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bstract

anthanum apatite is one of the most promising materials as an electrolyte for intermediate-temperature solid oxide fuel cells (IT-SOFCs) which
perate close to 700 ◦C. Here, we report the preparation and optimization of dense La10AlSi5O26.5 tapes obtained by the combination of tape casting
echnology and reaction sintering. Homogeneous concentrated mixed suspensions of La2O3, Al2O3 and SiO2 were prepared in ethanol. The effect

f the solid loading, the binder content, ultrasound and the initial particle size of the materials onto the characteristics of the tapes (cracking,
omposition, microstructure and electrical properties) has been studied. This study paves the way for further improvement in the processing of
xyapatite electrolyte for solid oxide fuel cells.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Reduction of operating temperature of solid oxide fuel
ells (SOFCs) down to intermediate temperature (600–800 ◦C)
isplays significant advantages such as lower working costs,
mprove the lifetime of the system and a decrease in the price
or the interconnector materials. Oxy-apatites have high poten-
ial to be used as oxide ion conductors working at moderate
emperatures (∼700 ◦C) for IT-SOFCs due to the presence of
arge conduction channels containing interstitial oxide ions.1–4

Different routes have been reported in the literature to prepare
xy-apatites such as solid state reaction,5 sol–gel,6 hot-pressing
echniques,7 mechano-syntheses,8 precipitate method com-
ined with an azeotropic-distillation process,9 freeze–drying,10

lasma spraying11 or gel-casting.12 All these synthesis routes
how advantages and disadvantages. For example, the sol–gel
echnique implies several heating steps to promote the formation
f a gel and ensure the removal of all the organic components.

echanochemical synthesis needs long milling times (higher

han 9 h) of the starting mixture.13 In addition, both processes
equire a wide knowledge of the synthesis parameters to con-
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rol the formation of important amounts of secondary phases.
aterials prepared by freeze–drying can show significant uptake

nder wet atmospheres and this has effects on their structures and
roperties.10 A comparative study14 in the preparation of oxy-
patites by three different methods, conventional, spark plasma,
nd reaction sintering (RS) indicated that the latter led to pellets
ith the highest overall oxide ion conductivity.
Electrolytes to be used in SOFCs have to show high den-

ities and thin thicknesses. In this way, oxy-apatite tapes and
oatings have been recently prepared by tape casting,15–17

lasma spraying18 and sputtering.19 Tape casting is a low-cost
ell established technique for manufacturing self-supporting

eramic sheets with a wide range of thicknesses (50–500 �m) in
continuous way, and has been generally used for the fabrication
f microelectronic components.20 The control of the colloidal
roperties of the suspensions is a critical step, and the key role of
he additives is well known.21,22 The suspensions need to show
igh stability, optimised viscosity for high shear stress and high
olid loading for obtaining uniform sheets with high strength
nd sufficient flexibility for handling in the green state.

This work deals with the preparation and optimization of

a10AlSi5O26.5 tapes obtained by the combination of tape cast-

ng and reaction sintering. We have selected this composition
ecause Al-doping allows a slightly lower sintering temper-
ture maintaining the high ionic conductivity and transport

dx.doi.org/10.1016/j.jeurceramsoc.2011.03.023
mailto:isantacruz@uma.es
dx.doi.org/10.1016/j.jeurceramsoc.2011.03.023
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Table 1
Properties of the studied suspensions.

Primary particle size Initial suspension solid loading
wt%/vol%/vol.fraction

BP content/wt%

η (18 s−1)/mPa s η (100 s−1)/mPa s

0 10 20 30 0 10 20 30

Micro 45/13.5/0.135 3 – – – 2 – – –
60/22/0.22 68 – – – 20 – – –
70/31/0.31 510 1083 9150 – 130 1018 – –
73/34/0.34 640 1530 – – 170 1556 – –

Micro–Nano 22/5/0.05 210 – – – 50 – – –
40/11/0.11 1515 2075 – 2760 280 377 – 807
45/13.5/0.135 3030 – – – 570 – – –
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umber.23 In an initial work,24 we reported the preparation of
a10AlSi5O26.5 pellets by colloidal processing of diluted mixed
uspensions of La2O3, Al2O3 and SiO2, combined with die
ressing and reactive sintering. Here, cheaper raw materials
ave been used (La2O3) and concentrated suspensions were pre-
ared in ethanol to fabricate continuous La10AlSi5O26.5 tapes.
he effect of the solid loading, the binder system content, the
se of ultrasound and the initial particle size of the materials
nto the characteristics of the suspensions and tapes (cracking,
omposition, microstructure and electrical properties) has been
tudied.

