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The mechanical loss (Q~") and Young’s modulus (E) were measured as a function of
temperature in the range 100 K<T <450 K on rectangular plate specimens of BaTiOz driven
electrostatically in flexural vibration mode at resonance frequencies between 2-4 kHz.Q " (T)
and E(T) curves show the following three phase transitions in BaTiOs: rhombohedral to
orthorhombic (7r o), orthorhombic to tetragonal (7o 1), and tetragonal to cubic ( Teyie). Each
phase transition induces a very narrow mechanical loss peak of Q=" and a very sharp
anomaly in the elastic modulus. Moreover, three other mechanical loss peaks are located
below the phase transition temperatures in coarse grained specimens and these peaks seem
to be associated with the motion of domain walls. These secondary peaks are not observed
in fine grained undoped ceramics. The use of dopants such as Co or Nb produces an
attenuation of the mechanical loss, a smoothing of elastic modulus anomalies, and a shifting

of the phase transition temperatures.

1. Introduction

Barium titanate (BaTiO3) is a ferroelectric ceramic
material which is widely used in the electronics indus-
try for various applications (capacitors, non-linear
positive-temperature-coefficient resistors and piezo-
electric transducers). The material can exist in four
crystal structures (rhombohedral, orthorhombic, tet-
ragonal, and cubic) between 173—412 K. Associated
with the structural phase transitions in the pure ma-
terial are large variations of permittivity and dielectric
loss. In order to avoid such disadvantages, only doped
materials are used for electronic devices. For example,
for a capacitor with an X7R-specification, which
means that the variations in the dielectric constant
g, should be controlled to be within + 15% at the
g, value at 298 K in the temperature range 218-398 K.
Commonly, Nb and Co are added to BaTiOj; in order
to stabilize the permittivity and also to reduce the
dielectric loss [1,2]. In the literature, there are numer-
ous studies of the BaTiO, phase transitions using
dielectric loss and permittivity measurements [3-10].
However, there are very few published studies on the
measurement of the mechanical loss and the elastic
modulus of the material [11-14]. The aim of the
present paper is to report experimental results of
mechanical loss and elastic modulus measurements on
BaTiO; ceramics, to discuss the respective influence
that dopants such as Nb and Co have on the phase
transitions and to analyse the effects of Nb and Co on
a ceramic with an X7R-specification.
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2. Experimental procedures

Four kinds of BaTiO; ceramics were prepared: (1)
undoped material, (2) material doped with 2.0 or 4.0 at
% Nb, (3) material doped with 0.6 or 1.0 at % Co and
a material doped with 0.5 at % Co and 2.0 at % Nb
with an X7R specification.

The barium titanate powder (Elmic BT 100:
0.7-1.0 ym particle size, Ba: Ti=0.996 + 0.004)
was supplied by Rhone-Poulenc. Niobium pentoxide
and/or cobalt carbonate powders were added to
the barium titanate powder in an alcoholic
suspension. The suspension was mixed by vibration
milling with agate balls for 2 h. The mixture was
then dried and suitable organic binders were

‘added. After drying and deagglomeration, the

powders were pressed uniaxially at 30 MPa to
make prismatic bars (8 x8x50mm) and then
pressed isostatically at 300 MPa. The compacts
were sintered in air for 2h at 1513 K or 1573 K at
a heating and cooling rate of 300 K per h. The com-
pacts were then sliced into rectangular plates
(1 x 5 x40 mm).

For the mechanical loss and the Young’s modulus
measurements, the sample was printed by air-dry sil-
ver and was horizontally supported at its nodal lines
by two pairs of fine nickel wires. The plate was driven
electrostatically in its fundamental flexural mode of
vibration. The vibration amplitude was recorded as
a function of frequency. The mechanical loss (Q ')
was calculated from the resonance curve according
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to [15]
0™ =AMl (f(3)'?)

where Af is the width of the resonance curve at half-
maximum value of amplitude and f; is the resonance
frequency. The Young’s modulus E was calculated
according to [16]

E = 0.9464pL*f?/d?,

where p is the density, L is the length, and d is the
thickness. The Q ~%(T') and E(T ) were measured {from
100450 K at a heating rate of 1 K per min in vacuum.
The frequency of vibration was about 3 kHz and the
maximum strain amplitude was 1 x 107°.

