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a b s t r a c t

This paper presents the sintering behaviour of a La0.9Sr0.1Ga0.8Mg0.2O2.85 coral-like microstructure pow-
der. This is prepared by a successive freeze-drying and self-ignition process followed by calcination at
1200 ◦C during 1 h. This synthesis method gives great uniformity of the powder and allows shaping into
compacts without requiring a grinding step. The grain size distribution (between 0.5 and 4 �m) favours
a good sintering behaviour: open porosity disappear at 1400 ◦C and relative densities over 99% can be
achieved after 6 h at 1450 ◦C. The same powder can also be sintered into a thin disc of ∼100 �m thickness.
The characterization of the dense material by impedance spectroscopy shows that the activation energies
below and above 600 ◦C are 1.0 eV and 0.7 eV, respectively. The conductivity at 800 ◦C is ∼0.11 S cm−1.

◦ ◦

ielectric response
rain boundaries

onic conduction
icrostructure

Special attention is devoted to the temperature range between 200 C and 400 C, where the intragrain
and intergrain contributions can be distinguished. The analysis of the parameters describing the intra-
grain constant phase element in the equivalent circuit suggests that, above 325 ◦C, the system evolves
from a distribution of relaxation time to only one relaxation time. The analysis of the data by the com-
plexes permittivity show that ionic oxide conduction mechanism would occur in two steps. In the first,

d be
an oxygen vacancy woul
place in the material.

. Introduction

Because of their good ionic conductivity in the intermediate
emperature range (500–800 ◦C), substituted lanthanum gallate
ompounds such as La0.9Sr0.1Ga0.8Mg0.2O2.85 (abbreviated LSGM12
n the follow) are potential candidates to replace yttrium stabilized
irconia (YSZ) as electrolyte in solid oxide fuel cells [1,2]. How-
ver, in addition to having good electric properties, the solid-state
lectrolyte must have a very low closed porosity and no open poros-
ty also in order to limit the resistance constraints or decrease the
fficiency of the cell. This state depends essentially on the grain
ize distribution of the starting powder during the manufacturing
rocess. Indeed, too small granulometry tends to promote grain
rowth and coarsening to the detriment of densification, whereas
arge granulometry results in big porosity and excessive sintering
ime. In addition, defects trapped in the green body (voids) usu-

lly persist in the sintered material [3,4]. Many authors have tried
o optimize the synthesis conditions of LSGM12 powders in order
o achieve low porosity in the final material. However, whatever
he synthesis method (solid-state reaction [5–8], Pechini method

∗ Corresponding author. Tel.: +32 4 366 3532; fax: +32 4 366 3413.
E-mail address: karl.traina@ulg.ac.be (K. Traina).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.117
released and, in the second, the migration of the ionic oxide would take

© 2010 Elsevier B.V. All rights reserved.

[9–11], acrylamide polymerisation [12] or glycine nitrate combus-
tion [13,14]), the powders need to be ground before shaping and
only a few papers report the grain size distribution [15–21] after
this step.

In a previous paper [22], we reported the synthesis and the
detailed microstructural characterizations of powder with coral-
like microstructure prepared by a successive freeze-drying and
self-ignition process. When that powder is lightly pressed (25 MPa)
into a compact (without any prior grinding step), the coral-like
microstructure collapses and results in a very narrow particle size
distribution in the 0.5–4 �m range. The objective of the present
paper is to study the densification behaviour of that powder. Since
very high relative density (up to 99.3%, amongst the best results
in literature [6,23–26]) can be obtained, we also characterize the
electrical properties by impedance spectroscopy. It is well known
[27] that excessive residual porosity may lead to interpretation
problems, especially concerning the intermediate frequency arcs
generally attributed to grain boundary effects: a high relative den-
sity helps to minimize the artefacts caused by microstructural

defects.

