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Rayleigh type behavior of the Young's modulus of unpoled ferroelectric
ceramics and its dependence on temperature
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The dependence on stress of the low frequency Young’s modulus and mechanical losses of unpoled
ferroelectric ceramics has been studied as a function of temperature. The Young’s modulus of
unpoled Pb(Zr,Ti)@ (PZT) showed a Rayleigh type dependence, analogous to the one already
described for the longitudinal piezoelectric coefficient. This has been associated to ferroelectric/
ferroelastic domain wall movements across, and their pinning/depinning on, randomly distributed
defects. The Rayleigh coefficient was found to increase with temperature. The activation energy of
the Rayleigh process was obtained, which must be related to the pinning energy. The Young's
modulus of Mn doped 0.65Pb(MgNb,,3) O3—0.35PbTiQ showed no stress dependence. 2603
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Ferroelectric perovskite lead zirconate titandRZT) with the dielectric permittivity. Rayleigh type behavior of the
based piezoelectric ceramics are widely used in electromepermittivity has been reported for cerantfcand films?2 but
chanical transduction applicatioh3heir piezoelectric coef- both 180° ferroelectric and non-180° ferroelectric/
ficients are known to comprise a ferroelectric/ferroelastic doferroelastic domain walls contribute to the coefficient. An
main wall contribution, which can account for more thanalternative are elastic constants, to which only ferroelectric/
60% of the response at room temperatufolarization re-  ferroelastic walls contribute.
orientation above the coercive field occurs through domain  Dynamical mechanical analys{i®MA) in three points
wall movements. The intermediate regime between linearity bending(TPB) configuration has been used here to obtain the
and polarization reorientation has not received much attertow frequency Young’s modulus and mechanical losses of
tion until recently, when fields that were a significant fractionunpoled ferroelectric ceramics as a function of stress and
of the coercive field started to be usk8uch fields cause the temperaturé? This parameter has been shown to reflect 90°
appearance of nonlinearities and hysterg8ist has been domain wall movements in tetragonal P¥TA stress sine
shown that there is a field range after linearity breakdown, invave of variable amplitudés—14 MPa and 9 Hz frequency,
which the longitudinal piezoelectric coefficientl;z, in-  superimposed on a static stress of 15 MPa was applied to

creases with field according fo: bending ceramic bars of 31.5x0.5 mn? dimensions. In
DMA/TPB, the Young's modulusy, is obtained from the
d3y(F)=d33(0) + aF, (1) amplitude of the bar flexure, and the mechanical losses,

. ) ) o tans, from the lag time between the stress and flexural
wheredsy(0) is the constant piezoelectric coefficientthe  \aves. Measurements were accomplished from room tem-
nonlinear coefficient, and- indicates field, which can be perature to 450°C at 3 °Cmit on heating and cooling.
either the mechanical stress, or the electric fieldE. Ithas T successive heating/cooling cycles were done for each
also been shown that bothz(0) anda present a logarithmic  easurement, the second being recorded.
frequency dependen€é.This behavior is analogous to that  Tyg high piezoelectric coefficient materials were char-
of the magnetic susceptibility for ferromagnetic materialsycierized: a “soft” with donor cation substitution to increase
(Rayleigh law, which has been associated with the move-ihe ferroelectric/ferroelastic domain wall mobilityPZT
ment of ferromagnetic domain walls across, and theify35ed commercial piezoceran(iez27 from Ferroperm Pi-
pinning/depinning on, a field of randomly distributed defects.q;gceramics A/S dy=425pCNL, £%=1800,, and
The same mechanism, in this case involving ferroelectric{;, 5 =0.017 T.=350°C) and Mn doped
ferroelastic domain walls, has been proposed to cause t'ﬁGSEb(Mg,3Nb2,3)O3—O.35PbTiQ (from Thales R&T,dss
linear dependence of the piezoelectric coefficient on field. —486 pCNL,  s%,=4206 and tans.=0014. T
The formalism has been used to study the effect of grain size. 169 °¢). This Iat3t3er relaxor based ferroglect(rFUVIN-Pﬁ
and crystal Si')trﬂcture on domain wall mobility for several h,5 gained much attention after the report of ultrahigh piezo-
ferroelectrics.™™ However, the use of the piezoelectric €o- gjaricity and electric field induced strain in single crysfals
efficient requires poled samples, and it is difficult to achieve,,§ textured ceramid€. and the deformation mechanisms
the same electrical polarization for samples with, for in-5re ynder intense investigation. Both compositions are close
stance, different microstructure. Also, studies with temperag, 1he morphotropic phase boundary between the rhombohe-
ture are limited by thermal depolarization. Addressing thesey.o; and tetragonal phases of their respective solid
effects requires studying unpoled samples. This can be dong,| tionst8 1 Therefore, they present tetragonal 90° and
rhombohedral 71° and 109° ferroelectric/ferroelastic domain
dElectronic mail: malguero@icmm.csic.es walls.
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% FIG. 2. Rayleigh type analysis of the stress dependence of the low fre-
- guency Young's modulus of unpoled PZ27 for several temperatures.
_§ 0.02 - o describes the stress dependence well. An increase of the
3 Young's modulus with frequency was also observed. This
g i strongly indicates that the Young’s modulus of the unpoled
0.00 — T —— ceramic is reflecting the movement of the ferroelectric/
0 100 200 300 400 500 ferroelastic domain walls and their interaction with the exist-
ing defects. The constant Young’'s moduli¥¢0), showed a
temperature, T (°C) g g €0)

