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Abstract

This work is focused on the synthesis of nano-crystallised yttria stabilised zirconia (YSZ) powders by the spray pyrolysis method, the aim
of the study being a better understanding of the influence of the spray pyrolysis parameters on the morphology of the produced powders. Spray
pyrolysed powder consists of polycrystalline particles, which are spherical. Each particle consists of nanometric primary grains. The mor-
phology of these polycrystalline particles was characterised by scanning electron microscopy (SEM), helium pycnometry, thermogravimetric
analysis (TGA) and mass spectroscopy (MS), and the results are compared. Thus, particle size, particle size distribution and particle porosity
were determined and correlated to the process parameters. Finally, by dilatometric measurements, sintering curves of pellets prepared from
different sets of powders were analysed in regard of their morphologies. Two main conclusions could be deduced from these studies. Firstly,
the process parameters influence both internal porosity and particle size distribution of the synthesised powders. Secondly, the morphologies
of the spray pyrolysed nano-powders lead to particularly high sintering activities.
© 2004 Elsevier Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Homogeneous metal oxide powders used in many techni-
cal applications should have submicron size, uniform mor-
phology and high purity. Yttria stabilised zirconia (YSZ)
is usually used as electrolyte material for solid oxide fuel
cells (SOFCs). At the present time, the performance of
electrolyte-supported SOFC is mainly limited by the ohmic
loss through the thick electrolyte. It is why many recent in-
vestigations deal with the reduction of the electrolyte thick-
ness of 5–10�m [1–5]. The most useful and lowest cost
routes for preparing a dense layer of YSZ are based on wet
chemical coating processes, such as screen printing[6,7],
vacuum slip casting and slip casting[8–10], tape casting
[11–13], wet powder spraying[14–16]and sol–gel processes
[17]. To obtain a very thin layer, the key point in all these
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processes is to use a submicron starting powder, taking care
that powder particles are fully dispersed in the suspension.

Spray pyrolysis is a production route which allows the
synthesis of complex oxides at low temperatures and thus
leads to submicron powders; it therefore can be described
as a soft chemistry process. Spray pyrolysis is a process
well suited to the production of YSZ submicron powders
[18–22]. In a particular example[23], with aqueous starting
solution of zirconyl nitrates and yttrium nitrates, the process
easily leads to the production of tetragonal or cubic yttria
stabilised zirconia at 600◦C, i.e. just after the nitrate groups
decomposition. Furthermore, with this process the powders
are calcined in a very short time: 1–10 s. Then, the oxides
produced by the spray pyrolysis process are composed of
polycrystalline particles with submicron size which consist
of nano-sized primary grains. The control of the primary par-
ticle diameter using the process parameters is one of the most
important advantages of this synthesis method. Submicron
spherical particles can be easily obtained. In addition, while
all spherical aerosol droplets are separately pyrolysed in a
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short time to form discrete solid particles, a good dispersion
of these powders in any solvent is very easy to achieve in
comparison to powders from other methods such as sol–gel
or co-precipitation.

In the first part of this paper an investigation of the influ-
ence of the process parameters on the mean diameter and
particles size distribution of cubic YSZ powders with com-
position ZrO2–8 mol% Y2O3 (8-YSZ) is reported. In the
second part, the sintering behaviour of different spray pyrol-
ysed powders is examined and correlated to their morpholo-
gies and preparation parameters.

2. Experimental

2.1. Powder preparation

The 8-YSZ zirconia powders were prepared by the
spray pyrolysis technique using an ultrasonic atomiser. The
precursor solutions were prepared from a stoichiometric
mixture of zirconyl nitrate hydrate ZrO(NO3)2·6H2O and
yttrium nitrate hydrate Y(NO3)3·6H2O dissolved in dis-
tilled water. The concentration investigated was fixed to
2.5 × 10−2 mol l−1. These solutions were atomised by a
high-frequency ultrasonic mist generator. In this study, two
piezoelectric ceramic transducers were used for which the
frequencies were 2.5 and 1.7 MHz. Here, it is worth to note
that the atomisers contained three ceramic transducers. The
produced aerosol was carried through a tubular furnace with
air (N2–O2 mixture) flow rate of 6 l min−1. The temperature
of the tubular furnace was fixed at 600 or 1100◦C.