2. Materials and methods

LSGM12 powder was prepared by a method combining freeze-drying and
self-ignition of an aqueous solution containing metallic nitrates and hydroxypropy-

dx.doi.org/10.1016/j.jallcom.2010.10.117
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:karl.traina@ulg.ac.be
dx.doi.org/10.1016/j.jallcom.2010.10.117
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Fig. 1. Electron micrograph of the LSGM12 powder obtained after self-ignition and
calcination at 1200 ◦C during 1 h.

percentage is 25.8%. Fig. 3b shows the open and closed porosities
measured by Archimedes method at experimental conditions cor-
responding to the points marked by circles on the shrinkage curve.
Below 1400 ◦C, the open porosity decreases with increasing tem-
494 K. Traina et al. / Journal of Alloys

methyl cellulose [22]. To obtain a powder with good sinterability properties,
SGM12 powder was prepared in two steps in this study. In the first, the intermedi-
te powder obtained after the self-ignition is calcined at 560 ◦C during 6 h to remove
he residual carbon. In the second, the as-powders are thermally treated at 1200 ◦C
uring 1 h to obtain the perovskite structure. For all thermal treatments, the heat rate

s 5 ◦C/min. Powders are furnace cooled to room temperature. Then, the powder cal-
ined at 1200 ◦C was submitted to 25 MPa uniaxial pressure to shape a disc (0.5 mm
n thickness and 5 mm in diameter) before dispersion into water by sonication for
0 s (Transsonic TS 540 Elma, 35 kHz–77 W). The grain size distribution measure-
ent was performed with a Malvern – Mastersizer 2000 – Hydro 2000S apparatus.

canning electron microscopy (Philips ESEM XL30 FEG) was used to observe the
orphology and particle size of powders and fractured surfaces. All powders were

haracterized by X-ray diffraction (Siemens D5000 powder diffractometer, CuK� –
ot shown here).

For the densification study, green compacts were shaped into ∼5 mm diam-
ter cylinders by uniaxial pressing (50 MPa) before compressing isostatically at
20 MPa. For all green samples, compactness estimated from mass and geomet-
ical dimensions (diameter and height of cylinders) is close to 56%. Linear shrinkage
as measured in an Adamel D124 dilatometer: a green cylinder was heated under

ir until 1450 ◦C during 2 h. The heating and cooling rates are both 5 ◦C/min. In order
o characterize the microstructure evolution during the densification process, some
ylinders were sintered at 1100 ◦C, 1200 ◦C, 1300 ◦C, 1400 ◦C and 1450 ◦C. The den-
ity of the sintered cylinders was measured by Archimedes method in 2-butanol
sing a Mettler Toledo kit. From these data, the open and closed porosity were
alculated.

In order to express the relative value of the cohesion forces between the
intered grains, microhardness Vickers measurements (Instron Wilson – Wolpert
ukon® 2100B) were conducted: the imprints on the cylinders surface were mea-
ured after applying 1 kg during 10 s. Surfaces were not post-processed (polishing,
etallization. . .). Brown and black cylinders were then fractured and observed by

canning electron microscopy (Philips ESEM XL30 FEG). To reveal the grain bound-
ries, a last cylinder sintered at 1450 ◦C during 6 h was polished by SiC paper (220
o 4000 mesh) and thermally etched at 1350 ◦C during 1 h.

A very thin disc was prepared in order to demonstrate the ability to prepare thin
lms such as used for the manufacture of electrolyte-supported SOFC [28]. 50 mg
f the LSGM12 powder were placed in a mould of 13 mm in diameter. In order
o minimize adhesion to the mould, a few millilitres of petroleum ether (60–40)
ere added. Uniaxial compression (7 MPa) expelled the liquid and the green disc
as shaped. The disc was then transferred on a rigid platinum sheet and sintered at

450 ◦C during 1 h with 5 ◦C/min heating and cooling rate. The disc was characterized
y scanning electron microscopy (Philips ESEM XL30 FEG). Its density after thermal
reatment was measured by Archimedes method in 2-butanol by a Berman balance
29].

