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Abstract

Oxyapatites are very promising materials in terms of ionic conductivity. They can be considered as a potential electrolyte for fuel cells as SOFC.
The influence of porosity on the electrical properties of Lag 33(Si04)s0, oxyapatite is reported here. Hot pressed pellets with various densification
ratios have been characterized by the complex impedance method. The high frequency response associated with the bulk contribution is much more
affected by the porosity than the grain boundaries contribution: as a consequence, the electrical behaviour of the samples has been considered in
assimilating the porous ceramics to composite materials made of apatite with various amounts of air inclusions. Thus, the porosity dependence of
conductivity, activation energy and permittivity are reported here. A percolation threshold has been highlighted for porosity values greater than

30%, involving great lowering of the electrical performances.
© 2007 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The use of SOFC at intermediate temperatures (from 600 to
800 °C) is mainly limited by the electrolyte properties. One of the
most used electrolytes is yttria-stabilized zirconia YSZ [1-4],
which is well-known as an excellent oxygen conducting
electrolyte at temperatures beyond 1000 °C. Apatites seem to
be very promising to be used as oxide ions conductors at
intermediate temperatures (700-800 °C). Indeed, the presence of
large conduction channels containing oxide ions O~ may
suggest that materials with the apatite structure should be
appropriated for such an application. A wide variety of materials
crystallize in the hexagonal apatite structure (mineral formula
Me9(XO4)sY2, space group P63/m). Me represents a divalent
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cation, XQO, a trivalent anion and Y a monovalent anion. Me?*
cations are located in two different sites: 4Me; are at the centre of
narrow tunnels (4f), 6Mey; around large tunnels (6h) the centers
of which are occupied by Y anions located on the hexad axis
(2a). The coordination number of Me; site is nine, whereas for
Mey,, it is only seven [5]. A lot of substitutions can be observed in
the apatite structure. As a consequence, many apatites are well-
known as one-dimensional anionic conductors. Rare earth
silicated oxyapatites as Lag 33[Jo 67(S104)6O, seem to be very
attractive in terms of oxide ions conductivity: oxide ions are
located on the hexad axis at the centre of the large tunnels, which
through they can circulate [6-9].

Many authors have already reported the good electrical
performances of oxyapatites: the stoichiometry of these
materials is pretty easy to control, and their conductivity can
be significantly improved this way: many previous works have
reported detailed studies about the electrical properties of
substituted oxyapatites [10-22]. This paper deals with the study
of the influence of porosity on the electrical properties of
Lag 35(Si04)60,. Rare earth silicate oxyapatites are generally
prepared by solid-state synthesis. The low specific areas of
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those powders lead to limited densification ratios, even when
the sintering is performed at high temperatures (>1400 °C). We
have previously reported that the porosity tends to lower the
global electrical performances of this material [23]: as a
consequence, it might be interesting to determine how much
electrical properties are affected by the porosity. Other studies
report such results for other ionic conductors as YSZ [24-31]
BIMEVOX [32,33], ceria [34,35], LAMOX [36]. The same
kind of work is proposed here for oxyapatite. Lag 33(Si04)sO>
powder has been prepared by solid state reaction synthesis.
Densification of the powder by hot pressing gave several pellets
with very close microstructural topology (average grain size,
grain size repartition) and various densification ratios. The
porosity dependence of some electrical properties (activation
energy, conductivity, dielectric permittivity) has been observed
in taking this assumption into account. Some theoretical laws
relevant to composite materials were also considered in order to
explain the electrical behavior of sintered oxyapatite.

2. Materials and methods
2.1. Powder synthesis

Powders of La,O5; (Aldrich, 99.9%), SiO, (Prolabo, 99%),
were used as starting materials. Weight loss of hygroscopic
lanthanum oxide was determined by thermogravimetry before
weighing, using the TA INSTRUMENTS SDT 2960. Appro-
priate amounts were mixed in ethanol and ground in a ball-mill
(30 min, 180 rpm). The dried powder was then heated up to
1450 °C for 3 h, twice. An intermediate grinding was included
between the two thermal treatments in order to improve the
reactivity and the homogeneity of the powder. Attrition has
been performed for 1 h in ethanol at 490 rpm using a UNION
PROCESS 01-Lab Attritor.

2.2. Densification

Hot pressing has been performed using graphite mould and
piston under argon. A displacement sensor giving a parallel
dilatometric analysis was placed on the piston. The pressure
was applied at the beginning of the heating process. The heating
rate was 40 °C/min.

2.3. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded
with Cu Ka radiation in the 26 range 17-120° on a 6/26
diffractometer (Siemens, Model D5000, Germany) (6 = dif-
fraction angle). The crystalline phases were identified from a
comparison of the registered patterns with the international
center for diffraction data (ICDD) powder diffraction files
(PDF).

