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talline size and tetragonality. The barium titanly oxalate
A nanometric BaTiO3 powder sample with a medium crys- sample prepared by us in a previous paper (18) has been

tallite size D 5 157 Å has been prepared from the thermal used as precursor. We reported (18) that this sample was
decomposition of BaTiO(C2O4) ? 4.5H2O by constant rate ther- constituted by small single crystals whose structure was
mal analysis (CRTA). Rietveld analysis of the XRD pattern determined from Patterson and Fourier synthesis using
shows that this BaTiO3 sample presents a crystalline cubic 3261 unique X-ray single crystal reflections. The results of
structure. The evolution of the texture, the structure, and the the structural analysis allow us to assure that the Ba/Ti
ferroelectric R paraelectric enthalphy transition as a function

ratio is exactly one, and therefore, pure and stoichiometricof the annealing temperature of BaTiO3 has been followed from
BaTiO3 would be obtained from the thermal decomposi-XRD and DSC experiments. A relationship has been found
tion of the above precursor. This is important if we takebetween the reaction enthalphy of the tetragonal R cubic poly-
into account that Fang et al. (19) have shown that themorphic transition and the tetragonality of the sample, as mea-
coprecipitation with oxalate of an equimolar mixture ofsured from the c/a ratio. Therefore, the calorimetric data can

be used for predicting the structure of this material. The Curie barium and titanium salts would yield a mixture of oxalates
temperature seems to independent of the crystallite size D, rather than a single compound, depending on the experi-
provided that it is higher than about 400 Å.  1996 Academic Press, Inc. mental conditions.

EXPERIMENTAL
INTRODUCTION

Preparation of the BaTiO3 Samples
Barium titanate is the most widely used material for the

production of multilayer ceramic capacitors (1, 2) since We have utilized the Clabaugh method (20) using
BaCl2 ? 2H2O, TiCl4 , and C2O4 ? 2H2O (Merck pro analysis)the discovery of its extremely high dielectric constant. It

is well known that the small particle size of BaTiO3 starting as starting materials. We have shown in a previous paper
(18, 21) that the above method leads to the single com-powders enables better sintering and the development of

uniform microstructure throughout the ceramic compo- pound BaTiO(C2O4)2 ? 4.5H2O that crystallizes in the
monoclinic system with the following lattice parameters:nent (3). On the other hand, it has been reported (4–10)

that the dielectric constant and the Curie temperature (as- a 5 13.382(2) Å; b 5 13.812(2) Å; c 5 14.044(2) Å, and
b 5 91.48(1)8.sociated to the tetragonal R cubic polymorphic transfor-

mation of BaTiO3) strongly depend on the size. This behav- The thermal decomposition of the above precusor has
been carried out by constant rate thermal analysis (CRTA)ior explains that a variety of methods for yielding ultrafine

powders have been proposed in literature (3, 11–17) as an described elsewhere (22, 23). This method implies the con-
trol of the temperature of the sample in such a way thatalternative to the common industrial method for producing

BaTiO3 , i.e., by annealing equimolecular mixtures of bar- both decomposition rate and residual pressure of the gases
self-generated in the reaction are maintained constant allium carbonate and titania in air at temperatures exceeding

12008C and leading big particle size. over the process at a value previously selected by the user.
This has been achieved by using a conventional high vac-The scope of the present work is to apply the differential

scanning calorimetry (DSC) method for both, analyzing uum system equipped with pirani and penning gauges.
Either the pirani or the penning gauges can be interfacedthe microstructure of BaTiO3 and determining its Curie

temperature. So far, this method had not been previously to the power controller of the furnace. Thus, the tempera-
ture of the sample can be monitored in such a way thatused for this purpose. This study requires the preparation

of a series of ultrafine BaTiO3 samples with different crys- the pressure of the gases produced in the reaction is main-
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TABLE 1tained constant at any value selected by the user in the
Textural Characteristics of the BaTiO3 Sample Obtainedrange from 1026 to 10 mbar. The constant reaction rate can

