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Abstract

Attrition and ball milling are used as mechanical means to reduce grain size of optimized fast oxide-ion conductors La2−xRxMo2−yWyO9

(R: rare earths). Dilatometry is used to determine the optimal sintering conditions in order to obtain high density samples (greater than 96% of
relative density) with help of scanning electron microscopy to characterize their microstructure. The optimal sintering temperatures are highly
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ependent on the chemical composition, and therefore identical annealing temperatures do not warrant similar relative densitie
mpedance spectroscopy show that above the transition temperature of La2Mo2O9 at 580◦C, the conductivity of all the studied compoun
s lower than that of the parent compound, whereas just below the transition, in most cases the stabilization of the cubic phas
onductivity. An interesting result is that tungsten substitution, which stabilizes La2Mo2O9 against reduction, does not affect significantly
xide ion conduction.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Several possibilities of substitution of lanthanum or
olybdenum by other iso- or aliovalent elements in the
ew fast oxide-ion conductor La2Mo2O9

1 have already been
eported2–9 leading to the so-called LAMOX family. Among
ther applications, this type of materials could be used as solid
lectrolytes in some electrochemical devices such as solid
xide fuel cells (SOFCs). This application requires stringent
roperties to be verified. Among them figure pure fast oxide-

on conduction, thermal and electrochemical stability, and
igh relative density to avoid gas diffusion through the elec-

rolyte membrane.10

Attempts to optimize the composition of the La2−xRx

o2−yWyO9 (R: Nd, Gd, Y) series relative to both con-

∗ Corresponding author. Tel.: +33 2 4383 2643; fax: +33 2 4383 3506.
E-mail address:philippe.lacorre@univ-lemans.fr (P. Lacorre).

ductivity and stability against reduction were partia
successful.6–8 If molybdenum reducibility can be overcom
by tungsten substitution,8 the real effect of chemical subs
tution on conductivity could not be measured because o
competing effects of relative density.7 As a matter of fact,
correlation between the pellets’ density and conductivity
cited us to follow a more careful approach in order to cle
identify and separate both effects. This concern, togethe
the necessity for an easy control and optimization of
electrolyte’s relative density, is at the origin of the curr
study.

Attempts to improve the relative density of LAMO
materials through sintering of small particles powd
have already been carried out successfully using diffe
preparation techniques, such as for instance sol–gel,11 freeze
dried precursors12 or impregnation of porous samples13

In order to avoid the problem of additional resistivity d
to grain boundaries in sol–gel prepared samples, we

955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.09.029
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used attrition and ball milling to reduce the powder grain
size before sintering. In this paper, we present a study on the
optimization of grain size reduction and sintering conditions
through dilatometry, in order to get samples of various
compositions with high relative density. Their conduction
properties will be studied as a function of porosity and
composition.

2. Experimental

2.1. Powder synthesis

All substituted compounds were prepared by conven-
tional solid-state reaction from a mixture of commer-
cial powders of the elementary oxides (La2O3, MoO3,
Nd2O3, Gd2O3, WO3 and Y2O3). Resulting from pre-
vious optimizations of properties as mentioned in the
introduction, several compositions have been prepared:
La2Mo2O9, La1.7Gd0.3Mo2O9, La1.7Gd0.3Mo0.8W1.2O9,
La1.4Nd0.6Mo2O9 and La1.9Y0.1Mo2O9 as previ-
ously described.6–8 Two of them (La2Mo2O9 and
La1.4Nd0.6Mo2O9) have, at room temperature, a slightly
distorted monoclinic symmetry, the others being cubic.7

2.2. Grain size reduction
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whole apparatus. Thus, the pause sequence allows the system
to cool down between two milling sequences.

2.3. Sintering process optimization

For the dilatometric study, pellets were made from attr-
ited powders by uniaxial pre-pressing followed by isostatic
pressing at 350 MPa (diameter 5 mm and thickness∼= 3 mm).
Non-isothermal sintering behavior was investigated by
dilatometric analysis (Linseis L75 dilatometer) with a
heating rate of 5◦C/min up to the maximum temperature, 1 h
holding time at the maximum temperature and 5◦C/min cool-
ing rate in air. The maximum temperature was chosen as a
function of the thermal stability for each compound. Relative
densities of samples were determined from accurate mea-
surements of the sample size and weight, with comparison
to the theoretical density deduced from the crystal structure.

