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Abstract

BaTiO powders have been elaborated by several
methods using mixed citrate as precursor. This
compound has been used alone or dissolved in aqueous
or organic solutions, giving rise to different powder
morphologies (blocks of aggregates, hollow spheres,
plate-like agglomerates, porous plates, blocks). The
pore size distributions of the green compacted samples
were measured by mercury intrusion and the sintering

was followed by dilatometry. The sintering ability of

these powders depends essentially on their agglomer-
ation state determined by their elaboration mode. A
povder densification mechanism is proposed.

BaTiO - Pulver wurde mit Hilfe verschiedener Metho-
den aus einer Zitrat-Mischung als 'precursor’ her-
gestellt. Der ‘precursor’ wurde einzeln oder in einer
wdssrigen oder organischen Losung verwendet. Dies
fiihrte zu verschiedenen Pulvermorphologien ( block-
formigen Anhdufungen, Hohlkugeln, plattenartigen
Agglomeraten, porésen Platten, Blocken). Die Ver-
teilung der Porengrifie in den Griinlingen wurde mit
Hilfe der Quecksilberintrusion bestimmt, und nach
dem Sintern swurden die Proben dilatometrisch
vermessen. Die Sinterfdhigkeit der Pulver hingt
entscheidend  von  ihrem  Agglomerationszustand
ab. der durch die Herstellungsmethode bestimmi
wird.  Ein Pulververdichtungsmechanismus — wird
vorgeschlagen.

Les poudres de titanate de baryum ont été élaborées, a
partir d'un citrate mixte, par plusieurs voies. Ce
précurseur a été utilisé soit seul soit mis en solution
organique ou aqueuse conduisant a des poudres de
différentes morphologies (amas daggrégats, pla-
quettes, plagues poreuses, blocs ). La distribution de la
taille des pores a été étudiée par porosimétrie au
mercure, et le frittage a pu étre suivi par dilatométrie.

L'aptitude au frittage de ces poudres dépend essent-
iellement de leur érat d'agglomération déterminé par
leur mode d'élaboration et un mécanisme de densific-
ation est proposé.

1 Introduction

It 1s well known that the physical properties of
electroceramics are sensitive to their microstructure,
so control of such i1s essential during ceramic
processing. The present authors are particularly
interested in organic processes and more precisely in
citric precursor methods of barium titanate prepar-
ation. BaTiO, powders have been elaborated by
three methods, detailed previously,' using a Ba-Ti
mixed citrate:

—Thermal decomposition of a Ba-Ti mixed
citrate;

—spray pyrolysis of an aqueous solution of the
same compound;

—thermal decomposition of an organic citric resin
produced from this mixed citrate,

These three methods provide a way to elaborate
fine BaTiO; powders. Their aggregation character-
istics (‘strongly bonded agglomerates’) may be
different but in all cases they are made of aggregates
of 150 nm size. These powders are then suitable for
the investigation of the effect of aggregation on
sintering.

2 Previous Results in Powder Elaboration
2.1 Mixed citrate

The synthesis of the BaTi(C HO-),.6H,0 mixed
citrate (MC) was described by Hutchins et al.? and
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Hennings & Mayr.? In this mixed citrate, the ratio
Ba/Ti=1 is fixed and after calcination at 700°C, a
pure BaTiO; powder, constituted of blocks of
aggregates of 150 nm size, is obtained.

2.2 Spray pyrolysis of an aqueous mixed citrate
solution

It is possible to dissolve the mixed citrate in an
ammoniacal aqueous solution at pH=63. This
solution is sprayed by a piezoelectric transducer and
pyrolysed in air with an appropriate furnace.! The
concentration of the solution must be low (C =23 x
10~ 2 mol/litre). Annealing at 700°C gives a pure
BaTiO; powder. The particles are 1 um hollow
spheres which are constitued of aggregates of
150 nm.* 7

2.3 Citric resin

The existence of three acidic functional groups in the
mixed citrate (MC) makes it soluble in citric acid
(CA)-ethylene glycol (EG)-water mixture. The
resulting solutions are clear and stable with time.
These solutions are polymerized at 150°C to form a
mixed organic—inorganic resin which contains Ba
and Ti cations.

