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Two characterization methods of piezoelectric materials based on acmestgurements
are presented. Their main objective is to identify the entire set of electttamécal properties
of piezoelectric materials from a single sample. In order to charactegwenmaterials like
single-crystals with small dimensions, the first section of the paperniseas identiffication
protocol based on the study of the resonance spectra of parallelspifiezl second charac-
terization method is performed by means of the measurement of thenissien coefficients
of plane waves propagating through an immersed plate. It is is suitabecfaletermination
of the properties of bulk piezoelectric ceramics.
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1. Introduction

Piezoelectric material manufacturers are looking for characterization dsetile
lowing the control of the quality of their production. To design complex deyitlee
complete set of constants of the constitutive materials is also needed. Clabaiee-
terization methods are based on electrical measurements [1], and at teastdmples
have to be used to identify the entire electromechanical tensors [2] leadpussible
inconsistencies in the identified values. The main objective of the methodspedsn
this paper is to determine the entire set of electromechanical constants @élpiezc
materials from only one sample. To characterize single crystals with small donsns
an identification protocol based on the study of the resonance spegpiaeatielepipeds
is first presented [3]. The second method is based on the measurenieatrainsmis-
sion coefficients of plane waves propagating through an immersed plai2uéjo the
larger dimensions of the tested samples, it is well adapted to the determinatian of th
properties of piezoelectric plates.
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2. Resonant spectroscopy

This method was developed to characterize relaxor-based ferroekdngle crys-
tals. These materials can have excellent piezoelectric properties anérgratirac-
tive for ultrasonic transducer applications requiring a high sensitivityaalagge band-
width [5]. However, the existing characterization methods have to be atiap{p the
small dimensions of single crystals, (ii) their anisotropy degree, and (iii) iffieuty
in obtaining homogeneous compositions. The study reported in this sectioseid ba
Resonant Ultrasound Spectroscopy (RUS) measurements and a revisnexyal set-up
is proposed allowing an electrical excitation of the piezoelectric sample ardkthe-
tion of its mechanical vibrations through a laser interferometer. The modelllasisd
on the decomposition of the Lagrangian of the piezoelectric solid on the Hegpnly-
nomials. This leads to the definition of a linear problem whose eigen valuesigel
vectors allow the determination of the resonance frequencies and ofrilesponding
mode-shapes [3].

2.1. Experimental results and discussion

This section presents the experimental set-up developed in [3] to geardadetect
the free vibrations of a piezoelectric cube. An electrical excitation is delivehrough
an impedance analyzer (Agilent 4395A) also allowing the sample electre@haaces
and anti-resonances to be measured (Fig. 1a). It has a very laqyeefiey bandwidth
(10 kHz — 500 MHz) and the delivered electrical power is set betweeBr dnd
10 dBm depending on the excited modes. The sample is set on a plastic haldeea
electrical contact is ensured by a metallic strip fixed on a spring so thatdbenfe-
chanical boundary conditions at the surfaces of the cube are fulfilddcity measure-
ments at the surface of the sample are carried out through a Laser vibrqPelytech
OFV-505) to detect resonance frequencies as well as the associadedsimapes. The
interferometer is positioned at 50 cm from the sample leading to @n2@ocal area.
The velocity decoder sensitivity is either 5 (nam!)/V or 25 (mms~1)/V depending
on the cut-off frequency, respectively 250 kHz and 1.5 MHz. The $ahqgider is fixed
onto a two-dimensional micrometer computer controlled translation unit. 10Gs&cqu
tion points are taken on the surface of the sample leading to the represenfatien
mode-shapes for each resonance. To carry out the electrical excithgawo surfaces
of the sample orthogonal to thg polarization axis are metallized. In order to generate
a maximum number of modes, an electrode patterning is used allowing particidar mo
symmetries to be highlighted. One of the metallized faces is then only partiallyezbver
by electrodes (Fig. 1b) in a way to deliver enough electrical power wigiéping the
external electrical field close to zero.