. Experimental

.1. Processing conditions

La10AlSi5O26.5 samples were prepared by reaction sintering
sing high purity oxides: micron powders of La2O3 (99.99%,
igma–Aldrich, Steinheim, Germany), �-Al2O3 (99.997%, Alfa
esar, MA, USA) and SiO2 (quartz, ABCR, 99.8%, ABCR,
arlsruhe, Germany). Nanosized powders of SiO2 (Aeroxide
00, Degussa Evonik, Hanau, Germany) and �-Al2O3 (Degussa,
eroxide Alu C, Degussa Evonik, Hanau, Germany) were also
sed. Lanthanum oxide decarbonation was achieved by heating
t at 1000 ◦C for 2 h. The powders were characterized in terms
f particle/agglomerate size by scanning electron microscopy,
EM (JEOL SM 840, Tokyo, Japan) and transmission electron
icroscopy, TEM (JEOL 2000FX, Tokyo, Japan).
Diluted suspensions, 0.1 wt% solid content, of every powder

ere prepared in dried absolute ethanol (99.7% grade, Pan-
eac, Barcelona, Spain) and optimised using different quantities
f a polymeric dispersant (Hypermer KD6, Uniqema, Wirrall,
K), 0–3.0 wt% on a dry solid basis. The zeta potentials of

hose diluted suspensions were measured by microelectrophore-
is (Zetasizer NanoZS, Malvern Instruments, Malvern, UK).

Concentrated mixed suspensions with the stoichiometric rela-
ions of oxides and the optimum amount of deflocculant were

repared in dried absolute ethanol. The effect of the particle
ize of the initial powder was studied by comparing suspensions
ith micron Al2O3 and SiO2 powders (called Micro in the text),
nly nanosized Al2O3 and SiO2 powders (called Nano in the

s
w

– – – 142 – – –

ext) or combination of both particle sizes in a ratio of 50/50
or each powder (called Micro–Nano in the text). In all cases,
alcined micron La2O3 powder was used. Concentrated suspen-
ions were prepared by mechanical stirring at different solid
oadings—(i) Micro: 45, 60, 70 and 73 wt% (13.5, 22, 31, and
4 vol%, respectively), (ii) Micro–Nano: 22, 40 and 45 wt% (5,
1 and 13.5 vol%, respectively) and (iii) Nano: 22 wt% (5 vol%).

value of 5.262 g cm3 was used as theoretical density of the
ixture of powders.
The so-prepared suspensions (50 mL) were ultrasonically

omogenized using a 400 W sonication probe (UP400s
ielscher Ultrasonics GmbH, Stuttgart, Germany) for 2 min.
uspensions were cooled in an ice-water bath during ultrasoni-
ation in order to avoid excessive heating.

For preparing the tape casting suspensions, PVB, Poly(vinyl
utyral) (Aldrich, St. Louis, USA) was used as binder (B), and
BP, Benzylbutyl-phthalate (Merck-Schuchardt, Hohenbrunn,
ermany) was used as plasticizer (P). The binder system, BP,
as added to the suspensions to a total content of 10, 20 and
0 wt% (called 10BP, 20BP and 30BP, respectively) on a dry
olid basis using a relative binder/plasticizer (B/P) ratio of 1.
able 1 summarizes the suspensions studied in this work. The
uspensions were milled (MM200, Retsch, Haan, Germany)
ith alumina balls for 30, 60 and 90 min with the addition of
0, 20 and 30 wt% BP, respectively. Note that the milling was
erformed in 15 min steps, with the suspension being at room
emperature for 10 min between each milling in order to avoid
xcessive heating of the suspension.

