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Abstract

The paper deals with measurements of non-linear properties of F(Z)Os (PZT) type piezoelectric ceramics in the composition near to
the morphotropic phase boundary (MPB). The hydrostatic piezoelectric coeffigiemats determined using the piezoelectric coefficiehs
andds; obtained by resonance method. The temperature dependendigaidds; were compared with ones obtained by laser interferometry
method.
The differential hydrostatic coefficiedt, 4 of PZT ceramics has been measured using a dynamic hydrostatic method. The influence of a
DC bias electric field oml, 4 coefficient of a PZT ceramics was studied. Changes of the hydrostatic piezoelectric coefficigntaused
by a bias electric field were observed at various temperatures.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction laser interferometry, using the method of the measurement of
the sample strain induced by an applied electric field. Masys
Non-linear properties and hysteresis of piezoelectric ma- et al® used the laser interferometry method for determina-
terials are undesirable in many applications. The descriptiontion of the piezoelectric coefficiently, of PZT ceramics as a
and experimental investigation of such properties are neces-function of the amplitude of the electric field and frequency.
sary for the design of piezoelectric devices such as actuators, The presented paper deals with resonance method of
sensors, resonators and transducers in general. Recently, conmeasurement of the piezoelectric properties of the hard
siderable research has been focused on the investigation oPZT ceramics in a wide temperature range. The temperature
nonlinearity of PZT bulk ceramics, PZN-PT relaxor-based dependencies of piezoelectric coefficierdss dz1, and
single crystals, and thin-films:3 hydrostatic coefficientl, were determined. The non-linear
In Pb(ZKrTi1_x)O3 (PZT) ceramics, the nonlinearity and behaviour such as influence of the bias field on the differ-
hysteresis originate from small movements of domain walls. ential hydrostatic coefficients was investigated at various
As a result, all piezoelectric, elastic and dielectric proper- temperatures.
ties, both linear and nonlinear, depend on the temperature.
The temperature dependencies of piezoelectric coefficients
ds3 andds; of PZT ceramics are referred by Zhahtn the 2. Experiment
Zhang'’s paper, the variations @3 andds; for soft and hard
types of piezoelectric ceramics were determined by reso-  The temperature dependencies of the piezoelectric low-
nance method in the temperature range from 15 to 300K. fie|d properties were measured using the “IEEE Standard on
In our previous papérthe temperature dependencies of the pjezoelectricity” resonance technigti@he tested samples
coefficientsdss andds; of PZT ceramics were obtained by  \ere put in the temperature chamber Saunders 4220A and
connected to the measuring set outside the chamber. The
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static capacitanc€p was measured using an HP 4263B was described in our previous pageFhe experimental set
RLC meter at the frequency 1kHz. The temperature in up of thed giff coefficient measurement under bias field is
the chamber was set in the range froa#0 to 150°C  schematically given ifig. 1 The differential hydrostatic co-
with the step of 10C. At each temperature, the samples efficientdn gif is defined by the equation:
were stabilized for about 5min. To avoid the generation
of the pyroelectric charge, the sample was short-circuited dh e — Io
during the heating and cooling. The error, caused by the h.diff = PowA’
accuracy of measurement system and temperature drift, was
determinated from the measured data and was about 1%. Wherelg is the amplitude of the currentp is the amplitude
We studied the PZT ceramics samples of APC841 (hard) Of the dynamic pressure excitatiohis area of the electrode,
and APC856 (soft) types, provided by American Piezoceram- andw is the angular frequency.
ics International, Mackeyville, PA, USA. For the APC841, The measurements of tha gt coefficient were per-
the ds; coefficient was measured on thin bars, electroded formed under constant bias field in the temperature range
on both major surfaces and poled in the direction of their from the room temperature up to 200 at a static pressure
thickness. The dimensions of the bar-shaped samples werd®f 10 MPa, the frequency and the amplitude of the dynamical
4mmx 15mmx 1 mm. Thedss coefficient was measured —Pressure excitation were 1 Hz and 100 kPa, respectively. The
on the bars with the square cross section. The bars electrodediard APC841 and soft APC856 disc-shaped samples were
at the ends were 2 mm2 mmx 10 mm in size. 1 mm thick and 12 and 15 mm in diameter, respectively. All
The hydrostatic piezoelectric coefficieif can be calcu- ~ samples were electroded and poled by the manufacturers.
lated from the equation:

dn = d33z+ 2d31. 1)

The piezoelectric coefficientlsz andds; of APC841 were
measured both by the resonance and the interferometry meth- The temperature dependencies of the piezoelectric coef-
ods. The single beam interferometry was provided in the tem- ficients d33 and —ds; for the hard type ceramics APC841,
perature range from 150 to 325KThe temperature control measured by resonance method, are showfign 2 The
of the laser interferometer methods was realized using an op-temperature dependencies of bdth and —ds; were fitted
tical helium closed cycle cryostat Oxford Instruments. The by polynomial function of the third order. The piezoelectric
dimensions of the plate-shaped samples measured by lasecoefficientdlzz and—dz; increase with the temperature in the
interferometry were 4 mm 4 mmx 3 mm. range from-40to 150°C. Our experimental results show the
The dynamic hydrostatic method was used to determine same character of the temperature dependencibg,of d31
the differential hydrostatic coefficierth, qi. This method as reported it. The temperature dependencies of the piezo-

