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bstract

aterials with graded composition can be obtained by a sedimentation process during which particles of a powder mixture within a suspension fall
y gravity upon a substrate. This process has been used to fabricate bulk SOFC cathodes by sedimentation of lanthanum strontium manganate (LSM)
nd yttria stabilised zirconia (YSZ) powder mixture upon a dense YSZ substrate and subsequent firing. A numerical simulation of sedimentation

ased on Stokes’ law has been developed to control material and process parameters. Two cathodes with different composition gradients have been
btained by changing the initial conditions of the sedimentation. Their compositions estimated by electron dispersive spectrometry (EDS) have
een found to be in reasonably good agreement with the prediction of the numerical model.

2007 Published by Elsevier Ltd.

mate

t
Y
(
c
i
t
e
e
t
t
i
t

a
fi
h
s
l

eyword: Fuel cells; Composites; Sintering; Suspensions; Functionnaly graded

. Introduction

The progress of fuel cell technology is nowadays a major
roject for sustainable development. Concerning solid oxide
uel cells (SOFC), a critical point is decreasing the operating
emperature (from 1000 ◦C in present systems to 700/800 ◦C)
hile keeping suitable electrochemical properties. This objec-

ive can be achieved by optimising the microstructure of each
lement of the cell. A standard SOFC architecture is planar,
node-supported cell. It is a stack of various sintered layers:
he few hundred micron thick anode, which supports the struc-
ure, the electrolyte, whose thickness must be reduced to a few

icrons to improve ionic conduction, and the cathode.1 The
athode is typically a few tens of microns thick and comprises
wo layers, one with a mixed conductor in contact with the
lectrolyte and one with pure electronic conductor to enhance
he current collection.2 This composition allows increasing the
umber of triple points (coincidence of gas, ionic conductor and

lectronic conductor), where the reaction of reduction of oxygen
akes place.3 The materials classically used are: for the anode, a
orous cermet of nickel and yttria stabilised zirconia (YSZ); for
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he electrolyte, dense YSZ; for the cathode, a composite with
SZ as an ionic conductor and lanthanum strontium manganate

LSM), as an electronic conductor. A electrochemical model4 of
omposite cathode has shown that a graded structure with LSM
n a larger proportion close by the surface, where the collecting of
he current is dominating, and YSZ in a larger proportion near the
lectrolyte, where the ionic conduction is preponderant, should
nhance the electrochemical properties. Also it is expected that
he composition gradient improves the mechanical properties of
he cell under thermal cycling: since there will be no marked
nterface between LSM and YSZ layers, the stresses induced by
hermal expansion coefficient mismatch will be reduced.

Research programmes on the development of function-
lly graded materials (FGM) have been conducted in various
elds since the eighties.5 Numerous fabrication techniques
ave been proposed: physical and chemical vapour deposition,6

lip casting,7 plasma spraying,8 multilayer pressing,9–11 col-
oidal processing such as electrophoretic deposition12 and
edimentation.7,13 This last method consists in the settlement
f powders dispersed in a suspension upon a substrate under
ravity and leads to a continuous composition variation. It has

een chosen for the fabrication of composite LSM–YSZ cathode
ith graded composition as explained in this paper. A numerical
odel allowing a better control of the sedimentation process is

lso described. Two cathodes with different composition have
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een fabricated by changing the initial conditions of sedimenta-
ion. Their compositions are analysed after sintering by electron
ispersive spectrometry under scanning electron microscopy
nd compared between each other and with the prediction of
he sedimentation model.

. Experiments and modelling

Assuming that each particle has no interaction with its neigh-
ours, the sedimentation regime is controlled by Stokes’ law.
ccording to this law, a spherical particle of diameter D placed

t a distance h from the substrate reaches it in a time t expressed
s:

= 18ηh

D2(ρp − ρ0)g
(1)

here ρ0 is the mass density of the liquid, ρp is the bulk density
f the particle, η is the viscosity of the liquid and g is the gravity’s
cceleration.