2.2. Powder characterisation

The crystallographic structures of the sprayed powders
were characterised by X-ray diffraction using a Siemens
D-500 diffractometer. The achievement of a pure YSZ cu-
bic phase after the spray pyrolysis procedure was checked
in all cases, and the grain sizes of the powders were evalu-
ated from XRD patterns applying the Scherrer formula. The
thermal decomposition of the oxide particles obtained by
the spray pyrolysis process was studied by two techniques.
Firstly, thermogravimetric analysis (TGA) using a Setaram
92B thermobalance (accuracy 10−4 g) with a heating rate of
3◦C min−1 was used. The second technique was gaseous ef-
fluent analysis during the decomposition steps using a Balz-
ers QMG 421 mass spectrometer.

The particle morphologies were examined using a scan-
ning electron microscope (Jeol JSM 6400). The particle
size distribution was evaluated from image treatment of the
scanning electron micrographs (using Image.tool software).
The particle density was measured with a double room he-
lium pycnometer (Micromeritics-AccuPyc 1330). Calcula-
tions were then carried out using the ideal gas law (accuracy
on particle density was estimated at about 1%). Finally,
the sintering behaviour of green pellets, 8 mm in diame-

ter, obtained from uniaxial pressure (P = 300 MPa) of the
sprayed powders was studied by dilatometric analyses. The
dilatometric experiments and more particularly the sinter-
ing curves have been recorded using a push-rod dilatometer
(Netzsch 402 E). Sintering of the pellets was performed at
1400◦C for 5 h with a heating rate of 3◦C min−1 (same
conditions than for TGA analyses).

3. Results and discussion

Previous investigations of spray pyrolysis process[23–25]
were performed to prepare undoped zirconia and low
Y2O3-doped nano-powders of tetragonal polycrystalline
zirconia. In this work, the influence of synthesis parameters
on the transformation step from aerosol droplets to solid
particles was investigated. Furthermore, in the literature,
many studies dealing with this subject were found[26–28].
From all these studies, it can be concluded that four pa-
rameters have to be taken in consideration: the atomising
frequency of the piezoelectric ceramics, the concentration
of metallic salts in the starting solution, the flow rate of the
aerosol in the tubular furnace, and the furnace temperature.
The mentioned parameters can be divided in two groups: (i)
the atomising frequency is the key parameter for control of
the droplet size of the aerosol (in this first group), the den-
sity of the precursor solution and its surface tension have an
influence too, but here, these parameters will be considered
the same in both sets; (ii) the concentration, the carrier gas
flow rate and the furnace temperature influence the transfor-
mation of the liquid droplets into final oxide particles, i.e.
on the oxide particles morphology (size, density, etc.). Here,
two parameters have been studied with great attention: the
atomising frequency and the furnace temperature.

3.1. Influence of atomising frequency

To study only the influence of atomising frequency, the
other three parameters had to be fixed. It can be recalled that
based on previous work[23] the metallic salts concentration
in the aqueous starting solution is fixed at 2.5 × 10−2 M
and the gas flow rate is fixed at 6 l min−1. Furthermore,
for this study, a furnace temperature of 600◦C was chosen.
Thus, two series of 8-YSZ powders from the two atomising
frequencies (1.7 and 2.5 MHz) were produced and the two
resulting oxide powders will be referred as YSZ-1.7-600 and
YSZ-2.5-600 in the following.