2.4. Structural characterization

The X-ray diffraction data were recorded on two appara-
tuses: a SIEMENS D500, and a BRUKER AXS D8 Bragg-
Brentano diffractometers.

As sintered, polished and thermally etched samples
were observed in a HITACHI 2300 (LE MANS) and on a
JEOL JSM 5300 (LILLE) scanning electron microscope for
m usly
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In order to reduce the mean particle size of the synthe
owders, two grinding processes were used:

Attrition milling using a NETZCH (PE 075) molinex a
paratus with small zirconia balls (2 mm diameter) i
ethanol.
Ball milling using a FRITSCH planetary micromill pu
verisette apparatus equipped with agate jars and agat
into ethanol. Note that ball milling can also be used fo
rect synthesis.14

For attrition milling the conditions were: 35 wt.% of po
er in a suspension of ethanol, 1000 rpm. The morpho
f the attrited powders have been characterized by sca
lectron microscopy (JEOL JSM 5300), first for La2Mo2O9,

n order to determine the optimal milling time. After millin
he powder was dried for several hours into air at 8◦C
nd granulated with a 100�m sieve. This method allows t

reatment of a relatively large quantity of powder each
40–50 g).

For ball milling a smaller powder quantity (typica
–5 g) and six agate balls (around 10 mm diameter) are p

nto each of the two agate jars. The milling (∼700 rpm) is re
lized in ethanol to reduce pollution and excessive he
uring the experiment. Several tests have been carrie

o determine the optimal milling time. Alternation of 15 m
illing sequences with 15 min pause sequences have be
lied whatever the total duration of the experiment. Ind

n spite of the presence of ethanol, milling remains an e
etic process which causes a relatively strong heating o
-

icrostructural characterization. Surfaces were previo
olished with SiC paper, and grain boundaries reveale

hermal etching at 50◦C below the sintering temperature
0 min. The energy dispersive X-ray spectra were reco
n Minipal Philips operating at 30 KeV, with a max pow
f 9 W.

.5. Transport properties

For the electrical characterization, pellets (10 mm
meter and approximately 4 mm thickness) were prep
y uniaxial pre-pressing followed by isostatic pressin
80 MPa and appropriate sintering. The electrical prope
ere studied by impedance spectroscopy using a Sch
erger Solartron SI 1260 frequency response analyzer
.1 V amplitude signal over the 32 MHz–0.1 Hz freque
ange. Ten millimeter diameter pellets were used for m
urements with, as electrodes, platinum deposited on
aces. The measurement’s atmosphere was atmosphe
ry air or dry nitrogen, with no influence on the measu
esistances.

. Results and discussion

.1. Powder particle size reduction and sintering
ehavior

Fig. 1 shows the evolution of the powder’s morpholo
s a function of the attrition milling time, characterized
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Fig. 1. SEM micrographs of La2Mo2O9 powder for different attrition times
(top: before attrition; middle: attrited for 1 h; bottom: attrited for 3 h).

scanning electron microscopy for La2Mo2O9. The top im-
age has been realized on the initial powder. Particle sizes
range between 10 and 50�m, which typically corresponds
to those of manually ground powders, in an agate mor-
tar. The middle image has been taken after 1 h of attrition.
The grain size is dramatically reduced during this first at-
trition hour since it now ranges from 0.2 to 2�m. The bot-
tom image has been taken after 3 h of attrition. There is no
significant reduction in the grain size compared to the pre-
vious image, however, the grain size distribution is much
more homogeneous. The optimal attrition time has thus been
determined to be 3 h. These conditions have been applied
to all the compositions described above.Fig. 2 shows that
the final morphology of the powder is not composition-
dependent. As a matter of fact, for the four substituted com-
pounds, the powders present a mean particle size smaller than
1�m.