)

3. Results and discussion
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Fig. 1. A measurement set of the dynamic method with the possibility of the application of the bias electric field onto the sample.
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Fig. 2. The temperature dependence of the piezoelectric coeffidents . . . .
day of the PZT ceramics APC841 type; bar with the square cross section, Fig. 4. The hydrosFanc_coeﬁlmedﬁ,diff oft_heAPC84_l disc-shaped, 12 mm
2 mmx 2mmx 10 mm and bar-shaped, 4 me5 mmx 1 mm (resonance in diameter, 1 mm in thickness vs. bias field at various temperatures.
method); plate-shaped, 4 mr4 mmx 3 mm (interferometric method).
was measured. The bias field applied along the poling di-

electric coefficients were determined with the accuracy of rection probably contributes to the pinning of the domains.
2%. This is better than the accuracy of the laser interferom- A positive bias field does not appreciably increase the total
etry measurement. Temperature dependenciegzpf-ds; polarization> The relative decrease df 4iff, caused by bias
coefficients of PZT type APC841 were measured by the in- electric field in the range from 0 to 900 kVTh, was smaller
terferometry method in the temperature range 150-325K, than 10% at temperatures between 24 an8@GO0Nhen the
seeFig. 2 However, the errors adiz3 andds; single-beam  bias was applied in the opposite direction, an increadg
micro-interferometer measuremehas low temperatures are  coefficient was observed. A negative bias maybe causes a de-
about 10%. Thel, coefficient calculated from E{l)is much pinning of the domain walls. Thus, the extrinsic contribution
smaller thardzs (d3z~ —2d31). From these reasons, the in-  to the piezoelectric response caused by domain walls mo-
fluence of temperature al coefficient has been determined tions increases. These dependencies were measured in the
only by resonance method. The temperature dependence obias field range from 0 t&-900 kV n1, i.e. below coercive
normalized hydrostatic coefficied of the hard APC841is  electric field. Thedy gif coefficient increases with increas-
shown in theFig. 3. Any comparison between hard and soft ing temperature. The hysteresis appears at the temperature
materials is not provided, because the corresponding sampleg.00°C.
for soft material (as bar shaped samplegifarmeasurement) Fig. 5shows the bias field dependenciedgtis coeffi-
were not at one’s disposal. cient of the hard ceramics APC841 at higher temperatures.

Dynamic hydrostatic methddas been used to determine Thed gir coefficient increases with the applied negative bias
the differential hydrostatic coefficiendl qifr of PZT ceram- field until the field—500kV m~1 at temperature 140C. A
ics as afunction of a bias electric field at various temperatures.further increase of the negative bias has caused an opposite
Fig. 4 shows the bias field dependencedafyir coefficient  poling of the sample. The effect of the decrease of pinning

of hard PZT ceramics of type APC841 at various tempera- appears, if the negative bias field is decreased. The pinning
tures. Bias electric field was applied along the poling direction

to the poled hard PZT ceramics, in this case, we designate
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Fig. 3. The temperature dependence of the normalized hydrostatic
coefficient dn of the APCB841; bar with the square cross section, Fig.5. The hydrostatic coefficieds gir of the APC841 disc-shaped, 12 mm
2mmx 2mmx 10 mm and bar-shaped, 4 mml5 mmx 1 mm (resonance in diameter, 1 mm in thickness vs. bias field at various temperatures (the
method). temperatures are higher than T@).
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Fig. 6. The tangent of bias field dependenceipfiir coefficient vs. temper- Fig. 7. The hydrostatic coefficied g of the APC856 disc-shaped, 15 mm
ature; APC841 disc-shaped, 12 mm in diameter, 1 mm in thickness. in diameter, 1 mm in thickness vs. bias field at various temperatures.
induced by the bias electric field decreases, resulting in the 60 - _u 900 k\',,m ' ' ' ' '2 i
easier domain wall motion. As the consequence, the coeffi- 5 [ —o— 600 kV/m &
cientdn giff increases. At higher temperatures, the repoling — [ *'*3"'3/'/“""
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The bias field dependencies df qi (along and oppo- o ol EE; = —a—
site the poling direction) at various temperatures were fitted I I =
. . . . E
by linear function. The tangent of the bias field dependen- 7:;'. 20 |- —A—-300kV/m —+—-700kV/m ¢
cies ofdh gt as a function of the temperature is shown on [ A -400kV/m - 800 kV/m ©
Fig. 6. We distinguish three cases: first, the bias field ap- 10 ¢ -S00kvim - 900 kvim ’ ]
.g' ) g - . . : ’ p - —o—-600 kV/m
plied along polarization direction. We can observe an almost 0 : L L . L
constant value of the tangent of these dependencies at tem- 0 50 100 150 200

