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Phenomena responsible for energy dissipation
in fine-grained PZT-type ceramics
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Description of the mechanisms responsible for the dissipation of energy in materials is possible
thanks to the internal friction (IF) method — a non-destructive method thought to be one of the most sensi-
tive ones [1-3]. The method is based on measurements of mechanical losses at various temperatures or
various frequencies. The study of the IF of ferroelectrics can provide extensive information about the
physics of processes within these materials, and about their domain structures and their interactions with
various structural defects. The aim of the present study was to describe the mechanisms responsible for
energy dissipation in PZT ceramics obtained by the sol-gel method and sintered by conventional ceramics
sintering (CCS). This work presents results of investigations of the influence of PbTiO; concentration in
PZT ceramics on these processes.
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1. Introduction

PZT ceramics, solid solutions of titanate and lead zirconates, have been widely in-
vestigated due to its electromechanical properties allowing them to be used in a lot of
devices of a practical character such as electromechanical transducers, vibration pick-
ups, filters, ultrasonic generators, resonators, transformers, stabilizers, modulators,
parametric amplifiers, frequency multipliers, and ferroelectric memories [4-6].

Since it is necessary for the materials to have specific properties for given applica-
tions, it is essential to find out the correlation between the structure, chemical compo-
sition, and the ceramics properties. For this reason, non-destructive investigation me-
thods have been developed for some years and the internal friction method belongs to
this type. The method is very sensitive to changes in the structure of the materials
under the influence of external factors such as e.g. temperature. Its use to examine
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phenomena responsible for energy dissipation enables us to get information about
processes taking place in the material under the influence of temperature, including
both relaxation processes (migration of defects, mutual interaction of the domain
walls), and occurring phase changes [3, 7].

The objective of this work was to determine the phenomena responsible for energy
dissipation in the fine-grained PZT- type ceramics.

2. Materials

Fine-grained PZT-type ceramic with the concentration of 25, 35, 52, 53, 54, 65, 75
mol % of PbTiO; was used for the tests. The synthesis of powders was carried out
using the sol-gel method. Lead acetate, zirconium(IV) propoxide, and titanium(IV)
propoxide were used as precursors. The synthesis leading to the formation of the com-
plex of alcoholates lasted 2 hs. The reaction by-product (ester — propyl acetate) was
removed in the distillation process. After cooling the solution to room temperature,
acetylacetone was added to stabilize the complex of alcoholates. The hydrolysis
process, resulting in a change of sol into gel, was initiated by adding H,O. The gel
obtained was calcinated at 573 K for 2h in order to remove organic residues. The
powders made in this way were compressed and condensed by two methods: free sin-
tering (1523 K/5 h) and uniaxial (1473 K/2 h). The specimens prepared by this method
were ground and polished. Conductive electrodes were made with the silver paste by
the burning method at the temperature of 1123 K for 15 min.

3. Results of measurements and their discussion

The dependence of the internal friction on the temperature obtained for the ceram-
ics in question (PZT 25/75, PZT 35/65, PZT 46/54, PZT 47/53, PZT 48/52, PZT
65/35, PZT 75/25) during heating at the rate of 3 K/min and at the frequency of
850 Hz by a resonance mechanical spectrometer RAK-3 [1] are presented in Fig. 1.
The presence of two peaks of the internal friction Pk, and PF was observed on all de-
pendences. On the O '(7) plot, obtained for the PZT 75/25 ceramics, a third peak P,
between the Pg; and Pr peaks, was also observed. The maximum of the Pp peak
moved toward higher temperatures with an increase of PbTiO; concentration (Fig. 1,
Table 1). In order to determine the mechanism responsible for the formation of this
maximum, measurements of the internal friction dependence on temperature at differ-
ent frequencies were conducted. On changing the measurement frequency, there oc-
cured a change in the temperature position of the maxima of IF peaks of relaxation
character, originating from, e.g., mutual interaction of domain walls, and the interac-
tion of defects and domain walls. However, in the case of peaks originating from
phase changes, their temperature should be independent of the frequency [8-10].
Thus, the presence of the Pr peak at a stable temperature during the measurements
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conducted at different frequencies (Fig. 2, Table 1) points to the origin of the P, peak
from the phase change.
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Fig. 1. Dependences of the internal friction on the temperature obtained
for the PZT ceramics during heating at the rate of 3 K/min at the frequency of 850 Hz

