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Submicron particles of barium calcium titanate (BaggCay,14TiOy) were generated by aerosol decomposition
at reactor temperatures ranging from 900 to 1600 °€ X-ray diffraction showed phase-pure tetragonal
Bag 56Cay14Ti0; for all reactor temperatures. Particle morphology could be controlled by varying reactor
temperature. Scanning electron microscopy and transmission electron microscopy showed that poly-
crystalline, hollow particles were formed at 900-1100 °C, partially densified particles were formed at
12()0—1400 °C, and solid particles were formed at 1500-1600 °C. Specific surface areas decreased from
14 to 4 m?/g, and green densities of dry-pressed pellets increased from 38% to 65% of theoretical density
as the reactor temperature was increased from 1000 to 1600 °C. Hollow particles were produced at low
temperatures (<100 °C) as a result of solvent evaporation in the beginning of the reactor tube. The hollow
particle morphology persisted as the temperature increased to 1000 °C and the precursors reacted to form
BaggCag14Ti03. At higher reactor temperatures, the hollow particles densified in the aerosol phase with
residence times on the order of 1 s. Sedimentation velocity measurements showed a narrower size distribution
and smaller average size than powders made from the same precursor solution by reaction and milling.
Pellets pressed from the powders also showed a lower densification temperature by dilatometry than pellets
formed from powders produced by reaction and milling. Sintered ceramics had densities ranging from
89% to 98% of theoretical density and showed a useful positive temperature coefficient of resistance.

Introduction

Aerosol decomposition or spray pyrolysis is an attractive
method for generation of unagglomerated ceramic powders
with submicron particle size. The technique involves
passing a solution of precursors through an aerosol gen-
erator, sending the aerosol droplets into a heated reactor
tube where evaporation and chemical reaction take place,
and collecting the ceramic powder on a filter.! Precise
control of stoichiometry can be obtained, and the particles
can be unagglomerated, can be small (<1 um), and can
have a narrow size distribution. Since no grinding or
milling is required, no impurities are introduced. This
process of producing ceramic powders has many industrial
applications, and scaleup has been demonstrated for nu-
merous materials.?

A major disadvantage of the aerosol decomposition
method is poor control over particle morphology, which
often results in hollow and/or porous particles.>® In other
cases, the particles consist of aggiomerates of much finer
(in some cases nanometer size) particles.5® These particle
morphologies can be a disadvantage since porous particles
and agglomerates can result in growth of large grains
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during sintering.® Control over grain size and grain
boundary composition is especially important in electronic
ceramics such as Bagyg;Cay1,Ti0;, where it is necessary to
have uniform electrical resistances and voltage drops
throughout the material. In addition, solid spherical
particles can provide higher green densities than porous
or hollow particles and can result in lower sintering tem-
peratures and higher density products. A better under-
standing of the processes that control particle morphology
is needed in order to produce powders with these desired
characteristics. This is necessary before aerosol decom-
position is accepted as a feasible alternative to existing
methods for production of ceramic powders.

Some authors have reported that solid particles can be
formed in certain systems, but no clear trends have been
identified. Many of these approaches have concentrated
on modifying the solvent evaporation process in a manner
that allows formation of solid salt particles that can then
be converted to solid ceramic particles. These methods
are highly dependent on the chemical system. Leong!®12
reported solid salt particle formation from the drying of
salt solution droplets but did not attempt further heating
to form metal oxides. Solid particle formation was favored
by using a high-solubility solute, low drying rates, and a
nuclei-free solution. The morphology of the dried salt
particles was also dependent on the number of crystals
formed in the droplets and the droplet size at the onset
of crystallization, factors that depend strongly on the na-
ture of the salt. Zhang and Messing!? formed solid ZrO,
particles by using low solution concentrations (approxi-
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Figure 1. Aerosol decomposition apparatus.

Table 1. Precursor Solution Composition

component wt % component wt %
1. water 43.5 4. isopropyl alcohol 9.6
2. titanium isopropyl lactate® 26.9 5. lactic acid 5.6
3. barium acetate 12.3 6. calcium nitrate 2.1

?Du Pont Tyzor TPT: tetraisopropoxide + lactic acid.

