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The production of ultrafine zirconium oxide
powders by spray pyrolysis
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Twin-fluid atomisation spray-pyrolysis has been investigated for the production of ZrO,
powders. The atomiser used in this study has a novel internal arrangement that can
produce a spray with a mean diameter (SMD) of less than 5 um. Spray pyrolysis tests with
zirconium nitrate as a precursor salt were performed and the formation of ZrO, powder was
studied under substantially different heating rates and initial solution concentrations. A
mean particle diameter, d(0.5), of 0.67 um and 0.77 um was achieved for 0.05 M and 0.5 M
solutions, respectively. It was concluded that the new nozzle design performed well and
was successful in producing ultra-fine ZrO, powder with a principally tetragonal structure
when the correct process conditions of heating rate and residence time were applied.

© 2002 Kluwer Academic Publishers

1. Introduction

Various techniques [1-6] such as sol-gel, hydrothermal
and spray-pyrolysis (SP) have been studied for pro-
ducing ultrafine, electroceramic powders, for example,
sol-gel, hydrothermal and spray-pyrolysis (SP). It is
recognised [7] that the availability, on a cost effective
basis, of micron and submicron powders in thick film
processing would help satisfy the requirement to re-
duce the thickness of the ceramic layer to less than
10 microns. In principle, pressure-atomisation spray
pyrolysis, provides a promising, but as yet unproven,
route for producing chemically homogeneous ultrafine
particles in the large quantities required for the commer-
cial manufacture of electro-ceramic thick film devices.
SP involves the formation of an aerosol of a precursor
metal salt solution, which is passed through a graded
temperature reactor in which the individual droplets are
thermally decomposed to form oxide particles. Refine-
ment of the process could offer potential advantages
[8-12], in terms of particle homogeneity, over other
production methods.

High capacity pressure spray atomisation [9] routes,
for example, the Ruthner process, have been used for
ferrite, mullite and cordierite powder production but
because of the large droplet sizes that are produced in
conventional pressure jet systems, after shrinkage, the
particles were typically of the order of 25-100 pum in
diameter [8]. Moreover, hollow spherical particles may
form during pyrolysis due to poor control of evapo-
ration rates and salt solubility resulting in excessive
solute concentration at the surface of the droplets. This
leads to premature surface precipitation and the for-
mation of a low permeability surface skin at a very
early stage of evaporation. Further shrinkage is then re-
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stricted giving rise to oversize hollow particles, partial
fragmentation occurs due to the build up of pressure
within the core of the particle to give a physically inho-
mogeneous product. Inevitably milling has to be used
to breakdown the SP particles and produce a finer, more
sinter-active ceramic starting powder [8].

At the research level the issue of reducing
droplet/particle size has been addressed by replacing
pressure sprays by ultrasonic atomisation techniques.
The size of the droplets are principally dependant on
the applied frequency, and micron scale droplets can be
formed, but at low liquid flows of a few millilitres per
minute [10]. Because of the compositional complex-
ity of high 7. superconducting ceramics, ultrasonic SP
has proved to be a popular means of preparing small
quantities of powder [11], and has also been used to
prepare a wide range of single and other multicompo-
nent powders with sub micron particle sizes [8]. Using
a twin fluid, air assisted atomiser, Messing et al. [8, 12]
produced ZrO, powders and demonstrated that for
0.05 M salt solutions in combination with a low
temperature pre-treatment to induce slow evaporation,
it was possible to develop a route that avoided the steep
solute concentration gradients that induce premature
salt precipitation at the surface of the droplet dur-
ing the early stages of shrinkage. Consequently, the
formation of oversize hollow particles could be
avoided. Particle diameters of 1 to 3 um were
obtained.

The work presented here represents the first results
from a new SP installation, which incorporates a novel
design of twin-fluid atomiser with a droplet classsifica-
tion system and good control over furnace temperature
profile.
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Figure 1 Schematic diagram of particle flow reactor used for spray pyrolysis.

