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The predictions obtained with a thermodynamical method are compared with experimental
results. Several materials which pass a ferroelectric phase transition of first or second order are
investigated. The predictions correspond well with the experimentaly determined qualitative and
quantitative features as to the field and temperature dependence. Finally, extraordinary strain-field

curves are predicted and proved.
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1. Introduction

The subject of [1] was a thermodynamic approach
to describe the electrostrictive high-signal behaviour
with the help of an inverse function according to

E(S)=+|/aS+BS*+yS*+uS*+v5°,

where the coefficients «, f etc. are exclusively deter-
mined by the thermodynamical coefficients C, &, and
{ as well as by the electrostrictive Q-coefficients, the
Curie temperature T, and the temperature.

Depending on the order of the phase transition a
strikingly different evolution of the high-signal strain-
field curves was predicted (represented in Fig. 5 of [1]).

The aim of the present paper is a comparison of
these predictions with experimental results and a search
for especially qualified materials. The performance of
the applied method is described in [2, 3].

2. Experimental Results

The first set of samples is combined out of several
PLZT ceramics which pass a so-called diffused phase
transition (relaxor ferroelectrics) and posses a perov-
skite structure. Figure 1 shows a collection of high-
signal strain-field curves obtained from differently
doted PLZT ceramics. The complete set of loops is
observable for each of the investigated samples if only
the temperature is changed in the necessary range.
The shown representation was chosen to demonstrate
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that the discussed behaviour is universally valid for
this group of materials.

Although the transition is smeared over a broad
temperature range, the observed high-signal strain-
field curves correspond to the predicted ones of a first
order phase transition. This confirms not only the
estimations given in [1] but points to the intrinsic
character of the phase transition in the sphere of the
microregions (“Kénzig regions” [4]).

Since materials with a perovskite structure are not
uniaxial ferroelectrics, 90°-domain switching can
appear and complicate the measured strain-field de-
pendences. The main feature, however, especially out-
side the ferroelectric phase should be determined by
the mechanism discussed here.

A popular material for checking theoretical predic-
tions is BaTiO;, which passes near 120 °C through a
first order phase transition. The trouble with it is the
large spread of the electrostrictive Q-coefficients given
in the literature (6.8 - 102 m*/C? [5], 7.5- 10~ 2 m*/C?
[6],8-10~2>m*/C?[7],10.5-10">m*/C*[8],10.6- 10~ 2
m*/C? [9], 24.3 - 1072 m*/C? [10], 32.7 - 10~ 2 m*/C?
[11]). From this point of view the proposed thermody-
namical approach offers the possibility to determine
which of the above-mentioned values is realistic.

Starting from a value of Q5;=10.55-10"2 m*/C?
determined by Sheludev [9] and Pan et al. [8] and
using the following set of thermodynamical coeffi-
cients:

C=15-10°K [12],
& =—55-10° Vm®/C® [13],
{ =1.7-10° Vm®/C5 [13] and
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Fig. 1. High-signal strain-field curves
of several PLZT ceramics (without
specification the curves reflect the
properties at room temperature;
the maximum field strength is
15 kV/cm).
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Fig. 2. Calculated high-signal strain-field curves of BaTiO,
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Fig. 4. Experimentally determined transverse high-signal strain-field curves and field dependences of the weak-signal

piezomodul of TGS at different temperatures above T.

the calculations result in high-signal S-E dependences
which are represented in Figure 2. These curves agree
very well with the experimentally determined ones in
least twinned crystals [8]. In such crystals 90°-domain
switching is nearly excluded.

The predictions concerning a second order phase
transition shall be examined by investigating TGS.
Since it presents a uniaxial ferroelectric, 90°-domain
switching is also excluded.

The calculations of the transverse high-signal electro-
striction result in the curves presented in Figure 3. The
following set of coefficients was used:

0,,=—445m*/C? [14],
C =3190K [15],

¢ =623-10'' Vm%/C® [16],
¢ =402-10"Vm®/C® [16] and
T, =49.5°C.

It becomes obvious that near and some degrees below
T, the character of a root function must be expected,
whereas a purely linear piezoelectric high-signal func-
tion should appear only clearly below T,. Moreover,
the fairly large maximum strain values at tempera-
tures around T, are also remarkable.

From the experiments result the curves presented in
Figs. 4 and 5 in which also the field dependence of the
weak-signal piezomodul is shown. The latter coincides
rather well with the slope of the strain-field curve and
indicates more clearly the field dependence of it. Ob-
viously, the experimental results provide an excellent
qualitative and quantitative confirmation of the pre-
dictions. Deviations are only observable within the
ferroelectric phase and can be ascribed to the existence
of surface layers or an internal bias.

