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Abstract

The formation of barium titanate powder by solid-state reaction and oxalate coprecipitation route is re-investigated by differential thermal
analysis—thermo-gravimetry (DTA-TG) thermal analysis and high temperature X-ray diffraction (XRD). The temperature formation of the
perovskite phase is lower for the chemical way than for the solid state one, and no intermediate product is detected. The obtained powder leads to
ceramics with high dielectric and piezoelectric properties. For example the room temperature piezoelectric ds; coefficient is 260 pC/N (higher than
the values usually published in the literature) and it shows a good stability under electrical solicitations. These properties make BaTiO3 (BT) a lead-

free high performance material for piezoelectric applications.
© 2005 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

BaTiO; (BT) is well known as fundamental ferroelectric
perovskite oxide [1] and is often used in multilayer ceramic
capacitors due to high dielectric constant and low loss
characteristics [2]. A lot of studies have been led in order to
decrease the grain size [3,4]. Basically, BT is prepared by solid-
state reaction. In order to enhance the dielectric constant,
alternative processing methods have been developed for the
synthesis of fine-grained powders [5—7]. This could be achieved
with chemical routes using non-oxide precursors which are
more reactive than the conventional oxides or carbonates
allowing the calcinations temperature to be lowered.

The aim of the paper is to re-investigate two ways of
synthesis, not to obtain fine grains for capacitors but to get a
suitable material for piezoelectric applications. Despite its
relative low Curie temperature and piezoelectric properties
inferior to those of Pb(Zr,Ti)Os, lead-free BaTiO; remains
attractive for environmental reasons [8]. The comparison is
made between two ways of BaTiOz powder synthesis: solid-

* Corresponding author. Tel.: +33 4 72 43 89 92; fax: +33 4 72 43 88 74.
E-mail address: laurence.seveyrat@insa-lyon.fr (L. Simon-Seveyrat).

state reaction (ssr) and oxalate coprecipitation route (ocr)
synthesis, from the formation of the perovskite phase to the
dielectric and piezoelectric properties.

High temperature X-ray diffraction (XRD) and differential
thermal analysis coupled with thermogravimetry (DTA-TG)
were used in order to follow the formation of the barium titanate
phase. Then ceramics were made with the powders from the
two processes, sintered, poled and characterized. The sintering
of chemically prepared BT powder yields dense ceramics with
interesting dielectric and piezoelectric properties.

2. Experimental procedure
2.1. Powder synthesis

BaTiO3; powder was prepared following the solid-state
synthesis by firing at high temperature a mixture of BaCO;
(Merck, 99%) and TiO, (Merck, 99%). The processing steps
were: ball milling for 2 h, calcining at 1150 °C for 4 h then
mixing the calcined product for 3 h.

The second way to make BaTiO; powder was a
coprecipitation process [9,10]: Ti(OC4Hg), was dissolved in
an aqueous solution of oxalic acid. Titanium hydroxide
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precipitated and reacted with oxalic acid to form soluble
TiOC,04. When the solubilisation of titanium was complete,
barium acetate was added slowly and a double oxalate
BaTiO(C,0,),-4H,0 was obtained.

The processing steps of the coprecipitation process may be
described by these equations:

(C4H90)4Ti + 2H,C,04 +4H,0
— 4C4HoOH + 2H,C,04 —|—TI(OH)4(S)

TI(OH)4(S) + 2H2C204 — TIOC204 +3H20

TiOC,04 4+ H,C,04 + Ba(CH3;COO0), + 4H,0
— BaTiO(C204)2-4H20(s) + 2CH3COOH

The calcination of the precursor powder is made at 650 °C
for 10 h and an additional treatment is made at 800 °C for 4 hin
order to control the grain growth.