To characterize the electrical properties, a green disc of ∼13 mm in diameter
as prepared in the same pressure conditions as cylinders. The disc was heated

t 5 ◦C/min to 1450 ◦C and sintered in air during 6 h. The black disc was then fur-
ace cooled to room temperature. The final diameter and thickness were 9.97 and
.86 ± 0.01 mm, respectively. The density was measured by Archimedes method.
he planar opposite surfaces of the disc were painted with SPI® Supplies Pt paste and
red at 1000 ◦C before cooling at room temperature. The cell was positioned inside
tubular furnace. Impedance diagrams were obtained with a computer-controlled
olartron 1260 impedance analyzer with a 500 mV amplitude signal over the fre-
uency range 4 × 10−3 Hz–12 MHz under 400 ◦C and between 0.01 Hz and 12 MHz
t higher temperature.

. Results and discussion

.1. Densification

A micrograph of the LSGM12 powder used as starting material
or the densification study is shown in Fig. 1. Particles are con-
ected in a coral-like microstructure. Fig. 2a shows the micrograph
f a green fractured disc compacted at light pressure (25 MPa) with
his powder. The resulted individual grains seem rather uniform
nd monodisperse. Fig. 2b shows the volume (grey histogram) and
umerical (white histogram) grain size distribution obtained after
he dispersion of the compacted disc in water by an ultrasonic
robe. The descriptors of these distributions are shown in Table 1.
e can see that the width of these distributions is narrow (span is
lose to the unity) and their ranges are very close. These data con-
rm clearly the monodisperse behaviour of the collapsed powder.
herefore, this started LSGM12 powder can be shaped into discs
ithout needing a grinding step and avoids all potential sources of

ontaminant.
Fig. 2. (a) Electron micrograph of green disc fractured after shape forming. (b)
Volume (grey histogram) and numerical (white histogram) grain size distributions
obtained after dispersion of the green disc in water by an ultrasonic probe.

Fig. 3a displays the shrinkage curve obtained when heating a
green cylinder up to 1450 ◦C in air. Shrinkage starts at ∼840 ◦C and
progresses up to the maximum temperature. The densification is
further improved by a 2 h dwell at 1450 ◦C. The final shrinkage
Fig. 3. (a) Shrinkage curve of a green cylinder heated to 1450 ◦C. (b) Open and closed
porosity of cylinders sintered with experimental conditions corresponding to the
points marked by circles in the shrinkage curve.



K. Traina et al. / Journal of Alloys and Compounds 509 (2011) 1493–1500 1495

Table 1
Volume and numerical grain size distribution descriptors for the LSGM12 starting material calcined at 1200 ◦C during 1 h.
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d0.1 (�m) d0.5 (�m)

Volume grain size distribution 0.61 1.14
Number grain size distribution 0.40 0.60

erature while the closed porosity remains close to zero. At 1400 ◦C,
he open porosity becomes zero and the closed porosity increases
ndicating the closure of the external surface of the cylinder and
he trapping of the previous open porosity. At higher temperature,
art of closed porosity is eliminated. The residual porosity after 2 h
intering at 1450 ◦C is 1.3%. Increasing the duration of the sinter-
ng to 6 h does not lead to a detectable change of the porosity (not
hown here).

To illustrate the densification process, Fig. 4a–c shows electron
icrographs of fractured cylinders sintered at 1200 ◦C, 1300 ◦C and

400 ◦C. Besides, microhardness Vickers measurements (Fig. 4d)
ere conducted in order to express the relative value of the inter-

ranular cohesion forces. Note that only hardnesses of the cylinders
intered between 1200 ◦C and 1400 ◦C could be measured. Below
his temperature range, the cylinders are still too friable and above,
he cylinders become too hard: the imprints show ductile transition
nd hardness values become erroneous. So, these results indicate
hat the coalescence begins around 1200 ◦C (Fig. 4a). Below this
emperature, the shrinkage probably corresponds to a reorganisa-
ion of the material. From 1200 ◦C to 1400 ◦C (Fig. 4b and c), the
ranular cohesion increases. At higher temperature, the material is
ense and the cohesion is stronger.