During sedimentation, differences in falling rate may arise
rom differences in particle size and bulk density. Since the bulk
ensities of YSZ and LSM are close (ρYSZ = 5.9 g cm−3 and
LSM = 6.1 g cm−3), a composition gradient will mainly result
rom the difference in size distribution. YSZ powder provided
y Praxair contains particles with a size between 0.4 and 10 �m.
he coarsest particles (above 6 �m) have been removed through
preliminary sedimentation procedure because they were found

o be poorly reactive. The as provided and final particle size
istributions are shown in Fig. 1. LSM powder, also provided
y Praxair, includes particles between 0.3 and 7 �m (Fig. 1).
lthough the smallest and largest sizes of YSZ and LSM pow-

ers were very close, the difference in size distribution was
ufficient to obtain distinct sedimentation rates.

To optimise the parameters of the sedimentation process,
uch as the proportion of powders and the time of sedimenta-

ig. 1. Particle size distribution of powders: (a) YSZ as provided, (b) YSZ after
reliminary sedimentation and (c) LSM as provided.
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ion, a numerical simulation of the process has been developed.
he model of sedimentation predicts the composition of the
eposited layer knowing the proportion of powder introduced
nd the deposition duration. The total volume of powder is
ivided in 1000 equal volumes, part of them containing LSM
articles and the other ones YSZ particles, in accordance with the
ixture composition. A diameter is associated to every elemen-

ary volume so that the particle size distributions of both powders
re enforced. A height is next selected at random between 0 and
he sedimentation column height, H, and the time required for a
article of this diameter to fall from this height to the substrate
s calculated using Stoke’s law Eq. (1). The position of each
lementary volume in the deposit is then found. The obtained
esults are averaged after simulating 100 sedimentations in the
ame conditions. They allow calculating:

the sedimentation curve (percentage of deposited powder ver-
sus time);
the particle size distribution in the deposited layer;
the composition gradient along the thickness of the deposit.

This simulation process has been run using the parameters
f YSZ and LSM powders in order to predict the composition
f deposits obtained with different initial conditions. Two cases
re described below. In case A the starting material is a mixture
f 50 vol.% of YSZ and 50 vol.% of LSM whose particles are
andomly dispersed along the height of the column, H. In case B
oth materials are initially separated: YSZ particles are supposed
o be located at a distance between 0 and H/2 from the substrate
nd LSM particles are at a distance between H/2 and H from the
ubstrate. The composition of the deposit is obtained for each
ime increment.

The experiences matching the simulations described above
ave been realised. The sedimentation liquid was obtained by
dding 1 wt.% of polyvinylic acid and 0.1 wt.% of sodium
olyacrylate in deionised water, which made the dispersion of
ggregates easier. This mixture had a viscosity of 2 centipoises
easured by the capillary flow method. In case A, 0.1 g of

owder mixture (50 vol.% YSZ and 50 vol.% LSM) has been
ntroduced in 50 g of liquid. The suspension was dispersed by

echanical agitation and ultrasounds before introduction in the
edimentation column. The particles settled upon a 30 mm diam-
ter dense substrate of YSZ. After 22 h sedimentation, the liquid
as poured out of the column. This liquid contained less than
0 vol.% of the particles initially in the suspension. The particles
hat did not settle were mainly the smallest ones. The deposit
as dried at 30 ◦C during 2 days and next sintered, still upon the

ubstrate, during 2 h at 1200 ◦C in air. In case B, two suspensions
ere prepared. Each one contained 0.05 g of powder (either LSM
r YSZ) in 25 g of liquid. These preparations were introduced
n a column comprising two chambers separated by a gate with
SM suspension in the upper chamber and YSZ suspension in

he lower one. The gate was immediately opened to start the

eposition. The sedimentation time and the drying and sinter-
ng conditions were the same as in case A. The deposits have
een observed after sintering by scanning electron microscopy
SEM).
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Eight layers of fabricated graded cathodes, which corre-
spond to the layers calculated with the simulation program,
have been analysed by EDS with the same conditions as in
calibration. For each one, the YSZ volume fraction has been
ig. 2. Composition of simulated and fabricated deposits. The lines show simu-
ation data and the marks show experimental data drawn from EDS analysis. The
rawings illustrate the initial conditions of A and B sedimentation processes.

