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Abstract

Ferroelectric (BaSr)Tigmaterials 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 ranggSar BaO; systemsxX = 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 interactior
between domain walls and oxygen vacancies. Temperature of loss peak for each phase transition decreases and peaks become more diffus
with increasing Sr content in BST materials. An experimental phase diagram has been establishgdtfofTBa; systems. Effects of MgO
doping have been investigated for the compositien0.8. Both level of mechanical loss and temperatures of phase transitions are sensitive
to the Mg dopant.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction oxygen vacancies diffusion. In BaTi@eramics, permittiv-
ity anomalies and dielectric loss peaks are respectively con-

Ferroelectric materials as barium strontium titanate, nected to modulus anomalies and mechanical loss peaks. As
BaySr_xTiO3 (BST) are potential candidates for use in aresult, either dielectric spectra or mechanical spectra make
microwave circuit devices. High tunability and low di- it possible to show the occurrence of different phenomena
electric loss at room temperattirenake it possible to  responsible for energy dissipation.
use those materials in voltage tuneable microwave com- Previous work reported dielectric measurements on
ponents. It has been shown that composition influencesBacSn_xTiO3 (X = 0.5, 0.6, 0.7 and 1) ceramics. The aims
the tunability and dielectric loss depends on microstruc- were to determine the phase transitions temperatures and
ture and thickness for film&.In BaTiOz (x = 1) mate- evaluate the dielectric losses level for each composition in
rials, an elastic modulus anomaly and a mechanical lossorder to reach optimal performance. This paper deals with
peak are induced at three phase transitions: cubic—tetragonamechanical losses and shear modulus as a function of tem-
(ferroelectric—paraelectric), tetragonal—orthorhombic and perature for BgSr_4TiO3 (x=0.4, 0.55, 0.7 and 0.8) ceram-
orthorhombic—rhombohedral. Some losses due to relaxationics at low frequencies. The last part shows the MgO doping
processes have been observed in materials having coarseffects for the BagSr 2TiO3 composition.
grains in ferroelectric phaseSome works have shown that

they are ascribed to the interaction between domain walls and ] )
2. Materials and experimental

* Corresponding author. Tel.: +33 47243 8498; fax: +33 47243 8528. BaSn_xTiO3 ceramics withx = 0.8, 0.7, 0.55 and
E-mail addressfrayssignes@yahoo.fr (H. Frayssignes). 0.4 were prepared by conventional solid-state reaction and
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Fig. 1. Mechanical lossg 1) and shear modulus) 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 115C 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
55mm x 5mm x 1.3mm were sliced up from the dried
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Fig. 2. Mechanical lossg~') and shear moduluss] as a function of tem-
perature in BST70/30 ceramic at 0.1, 0.3 and 1 Hz.
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paste. To remove additive polymer, samples were first heated

up to 600°C at a heating rate ofXC/min before sintering at
1400°C for 2 h with a heating rate of I@/min.

The mechanical lossq 1) and the shear modulug)
were simultaneously measupPedersus temperature at low

Fig. 3. Mechanical lossg~') and shear moduluss] 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

frequencies (0.1 to 1 Hz) with an inverted pendulum. Internal to orthorhombic and orthorhombic to rhombohedral, respec-

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 @/inin in
vacuum &10-2 Torr).

3. Results and discussion

Su et af have reported that microstructure and dielec-
tric properties depend strongly on calcination and sinter-
ing conditions in BST materials. The microstructures of the
BacSr_xTiO3 ceramics withk = 1, 0.7, 0.6, and 0.5 compo-
sitions processed in the same way are described by Cheng €
al* For BST80/20%=0.8) and BST70/30«= 0.7) ceramics,
an abnormal grain growth is obtained with coarse grains of
about 5Qum surrounded by fine grains of abouputh. The
grain size increases with Ba content or, in other words, sub-
stitution of Ba by Sr inhibits grains growth. The mechanical
loss Q1) and the shear modulus) of the BST80/20, 70/30,
55/45 and 40/60 compositions as a function of temperature
for frequencies of 0.1, 0.3 and 1 Hz are respectively shown
in Figs. 1-4

The G(T) curves show three modulus anomalies, M2,
and Mg connected to loss peaks,AP,, and B which corre-

tively. Those modulus anomalies are denoted M because they
are often ascribed to a minimum value G(T) curves.