from the Thermal Decomposition of BaTiO(C2O4)2 ? 4.5H2O bybe selected by choosing the proper pumping rate thanks to
Means of the CRTA Methoda butterfly vacuum valve. We must bear in mind that the

production rate of gases and, therefore, the decomposition Sample Crys.structure SBET (m2/g) Da
BET(em) DScheerer(Å)

rate of the precursor must be necessarily constant along
BaTiO3 cubic (d 5 4.0177 Å) 14.4 0.07 159the whole reaction, providing that both pumping rate and

residual pressure are maintained constant.
a Calculated from specific surface area by assuming a spheric symmetry

according to the formula d 5 (6/SBET ? r), where r is the density of
Methods BaTiO3 (6.01 g/cc).

The DSC experiments were carried out with a Seteram
DSC 111 equipment with a sensitivity of 1 mV/s. A flow of

under vacuum using the CRTA method at a constant ratehelium of 20 cc/min and heating rate of 3 K/min were used.
C 5 2.98 3 1023 min21 (i.e., the reaction is over at 1/CSurface area measurements of BaTiO3 powders were
representing 335 min). The full conversion to BaTiO3 wascarried out with an Adsorpmeter Micromeritic, model
reached at about 5508C under these experimental condi-2000, using as adsorbate N2 at the liquid nitrogen temper-
tions but the temperature was allowed to increase up toature.
7508C and annealed at this temperature for 1 h underThe powder diffraction diagrams were recorded with a
vacuum. Table 1 shows the specific surface area determinedD-500 Siemens powder diffraction system. Pure monochro-
for this sample together with the medium particle size Dhsmatic CuKa1 radiation with l 5 1.54059 Å was used.
calculated from the BET surface by assuming sphericalThe alignment of the diffractometer was better than
symmetry and the size of the coherent diffraction domain0.0058 (2u). The diffraction pattern was scanned from
D111 calculated from the FWHM of the (111) diffraction20 to 1158 (2u) with a step length of 0.0048 and a fixed
peak. The large difference between the particle size deter-counting time of 60 s. A precise determination of peak
mined from the BET surface and the coherent diffractionpositions and integrated intensities was carried out using
domain size calculated from X-ray diffraction analysis canthe fitting program available in the PC software package
be explained by assuming that the BaTiO3 particles areDIFFRACT-AT supplied by Siemens-Socabin as de-
not single crystals, as Uchino et al. (9) have suggested, butscribed Bernard et al. (24).
that they are constituted by small crystallites (coherentlyThe analysis of the symmetry of the (200) family of
diffracting domains) welded in a mosaic structure. Thisdiffraction peaks has been used for discerning the crystal-
explanation agrees with results reported in previous papersline structure of BaTiO3 (9). The full-width of the half
that show that the microstrains of BaTiO3 (26) and othermaximum (FWHM) of (111) diffraction peak has been
ceramic materials (27, 28) are decreasing by increasing theused for calculating the medium diameter of the coherently
size of the coherently diffracting domains. This finding hasdiffracting domain according to the Scheerrer equation,
been explained by assuming that grain boundary consti-
tutes the main contribution to the microstrains of theDhkl 5 57.3 kl/b cos u.

The tetragonality of the sample has been expressed by the
value of the c/a ratio. The a and c lattice parameters were
determined by processing all the XRD peaks recorded in
the range from 208 to 908 (2u) by means of the DICVOL 91
computer program (25) assuming a tetragonal symmetry.