significant scattering between samp|88—-56 GPa at room

FIG. 1. Low frequency Young's modulus and mechanical losses of Pz2A€mperaturéRT)], which is most probably a consequence of

unpoled ceramics as a function of temperature for several stresses.

microcracking introduced during the machining of the bend-
ing bars. On the other hand, this magnitude showed a very

Figure 1 shows the Young's modulus and mechanicafonsistent trend with temperature for all the samples, in-
losses of unpoled PZT as a function of temperature for infréasing~10% from RT to 200 °C. Rayleigh coefficients,
creasing stresses. The sharp stiffening at 353 °C is related Rftween—550 and—750 were obtained at RT. The tempera-
the ferroelectric—paraelectric phase transition. This occurd!'® dependence of the coefficient is shown in Fig. 3 for
along with a strong reduction of the losses associated witirée samples. An Arrhenius analysis was accomplished for
the disappearance of the ferroelectric/ferroelastic domaifPtaining the activation energy of the Rayleigh process. Two
structure’® Mechanical losses were negligible in the régimes were found. A low temperature regime with an acti-

paraelectric phase, which indicates that all losses in the ferro-
electric phase were linked to domain wall movements. The
phase transition was preceded by an increase of the domai
wall activity that started at-250 °C, as shown by the broad
loss peak just below the transition temperature. Another loss
peak was observed at 46 °C. Additional measurements at :
and 21 Hz showed that the peak did not significantly shift
with frequency. This peak might originate from a rhombohe-
dral to tetragonal phase transition under the measuring

stresses. The Young's modulus of the ferroelectric phase
showed a clear dependence on stress, decreasing as the str™

increased. The inset in the figure shows a magnification of
the temperature range in which the Rayleigh type analysis
was carried out. Temperatures up to 200 °C were analyzed
well before rearrangement of the domain assemblage oc
curred. Figure 2 shows the dependence of the Young’s modu
lus on stress for five temperaturésut of the ten analyzed,
for clarity). Linear fits to the Rayleigh type expression:

Y(o)=Y(0)+ ao, 2

are also shown. Correlation factors higher than 0.994 WEIR|G. 3. Arrhenius type analysis of the temperature dependence of the Ray-
leigh coefficient for three PZ27 unpoled ceramic samples.

obtained for all temperatures, which indicates that &j.
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120 fields. The existence of two activation energies could be re-
lated to the coexistence of two phases with different crystal-
lographic distortions of the perovskite and the presence of
three different types of domains. Rhombohedral
ferroelectric/ferroelastic domain walls should be easier to
move than tetragonal walls as the strain energy involved is
smaller.

Figure 4 shows the Young's modulus and mechanical
losses of unpoled PMN-PT as a function of temperature for
increasing stresses. Again, the stiffening at 167 °C is associ-
ated with the ferroelectric—paraelectric phase transition, and
like PZT, is accompanied by the disappearance of all losses.
Unlike PZT, neither the Young’'s modulus nor the losses in
the ferroelectric phase showed a stress dependence. The ab-
sence of Rayleigh type behavior for Aurivillius SgBi,O;5
(SBT) has been related to the walls being immobilehis
does not seem to be case for PMN-PT, because non-
negligible losses, though smaller than for PZT, exist indicat-
ing some type of domain wall motion. Viscous-like move-
ment of domain walls is likely occurring.

In summary, the Young’s modulus of unpoled PZT ce-
ramics shows Rayleigh type behavior, and is therefore a suit-
able coefficient for studying the effect on the ferroelectric/
ferroelastic domain wall mobility of different parameters that
— are difficult to control in poled samples. This has been done
200 250 as a function of temperature, and the activation energy of the
. Rayleigh process, which must be the average height of the
temperature, T ('C) irregularities of the potential energy under which the walls

, . move, has been obtained. PMN-PT has also been character-
FIG. 4. Low frequency Young's modulus and mechanical losses of. . .
0.65PMN-0.35PT:Mn unpoled ceramics as a function of temperature fo?zed' and showed no Rayleigh behavior.

several stresses.
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