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Influence of domain structure on relaxation
phenomena in the PZT ceramic
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The temperature dependences of internal friction in PZT ceramics have been obtained
in a wide temperature range from the room temperature to that exceeding the phase
transition point from ferroelectric to paraelectric phase. The aim of the study was to
describe the influence of domain structure on relaxation phenomena in samples of undoped
PZT ceramics and multicomponent ceramics doped with Cd and W-Pb(W,Cd)O,—PbZrO,-
PbTiO;, prepared by the sol-gel method and by solid state reaction, respectively, followed
by sintering. Basing on the internal friction measurements, the relaxation phenomena
observed in examined ceramics have been described. The relaxation peaks connected with
interaction point defects and domain walls and viscoelastic motion of domain walls have
been observed in the temperature dependences of internal friction. For all relaxation
peaks, the values of activation energy H and pre-exponential factor t; have been calcu-
lated.

WccnenoBanbl TeMIepaTypHbIE S3aBUCHMOCTU BHYTPEHHEIO TPEHWs IJis KePaMUKU THUIla
IITC B mupoxomM guamnasoHe TeMIePATyp — OT KOMHATHOII IO IPEBBLIMIAIOIIEH TeMIIepaTypy
dasosoro mepexoga or GeppovseKTpUUEcKOl (hasbl K mapasiekTpuyeckoii. Ileano uccaemno-
BaHUs OBLIO OIpe/esieHNe BJIUSHUS JOMEHHOU CTPYKTYPBhI Ha PEJaKCAIlMOHHBIE SBJIEHUS B
obpasnax HeJeTNpOBaHHOW KepaMuku u Kepamumku c¢ gobaBkamum Cd m W-Pb(W,Cd)O,-
PbZrO;—PbTiO;, mnonxyyeHHBIX COOTBETCTBEHHO METOJOM 30JIb-Teslb CHHTe3a U TBepAodasHoro
CUHTE3a C MOCJeNyIONUM clieKaHneM. Ha OCHOBAHWM M3MepEeHUI BHYTPEHHEro TPeHUs OIU-
caHbl pejlaKCallMOHHBIE SBJEHUS B WCCIELOBAHHOUW Kepamuke. Ha TeMmepaTypHBIX 3aBUCHU-
MOCTAX BHYTPEHHEro TPeHUs HalJII0Jajnch pPelaKCAllUOHHBbIE MUKW, CBA3AHHBIE C B3aKUMO-
JeficTBUEeM TOYeUYHBIX Je()eKTOB C JOMEHHBIMM IPAHUIAMYU U C BASKO-YIPYTUM [JBUKEHUEM
JOMEHHBIX TpaHull. [y BceX pejlaKCAlMOHHBIX MUKOB OIpeJe/eHbl 3HAUEHUS dHEePruil aKTu-

Banum Hu IIPEeJ9KCIIOHEHIINAJBHOTO MHOMKHUTEJA T().
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The PZT ceramics (PbTiO3—-PbZrOj) is
used for electromechanical transducers, sen-
sors (vibration, pressure), actuators, piezo-
electric transformers, ultrasound gener-
ators, filters, etc. Properties of undoped ce-
ramics are not adequate for many
applications; therefore, admixtures
(dopants) are added to obtain materials with
preset parameters. The dopants cause for-
mation of defects in the ceramics structure,
which influence significantly the electrome-
chanical coupling coefficient, dielectric loss,
coercive force field, mechanical quality, and
internal friction. The properties of the PZT
ceramic can be also influenced by varying
the concentrations of main components in
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the solid solution resulting in changes of
the ceramics structure [1-6]. The aim of
this work was to determine the influence of
the domain structure changes on the relaxa-
tion phenomena taking place in the undoped
and doped PZT ceramics.

Samples of undoped PbZrO;—PbTiO5;:PZT
35/65 (tetragonal structure), PZT 46/54
(morphotropic area), PZT 65/35 (rhombohe-
dral structure), and those of
Pb(Wg 5Cdg 5)03—PbZrO;—PbTiO3 multicom-
ponent ceramics PZT doped with W and
Cd:PZT 2/33/65 (tetragonal structure), PZT
2/43/55 (morphotropic area), PZT 2/51/47
(rhombohedral structure), were studied. The
samples were obtained by the sol-gel synthe-
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sis (undoped PZT) and by the solid phase
synthesis (doped PZT). Then the materials
were sintered by a classical method. The
internal friction (IF) was measured using a
RAK-3 radio frequency relaxator controlled
by a computer.