The rheological behaviour of the slips without and with the
inder system was studied using a rotational viscometer (Model
T550, Thermo Haake, Karlsruhe, Germany) with a coaxial

ylinder sensor, MV DIN, provided with a solvent trap to reduce
vaporation. Flow curves were obtained with controlled rate
CR) measurements using a three-stage measuring program with
linear increase in the shear rate from 0 to 200 s−1 in 300 s, a
lateau at 200 s−1 for 120 s, and a further decrease to zero shear
ate in 300 s. Before starting the rheological measurement the
uspensions were presheared for 2 min at 50 s−1.
Tape-casting experiments were carried out with a single blade
ystem. Slips were cast onto a plastic film. The blade height
as fixed at 550 �m and the casting speed at about 10 cm s−1.
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ig. 1. Scanning electron micrographs of the starting micron powders: (a) La
owders: (d) SiO2 and (e) Al2O3. The insets show a low magnification area.

onsidering these parameters, the shearing of the suspension
nder the blade was calculated to be ∼18 s−1. The tapes were
ried at room temperature for 48 h. The thickness was measured
y direct observation of the cross-section of the tapes by SEM.
rganics were burned out from room temperature to 500 ◦C at
◦C min−1 for 1 h. After this treatment, samples were heated at

he same heating rate to a sintering temperature of 1120 ◦C and
eld for 2 h, then the furnace was heated up to the final target
emperature of 1650 ◦C at the same heating rate before holding
or 10 h. The porosity of the samples was estimated by SEM on
ross-sections perpendicular to the casting direction.

.2. Powder diffraction

Tapes were characterized by high resolution laboratory X-ray
owder diffraction (LXRPD) at room temperature. Powder pat-
erns were collected on a Philips X’Pert Pro MPD diffractometer
quipped with a Ge(1 1 1) primary monochromator (strictly
onochromatic CuK�1 radiation) and an X’Celerator detector

PANalytical B.V., Almelo, Netherlands). The overall measure-

ent time was ∼4 h per pattern to have good statistics over the
θ range of 10–130◦ with a 0.017◦ step size. Rietveld25 analyses
ere carried out with the GSAS26 suite of programs using the

tructural description reported previously for La10AlSi5O26.5.27

m
m
m

(b) SiO2 and (c) Al2O3. Transmission electron micrographs of the nanosized

.3. Electrical characterisation

Electrodes were made by coating opposite sintered tape faces
ith METALOR® 6082 platinum paste and gradually heating

o 950 ◦C at a rate of 10 ◦C min−1 in air to decompose the paste
nd harden the Pt residue. Successive treatments were made to
chieve an electrical resistance of both tape faces lower than 1 �.
mpedance data were collected using a Hewlett-Packard 4284A
mpedance analyzer over the frequency range 20 Hz to 1 MHz
rom 500 to 1000 ◦C. Measurement processes were electroni-
ally controlled by the winDETA package of programs.28 The
apes were mounted in a home made alumina conductivity jig,
ith two Pt wires and were placed in a tubular furnace. Elec-

rical data were taken every 25 ◦C. A delay time of 30 min at
ach temperature was selected to ensure thermal equilibrium.
emperatures were reproducible to ±1 ◦C.

. Results and discussion
Fig. 1 shows the micrographs obtained by SEM and TEM for
icron and nanosized reactive powders. In general, commercial
icron powders (La2O3, SiO2 and Al2O3) are agglomerated;
icron-Al2O3 powders are also forming aggregates larger than
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ig. 2. Zeta potential values for every micron and nanosized reactive oxide as a
unction of deflocculant (KD6) weight.

00 �m. SiO2 and Al2O3 nanosized powders show a primary
article size of 10–25 nm, as can be seen from the TEM micro-
raphs (Fig. 1d and e). Physical characteristics of those powders,
xcept La2O3 99.99%, are described elsewhere.24 In the previ-
us work,24 a very high purity La2O3 powder, 99.999%, was
sed; however, in this work less pure and hence less expensive
a2O3 powder has been used. The surface behaviour of both
a2O3 powders was different when measured under the same
onditions. Ultrapure La2O3 powder was charged positively and
a2O3 powder used in this work was charged negatively, viz. 66
nd −14 mV, respectively, after the addition of 2.0 wt% KD6.
ig. 2 shows the evolution of zeta potential values of every
owder with the deflocculant content. All the powders show a
egative zeta potential, except micron Al2O3. In this case, Al2O3
owders might be coated by the rest of the powders favouring
he heterocoagulation process.29 However, since the amount of
l2O3 present in the mixed suspensions is quite small, 2.5 wt%