The temperatures of phase transitions decrease with in-
creasing Sr content in BST materials and the loss peaks be-
come broader (sd€gs. 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 M
does notbecome a modulus minimum and the phase transition
loss peak cubic (paraelectric)—tetragonal (ferroelectric) noted
P1 appears like a step. This agrees with previous observations
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Fig. 4. Mechanical lossg~1) and shear modulus) as a function of tem-
perature in BST40/60 ceramic at 0.1, 0.3 and 1 Hz.
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Fig. 6. Mechanical losSg~1) and shear modulus) as a function of tem-
Fig. 5. Experimental phase diagram of,8a_TiO3 systems. The circles perature in BST80/20 ceramic with 1 at.% MgO doping at 0.1, 0.3 and 1 Hz.
(O) correspond to mechanical measurements and the crosses (+) correspond
to dielectric measurements. where the activation energy is given by:

of the curve of dielectric loss as a function of temperdture g = Ho
the BST50/50 composition. 1-n
Fig. 5 shows the experimental phase diagram plotted H, is the activation energy which describes the interacting
from the mechanical spectroscopy measurements for thesystemH is the apparent activation energy, ani$ the cou-
BaSn_xTiO3 materials. Some previous resdltsbtained pling parameter describing the degree of the correlation of
with dielectric measurements are shown in the same figure.the system. Ifi > 0 then correlation effects play a significant
The casex = 1 corresponds to BaT#gceramic and the me-  role andH becomes larger. It is thought that the relaxation
chanical measurements have been carried out in a previoupeak R for the BST55/45 composition can be induced by the
work.” Such comparison makes it possible to show that di- relaxation of oxygen vacancy clusters neat 86main walls.
electric and mechanical measurements are fully connected. Further investigations are needed to improve the understand-
Fig. 3shows theQ—1(T) curves of the BST55/45 compo- ing of this proposed loss mechanism.
sition. A broad relaxation peak R exists in the ferroelectric  Fig. 6shows th&5(T) andQ~1(T) curves of the BST80/20
phase in addition to the phase transition peakiihe R peak material doped with 1 at.% MgO. The ceramic has been pre-
is also frequency dependent, so itis controlled by a relaxation pared to investigate the doping influence. The three modulus
process. The calculation of its activation parameters with the anomalies are connected to three loss peaksRPand R)
Arrhenius plot might help to determine the nature of relax- induced by three phase transitions as for non-doped BST. In

ation process. Activation energhl) and limit relaxation time
(o) are linked a$

H
T = TgEXp (kT)

whereT is the absolute temperature akd the Boltzmann
constant. The R peak is considered as a Debye peak so
1 (w = 2xf). This gives:

In(27f) = — In(zo) — k’;p

Table ] the cubic—tetragonal, tetragonal-orthorhombic and
orthorhombic—rhombohedral transition temperatures are re-
spectively notedc.1, T1.0 andTo.gr 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 Pand B decrease with Mg dopant. As regards
the R peak at the Curie temperature, its height is not influ-
enced by the use of Mg dopant. This implies that the Mg
doped BST80/20 material has lower mechanical losses than
that of undoped material except between 20 andG0As

Tp corresponds to the temperature of peak maximum. The mechanical and dielectric losses are linked one to each other,
activation energy and the limit relaxation time are calculated itis thought that lower dielectric losses can be obtained when
to be 2.9eV and X 10-%3s. Activation energy smaller than  using dopant. The level of loss decreases with increasing fre-
1.1 eV has been measured in BST syst&fideadingtocon-  quency (seéigs. 1-4. This indicates that the properties of
clusion that the relaxation peaks could be attributed to the dif- doped material are improved for application in microwave
fusion of oxygen vacancies. In the present case, the activationdevices.

energy and the relaxation limit time are respectively larger

and shorter than the found values in the literature. Postnikovizgejratures of phase transitions in undoned and 1at% MaO doped
etal? proposed that the relaxation peaks are ascribed to the e TB0/20 comrmics P o Mgh dop
diffusion of point defects in ferroelectric materials. He etal. — - - -
measured a larger activation energy and a smaller relaxation=2mPositions Tor (°C) Tro (©) Ter (©)
limit time than those found in PZT materials. Those authors BST80/20 doped —82 —32 39
described the phenomenon by using the coupling mi@del EST80/20undoped  —86 —23 &s
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4. Conclusion 2.

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- 5.
tric measurements for R8r,_TiO3 systems. An additional
relaxation loss peak appears in t@e(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 nedr 86
main walls. Undoped and doped BST80/20 materials have 7.
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. 9.
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