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Phase transformation in BST ceramics investigated by
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Abstract

Ferroelectric (BaSr)TiO3 materials are widely used for numerous applications in microelectronic ranges. This paper concerns investigation
of variation of internal friction and shear modulus versus temperature in a low frequency range for BaxSr1−xTiO3 systems (x = 0.4, 0.55, 0.7
and 0.8). This makes it possible to report energy dissipation phenomena such as phase transitions and relaxation processes due to interactions
b e more diffuse
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etween domain walls and oxygen vacancies. Temperature of loss peak for each phase transition decreases and peaks becom
ith increasing Sr content in BST materials. An experimental phase diagram has been established for BaxSr1−xTiO3 systems. Effects of Mg
oping have been investigated for the compositionx = 0.8. Both level of mechanical loss and temperatures of phase transitions are s

o the Mg dopant.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Ferroelectric materials as barium strontium titanate,
axSr1−xTiO3 (BST) are potential candidates for use in
icrowave circuit devices. High tunability and low di-
lectric loss at room temperature1 make it possible to
se those materials in voltage tuneable microwave com-
onents. It has been shown that composition influences

he tunability and dielectric loss depends on microstruc-
ure and thickness for films.2 In BaTiO3 (x = 1) mate-
ials, an elastic modulus anomaly and a mechanical loss
eak are induced at three phase transitions: cubic–tetragonal
ferroelectric–paraelectric), tetragonal–orthorhombic and
rthorhombic–rhombohedral. Some losses due to relaxation
rocesses have been observed in materials having coarse
rains in ferroelectric phase.3 Some works have shown that

hey are ascribed to the interaction between domain walls and
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oxygen vacancies diffusion. In BaTiO3 ceramics, permittiv
ity anomalies and dielectric loss peaks are respectively
nected to modulus anomalies and mechanical loss pea
a result, either dielectric spectra or mechanical spectra
it possible to show the occurrence of different phenom
responsible for energy dissipation.

Previous work4 reported dielectric measurements
BaxSr1−xTiO3 (x = 0.5, 0.6, 0.7 and 1) ceramics. The a
were to determine the phase transitions temperature
evaluate the dielectric losses level for each compositio
order to reach optimal performance. This paper deals
mechanical losses and shear modulus as a function of
perature for BaxSr1−xTiO3 (x= 0.4, 0.55, 0.7 and 0.8) cera
ics at low frequencies. The last part shows the MgO do
effects for the Ba0.8Sr0.2TiO3 composition.

2. Materials and experimental

BaxSr1−xTiO3 ceramics withx = 0.8, 0.7, 0.55 an
0.4 were prepared by conventional solid-state reaction
955-2219/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2004.07.030
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Fig. 1. Mechanical loss (Q−1) and shear modulus (G) as a function of tem-
perature in BST80/20 ceramic at 0.1, 0.3 and 1 Hz.

followed by viscous polymer processing (VPP) route. Those
compositions are denoted as BST80/20, 70/30, 55/45 and
40/60, respectively. Barium carbonate (Fluka, >99%), stron-
tium carbonate (Fluka, >99%), and titania powders were
mixed in acetone with zirconia media, then calcined at tem-
peratures from 900 to 1150◦C for 2 h. The calcined powders
were mixed with polymer (PVB) and binders in a twin roll
mill (Interdisciplinary Research Centre, University of Birm-
ingham, UK); a final lamination makes it possible to obtain
sheets of 1.3–1.4 mm in thickness. Samples with dimensions
55 mm × 5 mm × 1.3 mm were sliced up from the dried
paste. To remove additive polymer, samples were first heated
up to 600◦C at a heating rate of 1◦C/min before sintering at
1400◦C for 2 h with a heating rate of 10◦C/min.

