree-
ment for fitting both Palmqvist cracks and median cracks. KIC of the
M14 and M15 sintered samples are 1.36 and 1.18MPam1/2, respec-
tively. These values difference is expected due to the difference in the c/

a ratio, as Eq. (4) decreases more rapidly with an increase in c/a ratio
than it increases with an increase of E or H.

Fig. 6.a and d show SEM micrographs of the Vickers indentation of
an M13 and M15 sample, respectively. It can be seen that at a sintering
temperature of 1500 °C, open porosity is minimal, while at 1300 °C
sintering has just begun, similarly as shown by Yang et al. [38]. In M15
samples, both indentations and cracks are easily seen, while in 1300 °C
only indentations can be seen clearly: cracks hide between the greater

Fig. 6. SEM micrographs of an M13 sample (a, b and c) and an M15 sample (d, e and f), showing the microstructure of those materials and microhardness
indentations.

Fig. 7. SEM micrographs at the fracture surface of an M13 sample (a and b) and an M15 sample (c and d).
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amount of pores. This is pronouncedly more noticeable in optical mi-
croscopy, as used in microhardness testing (Buehler Indentamet 1100);
as explained before, this condition made crack lengths unmeasurable
for M13.

Fig. 6.b and c show indentations and cracks evolving from their tips
in the M13 sample. Fig. 6.b shows a crack developed in the M13 sample,
which exhibits mainly an intergranular fracture behaviour, although
some intragranular paths can be seen. Fig. 6.c shows the start of a crack
at the tip of an indentation, where it can be clearly seen that inter-
granular fracture is the dominant path.

Fig. 6.e and f show indentations and cracks evolving from their tips
in the M15 sample. Fig. 6.e shows a crack developed in the M15 sample,
which exhibits a low tortuosity, indicating a primarily intragranular
fracture behaviour. Fig. 6.f shows another crack developed in the M15
sample, where it can be seen that it doesn't stop at the pore. Moreover,
none of the cracks finished at a pore, which indicates that pores don't
have a stress releasing function.

Nanohardness (HNI) of the M15 sample was of 11.79 GPa. This value
is approximately two times larger than Vickers hardness for M15
sample, which is expectable due to the nature of both techniques: na-
noindentation doesn't take into account grain boundaries or pores, and
so is akin to a fully dense material.

3.4. Fractography

Fig. 7.a and b show SEM micrographs of the microstructure at the
fracture surface of an M13 sample, while Fig. 7.c and d show SEM
micrographs of the microstructure at the fracture border of an M15
sample. It can be seen that M13 microstructure has just started to from
necks between grains, and that it seems that grains themselves haven't
experienced a fracture process, i.e. that fracture is predominantly in-
tergranular. M15 microstructure, in contrast, clearly presents a more
dense microstructure, with only some closed pores visible and more
indistinguishable grains. Grooves can be seen on the surface of grains,
indicating that during fracture grains suffer from cleavage, supporting
our hypothesis that the fracture mechanism is intragranular. This in-
dicates that the grain boundaries of the samples were relatively
stronger and more resistant than the grains. The fracture mechanism of
the dense ceramic makes it well-suited for future SOFC applications:

only under a threshold stress will the electrolyte fail catastrophically,
and threshing is unexpected.

3.5. Comparison of mechanical properties between LSO and other solid
oxide electrolytes

Table 1 shows mechanical properties of other SOFC electrolytes
from literature. YSZ is shown due to it being currently used in com-
mercial SOFCs. Gadolinia doped ceria (GDC) and lanthanum germanate
silicate oxyapatite (LGSO) were chosen because both are good elec-
trolytes at intermediate temperatures. In addition, LGSO is an oxya-
patite similar to LSO.

It can be seen that LSO's Young's modulus is comparable to that of
LGSO, but lower than that of YSZ and GDC. Most reported flexural
strengths are not comparable, as only Guazzato et al. [39] uses a three-
point bending as testing method; it can only be said that LSO has a
lower flexural strength than that of YSZ. Regarding both Vickers
hardness and nanohardness, dense LSO ceramic performs similarly to
LGSO and GDC, but again YSZ shows the highest value of all considered
electrolytes. The use of different equations in literature for the calcu-
lation of KIC invalidates a quantitative comparison, but it can be seen
that LSO behaves similarly to GDC and YSZ.

4. Conclusions

Lanthanum silicate oxyapatite (LSO, La9.33+x(SiO4)6O2+3×/2;
0 < x < 0.66), is one of encouraging materials for replacing YSZ in
intermediate temperature SOFCs (IT-SOFCs). The lack of information
regarding the mechanical properties of this material encourage to
present a study of Young's modulus, hardness, fracture toughness and
flexural strength in relation with the material's porosity. Although the
present work investigates LSO mechanical behaviour for the first time,
further research is needed to study this electrolyte's performance at
working conditions, namely intermediate temperatures.

The least squares fitting of three equations of Young's modulus
modeling curves give an E0 of 144 GPa, 169 GPa and 151 GPa for the
exponential, power law and empirical average functions, respectively.
This is the first time that Young's modulus is reported for LSO.

The flexural strength measurements present a mean value for the

Table 1
summary of mechanical properties of other SOFC electrolytes (GDC, LGSO and YSZ).

Material Reference ER (GPa)a ENI (GPa) Flexural strength (MPa) HV (GPa) KIC ( MPa m1/2) HNI (GPa)

GDC Kushi et al. [40,41] 177–189
Morales et al. [35] 186–239b 10.5–16.9k

Reddy et al. [42] 150–175d

Trunec [43] 144e

Fu et al. [44] 6.05f

Sato et al. [45] 1.05–1.35i

LGSO Alves et al. [46] 100–111 5.81–6.49f 0.97–1.20f,i

Santos et al. [23] 121 2.9–5.8f 3.5–3.9f,j 7.3–9.8
YSZ Morales et al. [35] 223–260b,c 14.2–19.7k

Trunec [43] 216e

Guazzato et al. [39] 680–840
Menvie Bekale et al. [47] 15.8 g 1.65g,h

a Resonance techniques, comparable to the impulse excitation method [18].
b For maximum loads between 5 and 500 mN.
c Different concentration of gadolinia dopant.
d Three point bending of discs.
e Four point bending of bars.
f Load of 9.8 N.
g Load of 0.5 N.
h Using Anstis equation.
i Using JIS R 1607 equation.
j Using Palmqvist equation.
k For maximum loads between 5 and 500 mN.
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most dense samples (sintered at 1500 °C) of around 108MPa. The full
dense ceramic is expected to have a Vickers hardness around 6 GPa.
Nanohardness for the most dense samples is of 11.79 GPa. SEM mi-
crographs show that for sub-sintered materials fracture occurs via an
intergranular mechanism, while for nearly full dense materials fracture
behaviour is intragranular.
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