2. Experimental equipment and method

A schematic diagram of the spray pyrolysis (SP) flow
reactor is shown in Fig. 1 and consisted of 6 heated
sections (maximum rating, 7 kW) which were linked to
provide three independently controllable temperature
zones. The overall length of the reactor was 2.5 m with
an internal diameter of 70 mm. This reactor was used
to generate a relatively gentle temperature gradient for
droplet evaporation and salt precipitation prior to cal-
cination.

The atomiser used for the experiments was designed
in-house [13] and is a development of a twin-fluid de-
sign with internal mixing of gas and liquid. The new
design (Fig. 2) induced a degree of pre-filming on the in-
ternal cone surface prior to ejection through the nozzle
orifice producing a spray with a smaller mean droplet
diameter than conventional effervescent atomisers [14,
15]. The size distribution of the spray was further mod-
ified by classification in a pre-chamber prior to entering
the reactor. A constant pressure feed system was used
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Figure 2 Schematic diagram of twin-fluid atomiser (unassembled).
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Figure 3 Low pressure injection system for air and liquid feed to the
twin fluid atomiser.
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(Fig. 3) to ensure a steady flow of solution to the nozzle
of about 15 ml/min. Atomising air was fed at a rate of
about 8 I/min.

Powders were collected from the reactor after an
overall residence time of about 4 s in the SP reactor
by knock out vessels and PTFE filters. X-ray diffrac-
tion analysis was performed on a Phillip APD 1700
diffractometer using Cu K, radiation of wavelength
1.54050 A. Particle morphology and composition were
studied using a Hitachi S700 for imaging (SEM) and a
Camscan Series 4 with energy dispersive X-ray analysis
(EDX) capabilities.

Spray-droplet and particle sizing was performed by
the laser diffraction method using Malvern Mastersizer
instruments.
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Figure 4 The effect of air/liquid mass ratio (ALR) on droplet size at 25,
30 and 35 psig.
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Figure 5 The variation of droplet diameter with distance from the
nozzle.



3. Results and discussion

3.1. Droplet characterisation

Before pyrolysis experiments were performed, the
atomiser droplet size was characterised using pure wa-
ter over a range of air-liquid ratios (ALR’s). Mean
droplet sizes, d(3,2) (Sauter Mean Diameter) and
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Figure 6 Size distribution of droplets at a distance of 10 cm from nozzle
(25 psi).
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Figure 7 Gas temperature profiles during ZrO, production. Profile
A—gradual heating 120 K/s. Profile B rapid heating 1200 K/s.
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d(v, 0.5) are shownin (Fig. 4). Reduction in droplet size
is observed at higher ALR and is typical of the response
of twin fluid atomisers. At an ALR of 1 droplet sizes
d(v,0.5), and d(3, 2) of 9 um and 4 um, respectively,
are obtained with 90% of the droplets having diameters
less than 17 um (d(v, 0.9)). The results indicate that
there is only a marginal improvement in droplet size
when the atomisation pressure is increased from 25 psig
to 35 psig however there are significant gains in liquid
throughput. For example, it was found that at an air mass
flow rate of 7 g/min, an increase in the liquid mass flow
rate from 15 g/min to about 32 g/min is achieved; an
increase of over 100%. This is an important factor in the
design of a spray-pyrolysis process where the through-
put of the system can be increased significantly with no
significant reduction in spray quality. The droplet size
(d(3,2)) could be maintained below 5 um for liquid
mass flow rates up to about 20 g/min at 35 psig and
17 g/min at 25 psig. The variation of droplet size along
the axis of the spray is shown in Fig. 5. At a pressure of
30 psig and an air flow rate of 8 I/min (ALR = 1) only a
slight increase in droplet size is observed beyond about
6 cm from the atomiser indicating that there is only a
little coalescence due to droplet collision and is the case
for both d(3, 2) and d(v, 0.5). At the lower air input of
5.6 I/min (ALR = 0.26) significantly more coalescence
is observed, probably due to the higher droplet density
in this spray and the increased likelihood of droplet
collisions. An example of the droplet size distribution
from the atomiser is shown in Fig. 6 (at 25 psig). A
spray with an SMD of about 3.5 um was obtained by
operating the atomiser at an ALR of 1.