eferred to the total powder amount, the contribution of the hete-
ocoagulation process is likely not significant. The apparent pH
f these diluted suspensions lies between 8 and 10. The best
tabilization was obtained after the addition of 2.0 and 3.0 wt%
D6 for micron SiO2 and Al2O3 powders, respectively, where
aximum absolute zeta potential values were achieved, as it is
arked in Fig. 2. For La2O3, nanosized SiO2 and Al2O3 pow-

ers, no relevant zeta potential improvements were observed
fter the deflocculant addition, so no extra dispersant was added
or the stabilization of the mixed suspension.

Concentrated mixed suspensions with the optimised defloc-
ulant content were prepared at different solid loadings, and
ere studied through their rheological behaviours. Fig. 3a and
shows the evolution of the viscosity of 2 min ultrasonicated
icro, Micro–Nano and Nano suspensions with volume frac-

ion at shear rates of 18 and 100 s−1, respectively. The former
orresponds to the casting rate. The viscosity values of those
uspensions were taken from the up-curves. In general, suspen-
ions show higher viscosity values at 18 s−1 rather than 100 s−1

hich is related with a fluidificant behaviour (pseudoplastic
r plastic). As expected, in all the suspensions, the viscosity

ncreased exponentially with solids content. Nano suspensions
ere only measured at 5 vol% (22 wt%) since suspensions with
igher solid contents were not homogeneous and became a gel,

t
o
i

icro–Nano and Nano suspensions at two shear rates of: (a) 18 s−1 and (b)
00 s−1.

nd lower solid contents were out of the scope of this study.
vol% Nano suspension displayed higher viscosity than the
orresponding Micro–Nano suspension, viz. 142 and 50 mPa s,
espectively at 100 s−1. This is more dramatic when the shear
ate is lower (e.g. 18 s−1). Micro suspensions showed the low-
st viscosity values, even at higher solid contents (e.g. 20 mPa s
t 22 vol% measured at 100 s−1). A compromise between solid
ontent, viscosity and homogeneity is required for the prepara-
ion of the tapes. From these studies, solid contents of 11 and
vol% (40 and 22 wt%) were selected for Micro–Nano and Nano

uspensions respectively, and 31 and 34 vol% (70 and 73 wt%,
espectively) for Micro suspensions.

Fig. 4 shows the viscosity curves of selected Micro (M)
31 and 34 vol%), Micro–Nano (MN) (11 vol%) and Nano (N)
5 vol%) suspensions at different binder and plasticizer contents,
ithout and with 2 min ultrasonication (U0, U2). The inset of
ig. 4a shows the viscosity curves of Micro suspensions without
inders. The application of ultrasound decreases the viscosity
f the Micro suspensions (31 vol%) providing better homogene-
ty. For Micro–Nano suspensions the viscosity increases slightly
ith the application of ultrasound due to the presence of nano-

ized powders; however, its application is required to obtained
omogeneous samples, and longer or shorter ultrasound times
ed to inhomogeneous samples.24 In general, suspensions show

shear thinning behaviour; however, 31 and 34 vol% Micro
uspensions with 10 wt% binder content (M-31-U2-10BP and

-34-U2-10BP) show a near Newtonian behaviour (Fig. 4a).
his might be related with the formation/destruction of struc-
ure/agglomerates during the measurement due to the presence
f the binder system. Furthermore, the viscosity increases rad-
cally with the binder content, e.g. 31 vol% Micro suspensions
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ltrasonication (U0, U2) and different binder system contents. The inset shows
he viscosity curves of the Micro suspensions without binders.

ith 20 wt% BP (M-31-U2-20BP) show very high viscosity,
9 Pa s at a shear rate of 18 s−1, which was not able to be mea-

ured in all the range of shear rate. Fig. 4b shows also the effect
f the BP content onto the rheological behaviour of 11 vol%
icro–Nano suspensions. All the suspensions used in the prepa-

ation of the tapes were 2 min ultrasonicated prior to the binder
ddition.

