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The samples of PZT type multi-component piezoceramics Pby 7588 01Cag 151 005050 Tl 4e)03  +
1.4 wt.% Bi,O5 + 0.8 wt% GeO obtained by hot pressing were shaped as (30x10x0.9) mm3
plane-parallel plates. Some samples were subjected to polarization by low temperature
method (T = 423 K, E =30 kV/cm, ¢t = 30 min), and others were y- 1rrad1ated (200 kGy,
60Co). For all spe01mens temperature dependences of the internal friction @ 1 and Young’s
modulus E were determined while heating at a rate of 38 K/min. The @ 1(T) curve shows
two peaks Pp and Py, located for non-irradiated sample at T, =380 K, T = 640 K,
respectively. For samples irradiated at 200 kGy dose, the P, peak shifts towards higher
temperatures, while Py, towards lower ones. The values of Young’s modulus E are de-
creased in the area of the P, and P, peaks. At room temperature, the E value is 133 GPa
for the non-irradiated sample and 150 GPa for the irradiated one. The relaxation peak Pj
has been shown to be due to the domain boundary interaction with oxygen vacancies while
the Py one is related to the phase transition at the Curie point.

HUccnemoBanbr o0pasmbl MHOrokommoneHTHO!T  Kepamuku Ttuna II[TC  cocraBa
Pbo,97sBao,o1cao,o1Sro,oos(zro,szTier)Os + 1,4 mac.% Bi,O5 + 0,38 mac% GeO, mnomyuennoit
METOJOM r'OPAYero IpeccoBaHmusa. HeKoTopbie 00pasibl MOJAPU30BAHLI HUSKOTEMIIEPATYPHBIM
meronoMm (T = 423 K, HAUPAKEHHOCTh 9JIEKTPUUYECKOTO IIOJIS Ep =30 ¥B/cm, Bpemsa
T =30 mun.), apyrue obayuens y-ryuamu (Co-60, 200 kI'it). Iusa Bcex o6pasioB IIOJIyYEHBI
TeMIepaTypHbIe 3aBUCHMOCTH BHYTPeHHero TpeHums @ ! m guHammdeckoro moxyns IOura E
mpu Harpese co ckopocrbio 3 K/muu. Ha kpusbsix @ 1(T) maa HeoGaydueHHOro o6pasia
Habmiogatorca aBa makcumyma Pp m Pp npu Tp =380 K u Ty = 640 K. Ilocne obryyernsa
nosoit 200 kit muk Pp cmemaercs B CTOPOHY IIOBBINIEHHEIX TeMIeparyp, a muk Pp — B
CTOPOHY IOHMX{EHHBIX Temmeparyp. B obmactu remmeparyp makcumymoB Pp u Pp nunamu-
yeckuil moxyiap IOura momm:kaercsa. IIpm KomHaTHON TemIiieparype 3Hauenume E cocraBiser
133 I'lla gnsi HeobGsyuenHoro obopasma u 150 I'Tla mgasa obayduensoro. IToxasaHo, 4To peJsak-
CAIMOHHBIM NHUK Pp 00yCNOBJEH B3aMMOJEHCTBHEM [TOMEHHBIX IDAHUI] C KHUCJIOPOXHBIMU
BaKAaHCUAMH, & IUK Py cBaA3aH ¢ (Ga30BBEIM IepexojoM mpu Temmeparype Kiopm.
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Lead titanate zirconates Pb(Zr,_,Ti )O3
(PZT) are among the most popular indus-
trial piezoelectric materials, used as
transducers, wave filters, micromotors, mi-
crorobots, etc. [1-4]. All those applications
require generally high piezoelectric con-
stants and low dielectric and mechanical
losses in ceramics. The variation of me-
chanical losses and elastic modulus as func-
tion of temperature and excitation fre-
quency can provide direct information on
the energy dissipation and phase transitions
in the material. Several authors [5, 6] have
shown that the mechanical losses in the PZT
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are associated not only with domain walls
motion but also with interaction of point
defects with domain walls. The formation
and accumulation of considerable numbers
of point defects may be caused, among
other things, by irradiation of the PZT ce-
ramics with y radiation. These defects can
fasten, weakly or strongly, the domain
boundaries. Among the defects, the most
important role play oxygen vacancies, be-
cause the solutions of the ABO5; type can
reduce oxygen atoms quite easily [7].