Fig. 3 shows the dilatometric curve and its derivative for
La2Mo2O9. The shrinkage starts at approximately 700◦C and
the maximum densification temperature is 850◦C. The sin-
tering process finishes at about 1070◦C with a final shrink-
age of approximately 16%. This material behaves as many
other ceramics: the first essential step is a densification
process by porosity elimination, the second being a grain
growth step. In order to optimize the sintering conditions
for La Mo O powder, two temperature points were selected
f do-

Fig. 2. SEM micrographs of LAMOX powders after attrition for 3 h.

Fig. 3. Linear shrinkage and its derivative as a function of temperature for
a La2Mo2O9 pellet.

main): 1000 and 1050◦C, 1 h holding time being applied at
1000◦C, and 1, 2 and 10 h holding times at 1050◦C. Heat-
ing and cooling rates were 5 K min−1. Table 1shows the
relative densities of ceramic samples for different sintering
temperatures and times. For all samples, the relative densities
are higher than 95%. The samples sintered at 1050◦C reach
the maximum relative density values (around 97%) for all
sintering times. The relative densities inTable 1were deter-
mined by mass and size measurements. These results were
confirmed using He picnometry, a more accurate method.
Indeed, during the sintering process, pellets are often de-
formed and may show leading cracks, which lead to inaccu-
racies of the dimension measurements. Specimens sintered
at 1000◦C/1 h and 1050◦C/2 h reach a relative density value
of 96.8 and 98.0, respectively. These results were corrobo-
rated by SEM micrographs (Fig. 4) obtained for La2Mo2O9

Table 1
Relative densities as a function of sintering temperature in La2Mo2O9

a

Sintering temperature (◦C) Sintering time (h) Relative density (%)a

1000 1 95.7± 0.5
1050 1 97.0± 0.5
1050 2 97.2± 0.4
1050 10 97.3± 0.4

a Theoretical density = 5.576 g cm−3.

2 2 9

rom the shrinkage curves (near the maximal shrinkage
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Fig. 4. SEM micrographs of the surface of La2Mo2O9 sintered pellets, after
a thermal plateau at 1070◦C for 2 h (top) and 10 h (bottom).

pellets sintered at 1050◦C after a 2 h plateau (top), and a 10 h
plateau (bottom). The microstructure of the pellets is fully
dense. An increase of the grain size with increasing sintering
time is noticed, which confirms the nature of the second es-
sential step detected by non-isothermal sintering (Fig. 3). In
both cases, the pictures only show a small quantity of closed
porosity.

On the basis of this study, the sintering conditions were
determined for the four substituted compounds. The influ-
ence of the cation substitution on the densification behavior
of LAMOX materials can be clearly observed inFig. 5. This
figure evidences that the sintering is strongly dependant
on the chemical composition. In the same conditions, the
shrinkage begins around 650◦C for La1.4Nd0.6Mo2O9, and
around 800◦C for La1.7Gd0.3Mo0.8W1.2O9, and is complete
at aroundT= 950 and 1150◦C, respectively. This effect is
not related to the initial particle size, since it is similar for
both compositions (Fig. 2). Lanthanum site substitutions
decrease the sintering temperature, while molybdenum site
substitution increases it. Thus, we have determined the

F llets
i
L

Fig. 6. SEM micrographs of sintered LAMOX pellets La1.9Y0.1Mo2O9 and
La1.7Gd0.3Mo2O9. Refer to the text for the sintering conditions.

sintering temperatures for all the compositions: 1050◦C
for La2Mo2O9, 925◦C for La1.4Nd0.6Mo2O9, 1000◦C
for La1.7Gd0.3Mo2O9 and La1.9Y0.1Mo2O9, and 1150◦C
for La1.7Gd0.3Mo0.8W1.2O9 during 2 h. In all cases, the
reached relative density is around 96%, with a small
quantity of closed porosity, but the average grain size is
slightly different depending on composition (seeFig. 6
for examples of face-unpolished pellets). It varies from 2
to 5�m for La2Mo2O9 and La1.7Gd0.3Mo2O9, and 2 to
10�m for La1.9Y0.1Mo2O9. This small difference indicates
that the grain growing step, in our conditions, begins first
for La1.9Y0.1Mo2O9 and La1.4Nd0.6Mo2O9. Fig. 5 also
evidences the melting of La1.4Nd0.6Mo2O9 at 1030◦C,
while La1.7Gd0.3Mo0.8W1.2O9 is still solid above 1200◦C.
The sintering and melting temperatures are clearly related.