The mechanical loss (Q−1) and the shear modulus (G)
were simultaneously measured5 versus temperature at low
frequencies (0.1 to 1 Hz) with an inverted pendulum. Internal
friction (or mechanical loss) is deduced from the loss angle
between applied stress (about 2 MPa) and resulting strain.
Shear modulus corresponds to stress–strain ratio. All mea-
surements were performed at a heating rate of 1◦C/min in
vacuum (∼=10−3 Torr).

3. Results and discussion
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Fig. 2. Mechanical loss (Q−1) and shear modulus (G) as a function of tem-
perature in BST70/30 ceramic at 0.1, 0.3 and 1 Hz.

Fig. 3. Mechanical loss (Q−1) and shear modulus (G) as a function of tem-
perature in BST55/45 ceramic at 0.1, 0.3 and 1 Hz.

spond to the phase transitions: cubic to tetragonal, tetragonal
to orthorhombic and orthorhombic to rhombohedral, respec-
tively. Those modulus anomalies are denoted M because they
are often ascribed to a minimum value onG(T) curves.

The temperatures of phase transitions decrease with in-
creasing Sr content in BST materials and the loss peaks be-
come broader (seeFigs. 1–4). The microstructure of such ce-
ramics has a core-shell structure, which leads to more diffuse
phase transitions with rising Sr content. For the BST55/45 and
BST40/60 compositions, it is observed that the anomaly M1
does not become a modulus minimum and the phase transition
loss peak cubic (paraelectric)–tetragonal (ferroelectric) noted
P1 appears like a step. This agrees with previous observations

F -
p

Su et al.6 have reported that microstructure and die
ric properties depend strongly on calcination and sin
ng conditions in BST materials. The microstructures of
axSr1−xTiO3 ceramics withx = 1, 0.7, 0.6, and 0.5 comp
itions processed in the same way are described by Ch
l.4 For BST80/20 (x= 0.8) and BST70/30 (x= 0.7) ceramics
n abnormal grain growth is obtained with coarse grain
bout 50�m surrounded by fine grains of about 2�m. The
rain size increases with Ba content or, in other words,
titution of Ba by Sr inhibits grains growth. The mechan
oss (Q−1) and the shear modulus (G) of the BST80/20, 70/30
5/45 and 40/60 compositions as a function of temper

or frequencies of 0.1, 0.3 and 1 Hz are respectively sh
n Figs. 1–4.

TheG(T) curves show three modulus anomalies M1, M2,
nd M3 connected to loss peaks P1, P2, and P3 which corre-
ig. 4. Mechanical loss (Q−1) and shear modulus (G) as a function of tem
erature in BST40/60 ceramic at 0.1, 0.3 and 1 Hz.
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Fig. 5. Experimental phase diagram of BaxSr1−xTiO3 systems. The circles
(©) correspond to mechanical measurements and the crosses (+) correspond
to dielectric measurements.

of the curve of dielectric loss as a function of temperature4

the BST50/50 composition.
Fig. 5 shows the experimental phase diagram plotted

from the mechanical spectroscopy measurements for the
BaxSr1−xTiO3 materials. Some previous results4 obtained
with dielectric measurements are shown in the same figure.
The casex = 1 corresponds to BaTiO3 ceramic and the me-
chanical measurements have been carried out in a previous
work.7 Such comparison makes it possible to show that di-
electric and mechanical measurements are fully connected.

Fig. 3shows theQ−1(T) curves of the BST55/45 compo-
sition. A broad relaxation peak R exists in the ferroelectric
phase in addition to the phase transition peak P1. The R peak
is also frequency dependent, so it is controlled by a relaxation
process. The calculation of its activation parameters with the
Arrhenius plot might help to determine the nature of relax-
ation process. Activation energy (H) and limit relaxation time
(τ0) are linked as:8

τ = τ0 exp

(
H

kT

)

whereT is the absolute temperature andk is the Boltzmann
constant. The R peak is considered as a Debye peak soωτ =
1 (ω = 2πf). This gives:
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Fig. 6. Mechanical loss (Q−1) and shear modulus (G) as a function of tem-
perature in BST80/20 ceramic with 1 at.% MgO doping at 0.1, 0.3 and 1 Hz.

where the activation energy is given by:

H = Ho

1 − n

Ho is the activation energy which describes the interacting
system,H is the apparent activation energy, andn is the cou-
pling parameter describing the degree of the correlation of
the system. Ifn> 0 then correlation effects play a significant
role andH becomes larger. It is thought that the relaxation
peak R for the BST55/45 composition can be induced by the
relaxation of oxygen vacancy clusters near 90◦ domain walls.
Further investigations are needed to improve the understand-
ing of this proposed loss mechanism.