This work presents the study results of
the multi-component piezo-ceramics of the

Functional materials, 14, 1, 2007



R.Zachariasz et al. /| The relaxation phenomena in ...

PZT type. The temperature dependences of
the Young’s modulus E and the internal fric-
tion @1, were measured for the as-prepared
doped ceramics samples (prior to irradiation)
and vy irradiated ones at 200 kGy dose.

The material used is doped PZT ceramics
of the following chemical composition:
Pbg 975880 01C80 01S0.005(Z0 52 Tig 48)03
1.4 wt.% Bi,O3 + 0.8 wt% GeO. The ce-
ramics is characterized with high dielectric

and piezoelectric properties: £5/¢g, = 1210,

tgA = 0.02, d3; = 601012 C/N, k£, =0.3
and belongs to the soft ferroelectric ceram-
ics from the morphotropic area. Thanks to
its good mechanical properties (E =
133 GPa at T = 293 K) and high stability of
parameters at elevated temperatures and
pressures, it is widely used in industry in
vibration and pressure sensors. The ceram-
ics in question were obtained by hot press-
ing method. The samples were ground, pol-
ished to the 80x10x0.9 mm3 size and then
electrodes on their surface were deposited
by the silver paste burning method. Some
samples were subjected to polarization by
low temperature method (7 = 4283 K, Ep =
30 kV/cm, ¢t = 30 min), and others were y-
irradiated at 200 kGy dose. The radiation
source was 80Co. The mechanical loss, @1,
and Young’s modulus, E, as functions of
temperature were measured by a RAK-3
resonance mechanical spectrometer control-
led by a computer [7]. At each temperature,
the resonance curve of the vibration ampli-
tude was recorded, and Young’s modulus
(E) was calculated as [7]:

D mg 1)
E_94'68(ﬁj -T-f ,

where I, h, b and m; are the vibrating
sample part length, thickness, width and
mass, respectively. The Q@ Y(T) and E(T)
were measured in vacuum at the heating
rate of 3 K/min. The temperature depend-
ences of the internal friction @1 = f(T) and
the Young’s modulus E = f(T) obtained dur-
ing a heating cycle of a ceramic sample be-
fore and after the irradiation with 200 kGy
dose, are presented in Fig. 1.

In the @ 1(T) curve obtained for the non-
irradiated sample, the following phenomena
are observed: (1) the distinct Pp maximum
at Tpp = 380 K, then (2) a decrease in the
internal friction value at temperatures up
to about 550 K, next (3) the sharp increase
in the internal friction in the form of the
Py peak at the temperature T'pp = 640 K. In
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Fig. 1. Temperature dependences E = f(T) (a)
and Q1 = f(T) (b) for the tested PZT ceramics

before and after the y irradiation.

the areas of the Pp and Py maxima in the
Q I(T) curve, a decrease in the Young’s
modulus value E in the form of charac-
teristic minima Ap and Ay (Fig. 1, E(T) de-
pendence) is observed. Those values are
E, p = 122 GPa in the area of the Pp peak,
E, r =124 GPa in the area of the Py maxi-
mum. The Young’s modulus value deter-
mined at room temperature and is 133 GPa.

