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Abstract

The internal friction (Q~") and elastic modulus (E) were measured vs. temperature (100 < 7'< 450 K) for rectangular
plate specimens of BaTiO, driven electrostatically in flexural vibration at resonance frequencies between 2 and
4 kHz. The Q™ Y(T) and E(T) curves exhibit the following three phase transitions in BaTiO;: rhombohedral to
orthorhombic (Tr_o), orthorhombic to tetragonal (T ) and tetragonal to cubic (Tc,..). Each phase transition
induces either a very narrow internal friction peak or a discontinuous change in Q™! and a very sharp anomaly
of the elastic modulus. Moreover, two other internal friction peaks are located below the phase transition
temperature. These peaks seem to be associated with the motion of domain walls. The secondary peaks are not
observed on undoped ceramics sintered at low temperature. The influence of dopants such as Nb and Co results
in the attenuation of internal friction and the smoothing of elastic modulus anomalies.

1. Introduction

Barium titanate (BaTiO;) is a ferroelectric ceramic
material used by the electronics industry for various
applications (capacitors, non-linear positive tempera-
ture coefficient resistors, piezoelectric transducers, etc.).
However, pure barium titanate cannot be used because
there are four crystal structures (rhombohedral, ortho-
rhombic, tetragonal and cubic) between — 100 and 135
°C. Consequently the phase transitions induce large
variations in permittivity and dielectric loss. In order
to avoid this disadvantage, only doped materials are
used. Commonly Nb and Co are added to BaTiO, in
order to stabilize the permittivity and to reduce the
dielectric loss. In the literature there are numerous
studies on the phase transitions of BaTiO; from di-
electric loss and permittivity measurements [1-6]. How-
ever, there are very few papers dealing with the same
studies from mechanical loss and/or elastic modulus
measurements on BaTiO; [7-10]. The aim of the present
paper is to describe experimental results of mechanical
loss and elastic modulus measurements on BaTiO,
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ceramics and to discuss the influence of dopants such
as Nb and Co on the phase transitions.

2. Specimens and experimental procedures

Three kinds of BaTiO; ceramics were prepared: 1,
undoped material; 2, Nb-doped material with 2.0 or
4.0 at.%; 3, Co-doped material with 0.6 or 1.0 at.%.

The barium titanate powder (Elmic BT 100, 0.7-1.0
pm particle size) was supplied by Rhone-Poulenc. Ni-
obium pentoxide and cobalt carbonate powders were
added to the barium titanate powder to form an alcoholic
suspension. The suspension was mixed by vibration
milling with agate balls for 2 h. The mixture was dried
and suitable organic binders were added. After drying
and deagglomeration, the powders were pressed uni-
axially at 30 MPa to form prismatic bars (8 x8X50
mm®) and then pressed hydrostatically at 300 MPa.
The compacts were sintered in air for 2 h at 1573 or
1513 K and finally sliced into rectangular plates
(1X5x40 mm?).

For internal friction and elastic modulus measure-
ments a sample was supported horizontally at its nodal
points by two pairs of fine nickel wires. The sample
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was driven electrostatically in flexural vibration; the
vibration amplitude was recorded as a function of
frequency. Q ~ ! was calculated from the resonance curve
according to [11]

LA
er3l/2

where Af is the width of the resonance curve at half-
maximum amplitude and f; is the resonance frequency.
E was calculated according to

0.9464pL %2
T

where p is the density, L is the length and d is the
thickness. Q~'(7) and E(T) were measured from 120
to 430 K at a heating rate of 1 K min~! in vacuum.
The frequency of vibration was about 3 kHz and the
maximum strain amplitude was 1Xx107°.

Scanning electron microscopy (SEM) observations
were made on samples polished mechanically and lapped
from 6 to 1 wm roughness using diamond paste and
etched using 5 vol.% conc. HCl and 0.5 vol.% conc.
HF.

E

3. Experimental results

3.1. Undoped BaTiO; ceramics

Figure 1 shows the variations of elastic modulus E
and internal friction Q! as a function of temperature
T for undoped BaTiO; ceramic sintered in air at 1573
K for 2 h. The E(T) curve shows three very sharp
anomalies A, (405 K), A, (283 K) and A; (179 K)
which correspond to the following phase transitions:
A,, tetragonal to cubic; A,, orthorhombic to tetragonal;
A;, rthombohedral to orthorhombic. These anomalies
are associated with three narrow peaks P,, P, and P,
respectively on the Q ~*(T) curve. Moreover, the Q ~'(T)
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Fig. 1. Variations in E and Q™! vs. temperature for undoped
BaTiO; sintered at 1573 K for 2 h.

curve shows a large peak P,’ (250 K) and a small peak
P, (160 K).

The results obtained from undoped BaTiO, sintered
at 1513 K in air for 2 h are shown in Fig. 2. The three
phase transitions induce similar elastic modulus anom-
alies (A;, 399 K; A,, 280 K; A;, 185 K) and internal
friction peaks (P,, P, and P;), but the P,’ and P,
peaks are no longer observed.