peratures up to 60C. Above 60°C the magnitude of the treel

t?‘ngent O,f bias field depend?ncmﬁdiﬁ.smr?ed tq Increase Fig. 8. The temperature dependence of the hydrostatic coeffitigt of
linearly with temperature. This behaviour is valid for poled the hard APC841 disc-shaped, 12mm in diameter, 1 mm in thickness at
and repoled samples by applied positive bias field during various bias fields.
cycling. Second, the bias field was applied opposite to the
polarization direction but did not cause depoling and switch- The results are shown and described infig: 5(APC841)
ing of polarization. Here, the behaviour of tangent of the andFig. 7(APC856). Itis obviously from the comparison of
bias field dependence af, gz was observed. Tangent in- these dependencies, that nonlinearities like “butterfly” shape
creases with temperature till the valuedpfgir reaches the  dependencies appears for smaller electric fields (related to the
maximum at zero bias field. The dependence is not linear smaller temperatures) for APC856. The lower coercive field
because the stabilizing effect of the bias field is not present. is characteristic for the soft ceramics in comparison with the
Third, processes inductive of depolarization and repolariza- hard one.
tion of the samples. The change of the tangent is governed Fig. 8 shows the temperature dependence of the hydro-
probably by “softening” of the polarization during the pro- static coefficientdy gir of the hard APC841 at various bias
cess of depolarization. The zero value of tangent means,fields. A noticeable influence of the temperature on coercive
that the maximum of the piezoelectric coefficiellyis was field value was observed. A significant minimum of the tem-
reached. perature dependenceay girr was observed. In the minimum
The dependencies df, gi coefficients of the soft PZT ce-  of the temperature dependencedafit, the corresponding
ramics of the type APC856 on the bias electric field at various bias represents the magnitude of the coercive figld-rom
temperatures are displayed Filg. 7. The dn it coefficient the Fig. 8 we see, that this coercive field decreases with in-
shows the increase, if the negative electric field is applied, creasing temperature. Extinction of spontaneous polarization
till the samples start to be depoled. The samples are depolechear the temperature of the phase transition should naturally
at about—800 kV m at room temperature. The further in- appear for zero or a small positive bias.
crease in the negative bias causes a repoling of the sample.
In the whole cycle, we obtain the typical “butterfly” shape of
the bias dependencies. 4. Conclusion
To compare of the main piezoelectric properties of the hard
APCB841 and soft APC856 materials, the experimental inves- Some of non-linear piezoelectric properties of the hard
tigations ofdy, gitr as function of electric field were performed.  and soft ceramics (APC841 and APC856) were experimen-
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tally investigated by resonance, laser interferometry, and istry of Education of Czech Republic (Project Code MSM
dynamic hydrostatic method. The piezoelectric coefficients 242200002).

ds3 andds; of the hard poled ceramics APC841 were mea-

sured by resonance method, and were used for calculation
of the hydrostatic coefficient. We found, that the resonance References

method gives the more precise results as compared to laser

interferometry method, especially at low temperatures. Thel. Zhang, Q. M., Wang, H., Kim, N. and Cross, L. E., Direct eval-

typical constant bias field dependencies experimentally in-

vestigated by dynamic hydrostatic method were studied also

in the temperature range from 24 to 2@ The significant

shifts of the temperature dependencies of the differential

hydrostatic coefficienth gir are shown. The phenomenon
of polarisation and possible influence of pinning and
extrinsic contributions in the hard ceramics (APC841) are

discussed. The noticeable influence of the temperature oy

coercive field value was exhibited both for hard and for soft
materials.

Acknowledgements

This work was supported by the Grant Agency of the
Czech Republic (GACR 202/03/0569) and by the Min-

2.

3.

uation of domain-wall and intrinsic contributions to the dielectric
and piezoelectric response and their temperature dependence on lead
zirconate—titanate ceramicd. Appl. Phys.1994,75(1), 454-458.

Liu, S. F, Park, S. E., Shrout, T. R. and Cross, L. E., Elec-
tric field dependence of piezoelectric properties for rhombohedral
0.955Pb(ZR/3Nby/3)03-0.045PbTiQ single crystals.J. Appl. Phys.

1999, 85, 2810-2814.

Kholkin, A., Non-linear piezoelectric response in
zirconate-titanate (PZT) filmgzerroelectrics 2000,238 235-243.
Burianova, L., Sulc, M., Prokopova, M. and Nosek, J., The piezoelec-
tric coefficients in a wide temperature range by laser interferometry.
Ferroelectrics 2003,292, 111-117.

lead

. Masys, A. J,, Ren, W,, Yang, G. and Mukherjee, B. K., Piezoelectric

strain in lead zirconate titanate ceramics as a function of electric field,
frequency, and DC biasl. Appl. Phys.2003,94, 1155-1162.

. IEEE Standard on Piezoelectricity ANSI/IEEE Std 176, 1987.
. Hana, P., Burianova, L. and Panos, S., The dynamic method of deter-

mination of the piezoelectric hydrostatic coefficierfiens. Actuators,
A, 2004,110, 318-322.



	Non-linear properties of PZT ceramics in the wide temperature range
	Introduction
	Experiment
	Results and discussion
	Conclusion
	Acknowledgements
	References