This sintering conditions determination allowed us to pre-
pare dense samples for physical properties characterization.
The large sintering temperature ranges could be an advan-
tage considering thermo-mechanical compatibility with elec-
trode materials. Indeed, the possible co-sintering conditions
between a LAMOX-type electrolyte and an electrode mate-
rial could consequently be very wide and modulated through
chemical composition, especially tungsten content. LAMOX
ceramics are creamy colored and mechanically stable. Only
the La2Mo2O9 parent compound’s pellets sometimes break
while cooling. The phase transition occurring at 580◦C from
t n
a rong
c

ig. 5. Linear shrinkage as a function of temperature of LAMOX pe
ssued from attrited powders: (a) La2Mo2O9; (b) La1.4Nd0.6Mo2O9; (c)
a1.9Y0.1Mo2O9; (d) La1.7Gd0.3Mo2O9; (e) La1.7Gd0.3Mo0.8W1.2O9.
he cubic to the monoclinic phase2 is responsible for a
brupt change of the cell volume, which introduces st
onstraints in a dense sample.
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Fig. 7. 1 2 3 cubic X-ray diffraction peak (Cu K�1 + K�2) of ball-milled
La1.9Y0.1Mo2O9 after various milling times.

3.2. Densification of ball-milled samples

As described in the next section, the attrition treatment
introduces a contamination by zirconia in the powders. To
avoid this problem, planetary ball milling using agate balls
and jars was tested to reduce the particle size. Several
preliminary tests have been carried out on the compound
La1.9Y0.1Mo2O9. For each test, one pellet has been shaped by
uniaxial pressure in a 10 mm steel matrix, and then pressed at
350 MPa in a water isostatic press. Initial powders have been
milled for various periods from 1 min to 24 h. The pellets
were sintered in the same conditions for 24 h at 950◦C. This
rigorous procedure ensures that the particle size of powders is
the only variable parameter to affect the densification of sam-
ples.Fig. 7shows a scan of the cubic 123 reflexion collected
by high resolution X-ray powder diffraction. Its full width at
half maximum increases with increasing milling time, which
indicates a reduction of the coherent diffraction domains, and
therefore a reduction of the average grain size. All the pow-
ders are white before and after milling, for all milling times
except for 24 h (96× 15 min), for which the color is slightly
greyish. It may result from a slight reduction of hexavalent
molybdenum (and consecutive oxygen loss), rather than from
pollution (see below). For milling times ranging from 1 min to
24 h, no deterioration of the compound has been evidenced by
X-ray diffraction.Fig. 8shows the evolution, versus milling
t his
r ball
m n

F
f

Table 2
Evolution of the absolute and relative densities of different samples with
composition La1.9Y0.1Mo2O9 upon ball milling timea

Milling time (min) Density (g cm−3) Relative density (%)a

0 4.526 81.8
5 4.839 87.5

10 4.936 89.2
15 5.121 92.6
30 5.271 95.3
60 5.311 96

720 5.4 97.7
1440 5.4 97.7

a Theoretical density = 5.53 g cm−3.

be reached for only two 15 min sequences (separated by a
15 min pause sequence). However, it is necessary to mill 25
times longer to reach 98% of relative density. The densifi-
cation of the samples is confirmed by the SEM micrographs
of the polished-faces of La1.9Y0.1Mo2O9 pellets presented
in Fig. 9. The microstructure is fully dense for the sample
prepared from powders issued from 12 h milling.

Thus, for an average grain size lower than 1�m, the den-
sification of the samples is possible by adjusting the sintering
conditions for each composition.