Scanning electron microscopy (SEM) observations
were made on samples mechanically polished and
lapped from 6 to 1 pm roughness using diamond paste
and finally etched in acid (5% HCI, 0.5 vol% HF,
94.5% H,0).

3. Experimental results
Fig. 1 (a and b) are SEM micrographs of a ceramic
sintered at 1573 K for 2 h, which has a large grain size
(about 40 um) and contains numerous 90 ° domains.
For a ceramic sintered at a lower temperature (1513 K
for 2h) the SEM micrograph shows a more homo-
geneous structure of fine grains with simple 90° do-
main walls as is shown in Fig. 2.

Fig. 3 (a and b) shows the variations in the elastic
modulus E and the mechanical loss Q' as a function
of temperature T of an undoped BaTiO; ceramic

Figure I The microstructure of undoped barium titanate sintered at
1573 K for 2h. :
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sintered in air at 1573 K for 2h. The E(T) curve shows
three very sharp anomalies A3 (190 K), A2 (278 K) and
A1 (405 K), which correspond to the following three
phase transitions:

A3: rhombohedral to orthorhombic symmetry,

A2: orthorhombic to tetragonal symmetry,

Al: tetragonal to cubic symmetry.

These anomalies are respectively associated with three
narrow peaks P3, P2 and P1 on the Q™ (T) curve.
Moreover, the Q ~'(T') curve shows a large peak desig-
nated R2 (250 K) and two small peaks R3 (178 K) and
R1 (395 K).

The results for an undoped BaTiO, sample sintered
at a lower temperature (1513 K) in air for 2h are
shown in Fig. 4 (a and b). The three phase transitions
show similar elastic modulus anomalies (A3: 185 K,
A2:280 K and A1: 399 K) and also similar mechanical
loss peaks (P3, P2 and P1). However, the R peaks are
not observed.

1um |

Figure 2 An SEM image of undoped BaTiOj; sintered at 1513 K for
2h.
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Figure 3 Variations of (a) the Young’s modulus E and (b) the
mechanical loss Q™' as a function of temperature for undoped
coarse grained BaTiO;.
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Figure 4 Variations of (a) the Young’s modulus E and (b) the
mechanical loss Q™! grained as a function of temperature for
undoped fine grained BaTiO;.
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Figure 5 Variations of (a) the Young’s modulus E and (b) the
mechanical loss, Q™! as a function of temperature for BaTiO,
doped with; (W) 2.0 and (OJ) 4 at % Nb.

Fig. 5 (a and b) shows the mechanical loss and
elastic modulus curves corresponding to 2.0 and 4.0 at
% Nb doped BaTiO;. Compared with the results of
the undoped ceramic, the anomalies A1, A2 and A3 of
the E(T') curves are smoothed off; the higher the Nb
content, the more extensive is the smoothing. For 4.0
at % Nb content, the A2 anomaly completely disap-
pears, the mechanical loss peak P1 (400 K) is drasti-
cally reduced, and the P2 peak disappears. However,
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Figure 6 Variations of (a) the Young’s modulus E and (b) the
mechanical loss, Q7', as a function of temperature for BaTiO;
doped with (W) 0.6 at % and ([0) 1.0 at % Co.
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Figure 7 Variations of (a) the Young’s modulus E and (b) the
mechanical loss 0~ as a function of temperature on X7R-specifica-
tion BaTiO; doped with 0.5 at % Co and 2.0 at % Nb.

the height of the P3 (233 K) peak remains stable. The
temperature of A3 is shifted to higher values (from
225K to 233 K) with increasing Nb content.