For the ceramic samples y-irradiated at
200 kGy, changes in the @ 1(T) curve are
observed: the Pp maximum becomes shifted
toward higher temperatures (Tpp = 500 K),
whereas the Pp maximum, toward lower
temperatures (Tpp = 620 K). A great de-
crease in the internal friction value was
also observed in the whole temperature
range until the Pp peak temperature. The
irradiation also causes a considerable de-
crease in the Py peak height. Both maxima
are close to each other. Similar changes (as
for the non-irradiated sample) are observed
in the E(T) dependences: in the area of the
Pp and Py peaks, decrease in the Young’s
modulus E value is observed in the form of
the Ap and Ap minima (Fig. 1, the E(T)
dependence). Those values are: E,p=
127 GPa and E,r = 122 GPa for the Ap and
Ap minima, respectively. It should be em-
phasized that at the room temperature, the
E values increase to about 150 GPa. The
presence of the characteristic Pp maximum
in the @ 1(T) curve, correlating with the
presence of the distinct Az minimum in the
E(T) dependence, is connected with a phase
transition, taking place for the ceramics of
the PZT type with the composition in question.
This phenomenon is connected with the transi-
tion from the ferroelectric phase to the
paraelectric phase (Curie temperature T'¢) and
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Fig. 2. Temperature dependences Q! = f(T)
and E = f(T) for the tested PZT ceramics
after irradiation at 200 kGy dose obtained in
3 successive heating cycles: 1— 15t process of
heating; 2 — 2°d process of heating; 3 — 38rd
process of heating .

the simultaneous change of the tetragonal
structure into the regular one [5, 8, 9].

In order to obtain more information on
changes in the ceramics structure during its
heating, and in particular to define the phe-
nomena responsible for the Pp maxima for-
mation in the Q@ 1(T) dependences and corre-
late the Ap minima in the E(T) dependences
with Pp maxima, Q 1(T) and E(T) depend-
ences were determined in the successive
heating cycles for the samples irradiated at
200 kGy dose. The test results are pre-
sented in Fig. 2. As in the previous meas-
urements on the Q! = f(T) curve during
the first heating performed immediately
after the irradiation, the Pp and Pyr maxima
were observed. In the E = f(T) dependences,
characteristic minima were observed at the
temperature positions correlated with the
peaks in the Q! = f(T) curve. After the 2nd
and 3rd heating cycles of the sample, a dis-
tinct increase in the internal friction value
for the Q! = f(T) curve to the point near-
ing a phase transition was revealed as well
as the Pp maximum displacement toward
lower temperatures, namely, to Tpp=
455 K for the 2nd heating cycle and then to
Tpr = 450 K for 3rd heating cycle. The Pp
peak height increased distinetly in compari-
son with that before irradiation.

As to the Pp maximum connected with
the phase change, a distinct decrease in its
height after 2nd and 3rd heating cycles was
observed and a gradual displacement of the
Py peak toward higher temperatures: Tpp =
626 K for 2nd heating cycle and Tpp =
635 K for 3rd one. As to E = f(T), a sharp
decrease in the Young’s modulus value was
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Fig. 3. Young’s modulus values E (a) and in-
ternal friction @1 (b) for the tested PZT ce-
ramics after irradiation at 200 kGy dose ob-
tained in 9 successive heating cycles.

observed in the successive 2 heating cycles
(at room temperature, 122 GPa).

The behavior of the Young’s modulus
values E and internal friction values @1
during all 9 heating cycles of the irradiated
sample are presented in Fig. 3. The E val-
ues are seen to decrease from 150 GPa for
the irradiated sample to about 110 GPa for
the sample heated above the Curie tempera-
ture for 9 cycles. As to internal friction, we
observe rapid changes during 3 first heat-
ing cycles, that suggests considerable
changes taking place in the sample. In the
subsequent heating cycles, there is a slow
stable increase in the @1 value to the value
close to that for non-irradiated sample.

The Pp maximum formation in the Q1=
f(T) curves was the reason for determining
characteristic parameters of this peak. Bas-
ing on the tests conducted for several years,
it has been found that height and the tem-
perature position of the Pp maximum de-
pend on numerous factors, such as the sam-
ple heating and cooling rates, introduced
additional defects due to heating in vacuum
atmosphere or irradiation of the PZT ce-
ramic samples [9, 10-12]. As to the ceramic
ssample irradiated with any kind of the ra-
diation, we deal with (besides of generating
defects in the structure) with formation of
additional local stresses, which affect also
the behavior of the Young’s modulus to-
gether with the temperature changes ac-
cording to the relationship [13, 14]:

30 = (5 - 1]15, (2)
a

where o is the mechanical stress formed in
the sample; ¢, a are lattice constants.
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It can be seen that the Young’s modulus
increases together with an increase in me-
chanical stresses, what proves the character
of changes obtained in the E = f(T) depend-
ences before and after the irradiation (Fig. 1).
The sample heating after the irradiation in
the successive cycles results in gradual dis-
appearance of the formed stresses and an
increase in the Young’s modulus as well as
in the internal friction @1 (Fig. 3).

