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Abstract—The paper reports the use of FE multi-physics simulation and experiments meant to explore the operation of the piezoelectric wafer transducer (PZT). Three different plane strain models were developed for numerical simulations. The first one includes two PZTs mounted on an aluminium plate and it is used to model both the emission and reception signals. The next two ones are developed to separately model the emission and detection processes, in order to decrease the computation effort. The analysis considered the transducer lengths, the effects of finite pulse width, pulse dispersion, and the detailed interaction between the piezoelectric element and the transmitting medium. The transmitted and received signals for A0 and S0 modes have maxima close to the frequencies predicted in other works.
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I. Introduction
Many authors have considered the use of Lamb waves for long range non-destructive testing, because such waves can propagate over considerable distances in plates and tubes, making it possible to detect distant flaws with a set of transducers [1]. Usual complications include the existence of multiple modes and the dispersive character of the modes. A partial solution to this complexity is the use of transducers that excite only a single mode, and various strategies have been employed to this end [2]. An angled prism can be used to convert a longitudinal mode into a particular plate mode by appropriate choice of the prism angle. Linear arrays with time delayed excitation – interdigital transducers - can be also used. There has been recent interest in the use of single PZT wafers as transducers, mainly due to the simplicity and low cost of these transducers [3][4]. Single PZT wafers with continuous sinusoidal or pulsed excitation have been evaluated for defect detection and the influence of flaws on the Lamb waves has been modelled. In most papers, the mechanical interactions between the PZT wafer and the structure are not included. Piezoelectricity is the coupling of strain/stress and electric fields, which is a natural property of materials such as quartz and ceramics. Applying a voltage to a piezoelectric material creates a displacement, and deforming a piezoelectric material generates a voltage. The electromechanical constitutive equations for linear material behaviour are


[image: image1.wmf]{

}

[

]

{

}

[

]

{

}

E

e

S

c

T

-

=

;


[image: image2.wmf]{

}

[

]

{

}

[

]

{

}

E

S

e

D

T

e

+

=

            (1)
where {T} is the stress vector; {D} - electric flux density vector; {S} - strain vector; {E} - electric field vector; [c] - elasticity matrix; [e] - piezoelectric stress matrix and [ε] - dielectric matrix, evaluated at constant mechanical strain.

Using the variational principles, it is possible to develop the finite element equations incorporating the piezoelectric effect:
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where the significance of the submatrices and vectors are: [M] - structural mass matrix; [C] - structural damping matrix; [K] - structural stiffness matrix; [KZ] - piezoelectric stiffness matrix; [Kd] - dielectric coefficient matrix; {F} - applied nodal force vector; {L} - applied nodal charge vector; {u} - displacement vector; {V} - electric potential vector. The dot and double dots denotes the time derivative. To solve this matrix equation, a full transient analysis using Newmark method was performed using the ANSYS code. 
For a given PZT, the emitted and received wave modes are dependent on the signal frequencies, a phenomenon usually called mode selectivity. The obtained results provide more accurate predictions of the mode selectivity than have been previously reported using a simplified model for the PZT in the emission process. Finally, this approach is readily adapted to explore the interactions of waves with flaws and margins.

In the following section, simulations of the emission of guided waves with PZTs in a plate are presented, showing the influence of PZT length upon S0 and A0 Lamb modes. 
II. Emission of ultrasonic waves
Figure 1 shows two similar wafer-type transducers bonded to a plate. The plate and wafers are assumed to be of infinite extent in the Z direction (plane strain condition in structural mechanics). Only one half of a plate, symmetric about the Y-axis, was considered in the model. For wave emission, a pulse exciting signal (Fig. 2) is applied between the metallized surfaces of the transducer.
Using FE simulation, the PZT wafer and the plate were modelled together, using PLANE13 element type. Using the multi-physics approach, the interaction between a PZT wafer and the plate was simulated closer to the actual physical configuration.
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	Fig. 1. The physical model
Simulations were performed in the time dependent mode with output time steps typically between to one eighth to one twentieth of a period. Mesh parameters were chosen so that the element sizes were substantially smaller than a wavelength.
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	Fig. 2. Pulse exciting signal on PZT1 at different frequencies


In all simulations reported below, the plate was aluminium: E = 70 GPa, ρ = 2700 m/m3, ν = 0.33 and neglected structural damping. Because some paper report results for a plate thickness h = 1.59 mm and a particular PZT, our models use the same input data for numerical simulation. For an aluminium plate of mentioned thickness, only two modes S0 and A0 exist at frequencies below 1 MHz, consequently, only simulations for frequencies in the range from 100 kHz to 600 kHz were made. The S0 mode has the highest group velocity and shows particle displacements mostly in the x direction, and the slower wave is the A0 mode, which shows particle displacements that are mostly in the y direction.

To quantify the variation in the wave magnitudes with frequency, the maximum value of the x component of displacement for the S0 mode and the maximum value of y component of displacement for the A0 mode were used.

The sensitivity of generated waves is plotted in figure 3 as a function of frequency. The model used in simulations neglects the PZT2 (fig. 1), and considered a half length of 300 mm.
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	Fig. 3. The sensitivity to generated S0 wave at different frequencies and PZT length


III. Reception of Lamb waves
The response of the receiving PZT2 was analysed separately for S0 and A0 modes. A particular mode, S0 or A0, was selectively generated by adequate imposed displacements in the symmetric plane of the aluminum plate, and PZT1 was not included into the model.
IV. Global results and comparison with experiment
Measurements of the A0 and S0 wave amplitudes, reported in [4], are in good agreement with our simulated results. 
Figure 4 plots the received signals as a function of frequency for L1 = 200 mm, 2a = 6.4 mm and input signals from figure 2.
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	Fig. 4. The reception signals history at PZT2, for different frequencies (2a=6.4 mm and L1 =200 mm)


V. Conclusions
In this paper, the operation of a PZT wafer transducer was analyzed for the generation and detection of guided Lamb waves using a multi-physics finite element simulation, compared with experiments reported in literature. The simulations account for the realistic mechanical interactions between the transducers and the transmitting medium.

Multi-physics FE simulations provide more accurate values for the peak frequencies and the mode selectivity. In addition, finite element simulations make it possible to determine the optimum transducer length. The optimum transducers length may be different for emission and reception.
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