The internal friction measurements car-
ried out at 3 K/min heating rate on the
undoped PZT ceramics (Fig. 1) present two
IF peaks for PZT 35/65 and PZT 46/54 ce-
ramics and three peaks for PZT 65/35 ce-
ramics in the Q1 = f(T) relationships.
Basing on measured temperature depend-
ence of electric permittivity and determined
Curie temperatures (Table 1) for the tested
samples, it can be stated that it is just the
phase transition from the ferroelectric
phase to the paraelecric one at Tpo ~ Ty (Tp
being the maximum temperature for the Pp
peak) that is responsible for the Pp peak
formation for all tested samples. The fact
that the Py peak is due to the phase transi-
tion is confirmed also by the @ 1(T) meas-
urements carried out at different measure-
ment frequencies (Table 1). The unchanged
temperature position of the Py, peak and its
lowering height with the frequency decrease
proves the origination mechanism of this
peak [7—9]. Consideration of the phase dia-
gram for the PZT ceramic allowed to as-
sume that the phase transition from the
rhombohedral phase I to rhombohedral
phase II is also responsible for the Py peak
formation for PZT 65/35 [10].

A shift of the Pp; peak maximum to-
wards higher temperatures with increasing
measurement frequency (Table 1) evidences
the relaxation character of this peak [8, 9].
In relaxation processes, the activation en-
ergy H and the relaxation time 1 are de-
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Fig. 1. Temperature dependences of internal
friction for the undoped ceramics PZT 35/65,
PZT 46/54, PZT 65/35 (a) and doped ones
PZT 2/33/65, PZT 2/43/55, PZT 2/51/47 (b).

scribed by the Arrhenius law <t=
19exp(H/kT), where 13 is a pre-exponential
factor; T, temperature in K; and k, the
Boltzmann constant. Using the Arrhenius
law and a condition of the internal friction
peak maximum ot = 1, it is possible to de-
fine the mechanism responsible for its for-
mation by determining the 1ty and H values
characterizing height of potential barriers,
which atoms overcome while migrating in

Table 1. Curie temperatures T, temperatures of the P, peak maximum at different measurement
frequencies (f; < fy), and temperatures of relaxation peaks T'p;, Th,.

Sample | T.,, K | Tp, K | Tpo K | Tp, K | Tp, K | Tpy K | Ty K | Tpoy K | Tppy K
for f, for £, for f, for fy |[K] for f;| for f, for 1, for £,
PZT 678 681 681 - - 325 333 - -
35/65
PZT 671 673 673 - - 328 337 - -
46/54
PZT 607 609 609 332 332 325 332 - -
65/35
PZT 630 635 635 - - 327 334 503 511
2/83/65
PZT 586 591 590 - - 328 335 517 527
2/43/55
PZT 578 582 582 - - 327 335 389 397
2/51/47
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the course of relaxation [11]. The activation
energy value was determined basing on the
Q 1(T) curve half-width. The calculated val-
ues of the activation energy and pre-expo-
nential factor (Table 2) show that point de-
fects are responsible for the formation of
the peak in question. The point defects in-
troduced during a technological process an-
chor the domain walls. Therefore, the Pp;
peak preceding the phase transition is con-
nected with energy dissipation of mechani-
cal vibrations due to the presence of the
point defects and the domain structure in
the ferroelectric material. In the PZT ce-
ramics, oxygen vacancies are predominating
point defects, therefore, the interaction of
oxygen vacancies with the domain walls is
responsible for the Pp; peak formation.
This fact is proved by analysis of the ob-
tained activation energy and pre-exponen-
tial factor values for the undoped PZT ce-
ramics. The obtained values (Table 2) are
typical of a relaxation process, namely, in-
teraction of oxygen vacancies with domain
walls [8, 12].

Three internal friction maxima (Fig. 1b)
was observed for the tested multi-compo-
nent PZT type ceramics doped with cad-
mium and tungsten. Like to the undoped
ceramics, a ferroelectric-paraelectric phase
transition is responsible for the Py peak
(Table 1). The relaxation process and the in-
teraction of point defects (oxygen vacan-
cies) with domain walls are responsible for
the Pp; peak formation, what is confirmed
by the determined values of H and 1, (Table
2).