To identify the material characteristics, a fit procedure has been dedtlmd an
identification protocol based on a sensitivity analysis is proposed int[8]applied to
the characterization of 255 x 7.52 x 7.71 mm? PZN-12%PT single crystal cube. The
sample is poled along thHe01]. direction leading to a 4 mm symmetry. It presents inter-
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Fig. 1. a) Experimental set-up, b) PZN-12%PT single crystal cubehendorresponding surface velocity
spectrum measured on one of the upper corners for frequenoigiagarom 94.5 kHz to 210 kHz.

nal defects that might alter its resonant behaviour, but the number olineglasiodes
and resonant frequencies are assumed to be sufficient to identify tieoeiechani-
cal characteristics of the cube. Figure 1b presents the spectrum afrtheesvelocity
measured by the laser vibrometer on one of the upper corners in the290]%Hz fre-
guency range. Six peaks are observed and identified through the neveasi of their
mechanical displacements. No existing electro-mechanical tensor of & PZR-T sin-
gle crystal is available in the literature, so the properties of a tetragonal-#24bPT
single crystal [6] are used as initial guess in the characterization mothe PZN-
12%PT single crystal characteristics presented in Table 1 are consigietensors of
single crystals with similar compositions [5].

Table 1. PZN-12%PT single crystal cube properties identied by acoustic speapys

CE [GPa] | CE[GPa] | CE[GPa] | CE[GPa] | CE [GPa] | C& [GPa]
152+ 2 487+ 1 90 £ 0.5 84 +2 37+3 22+1
plkgm3] | e15 [Cm™2] | es1 [Cm™2] | ess [Cm™2] | 7 (o) £33 (€0)
8380 35+3 —-3+0.5 441 2420 + 150 | 331 4+ 50

3. Transmission spectroscopy

The second characterization method is based on the generation of adieldsic
with controlled propagation paths inside plates. The theoretical modelliegareflec-
tion-transmission of plane acoustic waves through piezoelectric anisoptaies is
based on the octet formalism of piezoacoustics and the concept of theangegddmi-
ttance [4, 7] matrices. Incorporating different types of electrical blamnconditions for
an immersed plate, the coefficients are expressed through this admittangiditlgx
the same way as in the case of a pure elastic plate [8].
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3.1. High permittivity PZT-NN material characterization

This section presents the characterization of a high permittivity material — Pz59
— developed by Ferroperm [9] in the framework of the MINUET Eurapeaoject
(no. NMP2-CT-2004-505657). Of Pb[Zr, Ti,(NsNb, 3)]O3 composition, these mate-
rials are meant to be introduced into miniature multi-element devices such adutans
networks, and possess higher piezoelectric properties than classiaalics.

To infer the material constants, ultrasonic plane wave transmission measigseme
are performed. The experimental set-up has lately been applied to trectdiamation
of carbon polymer based composite plates [10] and is here adapted to thifidde
tion of the entire piezoelastic tensor of piezoelectric materials. As presenfegl iRa,
the sample is immersed into a water tank. It is fixed on a motorized rotation stage.
A 0.375 inch diameter transducer (Technisonic ISL-0303-HR) with a 3.% Méh-
tral frequency is excited by a pulse centered between 3.5 and 4 MHzrdramitted
acoustic fields are captured for an incident angle ranging fidro 50° every0.5°.
The reference signal transmitted through water without the sample is alsaleec
Fast Fourier Transform is then performed and the transmitted spectlviaied by the
reference one, yielding the angular spectrum of the absolute valuasiirssion coef-
ficient at a given frequency. As in Sec. 2, a fit procedure is thetieapfm compare the
experimental transmission spectra to numerical simulations obtained frongeapro
based on the formalism described in [7] in which the material constaffs ande are
the input parameters. This method has already been validated on a Pa@irccand the
effect of the material metallization has been quantified [4]. It is here apialigee iden-
tification of the electromechanical constants of a Pz59 plate. The mateneriss are
presented in Table 2.