Fig. 6 (a and b) shows the mechanical loss and
clastic modulus curves of BaTiO; doped with 0.6 and
1.0 at % Co. The anomalies A1, A2 and A3 are located
at 398, 278 and 180K for the 0.6 at % Co doped
ceramic and at 398, 291 and 215 K for the 1.0 at % Co
doped ceramic. The anomalies are also smoothed off
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by the addition of the Co dopant; the smoothing effect
is similar to that observed in the Nb doped material.
With regard to the Q7 !(T) curves, a comparison
with Fig. 3 shows that (1) the heights of the P1, P2
and P3 peaks are reduced (2) the mechanical loss level
in the tetragonal phase, between the P1 and P2
peaks, remains unchanged whilst in the orthorhombic
phase, between the P2 and P3 peaks it is drastically
reduced, and (3) that the R3 peak is strongly
enhanced. '

Fig. 7 (a and b) shows the temperature variation of
the mechanical loss and the elastic modulus curves of
the X7R material, doped with 2.0 at % Nb and 0.5 at
% Co. Indications of the phase transitions occur on
the mechanical loss curves as steps at P1 (403 K} and
at P2 (308 K), and a peak at P3 (223 K). There are
smoothed modulus anomalies at approximately the
same temperatures.

4. Discussion

4.1. The influence of the grain size

The three anomaly-peak pairs (A1, P1), (A2, P2) and
(A3, P3)in undoped BaTiO; ceramics can be obvious-
ly attributed to the three structural phase transitions
in the material. Concerning the R peaks that are
observed only in the coarse grained ceramic sintered
at a high temperature (1573 K). The structure ob-
served by SEM shows large grains (about 40 pm in
size) with numerous 90° domain walls (Fig. 1). For
ceramics sintered at a lower temperature (1513 K),
Fig. 2 shows a more homogeneous structure of fine
grain size (about 1 pum). The R2 peak may be at-
tributed to the motion of domain walls in the coarse
grained ceramics and such a motion could be limited
by grain boundaries in fine grained ceramics. It is
interesting to point out that such a secondary peak
has also been observed in ferroelectric lead zirconate
titanate (PZT) [17], in potassium dihydrogen phos-
phate (KDP) [18], La,;..,Nd,PsO,, (LNPP) [19],
triglycine sulphate (TGS) [20] and PbMg;;3Nb,,30;
(PMN) [21], by mechanical and dielectric loss and
also permittivity measurements. They have also been
studied in alloys with twinned structures such as A15
[22] and Mn-Cu alloys [23]. The analysis of the
mechanism of formation such peaks will be discussed
in detail in a future paper.

4.2. The influence of the Nb dopants

The mechanical loss decreases with increasing
amounts of Nb. The structural transitions from cubic
to tetragonal and from tetragonal to orthorhombic
structures were smoothed as indicated by the inflec-
tions in the modulus data (see Fig. 5). For the BaTiO;
doped with 4 at % Nb. The transitions from cubic to
tetragonal and from tetragonal to orthorhombic sym-
metry cannot be determined at a definite temperature
and the Ty _o moves to about 230 K. For the mechan-
ical loss there is a very small loss peak for the phase
transition from cubic te tetragonal and no loss peak
for the phase transition from tetragonal to orthor-
hombic. This may be due to the shifting of Ty, from
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403 K to 313 K [24], at which temperature it overlaps
with the Tp_o. For reference, the Ty o is about
303 K in the sample doped with 2.0 at % Nb. Thus it
is impossible to uniquely determine the Tcuie
and To_r when the Nb content is larger than
4.0 at %.