With increasing PbTiOjz concentration in
the PZT ceramic resulting in the ceramics
structure change from the rhombohedral
phase tetragonal one via a phase coexistence
area (rhombohedral and tetragonal), the do-
main structure also undergoes a change
[13—15]. It can be stated that the change in
the PbTiO3 concentration causing a change
in the domain structure does not have an
influence on the height and temperature po-

sition of the peak originating from the in-
teraction of point defects with the domain
walls. The Pp; height is 0.085 to 0.036 for
the undoped ceramics and 0.021 to 0.023
for doped one and it depends on the concen-
tration of defects introduced to the material
during a technological process (insignificant
differences in the activation energy value of
this process).

Consideration of the @ 1 = f(T) relation-
ships for the ceramics in question evidences
a visible difference between the dependences
obtained for doped and undoped materials.
An additional internal friction peak Ppy
preceding the phase change is observed. As
the measurement frequency increases, its
temperature position is shifted toward
higher temperatures; this indicates its re-
laxation character [8, 9]. The calculated H
and 1o values show that the relaxation proc-
ess described by a single relaxation time
(Table 2) cannot be responsible for the Pp,
formation. The temperature position of the
Pps peak and its distance from the phase
change peak influences the character of in-
teractions responsible for the Pp, maximum
formation. For the rhombohedral 2/51/47
PZT ceramics, the interaction of the domain
walls is mainly responsible for the Pp, peak
formation (Table 2). However, judging from
a short temperature distance between Pp;
and Pps, point defects may also share in its
formation. On the other hand, the calcu-
lated H and 1y values for the Pp, peak in
the PZT 2/43/55 and PZT 2/33/65 ceramics
(Table 2) indicate complex relaxation proc-
esses, which cannot be described by a single
relaxation time. For that reason, an expla-
nation of mechanisms responsible for their
formation should be sought in the complex
relaxation processes.

Since the Pp, peak is in the temperature
range preceding the phase change, the proc-
esses responsible for its formation can be
considered basing on the Wang model, char-
acterizing the IF in the area preceding the
ferroelectric-paraelectric phase change. A

Table 2. Activation energy values H and pre-exponential factors 7y for the IF relaxation peaks.

Sample H, eV for Py, T, 8 for Pp, H, eV for Py, g, § for Ppy
PZT 35/65 1.02+0.02 (2.46+0.04)-10715 - -
PZT 46/54 1.10+0.02 (1.54+0.04)-10715 - -
PZT 65/35 0.97+0.02 (1.80+0.04)-10715 - -
PZT 2/33/65 1.19+0.02 (8.98+0.04)-10715 1.904+0.02 (6.2840.04)-10719
PZT 2/43/55 1.21+0.02 (8.58+0.04)-10715 2.668+0.02 (8.1340.04)-10723
PZT 2/51/47 1.18+0.02 (4.88+0.04)-10715 1.503+0.02 (8.05+0.04)-10716
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lot of mechanisms are responsible for the
internal friction in this area. First, in the
temperature range preceding the phase
change, the domain wall density N increases
with temperature and it is approximately pro-
portional to 1/(T, — T) (where T is a tempera-
ture near the Curie temperature T,), what
causes an increase in the @ ! value. How-
ever, on the other hand, an increase in do-
main wall density results in shortened dis-
tance between them, thus, a decrease in mo-
bility of the domain walls is caused by their
mutual interaction. This results in a de-
crease of @ 1 value, when the domain wall
density is too high. For that reason, the
internal friction value in the area preceding
a ferroelectric-paraelectric phase depends on
a compromise between those factors [8].
Thus, a viscoelastic movement of the do-
main walls is responsible for the Pps peak
formation.

The absence of this maximum in the @1 =
f(T) relationships for the undoped PZT ce-
ramic should be explained by differences in
the ceramics microstructure. The domain
size in the ferroelectric ceramics is con-
nected with the grain size. Height of the
internal friction peak is directly propor-
tional to the square of the domain width. If
the grain size decreases, the domain size
decreases more sharply. Therefore, the do-
main influences significantly the course of
the IF temperature dependence. The grain
size decrease results in a decreased height
of the peak originating from the mutual
interaction of the domain walls; whereas at
a grain size being a few pum, this relaxation
peak is not observed, because the internal
friction value connected with this process
corresponds to a size of the internal friction
background [16—19]. The domain structure,
its type and mobility of the domain walls
influences significantly not only the pres-
ence or absence of the Pp, peak, but its
temperature position as well.