The forced oscillating frequency of the ultrasonic atomiser
creates equivalent oscillations of the liquid column in the
sprayer dish, causing development of transverse longitudinal
disturbances. Their superposition depends on the surface
tension, liquid viscosity, liquid column height, the number
of the piezoelectric ceramics used to produce the oscillating
frequency, dish shape and position of piezoelectric ceramics
in the dish, and more particularly forced frequencies of the
oscillators. Assuming that waves of spherical diameter are
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created and boundary conditions where the liquid velocity at
the sides of the dish is equal to zero, the mean diameter of the
aerosol droplets can be determined using Lang’s equation
[29]

D = 0.34× 106
(

8πσ

ρf 2

)1/3

(1)

where D is the aerosol droplet diameter (�m), σ is the
surface tension of the precursor solution (N m−1), r is the
solution density (g cm−3), and f is the frequency of the
piezoelectric ceramic oscillator (Hz). Considering that the
nitrate salts have no influence onσ andρ, for frequencies
of 1.7 and 2.5 MHz, expected mean droplets sizes are 2.70
and 2.08�m, respectively.

From SEM micrographs of solid oxide particles obtained
at the end of the process, the influence of the atomising
frequency on aerosol droplets diameter can be derived us-
ing the following equations linking aerosol droplet diameter
with theoretical and experimental oxide particle diameters

d0 = 103
(

10−3 × CMD3

ρox

)1/3

(2)

p = 100

(
d3

exp − d3
0

d3
exp

)
(3)

wheredexp is experimental mean diameter of the oxide par-
ticles (nm),d0 is theoretical mean diameter of the oxide par-
ticles (nm) (considering that all the particles are dense),C
is the equivalent concentration of YSZ oxide in the starting
nitrate solution in (mol l−1), M is the molar mass of YSZ
(g mol−1), ρox is theoretical YSZ oxide density (g cm−3),
andp is the porosity percentage of the experimental spheri-
cal particles. The theoretical diameterd0 expected from the
Lang’s equation for frequencies of 1.7 or 2.5 MHz are 216
and 166 nm, respectively.

SEM micrographs of YSZ-2.5-600 and YSZ-1.7-600
powders are shown inFig. 1 andFig. 2a, respectively. The
particle size distribution obtained by image treatment of
SEM micrographs relative to both powders are shown in
Figs. 3 and 4, respectively. On SEM micrographs, it can be
seen that the obtained particles are perfectly spherical with
smooth surfaces. Several aspects concerning the particle
size distribution have to be discussed.

Firstly, the powders are more or less widely and multi-
modally distributed according to the frequency used.
Jokanovic and coworkers[30,31] have demonstrated that
powders from spray pyrolysis have a distribution spectrum
of a series of values corresponding to a set of resonant liq-
uid column frequencies for different factors of wave shapes,
dependent on different damping factors of transverse and
longitudinal waves generated by ultrasonic excitation. In our
case, the particle size distribution was wider when the fre-
quency used was 2.5 MHz than for 1.7 MHz (please note the
different scales of thex-axes inFigs. 3–5). From Jokanovic
et al., it appears that the process of harmonisation of the

Fig. 1. SEM micrographs of solid particles obtained at 600◦C with an
atomising frequency of 2.5 MHz.

forced field of the two ultrasonic generators with the field
of frequencies characteristic of the system are very differ-
ent between these two experiments. One may conclude that
the spray pyrolysis process is very promising for achiev-
ing powders synthesised with very different particle size
distribution (wide or narrow distribution). To conclude, par-
ticle size and particle size distribution are fully dependant
on the frequency of the ultrasonic atomiser in the pyrosol
process.