An increase in the Curie temperature with the increase in the lead titanate concen-
tration in the solid solution is a generally known property of PZT ceramics. For this
reason, the dependence of electric permittivity on temperature determined from the
Curie temperature values (Table 1) confirm the origin of the Pr peak from a phase
transition from the ferroelectric phase to the paraelectric one. The observed decrease
in the /F value after the Pr maximum is connected with the disappearance of the do-
main structure as the result of the transition to the paraelectric state.

With an increase of PbTiO; concentration, the increase in the height of Pr was also
observed until 53 mol %, and then a decrease in the peak height occurred. It is gener-
ally known that with a change of PbTiO; concentration in the PZT ceramics there is a
change in the maximum permittivity value at the Curie temperature. For the non-
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polarized PZT ceramics the highest values are observed for the compositions near the
morphotrophic boundary and there is a decrease in its value as it moves away from the
morphotropic boundary toward compositions with the rhombohedral and tetragonal
structure [11]. Changes in the Pr peak height are similar to changes in the electrical
permittivity values.
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Fig. 2. Temperature dependences of the internal friction obtained
for PZT 75/25 at various measurements frequencies; f; = 850 Hz, f,= 960 Hz

Table 1. Temperatures of the P peak occurrence
and the Curie temperatures for the PZT ceramics (f; <f5)

Type Tr[K] at fi Tr[K] atf T [K]
of specimen AT=%1.5K AT=%1.5K AT=2.0K
PZT 25/75 695 695 694
PZT 35/65 681 681 678
PZT 46/54 673 674 671
PZT 47/53 671 671 668
PZT 48/52 668 667 665
PZT 65/35 609 609 607
PZT 75/25 590 590 589

The observed temperature changes of the P peak position (Fig. 2) at the mea-
surements O 'f(T) for various frequencies (a movement toward higher temperatures)
suggests that a relaxation process is responsible for its formation. In order to prove the
above thesis, calculations of the activation energy H and the pre-exponential factor 7
were made based on the Arrhenius law [3]. The values of H and 7 (Table 2) confirm
the origin of the Py, peak from the relaxation process. The activation energy of about
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1 eV is a typical value of interaction of point defects with domain walls [9, 12]. This
phenomenon is also proved by the 7, value (Table 2). Oxygen vacancies are the pre-
vailing defects in PZT ceramics, therefore the interaction of oxygen vacancies with
domain walls is responsible for the Py, peak formation. The 7, value obtained for PZT
65/35 is an exception. The value of the pre-exponential factor (2.94x10™'"") points out
that a simple relaxation process described by a single relaxation time cannot be re-
sponsible for the Py, peak formation for the PZT 65/35 ceramics.

Table 2. Values of the activation energy
and pre-exponential factor

Specimen H[eV] 7o [s]

PZT 25/75 1,04+0,02 (3,17£0,04)-10°7"%
PZT 35/65 1,02+0,02 (2,46%0,04)-107"°
PZT 46/54 1,10£0,02 (1,54%0,04)-10°7"%
PZT 47/53 0,97+0,02 (1,0740,04)-10™"
PZT 48/52 0,98+0,02 (1,0240,04)-10™"
PZT 65/35 1,0040,02 (2,9440,04)-1077
PZT 75/25 1,05+0,02 (2,01£0,04)-10°7"%