In Figs. 6 and 7 the calculated strain-field depen-
dences at three different temperatures and the pre-



1098

J. von Cieminski -

Modeling of High-Signal Electrostriction. II

. -5 ‘\D
N 1
~N
w |
<
g
x /
(7))
473°C 430°C 220°C

N
o=
N .
% —200 1207
4 | 71— —— 2P
§ 0 -5 || 5 -5 5 -5
S -2004§ -2007~= 200]
S o0l »
5 400
& -600

-800

DC ELECTRIC FIELD E,/kVem’

Fig. 5. Experimentally determined transverse high-signal strain-field curves and field dependences of the weak-signal

piezomodul of TGS at different temperatures below T.
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Fig. 6. Comparison of the calculated strain-field dependence
of TGS (filled circles) with the experimental curves at three
temperatures above T,.
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Fig. 7. Comparison of the predicted temperature dependence
of the difference between the maximum strain value at
10kV/cm and the remanent strain (open circles) with the
experimental determined one (filled circles) of TGS.
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Fig. 8. Comparison of the calculated spontaneous strain of
TGS at different temperatures (open circles) with the thermal
expansion in the b- and c-direction (after [17]).

dicted temperature dependence of the maximum strain
value at 10 kV/cm are compared with the experimen-
tal results. In Fig. 8 the predicted value of the sponta-
neous strain, determined by the remanent strain at
zero field strength, are added to the linearly extra-
polated values of the thermal expansion and com-
pared with the experimental thermal expansion. In all
cases a good agreement was found.

3. Predictions and New Applications

With three examples the expedience of the pre-
sented method shall be illustrated.

On looking for extraordinary strain-field depen-
dences, the attention was drawn to the SbSI-group.
Two representatives of this group — SbSI itself and
BiSI — deserve a special attention.

Modeling of High-Signal Electrostriction. II
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Fig. 9. Calculated high-signal strain-field curves of SbSI at
two temperatures and the corresponding curves of PMN-PT
and soft PZT ceramics at room temperature.
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Fig. 10. Illustration of the preparation of the investigated
SbSI-Araldite composite and the experimentally determined
high-signal strain-field curves at different temperatures.
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Fig. 11. Calculated high-signal strain-field curves of BiSI at
different temperatures.

Using the following set of coefficients:

0,,=19-10"2m*/C* [18],

C =233-105K [19],

¢ =-26-10°Vm®/C3 [20],
{ =54-10°Vm®/C5 [20] and
T, =16°C (T,~20°C) [20],

the calculations result in strain-field curves presented
in Figure 9. Their special features are very large high-
signal deformations which are five to ten times higher
than those of Pb(Zr, Ti)O; (PZT) or Pb(Mg,3Nb, 5)O,
(PMN) type ceramics.

The experimental examination is not too easy since
SbSI was available only as thin needles (Figure 10).
Therefore a composite of SbSI and Araldite (connec-
tivity: 1-3) was investigated (cut and covered with
electrodes as shown in Figure 10).

Of course, the observed curves cannot reach the
predicted strain values of pure SbSI (more than 50%
of the material consists of Araldite). But the realized
ones (Fig. 10) are still very large (please note that the
maximum field strength is only 5 kV/cm).
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Fig. 12. Different strain-field dependences suited for the pro-
posed bimorph combination and the corresponding defor-
mation differences.

The second representative (BiSI) excels by partic-
ularly pronounced hysteresis (Figure 11). The used
coefficients are:

0=20-10"2m*/C? (estimated),
C=19-10°K,

¢ = —89- 108 Vm®/C?,

¢ =95-10*° Vm®/C® and
T.=88K (T,~113K),

determined by Pikka and Fridkin [20].

Here the predicted deformation jump is sufficiently
high and the remaining field dependence relatively
weak. Although an experimental examination could
not be carried out, the calculations point to an inter-
esting application of similar materials. Such strain-
field dependences offer the possibility to use the mate-
rial as a bistable longitudinal actuator (bistable
electrostriction with on/off strain states). As proposed
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Fig. 13. Illustration of the proposed bimorph and its action.

by Uchino [21] it could be used in “digital” displace-
ment devices. Contrary to the anti-ferroelectric mate-
rial discussed by Uchino, such materials have the ad-
vantage of sharp longitudinal deformation jumps and
permit the exploitation of the multilayer technique.
The use of the bistable switching can easily be ex-
plained. If, for example, at 128 K an electric bias field
of about 3.5 kV/cm is applied, the deformation state
can be switched by small pulses of about 1.5 kV/cm.
Depending on the sign of the impulse (is it the same as
before or the opposite one) the deformation remains
constant or jumps up respectively down. At lower
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