SEM observations show that the Nb dopant in-
hibits grain growth during sintering. The grain size of
Nb doped ceramics is about 1-2 pm. The disappear-
ance of the (A2, P2) pair could be attributed to the
shift of the Curie point towards lower temperatures
[1]. Such a shift is probably due to the partial intra-
granular diffusion of Nb which leads to a “core—shell”
structure in which the grain core remains pure whilst
the dopant concentration increases towards the grain
boundary. Such a heterogeneous composition inside
the grain gives a distribution of Curie temperatures.
The shift of the (A3, P3) pair towards higher temper-
atures is probably also connected to such a
“core—shell” structure.

4.3. The influence of the Co dopants

SEM observations also show that Co inhibits grain
growth during sintering. The grain size is about
1-2 um. Thrig [25] reported that the effect of a Co
dopant was to produce shifts of both T, and
T -t towards lower temperatures, and Ty - towards
higher temperatures. The results reported here are
consistent with these shifts.

It is well known that Nb doped into BaTiO; will
substitute at the Ti lattice sites. (The radius of Nb is
0.067 nm which is near the 0.060 nm radius of Ti). The
Nb** ions have donor properties, the compensation
of the surplus charge is affected by vacant sites in the
cation lattice [26]. Conversely, Co>* ions, which also
substitute at the Ti sites, possess acceptor character,
with in this case the charge deficiency being compen-
sated by vacancies in the oxygen lattice [27]. As ob-
served from hysteresis measurements, Hirdlt [28]
noted that donor dopant ions increase the domain
wall mobility and therefore increase the losses connec-
ted with that mobility. Conversely acceptor dopant
tons fix the domain wall positions and thus reduce the
domain wall losses.

In fact, the variations in the mechanical losses as
a function of temperature are very different between
the materials doped solely with Nb or Co. In the
orthorhombic phase the mechanical losses are sup-
pressed by the Co dopant, but not by the Nb dopant.
Conversely, in the tetragonal phase the mechanical
losses are suppressed by the Nb dopant, but not by the
Co dopant. This could due to the acceptor dopant
ions Co®" which fix the domain wall positions and
thus reduce the domain wall losses in the orthorhom-
bic phase. However this is not the case in the tetra-
gonal phase.

In Co doped ceramics, the large R3 peak, located in
the rhombohedral phase, could be due to the motion
of domain walls and also the diffusion of oxygen
vacancies. The difference between the valence states of
the two dopants (Nb® ", Co®™*) can be used to explain
those different influences on the mechanical loss.



4.4. The influence of combined Nb and Co
dopants
Comparing Fig. 7 with Figs 5 and 6, the sample doped
with 2.0 at % Nb and 0.5 at % Co (with X7R specifica-
tion) has two peaks located at 230 K and 310 K, but
the sample doped solely with 2.0 at % Nb has only
one peak at 220 K. From the variations of the
modulus versus temperature, it seems that the influ-
ence of the Nb dopants in the orthorhombic phase
is dominant for X7R -specification materials and the
influence of the Co dopants is dominant in the tetra-
gonal phase. In this way the variations of modulus
versus temperature from 223-398 K are smoothed.
This corresponds to the stable dielectric constant of
X7R materials.

5. Conclusion

In coarse grained undoped BaTiO; ceramics, cach
phase transition induces a very narrow mechanical
loss peak and a very sharp anomaly of the clastic
modulus. Moreover, other mechanical loss peaks may
be associated with the motion of domain walls. The
influence of dopants such as Nb or Co results in the
attenuation of mechanical loss and the smoothing of
the elastic modulus anomaly. The Nb dopant reduces
the mechanical loss in the tetragonal phase and the Co
dopant reduces the mechanical loss in the orthorhom-
bic phase. In this way, the combination of Nb and Co
dopants gives a smoother variation of mechanical loss
and elastic modulus versus temperature. This could be
the reason for the X7R-specification ceramic. In order
to study the mechanism of formation of the R peaks,
low frequency measurements will be carried out and
those results will be reported in a future paper.
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