The authors have studied, at room temperature,
the isomolar cross-section of the CA-EG-H,O-
Imol MC quaternary diagram.! A mass yield
expressed by: R=[weight of BaTiO;]/[weight of
initial solution] was defined. Compositions shown
in zones 2 and 3 provide very viscous and white
liquids or even wax. Only the compositions lying in
zone 1, limited by lines 1-2-3 on Fig. 1, can give clear
and stable solutions.

Powders were prepared from these clear solutions.
The mixtures were calcinated at 700°C in static air
and gives pure BaTiO, after 2 h. The microstructure
studied by SEM shows powders constituted with

“EG” R< 2%
[] 29¢R<9%
N 99%<R<14.5%

“CA” "HH0"

Fig. 1. Tsomolar cross-section of CA-EG-H,0-1mol MC
quaternary diagram.

aggregates of 150 nm. Three types of morphologies
have been distinguished according to the R value. If
R is lower than 2, 10-um thick plate-like agglome-
rates are observed, in which the 150 nm spheroid
particles are regularly distributed. When R increases
up to 8%, porous plates of 20 um thickness are
formed. For R ranging between 8 and 14-5%, blocks
of 0-:3mm long are obtained. For R > 14-5%, the
limit of the MC solubilization in CA-EG-H,O
solutions is reached.

3 Experimental

The powders obtained at 700°C were isostatically
pressed at 250 MPa.

Sintering measurements were made in a vertical
dilatometer (Setaram, Lyon, France) with a constant
force load equivalent to 1g. Experiments were
conducted at a constant rate of 150°C/h. The
derivative curve of shrinkage versus 7 may be
calculated electronically and plotted simultaneously
with the shrinkage after the experiment. The
measurement of the shrinkage, reported for room
temperature, allows estimation of the green density
from the final density.

Green compacted samples and final bulk densities
were measured by Archimedes’ method and confir-
med with mercury intrusion (Micrometric 9300,
Paris, France) data. This last technique gives
important information on the pore size distribution.

The purity of the powders was studied by X-ray
diffraction: no extra line was observed on the X-ray
patterns. No organic compound was revealed on
infrared spectra. Other impurities were not detected
by electronic microprobe or by the RBS method
(Rutherford back scattering).

4 Results and Discussion

The sintering behaviour of powders obtained with
the three elaboration processes is shown in Fig. 2. In
all cases, the derivative of the shrinkage rate versus
temperature shows a maximum at 1060°C independ-
ent of the elaboration route. This phenomenon
could correspond to the elimination of porosity due
to the packing of the 150nm aggregates, because
these aggregates exist in all the powders. A second
maximum can be observed at a higher temperature,
depending on the mode of elaboration.

For better comprehension the sintering be-
haviour of the powders elaborated by citric resins
is reported first, then the results obtained with
powders elaborated by spray pyrolysis and mixed
citrate decomposition are reported.
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Fig. 2. Sintering of: I, deagglomerated powder from citric resin, R=1%: I, green powder produced from citric resin, R=1%:; I,
powder from citric resin, R =9%: IV, powder obtained by spray pyrolysis; V, powder from mixed citrate thermal decomposition. For

cach curve (a) (

4.1 Powders elaborated by citric resins

4.1.1 With deagglomeration step

The powders obtained by the citric resin process for
a yield R=1% have a high sinterability after a
suitable deagglomeration step which can be accom-
plished by ultrasonic dispersion. The sintering ends
at about 1250°C with a density approaching 99% of
the theoretical density (Fig. 2(I)).

4.1.2 Without deagglomeration step

Figure 2(11) shows the sintering ability of a powder
(R =1%) obtained by the same chemical route but
without deagglomeration. The sintering process
slows down and ends at about 1310°C and a second
maximum appears on the derivative of the shrinkage
rate versus temperature. These experiments confirm

- —) represents the shrinkage S versus 7 and (b) (

) the derivative over T of the shrinkage (right-hand scalc).

for powders elaborated by the same process the
great importance of the deagglomeration step.

