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Abstract. In the present work, the heat losses of ferroelectric ceramics due to the switching processes were studied in high-
amplitude AC electric fields in a wide frequency range of 50 to 1500 Hz. We showed the existence of a correlation between the
time dependences of switchable polarization and self-heating temperature. Based on the approximation of the experimental data,
an analytical expression was obtained for describing the decrease in the switched polarization with increasing electric field
frequency corresponding to the exponential law. The method of estimating volumetric heat capacity coefficient by using the heat

dissipation during the switching process was proposed.
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1. INTRODUCTION

Due to favourable combination of piezoelectric properties
and coefficients of electromechanical coupling, the
ferroelectric ceramics of lead zirconate titanate family
(PZT) is the main functional material for the production
of microelectromechanical systems (MEMS) [1-3].
Among the further problems waiting for their solution
are those of minimizing different kind of losses in
piezoceramic elements working at high power regimes
under high electric field strengths. Dictated by the
nowadays increase of industrial applications of piezo-
electric actuators a great attention is paid to fundamental
studies of the problems of their reliability [4,5].

The main drawbacks of the piezoelectric material
performance are connected to the existence of different
kinds of losses. The latter are generally classified into
three main types: dielectric, mechanical and electro-
mechanical ones [4,6]. In ferroelectrics the dielectric
losses are associated with the hysteresis in the
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spontaneous polarization switching in alternating electric
fields (dielectric hysteresis loop), i.e. with the domain
wall moving. Mechanical losses are characteristic of
such applications of piezoceramics as ultrasound motors
[7-9]. They are the higher, the lower is the mechanical
figure of merit Q,,. In the resonance mode followed by
the increase of vibration [4, 10—12] these losses lead
to the rise of excess heat build-up related with field-
induced mechanical stresses. Electromechanical losses
as described by [4,12] appear due to transformation of
the electric energy (electric displacement D, polari-
zation P) into mechanical deformation (stresses) owing
to piezoelectric effect. Thereby a considerable amount
of heat is released, which is classified as heat losses
(a self-heating) [9,13-16].

The authors of [4] mark out the following four causes
of dielectric and electromechanical losses: (1) related
with domain wall motion; (2) point crystal lattice defects;
(3) microstructural losses at the grain boundaries because
of material crystallinity; and (4) ohmic losses observed
mainly in materials with large electric conductivity.
In piezoceramic materials the losses of the first kind
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dominate over other ones. They are related with the
motion of domain walls including dielectric, elastic and
electromechanical hysteresis losses [13]. As a result of
the losses significant undesirable self-heating comes into
existence [9,14,15].

The current theoretical understanding and
experimental characterization of the complex self-
heating processes in piezoelectric ceramics are far from
being complete. In the present work, we focus our
attention on the study of heat losses and switching
processes in ferroelectric ceramics due to the switching
processes in large AC electric fields of different
frequency.

2. MATERIALS AND METHODS

A study is made of the polarization processes in samples
of PZT ferroelectric ceramics (Pby osSroos5(Z1g.53T19.47)O03)
with a perovskite structure in AC sine electric fields
with an amplitude of 500-2100 V/mm in a frequency
range of 50 to 1500 Hz. The experimental results given
below were obtained for samples with a thickness of
the size of | mm X 5 mm x 5 mm. Sides 5 mm x 5 mm
were supplied by silver electrodes.

Dielectric hysteresis loops were measured by the
modified Sawyer—Tower method simultaneously with
distant temperature control with the aid of thermal vision
camera Testo—875-1. High voltage amplifier TREK 677B
was exploited as a source of high AC voltage. Measure-
ment were performed under ordinary laboratory environ-
ment without sample thermostating. At the start time the
AC field was applied to the sample. The time dependence
of the sample temperature and the dielectric hysteresis
loops were measured simultaneously.
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3. RESULTS

On applying an AC electric field of fixed amplitude
(E,), the samples initially demonstrate non-saturated
minor hysteresis loops that change their shape during
further exposure. This reshaping is accompanied by a
self-heating of the sample. As distinct from the hysteresis
loops appearing initially at the start time of field
application (Fig. 1a), the shape of saturated hysteresis
loops (Fig. 1b) depend on AC field frequency. The time
of their formation also depends on frequency. This fact
becomes evident by the demonstration of the time
dependence of switched (reversible) polarization (Piey)
(Fig. 2a). Maximal increase of the switching polarization
is observed when the sample self-heating temperature
approached 80-90 °C. It is necessary to mention that the
changes in the spontaneous polarization time dependence
correspond with that of the sample temperature (Fig. 2b).
Thus, the performed measurements have shown that
the self-heating maximal temperature depends not only
on the applied field amplitude [16,17], but also on its
frequency.

After forming of the loop when the switched
polarization approaches saturation the sample tempera-
ture does the same. Inasmuch as the sharp increase of
the switched polarization (Fig. 2a) was accompanied by
a decrease of the coercive force (Fig. 3a), it is natural
to assume that the decrease of the coercive force with
the increase of the temperature is responsible for the
loop forming in time. It is interesting to note that the
temperature course of the coercive field during forming
the loop (Fig. 3b) is similar to that observed earlier in
PZT samples under ordinarily conditions of heating in
thermostat camera.
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Fig. 1. Dielectric hysteresis loop evolution of PZT sample. (a) at the start time of field application of different frequencies;
(b) maximal value. E, = 850 V/mm. Vertical (280 V mm'/div) and horizontal (0.08 C-m/div) scaling are the same for both (a)

and (b) graphs.
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Fig. 2. Dependence of switched polarization (a) and heating temperature of PZT sample (b) on time during exposure electric

fields of different frequencies. £, = 850 V/mm.
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Fig. 3. Coercive field time (a) and temperature dependence of PZT sample; (b) during self-heating in electric field of different

frequencies. E, = 850 V/mm.