3.2. Nb-doped BaTiO; ceramics

Figures 3 and 4 show the internal friction and elastic
modulus curves corresponding to 2.0 and 4.0 at.% Nb-
doped BaTiOs. Compared with the results for undoped
ceramics, the anomalies A;, A, and A; of the E(T)
curves are smoothed off: the higher the Nb content is,
the higher the smoothing is. For 4.0 at.% Nb content
the A, anomaly disappears completely; similarly the
internal friction peak P; (400 K) is reduced, the P,
peak disappears, while the height of the P, (233 K)
peak remains stable. The temperature of A, is shifted
to a higher value (from 225 to 233 K) with increasing
Nb content (from 2.0 to 4.0 at.%).
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Fig. 2. Variations in E and Q™! vs. temperature for undoped
BaTiO, sintered at 1513 K for 2 h.
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Fig. 3. Variations in E and Q7! vs. temperature for BaTiO;
doped with 2.0 at.% Nb and sintered at 1573 K for 2 h.
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Fig. 4. Variations in E and Q™' ws. temperature for BaTiO,
doped with 4.0 at.% Nb and sintered at 1573 K for 2 h.
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Fig. 5. Variations in E and Q™' vs. temperature for BaTiO,
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doped with 0.6 at.% Co and sintered at 1573 K for 2 h.
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Fig. 6. Variations in E and Q™! vs. temperature for BaTiO,
doped with 1.0 at.% Co and sintered at 1573 K for 2 h.

3.3. Co-doped BaTiO; ceramics

Figures 5 and 6 show the internal friction and elastic
modulus curves for BaTiO; doped with 0.6 and 1.0
at.% Co. The anomalies A,, A, and A, are located at
398, 278 and 180 K for the 0.6 at.% Co-doped ceramic

and at 398, 291 and 215 K for the 1.0 at.% Co-doped
ceramic respectively. The anomalies are smoothed off
by the Co dopant, but the smoothing is less than that
of Nb-doped ceramics. Comparison of the Q ~!(T) curves
with Fig. 1 shows that (1) the heights of the P;, P,
and P; peaks are reduced, (2) the internal friction level
between the P; and P, peaks remains unchanged; (3)
the internal friction level between the P, and P; peaks
is drastically reduced and (4) the P;’ peak is strongly
enhanced.

4, Discussion

4.1. Influence of grain size

The three anomaly-peak pairs (A,, P,), (A,, P,) and
(A3, P3) can obviously be attributed to the three phase
transitions in BaTiO; ceramics. The P,’ peak, however,
is observed only for the ceramic sintered at 1573 K.
The structure observed by SEM shows coarse grains
(about 50 pm) with numerous domains at 90° (Fig. 7).
For the ceramic sintered at 1513 K, Fig. 8 shows a
homogeneous structure of fine grains (about 1 pum).
Thus the P,’ peak could be attributed to the motion
of domain walls in coarse-grained ceramics, while such
a motion of domain walls could be limited by grain
boundaries in fine-grained ceramics. It is interesting
to point out that such a secondary peak has already
been observed in ferroelectric lead zirconate titanate
(PZT) by Postnikov et al. [12] and in ferroelastic LNPP
by Chen et al. [13]. It is also worthwhile to compare
this peak with the secondary peak observed by Sugimoto
and Mori {14] in Mn—Cu alloys and attributed to twin
boundary relaxation before the phase transition.

Fig. 7. SEM image of undoped BaTiO; sintered at 1573 K for
2 h.
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Fig. 8. SEM image of undoped BaTiO; sintered at 1513 K for
2 h.

4.2. Influence of Nb dopant

SEM observations show that the Nb dopant inhibits
grain growth during sintering. The grain size of Nb-
doped ceramics is about 1-2 um. The disappearance
of the (A,, P,) pair could be attributed to the shift of
the Curie point towards low temperatures as shown by
Kahn [1]. Such a shift is probably due to the partial
intragranular diffusion of Nb which leads to the so-
called “core-shell” structure: the grain core remains
pure, while the dopant content increases towards the
grain boundary. Such a heterogeneous composition
inside the grain gives a distribution of the Curie tem-
perature [15]. The shift of the (A,, P;) pair towards
high temperatures is probably correlated with such a
“core—shell” structure.

4.3. Influence of Co dopant

SEM observations show that Co also inhibits grain
growth during sintering. The grain size is about 1-2
um. Thrig [16] reported that the effect of the Co dopant
results in shifts of both T, and Tr_o towards low
temperatures and Ty_o towards high temperatures. Thus
these results can explain the reduction in temperature
range of the orthorhombic phase.

The difference in the valence state of those two
dopants (Nb**, Co®>*) can be used to explain the
different influences on the internal friction curves. In
Co-doped ceramics the large peak P;' located in the
rhombohedral phase could be due to the motion of
domain walls.

5. Conclusions

In undoped BaTiO; ceramic with large grain sizes
and large ferroelectric domains, sintered at 1573 K,

each phase transition induces a very narrow internal
friction peak and a very sharp anomaly of the elastic
modulus. Moreover, an internal friction peak exists
before each phase transition; such peaks seem to be
associated with the motion of domain walls. The in-
fluence of dopants such as Nb and Co results in the
attenuation of internal friction and the smoothing of
elastic modulus anomalies. The Nb dopant reduces the
internal friction in the tetragonal phase, while the Co
dopant reduces the internal friction in the orthorhombic
phase. In order to determine the mechanisms of the
P," and P,’ peaks, low frequency measurements will
be carried out.
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