No changes in the temperature position of the Pz, peak were observed for the ex-
amined ceramics with an increase in PbTiO; concentration (Fig. 1). Small fluctuations of
the H activation energy values (Table 2) point to small differences in the concentration of
defects in the examined ceramics, introduced during the technological process [13]. Thus
the position and height of the peak originating from the interaction of point defects and
domain walls do no depend on changes in PbTiOs concentration, but only on the concen-
tration of defects in the examined ceramics. Regarding the Pg, peak in PZT 65/35 ceram-
ics as as resulting from an overlapping of several processes, an attempt was made to find
the mechanisms responsible for its formation. The analysis of the shape of the Py, peak
obtained for different measurement frequencies for PZT 65/35 ceramics shows that it can
be deconvoluted into two peaks (Fig. 3): P, , for which the temperature position under-
goes a change with the change in the measurement frequency and the P, peak for which
the temperature position does not undergo a change with the change in the measurement
frequency.

During the measurement of the internal friction in the temperature range of the Pk,
peak at lower frequency, a movement of the P, peak toward lower temperatures is

observed which proves its relaxational character. The calculated values of the activa-
tion energy H = 0.97 eV and the pre-exponential factor 7 = 1.8x10™"° s show that it
comes from the interaction of the point defects with the domain walls. In the phase
diagram (Fig. 4) for the solid solution of lead titanate and zicronate, a phase change
from the rhombohedral phase II (R3c) to the thombohedral phase I (R3m) can be ob-
served in the range of PbTiO; concentrations from 4.2 mol % to about 38 mol %.



806 A. ZARYCKA et al.

Thus, the stability of the temperature position of the P, peak with the change in the
measurement frequency shows that the phase composition of the ceramic material is
responsible for its formation.
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Fig. 3. Temperature dependences of the internal friction obtained in the temperature range
of the Pg; occurrence: a) the division of the Py, peak into components, b) for the frequency
f1=960 Hz, f,=850 Hz

Changes in the height of Prand P, peaks also point to their dependence on the
phase changes. According to the model developed by Delorme and Gobin, the de-
pendence of QO '(T) on the internal friction in the area of the phase change is de-
scribed by the equation [14]:
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Qfl = E a_m B_T
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where: K is a material constant, G — modulus of rigidity, @ — angular frequency of the
specimen vibrations (@ =2mf, f — frequency), g—’; — quantity of the material undergoing

. oT :
the change at the unit temperature change, —— —rate of temperature changes (heating or

S ot
cooling). Therefore, the increase in the Pr and P, peak heights with a decrease in the
measurement frequency is fully confirmed by the Delmore—Gobin model.
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Fig. 4. Phase diagram PbTiO;—PbZrO;— PZT [15]

The PZT 75/25 ceramics group also includes PZT ceramics for which a change
from the II rhombohedral phase to the I rhombohedral phase is observed. This change
takes place at a temperature higher than a change into the PZT 65/35 composition
(Fig. 4). Thus, the P, maximum observed on the temperature dependences of the in-
ternal friction (Figs. 1, 2), moving toward neither higher nor lower temperatures with
a change in the measurement frequency is related to the phase change.

4. Conclusions

Variations of internal friction as a function of temperature and excitation frequency
can provide direct information on energy dissipation in the materials. In the fine-grained
PZT type ceramics phase changes (from the ferroelectric to paraelelectric and from the
II rhombohedral phase to the I rhombohedral phase) and the relaxation process, the inte-
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raction of the point defects with the domain walls are responsible for the energy dissipa-
tion. An increase of the concentration of lead titanate causes a shift of the position of the
peak connected with the ferroelectric-paraelectric phase toward higher temperatures (a
Curie temperature change). A change in PbTiO; concentration does not have an influ-
ence on the height and the temperature position of the peak connected with the interac-
tion of the oxygen vacancies with the domain walls. However, all wet, chemistry-based
methods, for example the sol-gel method, have a very strong influence on the occurrence
of particle agglomerates in the resulting PZT powder. In PZT powders with a high
PbTiO; concentration, hard particle agglomerates will significantly reduce the stability
of the powders and lead to the formation of microstructural defects in the sintered PZT
ceramics, particularly during the free sintering (CCS) method.
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