The Pp maximum displacement toward
higher temperatures during the subsequent
cycles of the sample heating and changes in
its height for the irradiated sample as com-
pared to the non-irradiated one show its
thermally activated relaxation character
[15]. For the relaxation processes, the acti-
vation energy H and the relaxation time t
are described by Arrhenius law:

¢ = 1gexp (k_HTj (3)

where 13 is the pre-exponential factor; T,
temperature [K]; k, the Boltzmann con-
stant. Using the Arrhenius law and the con-
dition for the maximum of the internal fric-

tion peak ot =1, a mechanism responsible
for its formation can be defined by deter-

mining the values 1y and H characterizing
height of the potential barrier which atoms
overcome while migrating in the relaxation
process [16].

The activation energy values were deter-
mined basing on the Q@ 1(T) curve half-
width. The calculated values of the activa-
tion energy and pre-exponential factor are
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Fig. 4. Changes in the Qm_1 relaxation peak
height and its temperature position for the
tested PZT ceramics after the irradiation at
200 kGy dose obtained in 9 successive heat-
ing cycles.

presented in Table. The variations in the Pp
relaxation peak height and its temperature
position during 9 heating cycles are pre-
sented in Fig. 4. The Pp peak activation pa-
rameters obtained by measurements during
the heating cycle for the non-irradiated
sample evidence clearly the relaxation proc-
esses connected with the interaction of the
point defects (oxygen vacancies) and the do-
main walls. The determined values of the
activation energy and the pre-exponential
factor: H =0.86 eV and 145 = 1.43.10°15 g
(Table) are consistent with the results ob-
tained by other authors, such as [5, 6, 11].
Basing on the tests results for the ferroelec-
tric ceramics obtained for several years, it
has been found that different types of point

Table. Activation energy H and pre-exponential factor 1, for the P, maximum of the non-irradi-
ated sample and in the successive heating cycles of the sample irradiated at 200 kGy dose.

Heating cycle H [eV] 1o [s] T [K]
number
The sample before irradiation
1 (0.86+0.02) (1.43+0.04)-10715 640
The sample after irradiation at 200 kGy dose
1 (0.70+0.02) (1.26+0.04)-10711 620
2 (1.15+0.02) (1.18+0.04)-10716 626
3 (0.86+0.02) (3.82+0.04)-10714 635
4 (0.85+0.02) (2.73+0.04)-10714 637
5 (0.84+0.02) (1.85+0.04)-10714 638
6 (0.84+0.02) (6.85+0.04)-10715 638
7 (0.84+0.02) (1.25+0.04)-10715 640
8 (0.84+0.02) (1.18+0.04)-10715 640
9 (0.84+0.02) (1.62+0.04)-10715 640
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defects have different activation energy val-
ues. For example, the migration activation
energy for Ti** is about 1.5 eV, for Ba2*,
about 3.4 eV [17]. The activation energy of
the oxygen vacancy migration in BaTiO5 is
within limits of 0.42 to 0.66 eV, whereas in
the the multi-component PZT type ceramic,
it amounts from about 0.59 to 1.17 eV and
it depends, among others factors, on the
chemical composition, production method
and amount and type of the introduced ad-
mixtures in the tested samples [18, 19].