2.2. X-ray diffraction, thermal analysis and grain size
distribution

X-ray diffraction data were obtained with a X’Pert Pro MPD
Panalytical diffractometer using Cu Ko radiation
(A =1.5406 A) with an incident-beam monochromator. The
diffractometer was equipped with an Anton Paar HTK16 high-
temperature chamber. The diffraction patterns were recorded
over the angular range 20-80° (20) with a step length of 0.016°
(20) and a counting time of 60 s step” ' (160 s step™ ' for cell
parameter determination). The extraction of peak positions for
indexing and the determination of cell parameters were carried
out respectively with X’Pert High Score and X’Pert Plus
programs supplied by Panalytical. For high temperature
measurements, powder is pasted on a fine alumina plate which
is put directly on the metal striper in the furnace. The
measurements were operated under ambient atmosphere (air).
The temperature was raised from room temperature to 1150 °C
for solid-state reaction and 1050 °C for chemical way synthesis
at 5 °C/min. The scans were measured with a holding time of
15 min at the given temperature. As the HTK16 was operated
using metal strip heater, the furnace has been calibrated before
measurements. The calibration was performed using the
transformation temperature of two NBS-ICTA standards [11]
and a pure tetragonal lead zirconate titanate ceramic
Pb(Zr.40Tig 60)O3 with the same experimental procedure just
described. The results are presented in Table 1. Then the

measured temperatures were corrected with the following
linear relation:
Corrected temperature (°C)

_ (measured temperature ("C) — 2.4761)
1.0568

The thermal behaviour was studied by DTA-TG under
flowing air (TG96, Setaram). Approximately 50 mg of the
precursor mixture was accurately weighed in an alumina
crucible. The temperature was raised from room temperature to
1200 °C at 10 °C/min under air flow.

Grains size distribution was controlled by a laser Coulter
LS130 granulometer and a specific area analyser Monosorb
Quantachrom (based on BET theory).

2.3. Dielectric and piezoelectric properties

The powder was pressed into pellets of the size @
16 mm X 2 mm after addition of 10% mass polyvinyl alcohol.
The samples were heated at 600 °C for 4 h in order to eliminate
the organic products then sintered at temperatures between
1330 and 1370 °C for 2 or 4 h with a 2 °C/min heating rate.
Silver electrodes were deposited onto both main sides of the
compacts to conduct dielectric measurements. Poling was made
in a silicon oil batch at 110 °C for a few minutes under 2 kV/
mm, then by applying the electric field during cooling.

Densities (p) of the sintered ceramics were estimated from
the mass and volume measurements in air. The dielectric
losses (t,6) and the permittivity (¢,) were measured under low
level (1 V/mm, 1 KHz) with an impedancemeter (HP 4284A).
The piezoelectric coefficient d33 was measured at a 100 Hz
frequency with a Berlincourtmeter (Channel Products Inc).
Measurement of ¢, were performed versus electric field with
the 4284 A apparatus and a Shering bridge. Measurements of
the converse piezoelectric coefficient d;; were performed
versus electric field with the help of a capacitive sensor
device.

3. Results and discussion

3.1. Formation of barium titanate phase from solid-state
reaction and oxalic chemical way

In the classical preparation method, i.e. solid-state reaction,
the raw materials are witherite BaCO5 and anatase TiO,. For
BaCO; and TiO, powders, the volume mean grain size

Table 1

Calibration of the HTK16 furnace for high temperature X-ray diffraction measurements

Reference material Phase transformation Transformation onset temperature (°C) Measured onset temperature (°C) AT (°C)
BaCO5* Orthorhombic — rhombohedral 808 845 37
SrCO5* Orthorhombic — rhombohedral 928 985 62
Pb(Zrg 40Ti0.60)03" Tetragonal — cubic 412 445 33

* NBS-ICTA certified transformation onset temperature.

® Transformation onset temperature determined with thermo-mechanical analysis (TMA96 Setaram).
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Fig. 1. Thermal analysis of the formation of BaTiO; by solid-state reaction.

determined by laser granulometry is 2.2 and 0.7 pm,
respectively. Fig. 1 shows the DTA-TG curves of the mixture
after the ball milling step. The first endothermic phenomenon in
the range 20-250 °C is not associated with a mass loss so it
corresponds to a physical transformation. Then two great
endothermic peaks are observed at high temperatures: the first
peak (onset point: 820 °C, top peak: 830 °C) is attributed to the
transition from witherite orthorhombic BaCO; to the rhombo-
hedral phase. The second peak (onset point: 927 °C, top peak:
985 °C) is due to the formation of BaTiOs;. The mass loss,
starting between 700 and 800 °C, is of 16% which corresponds
to the loss of one CO, mol according to the reaction:
BaCO; + TiO, — BaTiO5; + CO,.