The specific areas of the powders were measured by
Brunauer, Emmet and Teller (BET) method (8 points, analyzer
Micromeritics ASAP 2010, USA), after degassing under
vacuum at 200 °C. Particle size of the powders was determined
using a CILAS 1064 analyzer.

The relative densities of the sintered samples were obtained
by Archimedes’ method in water. Calculations were
performed by using the Lag 33(Si04)s0, theoretical density
which is equal to 5.319. This result has been confirmed by
helium pycnometry measurement (analyze Micromeritics
ACCUPIC 1330, USA).

Scanning electron microscopy (SEM) was used for
microstructural investigations (Hitachi S2500, Japan). Micro-
structure of the densified samples was revealed after polishing
with SiC paper by a thermal treatment 50 °C below the sintering
temperature. The grain size repartitions were determined using
the software OptiLab"™/Pro-F2.1.6.

Electrical properties have been measured using a SOLAR-
TRON 1260 Impedance/Gain Phase Analyzer. Measurements
have been performed after both sides of the sintered disc were
coated with Ag paste. The measurements have been made in the
frequency range 1 Hz—5 MHz at different temperatures rising
from 400 to 800 °C. Impedance plots have been fitted with the
software Zlive [37].

3. Results and discussion
3.1. Powder synthesis

Results about the solid-state reaction synthesis have
already been reported elsewhere [23]. X-ray diffraction
pattern shows that the powder presents relatively high purity
with a little amount of the lanthanum silicate La,Si,O as a
secondary phase. This impurity has a La/Si ratio that differs
from the desired apatite, so it is supposed that the
stoichiometry of the synthesized apatite phase lightly differs
from L39_33(Si04)602.

Attrition grinding homogenized the particle size of the
powder (Fig. 1): the mean grain size is about 1.5 wm. No grain
larger than 7 wm is detected. SEM micrograph (Fig. 2) confirms
that the powder is not agglomerated. Attrition grinding raised
the specific area from 0.51 £ 0.01 to 2.21 = 0.03m* g~ '.

particles percentage (per passing volume)

grains diameter (um)

Fig. 1. Grain size repartition of synthesized Lag 33(Si04)sO, powder.
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Fig. 2. Scanning electron micrograph of synthesized Lag 33(SiO4)sO, powder.
3.2. Powder densification

Samples have been hot pressed at various temperatures
(from 1350 to 1400 °C) and under various pressures (24—
35 MPa) in order to obtain several densification ratios, varying
from 67 to 93% of the theoretical value.

The scanning electron micrographs of the polished surface
of four pellets (with porosities equal to 12, 22, 30 and 30%) are
presented in Fig. 3. Microstructural characterization has been
achieved after image analyses: all average grain sizes were

Magn Del WD —— 5um
10000x SE 102 -

-

1.0 £ 0.1 wm, with standard deviations of 0.6 = 0.1 um. As a
consequence, all hot pressed samples have very close
microstructures with different densification ratios. Further-
more, porosity seems to be exclusively intergranular.

3.3. Electrical properties

The influence of porosity on the electrical properties of hot
pressed oxyapatite has been studied on seven samples with
porosity equal to 7, 12, 14, 19, 22, 30 and 33%.

3.3.1. Raw results

Impedance plots refinements were made at 500 °C in order
to make accurate comparisons between electrical properties of
all the pellets: indeed, the best refinements were obtained at this
temperature. The electrode—electrolyte contribution in the low
frequency region is too uncertain to accurately refine the plots
at lower temperatures, and the high frequency circle is not
wholly recorded for the highest temperatures.

Fig. 4(a) and (b) shows impedance plots at 500 °C in a
Nyquist format of all the analyzed pellets. The complex
modulus have been determined as follow:

M = Z* jwe,

where M*, Z*, w, & are the complex modulus, the complex
impedance, the angular frequency and the vacuum permittivity

-
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Fig. 3. Scanning electron micrographs of hot pressed pellets of Lag 33(Si04)O, with porosity = 12% (a), 22% (b), 30% (c) and 33% (d).
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Fig. 4. Impedance plots of hot pressed samples of Lag 33(Si04)6O, in Nyquist
format (low porosity samples (a) and high porosity samples (b)).

Table 1

(=8.8542 pF cm ™ "), respectively. The evolutions of the real and
imaginary parts of the modulus with the frequency of all the
samples showed a jump of M’ and a peak of M” in the high
frequency region, which are significant of the bulk electrical
response.