Similar experiments can be performed on non-
deagglomerated powders with mass yields higher
than 1%, as for example with R=9% (Fig. 2(11I)).
The second maximum is observed to shift toward the
higher temperatures. The position of this maximum
depends on the mass yield. The higher the yield, the
higher the temperature and the longer the time of
densification. Moreover, the shrinkage curve (Fig.
2(111) shows, at high temperature (above 1400°C), a
dedensification behaviour which could be due to gas
detrapping. For the sample with R>9%, the
phenomenon is still more important.

It is possible to relate these observations with the
morphology of the non-deagglomerated powder.
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Fig. 3. Pores size distribution versus diameter of BaTiO,
( ) R=1% and (-——--) R=9% compacted sample.

The results obtained by mercury intrusion gives
essentially two pore size distributions, one centred
on 0-05 um, the other on 80 um (Fig. 3).

—After compacting, the green samples obtained
for R=1% and R=9% exhibit two pore
distributions, centred on pore sizes of 0-05 um
and 80 um (Fig. 3).

—The volume of smallest pores (0-05um) is
practically the same in both cases. On the other
hand, the number of the largest pores (80 um) s
four times more important in a R = 9% sample
than in a R=1% one. Thus, the existence
of a great quantity of large pores requires a
higher sintering temperature in order for dense
materials to be obtained.

4.2 Spray pyrolysis

This method allows the production of spherical
hollow-shaped powders with 150nm aggregates.
After sintering the final density approaches 99% of
the theoretical density.

On the derivative of the shrinkage versus temper-
ature, the maximum is observed at 1300°C with a
shoulder at 1060°C. The shoulder could be due to the
sintering of the 150 nm aggregates as in the previous
cases (Fig. 2(I) and (II)) and the maximum corre-
sponds to the elimination of the voids of the hollow
spheres. It is possible to eliminate this maximum on
the sintering curve at 1300°C, by an appropriate
deagglomeration treatment, but the spheres are
destroyed. This emphasizes once more the role
played by the packing on the sintering process.®

4.3 Mixed citrate decomposition

The powders obtained by mixed citrate decompo-
sition were not deagglomerated before isostatic
pressing. Their sintering behaviour is shown in Fig,
2(V). The first maximum of the derivative shrinkage
versus temperature is observed at 1060°C and
corresponds to the sintering of the 150 nm aggre-

gates. The temperature of the second maximum is
shifted to higher temperatures (above 1350°C). The
densification step ends at about 1400°C. Beyond this
temperature, a phenomenon of dedensification is
observed. The 150 nm aggregates cohesion can be
destroyed after a strong grinding. Under these
conditions, the sintering ability is comparable with
that obtained with a deagglomerated powder
elaborated by the citric resin method.

5 Conclusion

The mixed citrate is an interesting way to prepare
stoichiometric barium titanate powders. In the three
methods used, the green densities and final bulk
densities are respectively about 45% and 99% of the
theoretical density.

The presence of the 150-nm aggregate size is
independent of the elaboration method but depends
on the mixed citrate itself. The influence of the
nature of the precursors on the size of the final
powder was pointed out by Rehspringer.” In all
cases, the green densities comprise of between 45 and
50% of the theoretical density and after sintering
reach 99% of the theoretical density.

The mass yield of the citric resin governs the
powder morphology. The best sintering ability is
obtained when powders are deagglomerated and the
150 nm aggregates destroyed. Thus, after isostatic
pressing, samples have only one pore size distri-
bution which is related to the 150 nm aggregates.

When the powders are non-deagglomerated, the
sintering curve shows a second maximum. The
presence and the shift of the second maximum is
connected to the larger pore size distribution and to
the agglomeration state of powders. This pheno-
menon has been observed during ZrO,-Y,0,
(3-2%) sintering.!® The powder densification mech-
anism can be described by:

—Elimination of the smallest size pores or
densification of the 150 nm aggregates;

—elimination of the biggest pores induced by the
type of elaboration process.

Among the three elaboration processes, only the one
using a citric resin leads to the best sintering ability
because the corresponding powders may be easily
deagglomerated.
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