3.2. Particle morphology

The gas temperature profiles in the SP reactor
(Profile A) and the DTR reactor (Profile B) are shown
in Fig. 7. The heating rates to 873 K of 120 K/s and
1200 K/s were chosen for comparison due to their sig-
nificant difference which would serve to demonstrate
the effect of heating rate on particle morphology. We
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Figure 8 ZrO, particle size distribution for initial solution concentrations of A—0.05 M and B—0.5 M.
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Figure 9 SEM image of sub-micron particles formed from 0.05, 0.1 and 0.5 M zirconium nitrate solution in the spray pyrolysis flow reactor.

cannot assume that the droplet/particle will follow the
gas temperature precisely, due to heat and mass transfer
considerations [16]. Nevertheless, the gas temperature
profiles shown in Fig. 7 are valid representations of
the process conditions experienced by the aerosol as it
progresses through the reactors.

The size distribution of the ZrO, particles formed
in the SP reactor are shown in Fig. 8 for initial solu-

3384

tion concentrations of 0.05 M and 0.5 M. Both dis-
tributions show a bi-modal character with peaks at
0.3 um and 3 um but the latter peak more intense
for the 0.5 M solution. This is reflected in the statis-
tical analysis of the size distributions (Table I) and in
particular the d(v, 0.9) value which is 3.1 um for the
weaker solution and 4.2 pm for the more concentrated
solution.



The bi-modal distribution is visually apparent under
in SEM micrographs (Fig. 9) for precursor solution con-
centrations of 0.05, 0.1 and 0.5 M. The approximate,
observed size ranges were 0.25-2.5 um, 0.3—4 pum and
0.5-6 um respectively. Fractured particles (Fig. 9E and
F) confirm the fully dense structure of the spherical
particles and are proof of volumetric salt precipitation
in the droplets. There are, however, some irregularly
shaped particles with surface indentation, which may
be evidence for cavities in some of the particles. There
is a slight increase in the observed particle size when
the concentration of the precursor zirconium nitrate so-
lution is increased from 0.05 M to 0.1 M which may be
explained by the calculation of the theoretical particle
size after liquid evaporation using [8],

1 1
CO>§< ;OsaltW )3
D, =Dy 2) (—=7 (1)
g "(cs Poxide(l — P)

TABLE I ZrO, particle size statistics

Diam. (um) (0.05 M) Diam. (um) (0.5 M)

D(v,0.5) 0.67 0.77
D(v,0.1) 0.27 0.23
D(v, 0.9) 3.1 4.23
Mode 0.42 0.42

Do =starting droplet diameter pum, Cp=starting
droplet concentration, C; = saturation droplet concen-
tration pge, Poxide = density of salt and oxide phases,
W = oxide yield of salt(s), P =fractional porosity of
the particle where volumetric precipitation is assumed.
For example, a 5 wm droplet of 0.05 M and 0.1 M con-
centration is calculated to form a 1.2 um and 1.47 um
particle, respectively and gives a size ratio 1.26 for the
given change in initial concentration. However, fora 10-
fold increase (0.05 M to 0.5 M) the application of Equa-
tion 1 gives aratio of 2.2, that is the particle diameter is
more than doubled as can be seen by comparing Fig. 9C
and E.