These grinding conditions were applied to all the studied
compounds. The sintering temperatures were the same as that
determined for samples issued from attrition milling. The
final reached relative density was also around 96%.

3.3. Electrical resistivity stability as a function of time

During the impedance measurements on pellets prepared
from attrited powders, we noticed, at a given constant tem-
perature, an abnormal drift of total electrical resistivity with
time. As an illustration, the resistance measured at 585◦C

F
b

ime, of the relative density of the pellets after sintering. T
elative density increases from 82 to 98% after 12 h of
illing treatment (seeTable 2). A 96% relative density ca

ig. 8. Relative density of La1.9Y0.1Mo2O9 pellets sintered at 950◦C as a
unction of the initial powder milling time.
ig. 9. SEM micrographs of sintered La1.9Y0.1Mo2O9 pellet, prepared from
all-milled powders during 12 h.
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Fig. 10. Evolution as a function of time of the measured resistance (R/R0)
of two La1.7Gd0.3Mo0.8W1.2O9 pellets atT= 585◦C, one issued from ball-
milled powders (black circles), the other from attrited powders (open circles).

on a La1.7Gd0.3Mo0.8W1.2O9 pellet (relative density around
96%) is presented inFig. 10(open circles): it shows a signif-
icant augmentation with time.

The same type of measurement at 585◦C has been carried
out on pellets issued from ball-milled powders, on a compa-
rable sample (composition, dimensions, ceramic treatments,
relative density). It did not show any evolution of the mea-
sured resistance (Fig. 10, black circles). We have therefore
tried to detect, in the powders and pellets, an eventual pollu-
tion from the elements present in each milling apparatus (Zr
for attrition and Si for ball milling).

Energy dispersive X-ray spectroscopy experiments have
been carried out in both cases.Fig. 11 presents the EDX
spectra collected on La1.9Y0.1Mo2O9 ball-milled powders
(for different milling durations), and on La1.7Gd0.3Mo2O9
and La1.7Gd0.3Mo0.8W1.2O9 attrited powders (for 3 h). In the
ball milling case, no trace of silicium has been detected at its
K� energy peak, whatever the milling time. On the contrary,
in the attrition case (Fig. 11b) the zirconium K� peak is de-
tected for all compositions. We can thus evidence that some
pollution has been introduced by the zirconia balls, which
strongly affects the transport properties.

Furthermore, the X-ray diffractogram of a pellet issued
from attrition milling after the resistivity measurement indi-
cates the formation of an extra phase through the appear-
ance of a small diffraction peak. This reflexion alone is
t t it
i ting
p -
p ding

F
a
L

to an increasingly insulating sample. This problem has al-
ready been observed at yttria-stabilized zirconia–lanthanum
perovskites interfaces. No extra diffraction peak is observed
in the ball-milled samples, indicating that a potential weak
Si contamination, if any, would remain spread over the
LAMOX phase with no detectible incidence on the transport
properties.

The above observations incited us to set aside the pellets
prepared by attrition milling and use those prepared by ball
milling for the conductivity measurements presented in the
next section.

3.4. Charge transport versus porosity

The effects of pores on the samples electrical proper-
ties have been characterized. Indeed, it is now well demon-
strated that ceramics microstructure could have a strong ef-
fect on the electrical properties.15–24The impedance spectra
at 375◦C of six samples, originating from ball-milled pow-
ders and with different relative densities ranging from 81.8
to 98% (see some micrographs onFig. 12), are presented
in Fig. 13. The electrical responses recorded into wet at-
mospheric air and into dried nitrogen are identical. In most
cases, only one well-defined semicircle is observed at high
frequency. In contrast to observation in YSZ ionic oxygen
conductor16–19the presence of pores does not result in a sep-
a evi-
d ples,
f tter
p ct.
T the
m unt
h
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e
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C the
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T en
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H ency,
e
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8 4
8 3
8 3
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oo small to identify unambiguously the compound, bu
s very close to the strongest diffraction peak of insula
yrochlore-type phase La2Zr2O7. It is likely that such an im
urity phase forms progressively at grain boundaries, lea

ig. 11. EDX spectra of LAMOX powders: (a) ball-milled La1.9Y0.1Mo2O9

fter different milling times; (b) attrited La1.7Gd0.3Mo2O9 and
a1.7Gd0.3Mo0.8W1.2O9.
rate semicircle. No additional blocking effect could be
enced at lower frequencies, except for the denser sam

or which a small additional semicircle appears. The la
robably corresponds to a grain boundaries blocking effe17

his small effect of grain boundaries in comparison with
ain effect related to porosity will not be taken into acco
ere.