INITIAL TABLE WIDTH IS SINGLE COLUMN
ROW 080 BANK SPECIFIED

Table II. Characteristics of Aerosol Reactors

material quartz mullite
length, cm 130 140
inside diam, em 12 6
temp(s), °C 1000 1100, 1200, 1300, 1400, 1500, 1600
residence time(s), s 7.1 1.4-1.2
air flow rate at 35 9.5 9.5
psi, L/min

mately 1% of the saturation concentration) and high-
solubility precursors. However, this approach may be
impractical in cases where only low solubility salts are
available since low solution concentrations lead to low
powder generation rates. Kanno and Suzuki! produced
spherical, non-hollow Zr0,-Si0, (1:1) particles by using
multiple furnaces maintained at different temperatures,
thereby drying and reacting the aerosol particles in a
number of steps. No connection, however, was made be-
tween the temperature profile resulting from the multiple
furnaces and the physicochemical processes which control
particle morphology.

Gardner and Messing”® related particle morphology to
the nature of the precursor. MgO powder was produced
from solutions of magnesium chloride, nitrate, sulfate, and
acetate. Typical particles from the first three precursors
were aggregates, spherical shells, or shell fragments. When
using magnesium acetate, however, it was proposed that
an exothermic oxidation reaction occurred that resulted
in fragmentation of aggregates and formation of small
(0.1-0.3 pm), solid particles.

Sullivan et al.’® produced solid V,0; particles by oper-
ating the reactor at temperatures above the melting point
(690 °C). At these temperatures, the aerosol particles were
liquid, which resulted in dense particles within the resi-
dence time of the reactor.

This study involved formation of dense BaygCayg,,TiO;
particles by aerosol decomposition at high temperatures
where this material melts incongruently. At reactor tem-

(14) Kanno, Y.; Suzuki, T. J. Mater. Sci. 1988, 23, 3067.
(15) Sullivan, R. J.; Srinivasan, T. T.; Newnham, R. E. J. Am. Ceram.
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peratures above 1300 °C, a liquid phase was formed that
increased transport rates resulting in in situ densification
of hollow and porous particles. Traditional routes for
production of BaygCay 14,Ti05 include calcining solutions
of precursors to obtain a powder, followed by repeated
milling and classifying until the desired particle size is
obtained. This material is of interest because it has a
positive temperature coefficient (PTC) of resistance (sharp
increase in electrical resistance with increased temperature)
and is used in switching devices. The goal of this study
was to demonstrate that even when solvent evaporation
is not controlled and hollow, porous particles are formed,
the particles can still be densified in the aerosol phase to
form solid spheres. The processing of the powders to form
ceramics with useful electrical properties was also inves-
tigated.

Experimental Procedure

The solution of precursors had the composition listed in Table
I. High-purity titanium isopropyl lactate, barium acetate, and
calcium nitrate were added to a mixture of water, lactic acid, and
isopropyl alcohol in the ratios shown in Table I to produce a
viscous solution. This same solution was used to produce powders
by reaction in a crucible followed by milling. The aerosol generator
used was a six-jet Collison (BGI Inc.). The aerosol generation
apparatus is shown in Figure 1. House air was filtered and a
regulator was used to control the pressure to 35-40 psi. The air
was then humidified with isopropyl alcohol and water to prevent
increases in the concentration of the solution during experiments
due to solvent evaporation, which could result in precipitation.
Two different reactors were used. A furnace with a quartz tube
was used for experiments at 1000 °C. A high-temperature furnace
with a mullite tube was used for temperatures above 1000 °C.
The characteristics of the reactors are listed in Table Il. The
powder produced at 1000 °C in the quartz tube was designated
P-1000, and powders produced in the mullite tube at 1100-1600
°C in 100 °C increments were designated P-1100-P-1600. The
residence time for P-1000 was 7.1 s. The residence times for
P-1100-P-1600 ranged from 1.4 to 1.2 s (see Table II). The carrier
gas entered the jets of the aerosol generator at 35-40 psig (P,)
and expanded to just above atmospheric pressure (Py) during the
formation of aerosol droplets. This air further expanded upon
entering the furnace due to an increase in temperature from room
temperature (T,) to 1000-1600 °C (T,). With use of the ideal
gas law, residence time were calculated from the following formula

(see Figure 1):
- 23)6)
e 4'Ql.} Pl T2

where d = reactor diameter, L = reactor heated length, and @
= flow rate measured by flow meter.