The precursor solid-state powder was also studied by XRD
in order to point out the intermediate phases as shown in Fig. 2.

Before 750 °C, it is observed a slight shift toward the low
angles of the 28°, 34 and 47° (26) barium carbonate peaks. The
BaTiO; perovskite phase started to appear at temperatures
comprised between 780 and 880 °C. At 950 °C both
orthorhombic (witherite) and rhombohedral BaCO; phases
are observed (the transition phase begins around 850 °C). At
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Fig. 2. XRD data in temperature of the precursor solid-state reaction (ssr)
powder: (1) witherite BaCOs3; (2) TiO,; (3) BaTiOs3; (4) rhombohedral BaCOs;
and (5) Ba,TiO,.
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Fig. 3. Thermal analysis of the formation of BaTiO3 by oxalate coprecipitation
route.

1050 °C, there is no witherite BaCO3 anymore but only a little
amount of rhombohedral BaCO3; and BaTiOj3 is well formed.

Using conventional synthesis many authors [12,13]
observed that BaTiOj; always proceeds via the formation of
predominantly Ba,TiO, and even BaTisOq. The intermediate
Ba,TiO, phase is detected as very little amounts in our mixture,
as it was shown by the peak at 28 °C-20 between 880 and
1050 °C. No trace of BaTi4Oy was detected.

The second way of BaTiOj; processing is the chemical way
previously described. The DTA-TG curve of the precursor
powder is presented Fig. 3.

From ambient temperature to 1000 °C, the total mass loss was
46% of the mass of the sample. This corresponds to the
decomposition of the BaTiO(C,0,),-4H,0O product obtained
after the coprecipitation process. The first endothermic peak near
200 °C was related to the loss of four H,O molecules. The peaks
between 300 and 600 °C correspond to the formation of CO and
CO, for the endothermic one and to the CO + O, — CO,
reaction for the exothermic one: BaTiO(C,0,), decomposes into
BaTiOC,04. Then the formation of BaTiOs; is the last
endothermic peak (onset point: 711 °C; top peak: 725 °C).

Intensity (u.a.)

Postion [°2 Theta]

Fig. 4. XRD data in temperature of the precursor oxalate coprecipitation route
(ocr) powder: (1) BaTiO3.
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Fig. 5. Grain size distribution determined by laser granulometry for the two BT
powders.

The mass loss for each decomposition and/or formation is
compatible with the interpretations.

The XRD data (Fig. 4) are in acceptance with these results
since they confirm the formation of perovskite phase between
650 and 700 °C. No intermediate phases like BaCOj; or
Ba,TiO, are detected.

3.2. Comparison of the two BaTiO3; powders
The last section has shown that the BaTiO; perovskite phase

prepared via the co-precipitation process was formed at a
temperature largely lower than the solid state process one
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Fig. 6. Optimisation of the sintering conditions for ssr and ocr BT ceramics.
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Fig. 7. XRD diagram of the ceramics prepared via the two processes and
sintered at 1350 °C.
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Table 2
Cell parameters of the ceramics prepared via the two processes and sintered at
1350 °C

ssr_BT ocr_BT
a (A) 3.9945 (2) 3.9933 (1)
b (A) 3.9945 (2) 3.9933 (1)
c (A) 4.0368 (3) 4.0359 (2)
a=B8=y() 90 90
Table 3

Room temperature dielectric and piezoelectric properties of the ceramics
prepared via the two processes (sintering temperature: 1350 °C)

ssr_BT ocr_BT
Dielectric constant &, 2050 2200
tan & (%) 1.8 14
ds3 (pc/N) 185 260
Density (g/cm?) 5.65 5.75
Curie point (°C) 140 139

(200 °C lower for the chemical synthesis). This leads to powder
with finer grains as it is shown in Fig. 5. The median particle
size (in number) of chemically obtained BT powder is
approximately four times finer than BT powder from oxides
precursors (dso (ocr) =0.15 pm — dso (ssr) = 0.46 wm). The
specific surface area is three times higher for the chemical way
powder: Sy, (ocr) =12.0 mz/g — Sgp (ss1)=3.9 mz/g.