Final microstructure of the black cylinder sintered at 1450 ◦C
uring 6 h is shown in Fig. 5a. Fig. 5a shows the electron micro-
raph of the fractured cylinder and Fig. 5b shows the electron
ackscattered micrograph of the black cylinder polished and ther-
ally etched. Both show that the pores seem to be homogenously

istributed and are mainly localised at the grain corners [4] (see
ig. 5b). The size of the grains ranges between 1 and 10 �m and no
bnormal distribution is observed. Scanning electron microscopy
oes not reveal any secondary phase. This confirms our previous
RD results [22] that showed that the small amount of LaSrGaO4

mpurity in the powder calcined at 1200 ◦C disappears upon ther-
al treatment at higher temperature.
Fig. 6 shows micrographs of a thin disc obtained by the pro-

edure described as before (see Section 2). The disc thickness is
07 �m. The pore distribution appears rather homogeneous (see
ig. 6a). The pore size is slightly bigger than for the isostatically
ressed cylinders. The disc surface (Fig. 6b) shows grain size ranging
etween 1 and 5 �m and some pinholes localised at grain bound-
ries and grain corners. In addition, the density measurement (by
he Archimedes method using a Berman balance) confirms that the
isc does not have open porosity. The relative density is 98 ± 2%.
lthough our equipment is not optimized to press very thin pel-

ets, these observations show that it is possible to obtain a thin disc
ree from open porosity.

These results are encouraging and show that LSGM12 powders
repared by the method combining freeze-drying and self-ignition
an be used to obtain dense electrolyte material without any
rinding step which may introduce some contaminants. The densi-
cation study shows that the LSGM12 powder calcined at 1200 ◦C
uring 1 h displays very good sinterability properties and should
e suitable to prepare thin discs or films [20,21,26] for the manu-
acture of electrolyte-supported SOFC [28].
.2. Electrochemical characterization

Usually, the electrical properties of solid ionic conductor mate-
ial is temperature depending. These properties may be studied
d0.9 (�m) Mode (�m) Span, (d0.9 − d0.1)/d0.5

2.08 1.16 1.29
1.07 0.54 1.12

by Electrochemical Impedance Spectroscopy (EIS) [30–38]. How-
ever, the frequency and resistive limits of the instrumentation do
not make it possible to detect and deconvoluate in once all the
electrochemical processes present. So, at room temperature, the
resistance of an oxide ion electrolyte material is large (>1 M�) and
this one behaves like a dielectric. In the intermediate temperatures
range (200–400 ◦C), the contributions intragrains and intergrains
may be observed in their entirety but not those relating to the
electrodes. These lasts may be analysed at higher temperatures
(>400 ◦C) [30,39,40].

Therefore, the electrical properties characterization was per-
formed on a disc sintered at 1450 ◦C during 6 h. The final diameter
and thickness are 9.97 mm and 2.86 mm, respectively. The relative
density is 99.3%. Fig. 7 shows the impedance diagrams recorded at
237 ◦C, 398 ◦C and 600 ◦C. They are respectively representative of
the behaviours observed in the intermediate temperatures range
and above: between 200 ◦C and 325 ◦C; between 325 ◦C and 400 ◦C
and finally above 400 ◦C. By convention, numbers given above the
experimental points refer to the decade exponent of the frequency.
Fig. 7a shows that simultaneously the high and intermediary fre-
quency arcs corresponding respectively to intragrain and intergrain
behaviours can be observed. Fig. 7b shows that an inductive con-
tribution appears: the high frequency arc becomes distorted and
the diagram does not intercept the origin any more. The contri-
bution of electrode electrochemical processes in the low frequency
range becomes increasingly noticeable when the temperature rises.
Finally, when the temperature becomes higher than 500 ◦C (see
Fig. 7c recorded at 600 ◦C), the capacitive contributions of the mate-
rial disappear and only its total resistivity can be measured (as the
intersection of the diagram with the Z′ axis).