. Results and discussion

For both simulations described in paragraph 2 the varia-
ion of the volume fraction of settled YSZ particles along the
hickness of the deposit after an infinite sedimentation time
ppears in Fig. 2. The simulation predicts a composition in
SZ between 33 vol.% at the top of the deposit and 74 vol.%

t the bottom in deposit A and between 0 and 100 vol.% in
eposit B.

Fig. 3 shows micrographs of A and B deposits. The thick-
ess is about 80 �m thick for A deposit and 65 �m for B
eposit. It is uniform all over the substrate. The porosity of the
eposited layers have been estimated at 45 ± 5% by image anal-
sis. SEM micrographs do not exhibit significant differences in
icrostructure between both materials. In particular, differences

n composition cannot be detected.
To get a quantitative estimate of the composition gradient,

lectron dispersive spectrometry (EDS, Silicon–Lithium diode,
numeric analyser PGT) technique has been used. EDS iden-

ifies the elemental composition of materials imaged by SEM
Philips XL30 apparatus) for all elements with an atomic num-
er greater than boron. Associated with numerical algorithms it
rovides the precise composition of bulk materials. For porous
aterials it does not directly give quantitative information. A

rior work is necessary to calibrate the data. Thus five sam-
les with uniform controlled composition in YSZ and LSM –
, 25, 50, 75, 100 vol.% YSZ – and 45% of porosity have been
repared. EDS analysis of these samples has been performed
n stationary conditions (unchanged spot size, acceleration volt-
ge, magnification and counting rate). The ratio of the counts per
econd of Zr element to the total counts per second for each com-
osition has been plotted as function of YSZ volume fraction in

ig. 4. An analytical relation has been fitted to the experimental
oints. The difference between the data and the fitted relation is
maller than 5%. This value will be considered as the error of
he measure.

F
E
fi

Fig. 3. SEM pictures of A (a) and B (b) deposits after sintering.
ig. 4. EDS analysis of LSM/YSZ composites with prescribed compositions.
ach mark corresponds to a zone of a specimen and the line shows an analytical
tting.
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stimated from the count ratio through the fitted relation. To
nvestigate the reproducibility and homogeneity of the sedi-

entation process, the compositions found in two A deposits
nd in two zones of a same deposit have been measured. The
ifferences have been found to be within the 5% uncertainty
ange.

Fig. 2 compares the composition of deposits A and B between
ach other and with the prediction of the simulation. The vol-
me fraction of YSZ varies from about 80 to 30% in deposit

and from about 60 to 40% in deposit B. Experimental data
o not perfectly stick to the results of the simulation but the
rends are consistent. As predicted by the model, the composi-
ion variation in deposit B is much larger than the one in deposit
. However in both cases the volume fraction of YSZ close by

he substrate is lower than expected. This discrepancy should
e due to the formation of LSM particle agglomerates in the
uspension, which are not taken into account in the simulation.
ote that the deposits should also exhibit a gradient in particle

ize. This gradient, which may affect the sintering behaviour,
as not been investigated so far.

. Conclusion

Powder sedimentation thus appears to be a suitable technique
o fabricate composite ceramic structures with controlled com-
osition gradient. This technique, associated with a numerical
imulation of the sedimentation process, has been successfully
pplied to the fabrication of composite SOFC cathodes from
SZ and LSM powders. The parameters that have been adjusted

o control the composition are the particle size distributions
f the powder and the relative position of each powder at the
eginning of the sedimentation process. Two deposits have been
btained, one with a composition from 60 to 40 vol.% YSZ and
he other one with a composition from 80 to 30 vol.% YSZ. The

echanical and electro-chemical properties of these deposits

hould next be measured in order to analyse the benefit of a
omposition gradient with a view to improving cathode perfor-
ance. Electrochemical features will also be used to validate

he numerical simulation of SOFC electrodes based on a dis-

1

eramic Society 27 (2007) 3113–3116

rete element method,14 which will help optimising electrode
icrostructure.
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