Impedance diagrams of all samples were fitted
nly one semicircle (high frequencies domain) using
quivalent electrical circuit composed of a resistorR, con-
ected in parallel with a constant phase element, CPE
PE contribution is an empirical impedance function of

ype:

(ω)CPE = 1

C(jω)p
; (−1 ≤ p ≤ 1)

he phase angleγ is given byγ =pπ/2. Each curve has be
tted with a single parallelR//CPE model by a least squa

able 3
igh frequency semicircles characteristics (resistivity, relaxation frequ
quivalent capacity and phase angle) of the La1.9Y0.1Mo2O9 impedance
pectra measured at 375◦C on pellets with different relative density

ompacity
%)

R
(×105 	 cm)

ω0

(×105 rad s−1)
CPEeq

(×10−11 F)
γ (◦)

1.8 2.848 6 3.07 7.4
7.5 2.483 6.55 3.07 6.5
9.3 2.380 6.57 3.22 6.8
2.6 2.166 7.24 4.27 7.8
5.3 1.940 8.18 3.96 7.8
8 1.912 6.55 3.65 6.6
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Fig. 12. SEM micrographs of sintered La1.9Y0.1Mo2O9 pellets with different relative densities: (a) 81.8%, (b) 87.5%, (c) 92.6%, (d) 98%.

refinement. The fit parameters of the high frequency semicir-
cle are summarized inTable 3for all samples. The differences
in sample resistanceR(semicircle diameter), attributed to the
presence of the pores, are consistent with the expectation that
electrical resistivity of a material increases with increasing
porosity. The Arrhenius conductivity plots of four samples
with different relative densities, which have been carefully
collected within the (300–400◦C) temperature range, are pre-
sented onFig. 14. The samples conductivity is improved by
increasing their relative density (lowering the pore fraction
volume). Moreover, the higher the relative density and the
conductivity, the lower the curve slope.

This last remark indicates that the conductivity of all the
samples should join at high temperature, the effect of mi-
crostructure defects being thus lowered by temperature. Such
a phenomenon has already been reported.17,18The change in
curve slope is significant of a change in the conduction mech-
anism.

Fig. 15presents the evolution of the measured resistance
of the ceramic samples with increasing porosity. The resis-

F
p ation
a lative
d

Fig. 14. Arrhenius plots of conductivity for La1.9Y0.1Mo2O9 samples with
various volumic porosities (18.2–4.7%). In the insert: evolution of the curves
slope with porosity.

tance increase, called
R/R0 and expressed in %, seems to
evolve linearly with porosity within the studied range, ac-
cording to the relationship
R/R0 = 3.4× (porosity). For in-
stance, a porosity around 20 vol% lowers the total conductiv-
ity to about 60% of that of the pure bulk material (∼=single
crystal).

Fig. 15. Resistance at 375◦C as a function of porosity for a series of pellets
with composition La1.9Y0.1Mo2O9.
ig. 13. Impedance spectra recorded at 375◦C on La1.9Y0.1Mo2O9 sam-
les with different relative densities. For clarity, the electrode polariz
nd log (measured frequency) are shown for the sample with 81.8% re
ensity only.
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Fig. 16. Electrical conductivity of parent compound La2Mo2O9, and sub-
stituted La1.9Y0.1Mo2O9, La1.7Gd0.3Mo2O9 and La1.7Gd0.3Mo0.8W1.2O9.