In contrast, the SEM images of zirconia particles
from the DTR at the higher heating rate (Fig. 10) show
evidence of surface precipitation of salt on heating fol-
lowed by the formation of a shell which may break
up explosively by the release of internal pressure. This
type of behaviour leads to secondary atomisation of the
droplets and the formation of smaller sub-micron parti-
cles. The majority of these particles appear to be com-
plete, spherical and solidly formed. This may lead to the
conclusion that even at concentrations close to satura-
tion (i.e. 0.5 M) the small diameter particles have a ten-
dency for volumetric precipitation rather than the sur-
face precipitation of the larger particles due to shorter
diffusion distances. For volumetric precipitation to oc-
cur, the concentration at the centre of the droplet must

Y ‘ Ao

Figure 10 SEM image of sub-micron particles formed from 0.5 M zirconium nitrate solution in drop tube rapid pyrolysis reactor.
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Figure 11 XRD pattern of ZrO, prepared by SP at Tp,x = 600°C.

be greater than or equal to saturation at the droplet
temperature. If volumetric precipitation has occurred
in the droplets then the development of concentration
gradients may have been minimised by internal mix-
ing of the solution by convection. Therein lies the key
to the formation of ideal solid particles, by controlling
the relative rates of droplet shrinkage and concentra-
tion redistribution within the droplet. This is achieved
by creating the appropriate gas temperature profile as
demonstrated in the SP reactor.

The use of precursor salt solutions other than nitrates,
for example acetates, has shown that the formation of
hollow shells can be avoided [8, 17, 18]. However, un-
der certain circumstances, due to the formation of an
intermediate gel-like phase during particle formation,
dimpled morphology can occur in particles greater than
3 pum. These undesirable structures can be avoided by
the careful control of the droplet/particle heating rates
that are experienced inside the spray pyrolysis furnace
[17].

XRD patterns of the powders from the SP reactor
(Fig. 11) were compared with the standard JCPDS pat-
terns for the tetragonal, monoclinic and cubic phases
[19]. The dominant phase in the ZrO, from SP was
found to be tetragonal with a slight indication of a
monoclinic phase. Previous work indicates that, due to
crystallite size effects principally tetragonal phase is ex-
pected [8] from SP synthesis of zirconia although a mix-
ture of tetragonal and monoclinic has been observed in
zirconia produced from flame-assisted ultrasonic spray
pyrolysis [20].

Having established operating conditions for one noz-
zle and, although the subject of future work, one can see
how the scale-up of the process could be achieved using
multi-nozzle arrays. However, there are potential prob-
lems. The interaction between individual spray cones
[21-23] in a multi-nozzle system and the subsequent
droplet coalescence that would inevitably occur, would
need to be minimised by careful spray chamber design.
The number of nozzles, which constitutes an optimum
arrangement, could be determined experimentally. Fur-
ther process design considerations include furnace di-
ameter, length and particle residence time. The heat
required by the process would be determined by heat
balance calculation, with the heat required for water
evaporation being a major consideration. Furnace tem-
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perature profile and particle temperature history, are
other important considerations with direct influence on
powder quality. Process design may also be aided by
the use of mathematical models of the spray-pyrolysis
process [16, 24, 25] which describe droplet evaporation
and solid particle formation.

4. Conclusions

Zr0O, powder has been prepared by twin-fluid atomi-
sation. The atomiser has a novel internal arrangement,
which can produce a spray with mean diameter (SMD)
of less than 5 um representing a good initial droplet size
for solid particle formation by spray-pyrolysis. Further
classification of the spray removed the oversize droplets
greater than 10 pwm.

Experiments with a model ceramic precursor salt
(Zr(NO3),) have shown that dilute solutions (0.05 M)
can produce solid, spherical ZrO, with mean particle
diameter, d(0.5), of 0.67 wm indicating that volumetric
solids precipitation predominates during particle for-
mation.

At concentrations approaching saturation (0.5 M),
under rapid heating, the process of particle formation
is affected by, surface precipitation and the formation
of hollow shells that may burst violently, releasing the
liquid contents in a secondary atomisation process.
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