3.3. Sintering and characterization of barium titanate
ceramics

Fig. 6 shows the evolution of the relative density as a
function of the sintering temperature and the sintering step. The
optimal sintering temperature is 1350 °C for 4 h and with a
2 °C/min heating rate. Except for 1330 °C, the values of
densities are superior for ceramics prepared by oxalate
coprecipitation route.

Fig. 7 and Table 2 respectively show the X-ray diffraction
diagrams and the cell parameters of the sintered pellets
prepared via the two processes. The ceramics have been
crushed into powder before measurements.

In both cases, the tetragonal phase is observed and only a
very slight difference is observed in the cell parameters.
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Fig. 8. Temperature dependence of the dielectric constant at four frequencies
for a ceramic prepared from oxalate coprecipitation route.
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Fig. 9. Piezoelectric coefficient d33 vs. relative permittivity for some perovs-
kite-type lead free ceramics (line: g33 = 14 x 1073 V m/N) [8].

The dielectric and piezoelectric properties of the sintered
pellets are presented in Table 3.

The properties of the ceramics from the coprecipation
process are very good and superior to those usually published
[14], especially for the ds3 piezoelectric coefficient. Fig. 8
presents the evolution of the permittivity as a function of the
temperature at four frequencies (100 Hz, 1 kHz, 10 kHz and
100 kHz) for a ceramic prepared from chemical way. Maximum
permittivity value is around 8000 and is independant of the
frequency.

Fig. 9 presents some piezoelectric properties of lead-free
ceramics like alkaline niobates (NN: NaNbO3;, LNN: LiNbO;-
NaNbO;3;, KNN: KNbO;—NaNbQOs3), bismuth sodium titanates
(BNT) and other barium titanate based compositions.

The quasi-linear relation found between ds; and e
corresponds to a gs3 value of 14 x 107> V m/N. BT ceramics
prepared from chemical process shows dielectric and piezo-
electric coefficients superior to those of other lead free materials.

The evolution of the properties versus electric field for the
ceramics prepared from the coprecipitation process is given in
Fig. 10.

The results have been used to calculate the Rayleigh
coefficients [15,16] defined as

1 58T 1 3d33

T 33 3
AC — T and = — —
¢ 8’?{30 (SEp AC d33u SEP

where E,, is the peak value.

The piezoelectric ds; coefficient shows a very good stability
up to 3 x 10° V/m.

The values of the O‘Xc and yac are of the same order of those
obtained for commercial PZT ceramics as shown in Table 4.

Table 4
Values of Rayleigh coefficients for ocr BT, PZT5A (soft commercial PZT) and
PZT4D (hard commercial PZT)

ahe (m/V) Yac (m/V)
ocr_BT 15 x 1077 4 %1077
PZT5A 13 x 1077 9.8 x 1077
PZT4D 1.6 x 1077 29x%x 1077
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Fig. 10. AC electric field dependence of both ¢, and ds; for ocr samples at
1 kHz.

The o} - coefficient for ocr BT is similar to the soft PZT one and
the yac coefficient is similar to the hard PZT one.

4. Conclusion

The BaTiO; perovskite phase obtained by the oxalate
coprecipitation chemical way is formed at approximately
700 °C instead of 900 °C for the solid-state reaction. From high
temperature X-ray diffraction data and thermal analysis, the
barium titanate formation has been studied and it is shown that
no intermediate phase like Ba,TiO, or BaCO; was formed
during the calcination of the precursors powder. The powder
from this chemical process is made of finer grains and leads to
ceramics with very good properties. The piezoelectric ds3
constant is more than 260 pC/N at around 25 °C. This value is
largely higher than usually published ones for barium titanate
ceramics: classically room temperature ¢, (1kHz) and d5; values
are respectively around 1700 and 190 pC/N [17]. The electrical
and piezoelectric properties are also largely superior to the
other perovkite lead-free materials. The evolution of these
properties versus electric field shows a similar behavior to the
PZT one.
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