The effect of the primary particle size of the powders and
he binder system content onto the green tapes is shown in
ig. 5. Fig. 5a shows a photograph of the green tape prepared
rom M-34-U2-10BP. Micro-tapes with higher binder content

howed the same appearance. Fig. 5b and c shows tapes pre-
ared from 11 vol%-Micro–Nano suspension with the addition
f 30 wt% BP (MN-11-U2-30BP) and 5 vol% Nano suspen-

o
(
t

Fig. 5. Images of selected La10AlSi5O26.5 green tapes: (a) M-3
Ceramic Society 31 (2011) 1573–1580 1577

ion with 30 wt% BP (N-5-U2-30BP). All Micro–Nano tapes
ppeared completely cracked after drying; however, by increas-
ng the BP content the tapes were less cracked. All the tapes
repared from 5 vol% Nano suspensions appeared cracked after
rying. The effect of particle size plays a dramatic effect onto
he tapes. Colloidally stable nanopowder suspensions are known
o display a markedly lower volume loading at the same viscos-
ty compared to suspensions with larger particle sizes.30,31 The
ecrease in solid content with the particle size has an important
ffect onto the tapes (cracking). The quality of the green tapes
s also related with the drying of the tapes. The drying process
onsists of two stages22,32; the first is controlled by capillary
igration of the solvent, and the second is controlled by solvent

iffusion through the solidified part of the film. In our case, a
hin dried layer was formed just after the casting experiment on
he upper surface of the tape, producing homogeneous tapes.
he presence of this type of binders through the formation of a
rotective layer around the particles allows the dried green tapes
o be manipulated and stored during weeks or even months with-
ut any reaction with the atmospheric water and carbon dioxide.
ote this is an important issue since the green tapes contain
a2O3 which is a reactive powder.

Tapes prepared from 31 vol% Micro suspensions with BP
ontents of 10 and 20 wt% (M-31-U2-10BP and M-31-U2-
0BP) and 34 vol% Micro suspensions with BP contents of
0 and 20 wt% (M-34-U2-10 and M-34-U2-20) were selected
or further studies as they showed the best appearance. Fig. 6
hows SEM micrographs of the cross-sections of selected green
apes, (a) M-31-U2-10BP, (b) M-31-U2-20BP, (c) M-34-U2-
0BP and (d) M-34-U2-20BP. Homogeneous green tapes were
btained with thickness ranging 300–400 �m according to SEM
easurements. Uniform and densely packed green microstruc-

ures without the presence of large binder agglomerates were
bserved, thus demonstrating that there was a suitable homoge-
ization of the slips. The quality and flexibility of the tapes were
igh; because of this flexibility M-34-U2-10BP tape appeared
lightly bended in the micrograph, Fig. 6c, so its real thickness is
elieved to be slightly larger than that shown there. The density
f the green tapes prepared from 31 vol% suspensions increases
y increasing the binder content, however, for 34 vol% tapes
t decreases by increasing the BP amount. Further studies are
eeded to clarify this different behaviour. The same tendency

n the density of the tapes is observed onto the sintered tapes
Fig. 7). From the micrographs it can be seen that homogeneous
apes with thickness ∼200 �m were obtained after sintering.

4-U2-10BP, (b) MN-11-U2-30BP and (c) N-5-U2-30BP.
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ig. 6. Scanning electron micrographs (cross section) for La10AlSi5O26.5 gree
2-20BP.

Table 2 summarizes the effect of binder system content

nto the properties of the final samples prepared from the
ost concentrated Micro suspensions (34 vol%), i.e. compaction

percentage of theoretical density, %TD) and the presence of

o
e
F

ig. 7. Scanning electron micrographs (cross section) for La10AlSi5O26.5 sintered
-34-U2-20BP. (1120 ◦C/2 h–1650 ◦C/10 h).
s: (a) M-31-U2-10BP, (b) M-31-U2-20BP, (c) M-34-U2-10BP and (d) M-34-

econdary phase, LaAlO . Dense tapes, 90–95% TD, were
3
btained from this concentrated suspension with the low-
st amount of binders (M-34-U2-10BP) in agreement with
ig. 7c. Tapes with lower solid content showed lower den-

tapes: (a) M-31-U2-10BP, (b) M-31-U2-20BP, (c) M-34-U2-10BP and (d)
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Table 2
Properties of the tapes prepared from 34 vol% Micro suspensions.