RESULTS AND DISCUSSION

It was reported in a previous paper (23) that the conven-
tional synthesis of BaTiO3 from the thermal decomposition
of BaTiO(C2O4)2 ? 4.5H2O under air atmosphere requires
us to heat this precursor up to 7508C in order to complete
the reaction. The BaTiO3 obtained under these experimen-
tal conditions has a large particle size and shows a tetrago- FIG. 1. XRD profile of the BaTiO3 sample described in Table 1 and
nal structure. Thus, the sample yielded in the present work the final difference plot between the experimental curve and the curve

calculated assuming a Pearson VII symmetric function.has been obtained by decomposing the above precursor
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TABLE 2
Results Obtained from

Rietveld Full Profile Refinement
from XRD Data of BaTiO3

a (Å) 4.0177 Å
V 64.85 Å3

Space group Pm1 3m
Z 1
Wavelength (Å) 1.54056
2u range (8) 20–145
D2u (8) 0.04
No. of reflections 21
Rp 0.0032
Rwp 0.042
RF 0.032
RB 0.048

BaTiO3 particles. Therefore, the higher the number of
grain boundaries in a particle the lower the size of the crys-
tallites.

Figure 1 shows both the observed (200) XRD profile of
the BaTiO3 sample described in Table 1 and the difference
between the experimental curve and that calculated by
assuming a Pearson VII symmetric function, together with
the Rp and Rw fitting parameters. These results point out
that the (200) XRD profile is quite symmetric, which means
that is not split to peaks. This behavior suggests that the
BaTiO3 sample used in this work has crystallized in cu-
bic symmetry.

In order to check the above assumptions both the inte- FIG. 3. DSC diagrams for the BaTiO3 sample described in Table 1
after undergoing previous annealing treatment for 1 h at different temper-grated intensities and the peak positions of the whole XRD
atures.diffraction diagram recorded for the BaTiO3 sample de-

scribed in Table 1 have been fitted by means of the Rietveld
refinement program FULLPROF (29). The conditions of
the refinement are included in Table 2. The excellent fitting

parameters reported here demonstrate that the BaTiO3

sample has a cubic structure.
The evolution of the structure and microstructure of the

sample described above has been followed by measuring
both tetragonality of the sample and coherent diffraction
domain size as a function of the annealing temperature.
The tetragonality of the sample has been determined from
the full XRD profile analysis as described in the Experi-
mental. The coherently diffracting domain sizes have been
calculated from the FWHM of the (111) peak. Figure 2
shows the plot of the c/a ratio and the crystallite size as a
function of the annealing temperature. These results point
out an increase of the tetragonality of BaTiO3 by increasing
its coherently diffracting domain size. Moreover, a c/a
value higher than unity is reached at D values around
250–300 Å, which means that values of D lower than 300
Å would be required for stabilizing at room temperature
the cubic lattice of BaTiO3 . This behavior supports thatFIG. 2. Plots of the c/a ratio and the crystallite size as a function of

the annealing temperature. the stabilization of the cubic phase of BaTiO3 depends on
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electric R paralectric transition of BaTiO3 is not recorded
on the corresponding DSC diagram unless this sample is
annealed at temperatures higher than 8508C, as Fig. 3
shows.

The results previously reported by Uchino et al. (9) re-
garding to the relationship between crystallite size, as de-
termined from broadening of XRD (111) peaks, and the
Curie temperature of BaTiO3 are in good agreement with
our observations. However, they are in disagreement with
the results reported by other authors (6, 7, 10) who have
concluded that the Curie temperature increases with in-
creasing particle size in the range from 0.2 to 4 em. It
must be pointed out that these authors have estimated the
crystallite size by SEM or TEM and that BaTiO3 particles
would be constituted by several crystallites welded in a
mosaic structure as we have reported in previous papers
(26–28). Thus, we can conclude that the coherently dif-
fracting domain size determined from the broadening of
X-ray diffraction peaks is the most appropriate parameter
for correlating the crystallite size with the Curie tempera-

FIG. 4. Influence of firing temperature on both the c/a ratio and
ture of BaTiO3 .enthalpy of the tetragonal R cubic transition of BaTiO3 .
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