Secondly, assuming the mean experimental diametersdexp
of both distribution spectra corresponding to the centre of the
distribution, i.e. diametersdexp corresponding to the larger
particles population, they can be compared with the value
predicted by Lang’s equation. As shown inFigs. 3 and 4, the
mean experimental diameters for 1.7 and 2.5 MHz are 235
and 180 nm, respectively. In both cases, the experimental
diameters (dexp) are about 10% higher than the theoretical
ones predicted by Lang’s equation (d0). The hypothesis that
the obtained particles exhibit a closed porosity seems to be
valid to justify dexp andd0 differences. ApplyingEq. (3) in
both cases (for 1.7 and 2.5 MHz) the calculated porosity is
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Fig. 2. SEM micrographs of solid particles obtained with an atomising
frequency of 1.7 MHz with a tubular furnace temperature of (a) 600◦C
and (b) 1100◦C.
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Fig. 3. YSZ-2.5-600 particle size distribution obtained by image treatment of SEM micrographs.

found close to 20 vol.%. To verify this last hypothesis, the
influence of the furnace temperature has been studied.

3.2. Influence of furnace temperature

The flow rate and the furnace temperature are known to
be the most influential parameter on the final solid particles.
These two parameters are linked but in practice, differences
exist between authors on the real influence of these param-
eters. As Messing et al.[32] have shown, the evaporation
stage of the process can be described as a series of physical
phenomena occurring simultaneously. Thus, it is very diffi-
cult to predict the influence of the parameters on the den-
sity of sprayed particles. To obtain a good yield (describing
here the ratio between production in g and time in h), flow
rate has to be sufficient. In[23], four different morphologies
of undoped zirconia final powders were reported as smooth
or grained, distorted or multi-layered spheres as function of
pyrosol conditions. The flow rate was fixed here at 6 l min−1

and calcination temperatures were 600 and 1100◦C. In or-
der to study the influence of the furnace temperature on the
morphology of YSZ particles, the atomising frequency was
fixed at 1.7 MHz. The two series of subsequently synthesised
powders are designated YSZ-1.7-600 and YSZ-1.7-1100,
hereafter.

Firstly, XRD measurements confirmed that a pure cubic
phase was obtained for each calcination temperature; the
grain sizes evaluated with the Scherrer formula were found
to be around 5–6 nm for the furnace temperature of 600◦C
and 15–20 nm at 1100◦C. In both cases, even for a calci-
nation temperature of 1100◦C, because of the velocity of
the process, nano-sized grains materials were obtained. Sec-
ondly, helium pycnometry measurements were performed
on the two series of powders: the densities were 4.708 and
5.780 g cm−3 for 600 and 1100◦C, respectively. Taking into
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Fig. 4. YSZ-1.7-600 particle size distribution obtained by image treatment of SEM micrographs.

account a theoretical density of 5.96 g cm−3 for 8-YSZ ox-
ide, densities of the YSZ-1.7-600 and YSZ-1.7-1100 are
found about 80 and 97%, respectively. The density of 80%
of the powder calcined at 600◦C maybe not quite correct
due to the fact that the temperature of 600◦C is not sufficient
to burn out or decompose all nitrate phases. Thus, the theo-
retical density must be assumed as a sum of the density of
pure 8-YSZ and the density of the remaining nitrates. These
results confirm that the porosity of sprayed powders can be
controlled by means of the tubular furnace temperature; here,
an increase of the calcination temperature induced a large
increase in the particle density. Therefore, to understand the
cause of the internal porosity in the YSZ-1.7-600 powder,
TGA coupled with mass spectroscopy were performed on
this powder. The results are presented inFigs. 6 and 7. It
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can be seen (Fig. 6) that two main mass losses were detected
by TGA: the first one occurred between 60 and 150◦C; the
second one occurred between 450 and 750◦C. The first loss
can be qualitatively attributed to water evaporation and the
second one to nitrate decomposition as detected by mass
spectroscopy (Fig. 7). Quantitative studies on nitrate propor-
tions are very difficult, but this experiment shows that the
decomposition of the nitrates is not complete at 600◦C, the
selected temperature of the pyrosol furnace. Consequently,
the YSZ-1.7-600 powder particles remain porous after spray
pyrolysis synthesis.