Sample Density %TD Secondary phase:
LaAlO3 wt%

Cell parameters σ700 (mS cm−1)

a (Å) c (Å) V (Å3)

M 9.7293(1) 7.2320(1) 592.87(2) 12
M 9.7293(1) 7.2317(1) 592.84(1) 6
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-34-U2-10BP 90–95 –
-34-U2-20BP 88 0.5(1)

ity values (≤85% TD), so those properties are not reported
n Table 2.

Selected parts of the La10AlSi5O26.5 tapes with the best prop-
rties (M-34-U2-10BP and M-34-U2-20BP), were grinded and
heir powder patterns were analyzed by the Rietveld method
sing the structural descriptions previously reported.27 The
ccupation factors for lanthanum, silicon and aluminium sites
ere conveniently modified to describe the nominal stoichiom-

try. Only the overall parameters (histogram scale factor, back-
round coefficients, unit cell parameters, zero-shift error, and
eak shape pseudo-Voigt coefficients) and weight fractions of
ide phases (if necessary) were refined. Atomic parameters were
ot optimized. Final Rietveld figures of merit were good with
F ranging between 3 and 4%; as an example of the refinement
uality, the fit to the X-ray pattern of La10AlSi5O26.5 for M-34-
2-20BP tape is shown in Fig. 8. The cell parameters (a, c and
olume) of this oxyapatite are given in Table 2. The reported cell
olumes published in the literature, prepared by reaction sinter-
ng, for La10AlSi5O26.5 and La10Al0.5Si5.5O26.75 were 593.0 and
89.6 Å3, respectively.23 The close agreement between the unit
ells for the tapes (see Table 2) and the reported values for bulk
owders ensures the stoichiometry of our colloidal processed
amples. The cell volume clearly indicates that the aluminium
ontent in the tapes is higher than 0.80 per chemical formula.

Impedance spectroscopy was used to determine the electri-
al conductivity data for tapes with a relative density larger than
5% TD. Representative impedance data for M-34-U2-10BP at
ifferent temperatures are shown in Fig. 9. Similar plots were
btained for the remaining compositions. At low temperatures,
.e. 300 ◦C, a very complex spectrum formed by different over-

apped contributions was observed. In this case it is difficult to
etermine separately the electrolyte and electrode responses by
tting with equivalent circuits. In the high temperature range,
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he electrode response is dominant and overall conductivity
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′-axis at high frequency. Total conductivity values at 700 ◦C
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-34-U2-20BP, respectively. These results are very promising

ompared to those reported in literature for dense pellets23,24 and
ore work in this way is under progress. Shaula et al.23 reported
total conductivity value of 3 × 10−2 S cm−1 at 700 ◦C for pel-

ets with the same composition (92%TD) using a dry reaction
intering methodology applying a final synthesis-sintering step
f 1650 ◦C/10 h. At temperatures below 800 ◦C, M-34-U2-10BP
ape shows higher conductivity values than YSZ. Similar con-

uctivity values were reported by Bonhomme et al.16 for a thick
onolithic electrolyte sample prepared by laminated stacks from
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. Conclusions

Homogeneous dense La10AlSi5O26.5 tapes were prepared by
he combination of tape casting technology and reaction sin-
ering. This combination exhibits economical advantages since
apes can be obtained in a continuous way and the final com-
osition is obtained just in one step without long milling times
equired in other techniques, e.g. mechano-synthesis. Concen-
rated mixed suspensions of La2O3, Al2O3 and SiO2 were
repared in ethanol. Different processing parameters were opti-
ized, such as the initial powder size, the dispersant amount,

he use of ultrasound and binder system content. Tapes with the
esired composition, La10AlSi5O26.5, density values of up to
95% TD, thickness of ∼200 �m and high conductivity values,

2 × 10−3 S cm−1 at 700 ◦C, were obtained in a single heating
ycle.
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