The powders were analyzed by scanning electron microscopy
(SEM; Hitachi S-800; 15 kV), X-ray diffraction (XRD; Scin-
tag/USA diffractometer using Cu Ka X-rays), transmission
electron microscopy (TEM; JEOL 2000 operated at 200 kV), and
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Figure 2. XRD patterns of powders produced at (top) 1600,
(middle) 1400 and (bottom) 1000 °C show phase-pure
Bay sCag 4 TiO4 for all reactor temperatures.

thermal gravimetric analysis/differential thermal analysis
(TGA/DTA; Omnitherm STA 1500). Specific surface areas of
the powders were determined by Brunauer, Emmett, and Teller
(BET) analysis of nitrogen adsorption isotherms at 77 K (Au-
tosorb-1 Quantachrome). Particle size distributions were de-
termined by a sedimentation type particle size analyzer (Mi-
cromeritics Sedigraph 5100).

Pellets were uniaxially dry-pressed at 10 and 20 kpsi (69 and
138 MPa) by using 9.5- and 6.4-mm dies lubricated with stearic
acid. Green densities were determined from the physical di-
mensions and weights of pellets. A dilatometer (Orton automatic
dilatometer) was used for examination of densification behavior.
Pellets were sintered (in air) with a ramp of 5-10 °C/min and
a hold time of 30 min at either 1200 or 1300 °C. Sintered densities
were determined by water displacement and compared to the
theoretical density of 5.7 g/cm®.

The resistance as a function of temperature was measured by
placing a sintered disk of the material in an oven and measuring
the resistance as the temperature was increased to different
temperatures. The temperature was allowed to stabilize for 5 min
at each temperature. Resistance was measured with a digital
ohmmeter.

Results and Discussion

X-ray diffraction of P-1000-P-1600 showed that
phase-pure BaggsCa, 4 Ti0; was produced at all reactor
temperatures. XRD patterns for P-1000, P-1400, and
P-1600 are shown in Figure 2. The closely spaced peaks
at 20 = 46° and 56° could not be observed for P-1000-P-
1200 because of peak broadening. These peaks, however,
could be resolved for powder generated at 1400-1600 °C,
indicating increasing crystallite size with increasing reactor
temperature.

Scanning electron micrographs for P-1000 and P-1100
(Figure 3) revealed porous particles and some exploded
shells. The average particle size determined from SEM
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Figure 3. Scanning electron micrographs of powders produced
at (top, a) 1000 and (bottom, b) 1100 °C show hollow/porous
particles and exploded shells.

was on the order of 1 um. The micrograph of P-1400
(Figure 4a) showed a smaller particle size and fewer ex-
ploded shells than P-1000 and P-1100. The transition to
smaller dense particles was complete at high reactor tem-
peratures as shown by the micrograph of P-1600 (Figure
4b). The average particle size of P-1600 (=0.7 um from
SEM) was much smaller than that of P-1000. The size
distributions obtained from sedimentation velocities of
P-1600 and powder produced by reaction and milling are
shown in Figure 5. Meaningful size distributions could
not be obtained from sedimentation velocities of the
powders produced at lower temperatures, because the
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Figure 4. Scanning electron micrographs of powders made at
(top, a) 1400 and (bottom, b) 1600 °C show the transition from
porous/hollow particles to smaller, solid particles with increasing
reactor temperature.

particles were not solid. The mass median diameter of
P-1600 was approximately 0.6 um, which agreed well with
SEM. The aerosol particles were smaller than particles
produced by reaction and milling and had a narrower size
distribution.

TEM was performed on P-1200 and P-1500, and the
micrographs are shown in Figure 6. Figure 6a showed that
particles made at 1200 °C were hollow spheres. Figure 6b
showed that a higher reactor temperature (1500 °C) caused
densification of hollow and porous particles to form solid,
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Figure 5. Size distribution of powder produced at 1600 °C shows
a mass median diameter of =0.6 yum with smaller average size and
narrower distribution than powder made by reaction and milling.

faceted particles.

The mechanism of particle generation involved forma-
tion of hollow particles at low temperatures (<100 °C) as
a result of solvent evaporation. The hollow particle
morphologies persisted and reactions occurred as the
particles were heated to 1000 °C to form the product,
BaygeCay 14Ti0;. At high reactor temperatures, the par-
ticles of Bag gsCag14T105 densified in the aerosol phase to
produce solid spheres. The powder made at 1000 °C
(P-1000) was analyzed by DTA/TGA with a ramp in
temperature of 10 °C/min to 1500 °C (Figure 7). A slight
endotherm at approximately 1300 °C suggested the for-
mation of a liquid phase which coincides with the reactor
temperature around which the transition to dense particles
occurred. Sintering by solid-state diffusion could not be
carried out in each aerosol particle at lower temperatures
within the residence time of the reactor. By raising the
reactor temperature, however, the material melted incon-
gruently. The liquid phase that was formed increased
transport rates, resulting in densification of the aerosol
particles within the residence time of the reactor.