The influence of the furnace temperature on particle dis-
tribution of this second set of powder was, in a final study,
investigated using SEM analyses performed with image
treatment. A SEM micrograph is shown inFig. 2band the
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corresponding particle size distribution is inFig. 5. At first
sight, no differences can be seen between the two SEM
micrographs ofFig. 2a and b. However, it can be seen that
the corresponding size distribution from image treatment is
slightly different. In comparison with YSZ-1.7-600 sample,
the YSZ-1.7-1100 distribution spectrum is better defined.
Indeed, the secondary maxima of the distribution spec-
trum can be clearly observed here (e.g. at about 350 and
460 nm). It can be deduced that the YSZ-1.7-1100 spectrum
is sharper than the YSZ-1.7-600 spectrum because in the
first case both prepared particles must be dense, and in the
second case, a variation of porosity content from one par-
ticle to another one may affect the spectrum by smoothing
the distribution profile.

Besides some of the aimed applications for these powders
(production of dense layers for SOFC electrolytes or porous
layers for thermal barrier coatings), the consequences of
the absence or presence of internal porosity in the powder
particles for their sintering behaviour can be important and
have to be investigated. Such study is presented in the last
part of this paper.

3.3. Sintering behaviour

The sintering curves on the YSZ-1.7-600, YSZ-2.5-600
and YSZ-1.7-1100 pellets are presented inFig. 8.

The sintering curves of YSZ-1.7-600 (Fig. 8a) and
YSZ-2.5-600 (Fig. 8b) were compared. The characteristics
of both sintering curves are very similar, and can be divided
into three steps. A first shrinkage occurs between 450 and
780◦C. This first step can be correlated with the nitrate de-
composition step detected by TGA measurements. At this
stage of the work, it can be already assumed that this step
occurring at very low temperatures is linked to the internal
porosity of the particles between each primary grain. A sec-
ond step occurs between 780 and 1150◦C, and then, a third
one occurs over 1150◦C. Even if the sintering curves present
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the same evolution for these two samples, the total shrinkage
at the end of the sintering process is different. Indeed, the
YSZ-2.5-600 sample exhibited a shrinkage of around 10%
more than the YSZ-1.7-600 sample. Pellet green density and
pellet final density are summarised inTable 1. The densities
were calculated from the mass and volume measurements.
The difference in shrinkage and so, final density, between
the two samples: 96% for YSZ-2.5-600 and 89.5% for
YSZ-1.7-600, cannot be explained only by a small difference

Table 1
Density of green and sintered pellets made from the different samples
(calculations are based on mass to volume ratio)

Samples Pellets green density (%) Pellets final density (%)

YSZ-1.7-600 54.5 89.5
YSZ-2.5-600 56.5 96
YSZ-1.7-1100 67 97
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in their green densities. Both calculated final densities can be
compared to the SEM micrographs presented inFig. 9. Since
both samples present exactly the same sintering curve steps,
an explanation based on different mechanisms of sintering is
not possible. From previous experiments, it appears obvious
that the explanation of such observations can be correlated

Fig. 9. SEM micrographs of sintered pellets made from spray pyrolysed
powder: (a) YSZ-1.7-600 set, (b) YSZ-2.5-600 set, (c) YSZ-1.7-1100 set.

with the particle size distribution. Indeed, the particle size
distribution of the YSZ-2.5-600 sample was wider than that
of the YSZ-1.7-600 sample. Background knowledge shows
that for many ceramic processes, for example slip casting or
tape casting processes, a wide grain size distribution of par-
ticles leads to easier sintering ceramic (one can refer to the
Bernache-Assolant’s book[33]). In our case, i.e. with per-
fectly spherical particles and multimodal size distribution,
differences in the final density seems to be amplified.

The last point to discuss from the comparison of these
two first samples is the grain size of the final ceramic, which
can be easily calculated from the two micrographs (Fig. 9).
It can be seen on the two micrographs corresponding to
these two samples (YSZ-1.7-600 and YSZ-2.5-600) that
pellets had different porosities but nearly the same grain
sizes. The average particle size for both samples was very
low, about 50–200 nm. It seems that the particle shape and
diameter of the particles remained practically unchanged
during sintering. This is consistent with previous work
on tetragonal polycrystalline zirconia ceramics[34]. It
could be explained by the presence of inter-particle poros-
ity from one point but also because of high purity of the
materials.