The equivalent circuits used to fit the normalized experimen-
tal data are also shown in Fig. 7: Rg and Rig are respectively the
intragrain and intergrain resistivity; CPEg and CPEig are constant
phase elements describing the capacitive behaviour; A(i)g and ˛(i)g
are parameters which define the impedance of the constant phase
element CPE and L is the inductance observed when the temper-
ature increases. Table 2 presents the fitted parameters associated
to the resistive and capacitive circuit components between 200 ◦C
and 400 ◦C.

The intergrain contribution to the total resistivity is given by
the Rig/Rtot ratio (also known as blocking factor ˛R [41]). In the case
of stabilized zirconia (YSZ), it has been shown that ˛R becomes
zero around 730 ◦C [41]. In the present case (LSGM12), ˛R does not
vary significantly in the temperature range (200–400 ◦C) where the
inductive component permits the distinction between the intra-
grain and intergrain contributions. This was also observed by Iguchi
et al. [42] in their work on La0.8Sr0.2GaO3−ı. As a result, we cannot
assume that the total resistivity is equal to the intragrain resis-
tivity in the high temperature range (>400 ◦C). Consequently, Fig. 8
shows two Arrhenius plots: one with intragrain resistivity data (Rg)
between 200 ◦C and 400 ◦C and the other one with total resistivity
data (Rtot) in the whole temperature range (200–1000 ◦C). Actually,
below 400 ◦C the activation energy Eg associated to the intragrain
conduction mechanism is very close to that associated to the total

resistivity. The activation energy values E1 and E2 below and above
600 ◦C respectively and the conductivity at 800 ◦C are compared
with literature data for the same composition in Table 3. Except
for one paper reporting data in a narrow temperature range [45],
our data confirm the results found by other authors. The higher



1496 K. Traina et al. / Journal of Alloys and Compounds 509 (2011) 1493–1500

Fig. 4. Electron micrographs for cylinders sintered at (a) 1200 ◦C, (b) 1300 ◦C and (c) 1400 ◦C. (d) Corresponding Vickers microhardness values.

Fig. 5. Electron micrographs of the cylinders sintered at 1450 ◦C during 6 h: (a) unpolished fracture (secondary electrons) and (b) polished fracture thermally etched at
1350 ◦C during 1 h (back-scattered electrons).

Fig. 6. Electron micrographs of a thin disc obtained by the procedure described in the Material and methods section: (a) unpolished cross-section and (b) disc surface.
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Table 2
Impedance diagram fit parameters. The subscripts ‘g’ and ‘ig’ correspond to intragrain and intergrain parameters. R stands for resistivity, A and ˛ define the impedance of a
CPE where ZCPE = (1/A)(jω)−˛ . The permittivity C is calculated as (A·R1−˛)1/˛ . Rig/Rtot is the blocking factor ˛R, where Rtot is the total resistivity.

T (◦C) Rg (� m) Ag, ×109

(S m−1 s˛)
˛g Cg, ×1010

(F/m)
Rig (� m) Aig, ×105

(S m−1 s˛)
˛ig Cig, ×106 (F/m) ˛R = Rig/Rtot,

×100 (%)

200 18,900 2.7 0.86 5.8 ± 0.3 5300 0.6 0.65 1.0 ± 0.8 28.0
237 3640 4.0 0.85 5.9 ± 0.2 965 1.2 0.66 1.2 ± 0.6 26.5
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284 610 4.7 0.86 6.0 ± 0.3
328 144 5.5 0.86 6.0 ± 0.3
368 47.1 3.7 0.90 6.6 ± 1.0
398 19.1 1.3 0.98 8.6 ± 0.9

ctivation energy observed at low temperature is likely due to trap-
ing of oxygen vacancies at low temperature. This is a classical
ehaviour for ionic conductors; it is observed for scandia doped zir-
onia [47,48] and for bismuth based oxide ion conductors, namely
IMEVOX compounds, [49–51] too.