Figure 2b presents the variation of the transmission coefficients with the moade
angle. The resonance angles are accurately identified, validating tineofetigon of the
real parts of the characteristics. However, amplitude discrepanciebseeved. They
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Fig. 2. a) Experimental setup, b) Evolution with the angle of the transmisgign= 3.11 MHz. Solid
lines: measurements, dashed lines: numerical simulations.
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Table 2. Acoustical characterization of a Pz59 plate.

p [kg-m~—3] CE [GPa] CE [GPa] CE [GPa] CE [GPa]
7850 137.8 4£2.2% | 788 +1.9% | 24.4+7.7% | 116.6 +0.6%

e15 [C-M™?] | es1 [Cm™?] | ess [Cm™?] e?1 (€0) £33 (€0)

195+9.6% | —7+58% |254+1.6% | 4103 +13.9% | 2729 + 2.9%

can be explained by diffraction losses and/or by a frequency depeedd the material
damping. Most of the characteristics presented in Table 2 are identifiedmattcaracy
better than 3%C’ss5, e15 and sfl have accuracies of 8%, 10%, and 14% respectively,
remaining in the accuracy range of the piezoelectric material charactemizag¢ithods.
However,es; is identified at about 60% accuracy. This can be explained with the help
of the Christoffel tensor calculated in thexs plane for a propagation angtegiven
with respect to the normal of the plate surfaces. It showsdhablways depends on
the function sing) cos@). This indicates that thes; angular zone of sensitivity ranges
betweers0° and 70. This angular region is situated above the longitudinal wave critical
angle. Only transverse waves are then transmitted through the plate andiatging

is greater than that of compressional waves. The amplitudes of the residjirads are
then small and the accuracy ©f; is deteriorated.

4. Conclusions

Two piezoelectric material characterization methods were presentechddddl-
trasound Spectroscopy measurements were carried out using amrexgat set-up
where the electrical excitation of the parallelepiped sample and the lasetialetec
its mechanical displacements enabled piezo-electrically coupled vibratiorsrtmde
studied. The method has been applied to the identification of the full tensdPBRNa
12%PT single crystal. The tested sample was of several hundreds-obutthe instru-
mentation, and particularly the laser interferometer, should enable thectdésation
of smaller samples. The second method is based on the propagation dice@yes
through immersed plates. It was applied to the characterization of a high peitynat-
ramic developed in the framework of the MINUET European Project fdn figquency
medical imaging. Most of the properties are identified with very good acmsabut
a sensitivity study is currently being carried out to define a new identificatiotocol
and improve the robustness of the characterization method.

References

[1] Publication and proposed revision of ANSI/IEEE Standard 176-198piemoelectricity IEEE
Trans. UFFC43, 717-718 (1996).

[2] ALGUEROM., ALEMANY C., FARDO L., GONZALEZ A.M., Method for obtaining the full set of
linear electric, mechanical and electromechanical coefficients ancekted losses of a piezoelec-
tric ceramicg J. Am. Ceram. Soc87, 2, 209-215 (2004).



608

E.LE CLEZIOet al.

(3]

[4]

(5]

(6]

[7]

(8]

9]
(10]

DELAUNAY T., LE CLEZIO E., GUENNOU M., DAMMAK H., PHAM THI M., FEUILLARD G.,
Full tensorial characterization of PZN-12PT single crystal by resdnatrasound spectroscopy
IEEE Trans. UFFC55, 2, 476-488 (2008).

Le CLEzIO E., SHUVALOV A., Transmission of acoustic waves through piezoelectric plates: Mod-
eling and experimen®Proc. IEEE Ultrason. Symp., 553-556 (2004).

PARK S.-E., $1ROUT T.R.,Characteristics of relaxor-based piezoelectric single crystals for ultra-
sonic transducerdEEE Trans. UFFC 44, 1140-1146 (1997).

CAo H., ScHIMDT V.H., ZHANG R., Ca0 W., Luo H., Elastic, piezoelectric, and dielectric
properties of 0.58Pb(MgsNb,,35)03-0.42PbTiQ single crystal Journal of Applied Physic€6,
1, 549-554 (2004).

SHuUvALOV A.L., LECLEzIO E., FEUILLARD G., The state-vector formalism and the peano-series
solution for modelling guided waves in functionally graded anisotropic pieztr@elates Inter-
national Journal of Engineering Sciendé, 929-947 (2008).

ROKHLIN S.l., WANG L., Stable recursive algorithm for elastic wave propagation in layered
anisotropic structures: Stiffness matrix methddAcoust. Soc. Am112, 822-834 (2002).

http://www.ferroperm-piezo.com/

FORTINEAU J., LE CLEZIO E., VANDER MEULEN F., FEUILLARD G., Moisture content charac-
terization in composite materials based on ultrasonic transmission measoterd. Appl. Phys.,
101, 114911-1 114911-8 (2007).