Secondly, in order to study the influence of the tubular
furnace temperature on the sintering curves, the final den-
sity and the final grain sizes of YSZ-1.7-1100 have to be
compared to the preceding curves. Here, the most impor-
tant phenomenon point is that the first shrinkage step did
not occur for the YSZ-1.7-1100 because the raw powder
was prepared precisely at 1100◦C. However, because the
starting powder particles were dense in this case, the green
density obtained for this sample was larger than for the two
previous ones (seeTable 1). Furthermore, the final grain
size reached after sintering was significantly more impor-
tant than in the two previous cases (nearly 1�m, seeFig. 9).
This phenomenon seems to be the consequence of the more
pronounced third sintering step. It proves that the internal
porosity inside the particles of the two previous samples was
the reason of the limitation of the grain size growth during
sintering. For this last pellet, the absence of closed poros-
ity inside the pre-sintered primary particles allowed a higher
degree of sintering at 1400◦C than in the previous cases.
Thus, a good final density was reached for this last sample
(97%).

From both sintering behaviour studies, it was proved that
the first shrinkage step occurring at very low temperatures
in the two first samples corresponds to a partial disap-
pearance of the particle internal porosity. The very small
sizes of these inclusion pores located inside the primary
particles as well as the presence of nano-grains may ex-
plain the very low temperature of the first shrinkage step
(450–750◦C). Furthermore, these inclusion pores seem to
explain the very small grain sizes reached after sintering
(50–200 nm at 1400◦C). The two last sintering steps oc-
curring in all three samples probably corresponds to the
suppression of inter-particle porosity and inter-agglomerate
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Fig. 10. Schematic representation of a microscopic area of the YSZ-1.7-
600 green pellet.

porosity, respectively. Indeed, because the pellets are made
of submicron primary particles, it seems to be difficult to
avoid the appearance of agglomerates.

A schematic representation of the different kinds of pore
located in a characteristic green pellet of sprayed powder is
shown inFig. 10and can be related to the main conclusions
presented in this discussion.

4. Conclusions

The main goal of this paper was a better understanding
of the influence of the two main parameters of the spray
pyrolysis process on the YSZ particle morphologies (particle
size, particle size distribution and porosity) and on their
sinterability.

Firstly, it could be shown that particle size distribution
could be described by a distribution spectrum, as already
proposed by Jokanovic et al. The atomising frequency and
the shape of the ultrasonic generator could have led to dra-
matic changes in the width of this spectrum. Furthermore,
with perfectly spherical particles as produced by spray py-
rolysis, the influence of the distribution spectrum width on
the sinterability of these powders was very important. Be-
side applications, it has been shown that a wide particle
size distribution is preferable for providing dense ceramics.
However, the multitude of process parameters and their in-
teractions make it difficult to obtain a perfect control of the
final distribution spectrum.

Secondly, it has been proved that primary particles pro-
duced by the spray pyrolysis can result in the internal poros-
ity varying in a large range (from about 3 to 20%) accord-
ing to the calcination temperature of the aerosol droplets
during the process. Besides sintering application, of course,
the synthesis of dense particles led to ceramics which were
easier to densify at relatively low temperatures. The higher
the spray pyrolysis temperature, the denser the particles (the

larger the densification). However, from a fundamental point
of view, it has been shown that, due to internal porosity,
sintering occurred in a very low temperature range, never
before observed for YSZ (500–800◦C). Furthermore, this
internal porosity inside the starting oxide particles seemed
to limit the grain growth during sintering, producing—after
a sintering step at 1400◦C during 5 h—materials with grain
sizes of only 50–200 nm. In consequence, spray pyrolysis
appears to be an interesting new process for the production
of nano-powders that remain in the submicron range even
after exposure at very high temperatures.
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