As a consequence, spectra refinements have been performed
attributing the high frequency response to the bulk contribution
and the mid frequency response to the grain boundaries
contribution. Refinements results are given in Table 1.
Resistance and capacity of each contribution are reported after
normalization with geometrical factor of the pellets in order to
make meaningful comparison of the results. Relaxation
frequencies of each contribution are also reported.

The grain boundaries resistance is globally not much
affected by the evolution of porosity, except for the most porous
samples (30 and 33%), whereas the bulk resistance globally
increases with porosity (with a drastic increase for the most
porous sample). The highly resistive discontinuous behavior of
both contributions of the most porous samples may highlight
that the percolation threshold of porosity is reached when it is
greater than 30%. It is surprising to notice that intergranular
porosity mainly affects the bulk contribution as the grain
boundaries contribution remains invariant. Further observations
of SEM micrographs (Fig. 3) reveal that intergranular porosity
is exclusively located at triple points of the microstructure. An
assumption can consist in considering the porosity as air
inclusions in the sintered material, which can be assimilated to
an apatite-air composite material. As a consequence, all
electrical properties deduced from refinement of the high
frequency circle will be considered as ‘““apparent” properties of
the apatite-air composite.

3.3.2. Activation energy
Fig. 5 presents the temperature dependence of bulk
conductivity of all the samples in an Arrhenius format:

( AEa)
0 = 0gexp T

where o, 0y, AE,, k and T are, respectively, the conductivity,
pre-exponential factor, activation energy, Boltzmann constant
and absolute temperature. The increase of the deduced activa-
tion energies with the porosity is presented in Fig. 6. Activation
energy is correlated to a microscopic phenomenon (oxide ions
displacement in the apatite structure), whereas porosity lies at a

Refined parameters of impedance plots at 500 °C of Lag 33(SiO4)6O, pestles with various porosities

Porosity, %P Bulk contributions

Grain boundaries contributions

R (kQ cm) CPE (pFcm ™) o (10°rad s™1) R (kQ cm) CPE (nFem ™) » (10*rad s7")

7 61.4 118 16.01 62.9 1.1 13.50
12 140.1 82 9.85 72.4 0.66 8.52
14 107.6 92 10.34 88.8 1.48 7.10
19 1419 61 5.29 54.1 1.47 5.25
22 222.6 50 7.94 65.1 0.40 5.97
30 316.1 20 6.19 151.4 0.41 5.48
33 1417.8 15 2.00 3435 0.66 3.13

NB: Impedance data are systematically normalized with geometrical factor of the pellets (thickness/surface).
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Fig. 6. Porosity dependence of the activation energy of hot pressed sample of
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Fig. 5. Temperature dependence of the bulk conductivity of hot pressed sample
of Lag 33(S104)60;.

macroscopic scale: it is not obvious to link these two para-
meters in a first time. An eventual explanation consists in a
modification of the threads of current. In a perfectly densified
material, these threads are supposed to be globally parallel to
the electric field. The threads of current may have to go round
the air inclusions in a porous sample, which may require a
higher energy to cross the pellets: the “measured volume” is
not the “real volume” of the material.

3.3.3. Conductivity

Previous studies have already shown that the porosity
dependence of the ionic conductivity of a ceramic material
could be expressed with the Archie’s law [31,33,36,38]:

o = op{vol)"

where o is the apparent conductivity of the porous material, oy
the intrinsic conductivity of the dense material, (vol) the
fraction of material and n a phenomenological parameter.
Fig. 7 shows the evolution of the logarithm of o with the

3.5 T T T T T T

Lag 33(Si04)60.

logarithm of the fraction of apatite at several temperatures.
Experimental data globally follow the Archie’s law with
n=385, 77, 69, 6.1 and 5.6 at 400, 500, 600, 700 and
800 °C, respectively, except the conductivity of the most porous
pellet (33%), which is much lower than expected. This tends to
underline that the percolation threshold of porosity is reached
when it is greater than 30%: the behavior of this sample cannot
be linked to the same law as less porous pellets.

The constant decrease of n with temperature means that the
influence of porosity decreases when the temperature increases.
This result is consistent with the higher values of activation
energy observed for the most porous samples.

The intrinsic conductivity of a dense pellet (op) can be
evaluated after extrapolation to (vol) =1 of Archie’s law for
each temperature: this can lead to draw a theoretical Arrhenius
plot of a non-porous material (Fig. 8). The deduced activation
energy is 0.66 eV. This result can be compared to the porosity
dependence of activation energy in Fig. 6. If this evolution is
linear, an extrapolation to porosity = 0% gives an activation
energy of 0.65 eV for a non-porous material. The correlation
between these two results first suggests that the porosity
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Evolution of conductivity with the apatite proportion of hot pressed sample of Lag 33(Si04)6O, at several temperatures.
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Fig. 8. Calculated temperature dependence of a perfectly densified pellet of
Lag 33(5104)60>.

dependence of activation energy is quite linear in the range
from O to 33%. Furthermore, Archie’s law seems to be a well-
adapted model to describe the porosity dependence of
conductivity below the percolation threshold of porosity.