High y radiation dose used (200 kGy)
provide additional point defects in the
structure of the PZT type ceramics. In the
Q1 = f(T) curves determined in the succes-
sive 9 heating cycles, the following phenom-
ena were observed: (1) the shift of the Pp
peak toward higher temperature for 1st
heating cycle followed by gradual return to
the temperature characteristic for the sam-
ple before irradiation (Fig. 4); (2) a sharp
decrease in the Pp peak height for 1st heat-
ing cycle and its increase in the successive
cycles to the value characteristic for the
sample before irradiation (Fig. 4). The acti-
vation parameters of the Pp peak deter-
mined in the first heating cycle: H =
0.70 eV and 13 = 1.26.10711 g (Table) con-
firm the phenomenon observed, namely, a
decrease in the activation energy and an
increase in the pre-exponential factor value
for the irradiated sample; this is connected
with lower energy dissipation by the domain
walls fastened strongly by a greater number
of point defects. The successive heating cy-
cles cause an increase of the H wvalue and
the decrease of the 15 value, what is proved
by a gradual increase in the Pp peak height
and its temperature displacement toward
lower temperatures, as a result of gradual
disappearance of point defects (heating
out).

Thus, y irradiation of the PZT type fer-
roelectric ceramics with the perovskite
structure at high doses (e.g. 200 kGy) re-
sults in changes of its mechanical proper-
ties due to introduced additional structural
defects. This irradiation plays an important
part in the migration of point defects and
their interaction with the domain walls,
thus affecting considerably the relaxation
processes and changing their activation pa-
rameters. As it has been proved in this
work, the irradiation of PZT ceramic sam-
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ples followed by several repeated heating
cycles has a significant influence both on
the internal friction @ ! wvalues and the
Young’s modulus E. Those changes are ob-
served within the whole temperature ranges
of the determined Q! = f(T) and E = f(T)
dependences. From the practical point of
view, this is very important for the use of
those materials in industry due to influence
on the stability of parameters of
transducers obtained on PZT base. An influ-
ence of any external factors (such as e.g.
radiation, temperature) may cause perma-
nent disturbances in operating of this
equipment.
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Penakcaniiini ABMIDA B ONMPOMiHEeHi# I’e€30Kepamiili
tuny I{TC

P.3axapiaw, H.Invuyx, B.Bpyco

Hocaimgsxeno 3pasKu 6araToOKOMIIOHEHTHOIL Kepamiku TUILY IOTC CKJIALY
Pb019758a0,010a0,01Sr0,005(2r0,52Ti0,48)03 + 1,4 mac.% Bi,O; + 0,8 mac.t% GeO, ogpepsxanoi
MEeTOJOM Tapsuyoro mpecyBaHHs. [leAki 3pasku OyJuM IOJAPU30BaHI HUSLKOTEMIIEPATYPHUM
metogom (T = 423 K, Hanpyra eJeKTPUYHOTO MOJS E'p = 30 xB/cm, yac 1 =30 xB), immi
ounpomineni y-npomenamu (Co-60, 200 xI'i). Oua Beix 3paskiB omepiKaHO TeMIlepaTypHi
sasieskHOCTL BHyTpimHbOro Teprs @ ! Ta muxamiusoro moxyxas IOura E npu HarpiBaHzi 8i
meugkicrio 3 K/xB. Ha xpuBux @ 1(T) mnsa HeompoMiHEHOro 3pasKa CIIOCTEPIiraroThCA IBA
maxkcumymu Pp 1a Pp nipu Tp = 380 K ta Ty = 640 K. Ilicna onpominernnsa mosoro 200 kI
ik Pp 3MimlyeTbCA y HAIPAMI M0 BUIMUX TeMIEPaTyp, & mik Pp — y Hampami g0 HUMKUYMX
remneparyp. B oOnacti Temmneparyp makcumywmiB Pp m Pp nunamiunuii moxysnn IOmra
sHMMKyeThbesa. Ilpu KimuaTHiii Temneparypi smauenna E cranosurh 133 I'lla gis meompomi-
menoro 3paska Ta 150 I'lla maa ompowminenoro. IToxasamo, mo penakcamifiauii mix Pp o0y-
MOBJICHH# B3a€MOMi€I0 NOMEHHHUX MeX 3 KMCHEBUMH BaKaHCiamu, a miKk Pgp noB’sA3aHUN 3
dasoBuM mepexomom Irpu Temmeparypi Kropi.
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