In the range of the PZT composition
from the dual phase (R + T) morphotropic
structure, a great number of domain walls
(Fig. 2) with great mobility is observed, as
well as a great number of phase boundaries
(R/T) [20]. The great number of the domain
walls is a cause of an increase in possible
domain reorientations taking place under
external actions. A great number of domain
walls with sufficiently high mobility and
phase boundaries cause that the specimens
PZT 46/54 and PZT 2/43/55 show the in-
ternal friction maximum values as piezo-
modules. In the rhombohedral phase (PZT
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Fig. 2. Domain structure of ceramics with
rhombohedral structure (a), tetragonal (b),

rhomboherdal and coexistent

phases (c).

tetragonal

65/35, PZT 2/51/47), it is just the 180°
domain structure that prevails (Fig. 2), re-
sulting in a visible reduced number of the
domain walls. This type of the domain
structure causes a decreased internal fric-
tion value and piezoelectric parameters [20].
In the PbTiO; concentration range corre-
sponding to the tetragonal phase (PZT
35/65, PZT 2/33/65), there is a complex
90° domain structure with a great number
of 90° domain structures characterized by
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low mobility. Such a stabilized domain
structure causes a decreased IF value (as
the titanium and lead concentrations in-
crease and move away from the morphot-
ropic area).

To conclude, a change in the domain
structure of the PZT ceramics (caused by
increasing PbTiO; concentration) does not
result in changes of height and the tem-
perature position of the internal friction re-
laxation maximum connected with the inter-
action of oxygen vacancies with domain
walls. Its height depends on the concentra-
tion of defects introduced in the technologi-
cal process of the ceramic material prepara-
tion. The domain structure type influences
the temperature position of the peak con-
nected with the mutual interaction of the
domain walls or visco-elastic movement of
domain walls, and the internal friction
value. The highest IF value is observed for
the ceramics from the morphotropic area.
When moving away from this area toward
both lower and higher PbTiO5 concentra-
tions, a decrease of the internal friction
value is observed. The domain structure
type (domain width) defines also the pres-
ence of the peak originating from the mu-
tual interaction of the domain walls.
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BniaueB moMeHHOI CTPYKTYPHM Ha pejlaKcaliiiHi ABHMIIA
y kepamini IITC

B.Bpycw, H.Invuyx, A.3apuyvka, M.Uepeeys

HocuimKeHO TeMIepaTypHi 3aJIe;KHOCTL BHYTPilIHLOTO TepTd AasA Kepamiku tumy I[TC y
HINPOKOMY [ialasoHi TeMmIlepaTyp — Bif KiMHATHOI [0 TeMIlepaTypu, IO IIepPeBUIILyE TeMIlepa-
Typy (asoBoro mepexony Bifm (repoenekTpuyHOl (hasu ro napaesekTpuuHoi. MeToo mociaigikeHHA
OyJio BUSHAUEHHs BILJIMBY JOMEHHOI CTPYKTYPHU Ha peslaKCalliliHi ABUINA y 3pasKax HeJeroBaHOL

kKepamiku Ta Kepamikm 3 gomimkamu Cd ra W-Pb(W,Cd)O;—PbZrO;—PbTiO,,

OJlePIKAHUX

BiATIOBiIHO MeTOZOM B30Jb-T€Jb CHHTE3y Ta TBEPA0odasoBOr0 CHHTE3y 3 HACTYIIHUM CIIiKaH-
HaAM. Ha ocHOBI BuMipOBaHb BHYTPIIIHBOIO TEPTS OIMCAHO peJlaKCalliliHI ABHIIA y IO-
ciaimxeniii kepamini. Ha remmeparypHux 3a/I€KHOCTSAX BHYTPIIIHBOI'O TEPTS CIIOCTEPiraamcs
penakcanifini miku, moB’sasaHl 31 B3aeMOLi€l0 TOUKOBUX Ae(EKTiB 3 JOMEHHMMHU MEXKaMU Ta
3 B’SIBKO-IPYKHHM PYXOM HOMeHHMX MeK. [as Bcix penaxcariiimmx mikiB BusHaueHO 3HA-
4JeHHA eHeprii akTuBanii H Ta mepeieKCHOHEHIINHOr0O MHOMXHUKA T.
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