3.5. Charge transport versus composition in dense
samples

The conductivity of the optimized compositions was mea-
sured using ac impedance spectroscopy on the densified sam-
ples (ball milling case, relative density >96%). These com-
pounds can be considered as pure ionic conductors, the elec-
tronic transference number of La2Mo2O9 being equal to 10−3

at 750◦C.25,26

The result of the electrical measurements is presented in
Fig. 16for La2Mo2O9, La1.9Y0.1Mo2O9, La1.7Gd0.3Mo2O9,
and La1.7Gd0.3Mo0.8W1.2O9. The disappearance of the con-
ductivity jump at around 580◦C confirms the chemical stabi-
lization of the cubic form at room temperature, as mentioned
elsewhere.6,7 In spite of the suppression of the phase tran-
sition, the conductivity curves do not exhibit an Arrhenius
behavior in the whole thermal range. A first interpretation
of this behavior was reported elsewhere.26 When compared
to La2Mo2O9, a strong increase of the ionic mobility acti-
vation energy at low temperature is observed in substituted
compounds (Fig. 13). Above 600◦C, one can notice that all
the substituted compounds have lower conductivities than the
parent compound. In a previous paper,7 we have reported that
rare earths substitutions in La2Mo2O9 seem to increase the
ionic conductivity (measurements with non-optimized mi-
crostructures), but pointed out a strong correlation between
t or-
r ulted
m les.
A ring
b ns
t ent
r ance
m

les, an
i tud-
i tivity
t s
a th
r ran-
s -

crease the ionic conductivity due to stabilization of the cubic
phase.

4. Conclusion

From the two methods used here to lower grain sizes of
LAMOX materials in order to get dense sintered samples,
only ball milling could be retained because of a pollution
problem by zirconia in attrition milling. Densification of se-
lected LAMOX compounds appeared to be easy after a care-
ful dilatometric study. Proper milling procedures in agate jars
with a planetary milling apparatus, followed by appropriate
sintering, allow the control of the ceramics relative density.

We have shown in a previous study7 that the electrical
properties appear to be closely related to compacity, which
points out the importance of its control. It has been confirmed
by the present work, which depicts the incidence of poros-
ity on the ionic transport. A thorough study of the optimal
sintering conditions is absolutely necessary before any de-
termination of the incidence of chemical substitution on the
transport properties. Interestingly enough, the stabilization of
La2Mo2O9 against reduction by tungsten substitution8 is not
too detrimental to oxide ion conduction, which is an interest-
ing result in view of applications as electrolyte in SOFC.
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he measuredσ values and the relative densities of the c
esponding samples. We can now understand that it res
ainly from the microstructure effects in porous samp
s the chemical composition strongly affects the sinte
ehavior (Fig. 5), applying the same annealing conditio

o the different compositions led to samples with differ
elative densities, which strongly affects the ac imped
easurements.
Thus, after rigourous measurements on dense samp

mportant result is that all the substituted compounds s
ed here present at high temperature a lower conduc
han the parent compound La2Mo2O9. The latter remain
bove 600◦C the best member of the LAMOX family wi
espect to ionic conductivity. Just below the structural t
ition however, i.e. around 500–550◦C, substitution can in
Not so surprisingly, isovalent substitutions in genera
ot affect significantly (apart from the suppression of
hase/conducting transition) the magnitude of ionic tr
ort. The latter however is expected to be more affecte
liovalent substitutions.
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D. and Lacorre, P., The LAMOX family of fast oxide-ion conducto
overview and recent results.J. New. Mater. Electrochem. Syst., 2004,
7, 51–57.


	Sintering and electrical conductivity in fast oxide ion conductors La2-xRxMo2-yWyO9 (R: Nd, Gd, Y)
	Introduction
	Experimental
	Powder synthesis
	Grain size reduction
	Sintering process optimization
	Structural characterization
	Transport properties

	Results and discussion
	Powder particle size reduction and sintering behavior
	Densification of ball-milled samples
	Electrical resistivity stability as a function of time
	Charge transport versus porosity
	Charge transport versus composition in dense samples

	Conclusion
	Acknowledgements
	References