Although the analysis of impedance diagrams often focuses only
n the resistive components, it is also interesting to observe the
ependence of the capacitive component as a function of tempera-
ure. The intragrain permittivity (Cg) was calculated by the equation
52]:

g = (Ag · R1−˛g
g )1/˛g (1)

here Cg and Rg are the intragrain permittivity and resistivity,
espectively; Ag and ˛g define the impedance of a CPE where
CPE = (1/A)(jω)−˛. As can be seen in Table 2 for 200 ◦C < T < 400 ◦C,
g does not vary significantly below 325 ◦C but increases at higher
emperature. Since Ag and Rg decrease between 325 ◦C and 400 ◦C, it
an be concluded from Eq. (1) that the increase of Cg results from the
ncrease of the ˛g parameter. The fact that ˛g approaches 1 suggests
hat the circuit component evolves from a CPE behaviour (charac-
erized by a distribution of relaxation times) to a simple capacitor
characterized by only one relaxation time). Such a modification of
quivalent circuit component characteristics is expected to corre-
pond to a variation of some properties of the material as discussed
ereafter.

It is usually considered that all cations in
a0.9Sr0.1Ga0.8Mg0.2O2.85 are statistically distributed on the crys-
allographic sites. However, this is not the case in true samples,
here local minor variations of composition are to be expected.
omputer simulations carried out by Islam and Davies [53] have
redicted that association of oxygen vacancies with magnesium
t nearest-neighbour sites (as trimers Mg’Ga VO

·· Mg’Ga using the
röger-Vink notation [54]) is energetically favoured and that the
tabilization energy depends on the size of the Mg-vacancies
lusters. Therefore, any local inhomogeneity of the magnesium
istribution in the material would correspond to local variations
f the oxygen vacancy transport, resulting in a distribution of
elaxation times. When the temperature increases, the oxygen
acancies are less likely to be trapped by magnesium ions. So,

s the oxide ions O2− is migrating more easily, as the intergrain
esistivity is decreasing. The system appears electrically as more
omogeneous.

In addition, we can see that the ˛g parameter in this study
see in Table 2) is smaller than one’s obtained by Kurumada et al.

able 3
omparison of activation energies and conductivities with literature data for other La0.9S

References E1 (eV) E2 (eV) Ttransition (◦

This work 1.01 0.71 600
[43] 1.12 0.87 600
[44] 1.07 0.98 600
[45] – 1.34 650
[46] 1.13 –
1 2.7 0.64 1.3 ± 0.8 26.5
7.9 5.1 0.63 1.4 ± 0.8 26.3
3.1 7.4 0.63 1.3 ± 0.8 27.8
6 13.0 0.59 1.0 ± 0.4 31.4

[55] for the composition La0.9Sr0.1Ga0.9Mg0.1O2.9 in the tempera-
ture range between 200 ◦C and 380 ◦C: 0.93 ± 0.01. This difference
probably comes from the content of substituted cations, higher for
the La0.9Sr0.1Ga0.8Mg0.2O2.85 composition. This content increases
the number of ways of possible migration and undoubtedly makes
the system electrically less “homogeneous”.

Although Table 2 shows that Cig seems to remain constant in
the temperature range considered, the intergranular capacitive
behaviour may be discussed. Indeed, the parameters analysis shows
that simultaneously Aig parameter increases at 400 ◦C whereas ˛ig
moves away from the unit. These observations seem to reveal that
the “capacitive” weight of the constant phase element tends to be
reduced in favour of the resistive weight (˛ = 1 for a pure capaci-
tance and ˛ = 0 for a pure resistance element). In other words, the
capacitive component intergrains tends to change and would give
place to a more “resistive” behaviour. Kurumada et al. [55] explain
this behaviour change by the dipole moment of the ions located at
the grain boundaries As they are not packed up in a way as dense as
those present in the grains, the dipole moment caused by the ionic
displacement induced by the migration of the anions O2− to the
grain boundaries must be bigger than that induces by the migra-
tions inside the grains. Thus, these bigger dipole moments must
bring more large dielectric losses. Consequently, as LSGM12 sin-
tered disc contains any porosity, heterogeneity characterized by
the decentring angle ˇig only come from the grains boundaries. As
the grain boundaries seem to be free from any secondary phase (cf.
Fig. 5b), this heterogeneity probably finds its source at an atomic
scale packing near the grain boundaries.