4. DISCUSSION

The experiments show that for saturated dielectric
hysteresis loops the increase of the electric field frequency
results in a decrease of reversible polarization values,
which obeys the exponential rule (Fig. 4, curve 1).
Approximation of experimental data making use of
exponential regression with the aid of MathCadl4
(Fig. 4, curve 2) resulted in an analytical expression for
the frequency dependence of the polarization value P:

P=P xexp(—f x1)+E,,. )

Here P; is the maximum possible value of reversible
polarization in C/m?, Py, is the irreversible component
polarization, 7 is the time constant in s, characterizing
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Fig. 4. Dependence of the switchable polarization value
on frequency (curve 1 — experiment, curve 2 — calculation).
E, =840 V/mm.
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the exponential decay of polarization, and f is the
frequency in Hz. The corresponding numerical data are
P,=028+0.01 C/m’; 7=2.830.01s; P;;=0.0320.005 C/m’.
The maximal experimentally observed Py, has a value
0f 0.64 x P,.

The temperature variation of the PZT ceramics
sample due to electrocaloric effect for external electric
field change of 1kV/mm is not more then 3 K [18]. So
it may be concluded that the observed temperature
changes of the sample during switching from 20 to
160 K are related to both dielectric and heat losses.
Their mechanisms may be described in the following
way:
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where E is the intensity of applied field, P is the
polarization calculated by dielectric hysteresis loop data,
U is the generator voltage, d is the sample thickness, O
is the charge, S is the sample area, / is the switching
current passing during the cycle time ¢, f'is the measure-
ment frequency of the AC field, and V' is the sample
volume. The quantity Q, = EPf is the dissipation power
of a sample volume unit. In essence, this energy is
responsible for heating the sample.

Figure 5 shows the dependence of heating rate
(dT7df) at the start time on Q,. As can be seen, they have
a linear dependence, regardless of whether measure-
ments were taken at the same value of the AC field, but
for different frequency (Fig. 5a), or at one frequency in
different AC fields (Fig. 5b).

Based on this, we suggested the method of estimated
volumetric heat capacity coefficient (¢, = prc) by the
following equation [16]:
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Here V' is the sample volume, p — density, ¢ — specific

heat. Coefficient L% can be interpreted as the slope
Cv
for linear function d7T/dt(Q,), v/V is the ratio of the
switchable sample volume (v) to the total volume (V). It
can be expressed as the ratio of the reversal polarization
(Prey) to the maximum allowed (Ps). As shown earlier for
switching of PZT ceramic we had Py, /Ps= v/V =0.64.
Coefficient L% was determined from the graphs
Cy

(Fig. 5). As result, we obtain the value of the volumetric
heat capacity of PZT ceramics for AC field with different
frequencies (Fig. 5a): ¢, = (2.6 + 0.2)-10° J/m’K; with
different amplitudes (Fig. 5b): ¢, = (2.4 +0.2)-10° J/m’K.
In the general case the volumetric heat capacity depends
on temperature and, in accordance with the available
data [19], ¢, value for PZT are 2.25-10° (T =27 °C) and
2.45-10° (T =127 °C) J/m’K. Since the sample tem-
perature during the loop forming was raised to 200 °C
(Fig. 2b) and depended on the frequency, it is obvious
that spread of the ¢, values can be related with the
sample temperature fluctuations. Thus, the specific heat
is less for the case of smaller AC field amplitude, which
corresponds to a lower sample heating temperature.

5. CONCLUSIONS

Our experiments showed that the linear dependence of
the self-heating temperature of the PZT ceramic samples
(and, hence, the power of heat losses) on the electric
field frequency is observed only at low-frequency region.
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Fig. 5. Function dT/dt (Q,) at start time of the AC field. Curve (a) for different frequencies (£, = 840V/mm); (b) — for different

amplitudes AC (f=300 Hz).
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This means that the application of formula (2), according
to which the dissipated thermal power must linearly
depend on the frequency, is limited. These restrictions
are due to the motion of domain walls. This is confirmed
by the fact that the maximum sample temperature change
corresponds to a sharp change in the shape of dielectric
hysteresis loop. Thus, the reason for the heat losses is the
switching of the domain structure.
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Liilitusprotsesside poolt ferroelektrilistes keraamikates tekitatud soojuskaod

Olga Malyshkina, Anton Eliseev ja Rostislav Grechishkin

On uuritud liilitusprotsesside poolt ferroelektrilistes keraamikates tekitatud soojuskadusid korge amplituudiga vahel-
duvas elektriviljas ja suures sageduste vahemikus 50—1500 Hz. On niidatud korrelatsiooni olemasolu timberpolari-
seerumise ajaliste sdltuvuste ja isekuumenemise temperatuuri vahel. Toetudes eksperimentaalandmete ldhendusele,
on saadud analiiiitiline avaldis, mis kirjeldab vahelduva polarisatsiooni eksponentsiaalset kahanemist elektrivilja sage-
duse suurenemisel. On vilja pakutud meetod, mis lubab hajunud soojuse pdhjal hinnata volumeetrilise soojusmahtuvuse
koefitsienti lilitusprotsessis. On nédidatud, et isekuumenemise temperatuuri lineaarne sdltuvus elektrivilja sage-
dusest on tdheldatav ainult madalate sageduste piirkonnas. See piirang ja samuti soojuskadude pohjus seostatakse
elektrivilja vaheldumisel toimuva domeenide seinte liikumisega.