3.3.4. Permittivity
Dielectric permittivity can be deduced from the refined
values of capacity associated to the bulk response:

S
C =¢ggo—
??0[

where C is the capacity associated to the relaxation frequency
of the bulk response, ¢ the dielectric permittivity of the material,
& the vacuum permittivity (8.8542 pF cm™ ), S the surface of
the pellet and ¢ its thickness. The porosity dependence of
dielectric permittivity is presented in Fig. 9 for several tem-
peratures. Dielectric permittivity tends to decrease regularly
with increasing porosity. Dipolar relaxation is affected by the
presence of porosity in the material: as a consequence it can be
supposed that the measured permittivity ¢ is the apparent
permittivity &,,, of the apatite-air composite. The influence
of porosity does not seem to be affected by the temperature,
unlike in other ionic conductors as YSZ [30] and BIMEVOX
[33].
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Fig. 10. Porosity dependence of dielectric permittivity of hot pressed pellets of
Lag 33(Si04)60, at 500 °C with several theoretical association models.

The apparent dielectric permittivity of the apatite-air
composite can also be estimated by considering several laws
of electrical associations. The dielectric permittivity of dense
oxyapatite can be approximated to &;=15 after linear
extrapolation to porosity = 0% of the graphs in Fig. 9. The
dielectric permittivity of air inclusions is & = 1.

Serial and parallel associations are the two extremes models:
app/ < app < Eserial- They can be expressed as follow [39]:

&s

Eapp,saie = P+ (1 — P)eg; Eapp,// = m

where P is the fraction of porosity in the material (0 < P < 1).
The apparent permittivity of a biphasic material can be

expressed by Wagner’s law, which considers that a continuous

phase (apatite) surrounds isolated inclusions (air = porosity)

[39]:

&— (1=D)(1 —P)(g — &)
&+ D(1 —P)(& — &)

Eapp = &s

where D is a depolarization factor. It is equal to 1/3 for spherical
inclusions.

Lastly, it can be assumed that there are as many parallel
associations as serial associations in the material, which leads
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Fig. 9. Porosity dependence of dielectric permittivity of hot pressed pellets of Lag 33(Si04)cO; at several temperatures.
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to Lichtenecker’s law [39]:

log(eapp) = (1 — P)log(&s)

The porosity dependence of dielectric permittivity at 500 °C
is superposed to the models described above in Fig. 10. These
models make assumptions on the material’s topology. None of
them seems to be perfectly adapted here: experimental points
are closer to the serial association model for the lowest
porosities and then tend to be closer to the parallel association
model. Wagner and Lichtenecker laws might be too simple to
render the real topology of the material. The existence of the
porosity threshold beyond 30% requires a model that takes this
phenomenon into account, as, for instance, the effective
medium theory.

4. Conclusion

Oxide ion conductor Lag 33(Si04)6O; has been prepared by
solid state reaction synthesis at high temperature. Homo-
geneous grain size repartition has been obtained by attrition
grinding of the powder. Densification by hot pressing gave
several pellets with very close microstructural properties and
various porosities rising from 7 to 33%.

The influence of the porosity on the electrical properties of
the sintered samples has been investigated by impedance
measurements. Surprisingly, the high frequency response
(attributed to the bulk contribution) was more affected than
the mid frequency response (attributed to the grain boundaries
contribution) by the intergranular porosity. The exclusive
location of the porosity at the triple points of the microstructure
led us to consider the sintered pellets as composite materials in
assimilating the porosity to air inclusions in the apatite matrix.

The porosity dependence of electrical properties such as
conductivity and dielectric permittivity has been explained by
using classical composite materials association laws. A
constant increase of activation energy with increasing porosity
has also been reported, revealing a potential modification of the
threads of current in the porous material. The existence of a
percolation threshold for porosity values greater than 30% has
been underlined, involving great limitation of the electrical
performances of the material.

Further studies on the microstructural dependence of the
electrical properties of the sintered samples should be
practiced. The existence of a mid frequency contribution
attributed to the grain boundaries contribution is another
parameter increasing the global electrical resistance of the
densified material: elaboration of samples with various grain
size could bring further information on the influence of grain
boundaries on the ionic conductivity process in polycrystalline
oxyapatite.
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