As the electrical properties of an ionic conductor depend on
resistive and capacitive contributions, the temperature depen-
dence can also be analysed from the complex permittivity ε. This
variable is related to the impedance by the following equations
[37,56].

Z∗ = Z ′ − jZ ′′ = 1
jωCgε∗ (2)

ε∗ = ε′ − jε′′ (3)
In the case of a dielectric material, the permittivity constant ε is
the potentiality of material to oppose fixed charges to electric field.
Thus, as the stored charges are big; as the permittivity becomes
large.

r0.1Ga0.8Mg0.2O2.85 samples.

C) Temperature range (◦C) Total conductivity
at 800 ◦C (S cm−1)

200 < T < 1000 0.111
– 0.104
– 0.132
650 < T < 800 0.052
300 < T < 850 0.121
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ig. 7. Impedance diagrams recorded at (a) 297 C, (b) 398 C and (c) 600 C. The
umbers on the curves correspond to the decimal logarithm of the frequency
xpressed in Hertz. The crosses correspond to the result fitting of the equivalent
ircuits shown in the figure. The parameter values are presented in Table 2.

Moreover, the capacity of a condenser is expressed by:

g = ε
S

d
(4)

here S is the surface area of the plates and d the distance between
hem. Thus, if the capacitance Cg is compared with the one of a con-
enser where the dielectric material is the vacuum, then, the value
f the relative permittivity of the material εr can be calculated:

Cg

C0
= ε

ε0
= εr (5)

owever, as all dielectrics are not perfect, it is rather appropriated
o give the relative permittivity in the complex plane:
r = ε′
r − jε′′

r (6)

here ε′
r is the real part of the relative permittivity whereas the

maginary part ε′′
r is associated to the electric losses of the system.

enceforth, the losses in material can be calculated from ε′
r and ε′′

r

Fig. 8. Arrhenius plots ln(R/T) vs. 1000/T for intragrain resistivity data (Rg) between
200 ◦C and 400 ◦C and for total resistivity data (Rtot) between 200 ◦C and 1000 ◦C.

by:

tan ı = ε′′
r

ε′
r

(7)

where tan ı is called the loss angle tangent or the dielectric fac-
tor of dissipation. ı is the complementary angle to the phase shift
observed between the tension applied to dielectric and the result-
ing current.

For dielectrics, the energy losses can be explained as follows
[37]:

• at low frequencies, polarization follows the alternated field, its
contribution to the permittivity is then maximum and the losses
do not appear;

• at high frequencies, the field alternates too quickly and the
material has not the time to adapt to this change. There is no com-
ponent to the permittivity and no energy is lost in the medium;

• between these two opposite cases, the polarization is delayed
compared to the electric field and part of energy is dissipated. The
energy loss reaches a maximum value at a resonance frequency
ftan ı given by tan ımax.

In the case of the ionic conductor, activation energies EM and
ED are related to ftan ı and tan ımax according to the next equations
[42,55,57,58]:

ftan ı ∝ exp
(

−EM

RT

)
(8)

and

T · tan ımax ∝ exp
(

− ED

RT

)
(9)
where EM is the migration energy associated with the jump of
an oxide ion O2− between two different stable positions. Ionic
displacement occurs around a saddle point along its diffusion path-
way. ED is the released energy of a vacancy VO

·· attached to a cluster.
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Table 4
Activation energies for dielectric relaxing processes and electric conduction.