Fig. 6shows theG(T) andQ−1(T) curves of the BST80/20
material doped with 1 at.% MgO. The ceramic has been pre-
pared to investigate the doping influence. The three modulus
anomalies are connected to three loss peaks (P1, P2 and P3)
induced by three phase transitions as for non-doped BST. In
Table 1, the cubic–tetragonal, tetragonal–orthorhombic and
orthorhombic–rhombohedral transition temperatures are re-
spectively notedTC-T, TT-O andTO-R in both doped and un-
doped materials. Significant changes in the transition tem-
peratures from tetragonal to orthorhombic phase and cubic
to tetragonal phase are observed. Moreover, the heights of
loss peaks P2 and P3 decrease with Mg dopant. As regards
the P1 peak at the Curie temperature, its height is not influ-
e Mg
d than
t
m other,
i hen
u g fre-
q of
d ave
d

T
T doped
B

C

B
B

n(2πf ) = − ln(τ0) −
kTp

p corresponds to the temperature of peak maximum.
ctivation energy and the limit relaxation time are calcul

o be 2.9 eV and 3× 10−63 s. Activation energy smaller tha
.1 eV has been measured in BST systems9–11leading to con
lusion that the relaxation peaks could be attributed to the
usion of oxygen vacancies. In the present case, the activ
nergy and the relaxation limit time are respectively la
nd shorter than the found values in the literature. Postn
t al.12 proposed that the relaxation peaks are ascribed t
iffusion of point defects in ferroelectric materials. He et a13

easured a larger activation energy and a smaller relax
imit time than those found in PZT materials. Those aut
escribed the phenomenon by using the coupling mo14
nced by the use of Mg dopant. This implies that the
oped BST80/20 material has lower mechanical losses

hat of undoped material except between 20 and 50◦C. As
echanical and dielectric losses are linked one to each

t is thought that lower dielectric losses can be obtained w
sing dopant. The level of loss decreases with increasin
uency (seeFigs. 1–4). This indicates that the properties
oped material are improved for application in microw
evices.

able 1
emperatures of phase transitions in undoped and 1 at.% MgO
ST80/20 ceramics

ompositions TO-R (◦C) TT-O (◦C) TC-T (◦C)

ST80/20 doped −82 −32 39
ST80/20 undoped −86 −23 65



3206 H. Frayssignes et al. / Journal of the European Ceramic Society 25 (2005) 3203–3206

4. Conclusion

Mechanical measurements as a function of temperature
have been carried out on BST ceramics with different com-
positions. Each phase transition induces a modulus anomaly
and a mechanical loss peak. This makes it possible to de-
termine the temperatures of transition: cubic to tetragonal
phase, tetragonal to orthorhombic phase and orthorhombic
to rhombohedral phase. An experimental phase diagram is
deduced from those measurements and from previous dielec-
tric measurements for BaxSr1−xTiO3 systems. An additional
relaxation loss peak appears in theQ−1(T) curves for the
BST55/45 ceramic. Taking into account the activation pa-
rameters, it is thought that the relaxation process is induced
by the relaxation of oxygen vacancy clusters near 90◦ do-
main walls. Undoped and doped BST80/20 materials have
also been investigated. The doping effects change the temper-
atures of phase transitions and the level of mechanical loss. A
trade-off between quantity of dopant and choice of composi-
tion can be found to obtain a high performance material (low
dielectric or mechanical loss) for microwave applications.
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