The impact of aerosol-phase densification on powder
properties and pellet densities was examined. Specific
surface areas determined from nitrogen adsorption (Figure
8) decreased as reactor temperature was increased from
1100 to 1400 °C. Green densities of the pellets (Figure 9)
increased over the same reactor temperature range. The
green density increased to greater than 60% of theoretical
density near 1400 °C. This green density was higher than
typical values (50-53%) for Bagg5Cay;,TiO; powder pro-
duced from the same solutions by calcining, milling, and
classifying. The value for the mass median diameter (0.6
um, Figure 5) and the theoretical density of 5.7 g/cm?® were
used to calculate the specific surface area of the powder
(SSA = 6/pd,). A value of 1.7 m?/g assuming smooth
spheres was obtained, which is in reasonable agreement
with the surface area measured by nitrogen adsorption
(=~3-4 m?/g, Figure 8). This is further indication that the
particles were solid.

The densification behavior of the powders was studied
by using dilatometry (Figure 10). Dry-pressed pellets
formed from P-1000 showed negligible densification below
1100 °C, rapid densification between 1100 and 1200 °C,
and decreasing densification between 1200 and 1300 °C.
The densification was almost complete by 1300 °C. The
temperature at which densification began was lower than
that for powder produced by reaction and milling. The
dilatometry results for P-1500 showed less densification
and a higher sintering temperature, because the individual
particles had already densified in the reactor resulting in
larger grain sizes in the particles. Final densities of all the
powders produced by aerosol decomposition ranged from



750 Chem. Mater., Vol. 3, No. 4, 1991

Figure 6. Transmission electron micrographs of powders pro-
duced at (top, a) 1200 and (bottom, b) 1500 °C show hollow
particles produced at low reactor temperatures and solid particles
produced at high temperatures.

89% to 98% of theoretical density when sintered in air at
1200 °C for 30 min. With a sintering temperature of 1300
°C, the final densities ranged from 89% to 94%.
Electrical resistance of the sintered powders (P-1000)
was measured as a function of temperature. The ceramics
showed a useful positive temperature coefficient of re-
sistance (Figure 11); there was an increase in resistance
of 5 orders of magnitude between 100 and 240 °C. The
powders made by aerosol decomposition had electrical
properties similar to those obtained by using powders
made by calcining the same solution followed by milling.
However, the potential of aerosol decomposition for gen-
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Figure 7. DTA of powder produced at 1000 °C shows endotherm
at ~1300 °C.
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Figure 8. Specific surface area decreases as reactor temperature
is raised due to aerosol-phase densification.
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Figure 9. Green densities of pressed pellets increase with in-
creasing reactor temperature used to produce powder.

eration of powders with higher purity than those made by
calcining and milling may allow improved electrical
properties for Ba;_,Ca,TiO; and other electronic ceramics.

Conclusions

It has been demonstrated that Bag gsCag1,Ti0; particles
with controlled morphologies ranging from thick-walled
hollow particles to solid particles can be produced by
aerosol decomposition. Hollow particles were formed as
a result of solvent evaporation, and this morphology was
retained during conversion of the reactants to
Bag gsCay14Ti03. The hollow particles could be densified
in the aerosol phase at sufficiently high temperatures at
residence times of only =1 s.

A large increase in the green densities of dry pressed
pellets occurred (from 38% to 65% of theoretical) as the
reactor temperature increased from 1100 to 1600 °C. A
similar transition occurred in the specific surface area of
the powders, which decreased from 14.3 to 4.1 m?/g. This
densification of the aerosol particles resulted in higher
green densities than with powders produced by reaction
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Figure 10. Dilatometry curves showing densification behavior
of P-1000, P-1500, and conventionally produced powder.

of the same solution in a crucible followed by milling. In
addition, powders produced by this process could be sin-
tered at a lower temperature than conventionally produced
powder.

Aerosol phase densification may not be practical for
materials with high melting points. However, a wide va-
riety of ceramics such as other ferroelectrics and ceramic
superconductors have sufficiently low melting points or
temperatures at which significant amounts of liquid phases
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Figure 11. Electrical resistance vs temperature shows a useful
positive temperature coefficient of resistance.

are formed to allow application of this approach for solid
particle formation.
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