EM (eV) ED (eV) EM + ED (eV) Eg (eV)

La0.9Sr0.1Ga0.8Mg0.2O2.85 (this study) 0.96
La0.8Sr0.2GaO2.9 [42] 0.96
La0.9Sr0.1Ga0.1Mg0.1O2.9 [55] 0.94

Fig. 9. (a) Dielectric factor of dissipation tan ı vs. the frequency f in logarithmic scale
and (b) magnification on the high frequencies peak.
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ig. 10. Curves fit of ln ftan ı and ln(T·tan ımax) vs. 1/T for the high frequencies peaks
nd calculated activation energies. EM and ED are the ion oxide migration energy
nd released energy of a vacancy VO

·· attached to a cluster, respectively.

herefore, graphs ln ftan ı and ln(T·tan ımax) vs. 1/T give the corre-
ponding activation energies.

Fig. 9 shows the dielectric factor of dissipation tan ı vs. the fre-
uency f recorded for various temperatures between 200 ◦C and
00 ◦C. A low and a high frequencies dielectric relaxation peaks are
bserved. Contrary to the dielectric relaxation processes occurred
t low frequencies, the high frequencies processes can be observed
nly until 400 ◦C (see Fig. 9b). Moreover, whereas maximum dis-
ipation tan ımax of the low frequencies peak decreases with the
emperature, the dissipation of the high frequencies peak seems to
emain constant. Above this temperature range, no relaxation peak
s observed.

Fig. 10 shows the results and the fitting of ln ftan ı and
n(T·tan ımax) vs. 1/T for the high frequencies peaks. These peaks
orrespond to the intragranular contribution in the impedance
lane. The estimated activations energies EM and ED, their sum and
g are shown in Table 4.

So, around 2%, the activation energy of the electric conduction
g would be equal to the sum of the migration energy EM and the
nergy ED of a mobile oxide ion vacancy O2− [57]. The conduction

echanism in the material would occur in two steps. In the first,
vacancy attached to a cluster would be released and, in the sec-
nd, the migration of the oxide ions O2− would occur. These values
eem to agree with those obtained for other compositions of sub-
0.06 1.02 1.00
0.13 1.09 0.99
0.05 0.99 0.99

stituted lanthanum gallates (see Table 4). Therefore, energy to the
O2− migration would be constant whereas the released energy for
the vacancy would depend on the nature and the concentration of
the substituted cations.

4. Conclusion

We have studied the sintering behaviour of
La0.9Sr0.1Ga0.8Mg0.2O2.85 green cylinders. These were prepared
from a powder with coral-like microstructure obtained by a
successive freeze-drying and self-ignition process followed by a
calcination step at 1200 ◦C during 1 h. It appears that this powder
can be shaped into compacts without requiring a grinding step.
The grain size distribution (between 0.5 and 4 �m) favours a
good sintering behaviour: relative densities over 99% have been
achieved after 6 h at 1450 ◦C. The residual closed pores are mainly
localised at the grain corners. The grain size ranges between 1
and 10 �m and no abnormal distribution is observed. In order to
demonstrate that this powder can be used for the manufacture of
electrolyte-supported SOFC, a 100 �m-thick dense pellet has also
been prepared.

The electrical properties of the dense material have been charac-
terized by impedance spectroscopy. The activation energies below
and above 600 ◦C are 1.01 eV and 0.71 eV, respectively. The con-
ductivity at 800 ◦C is ∼0.11 S cm−1. Between 200 ◦C and 400 ◦C, the
intragrain and intergrain contribution can be distinguished and the
ratio between intergrain resistivity and total resistivity does not
vary significantly with temperature. Besides, the analysis of the
parameters describing the intragrain constant phase element in the
equivalent circuit suggests that, above 325 ◦C, the system evolves
from a distribution of relaxation time to only one relaxation time.
The analysis of the data by the complexes permittivity shows that
the activation energy Eg of the conduction mechanism is equal to
the sum between ionic oxide migration energy EM and the released
energy ED of a vacancy VO

·· attached to a cluster. The ionic oxide
conduction mechanism would occur in two steps. In the first, an
oxygen vacancy would be released and, in the second, the migration
of the ionic oxide would take place in the material.
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