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Abstract

A study of the electric potential and mechanical stress distributions by finite element analysis (FEA) of the cymbal piezocomposites was
attempted for both the resonant and the off-resonant modes.

The stress concentration has been proved to reduce the performance of the cymbals and is on the origin of the further degradation issues. I
is possible to eliminate some part of the stress concentration by removing a portion of the ceramic where the maximum stress concentration is
observed or by the modification of the bonding layer. Several FEA Aflfodels were generated to analyse the stress distribution behaviour
of cymbals with different grooves. Unexpected high electric field concentration is observed associated to the mechanical stress of the resonant
modes. These analyses invalidate resonant applications of cymbals.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction the cap and ceramic materials selection in conjunction with
the geometry and overall dimensions. The versatility of

The cymbal transducer is a small Class V flextensional the design is well known and has been the topic of many
transducer that originated from the successful “moonie” publications?
patent! The cymbal piezoceramic consists of alead zirconate  In this paper, the electric potential and mechanical stress
titanate type (PZT) disk (fully electroded on both faces) sand- distributions of the cymbal transducer was modelled using the
wiched between two “cymbal” shaped metal endcaps with finite element analysis (FEA). As actuators, cymbal piezoce-
shallow cavities. The presence of the cavities allows the metalramics need to reduce their stress concentration in order to
caps to serve as mechanical transformers of the axial stressttain higher generative force and reliability. In order to min-
into radial stress of opposite sign. Thus,dggandds; contri- imise these effects new strategies were investigated by FEA:
butions of the PZT now add together rather than subtracting. by removing a portion of the ceramic, just below the point
The cymbal design was a result of eliminating stress con- where the maximum stress concentration is observed, or by
centration on the moonie caps. This design, further improved variations in the thickness and distribution of the bonding
the displacement characteristics. In addition, the transducerayer. In addition, the electric potential distribution in the ce-
is simpler and cost effective. ramic has been analyzed.

The composite structure is an attractive feature of the  Up to now, FEA of the cymbal piezocomposite are fo-
cymbal design to tailor its performance. Thus, the proper- cussed on the impedance frequency response and their char-
ties as resonance frequency, blocking force, displacementacterization as underwater transducer and sound emitters.
and response times of the cymbal could be adjusted throughThe distribution of electrical and mechanics fields have never

been discussed and studied for this kind of metal-ceramic
* Corresponding author. Tel.: +34 91 7355840. composites. Therefore, the development of some cymbal ap-
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Table 1
Comparison between experimental and FEA calculated values

Resonance frequency (kHz) ds3® (pCIN)

FEA: ATILA Experimental FEA: ATILA Experimental
Symmetric cymbal 31 26 6 9599 11000+ 1000
Asymmetric cymbal 30 2% 4 5300 4500+ 650
PZT disk 156 160t 5 370 374+ 60
2. Finite element analysis to be normalised for comparison purposes. However, the

modal analysis does not taken into account the voltage am-
A commercially available finite element analysis, program plitude. Then, to compare the stress or electrical potential of
(ATILA) was used in this study for the design and develop- two different designs by mean of modal analysis, the ratio
ment stages of the PZT-Kovar composite transducer. stress/maximal displacement or voltage/maximal displace-
For the studies it is assumed a base model consistedmenthasto be calculated. In this work the attention is focused
of PZT-5A of 1 mm thickness, 12.7 mm diameter, 0.25- on the cavity resonance mode. Since the modal analysis re-
mm thick Kovar endcaps with 0.25mm cavity depth and sults are relative values, an harmonic analysis was performed
8.6 mm cavity diameter, and 0.04-mm thick epoxy bond. in the vicinity of the cavity resonant frequency for the asym-
Because the geometry, boundary conditions and materialmetric cymbal.
properties are axisymmetric, an axisymmetric FEA was de-
veloped. Mesh with quadrilateral-shaped elements of four 2.1. Mechanical stress distribution
nodal points was employed. This model is suitable for the
calculation of mechanical and electrical load cases. In this  The consistency of the FEA calculations and experimen-
work, a 1kV of electrical excitation was applied to the tal results were established in previous studiégable 1
model. shows calculated properties of cymbals as well as experi-
Both the modal and the harmonic analysis for resonant mental results. The cavity resonance mode appears at 31 kHz.
and off-resonant modes were studied. A frequency of 100 Hz The resonance frequencies and the piezoelectric effective co-
was chosen for the off-resonant simulations. In resonanceefficients, experimental and calculated with FEA, for sym-
and anti-resonance analysis (modal analysis), the electricalmetric and asymmetric cymbals show the consistency of the
potential, the displacement and the stress distribution haveFEA calculations and experimental results, indicating that
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Fig. 1. Stress distribution of the baseline model in off-resonant cymbal actuators for symmetric (A) and asymmetric (B) design.
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result in a local critical stress near the inner edge which
leads to the complete composite fails by debonding before
the global stress reaches a critical value for the rest of the
| | structure. The tensile lap strength of the epoxy is compara-
thffffffff’ ble to the stress concentration for off-resonant applications.
S That fact could be overcome by reinforced epoxies, but for

' resonant actuator application this stress must be drastically

minimised.

_ ‘ _ In order to reduce this stress at the resonant frequency the
W T HaH T @) following modifications of the design were considered: (a) a
groove in the ceramic just below the point where the max-
imum stress concentration appears; (b) an epoxy meniscus
formed inside the cavity; and (c) a variation of the thickness

) of the epoxy layer. In order to simplify the calculations, the
ATILA codes can be used to model the behaviour of the AT|LA models were developed for an asymmetric cymbal
cymbal. due to its unique cavity resonance made.

The stress distribution response of the baseline model is  1apjle 2 compares the reduction of the ratio stress/
shown inFig. 1 A high stress concentration at the inner  mayimum displacement at resonance frequency for each
termination edge of the bonding layer is observed. For off- a55umption, as well as other variables, like the variation
resonance mode, the harmonic analysis (100 Hz) shows thal the effective coupling factorks), cavity resonance
the higher stress is in the ceramic, but there is an importantfrequency {), stress concentration at the bonding layer

amount of stress located in the bonding layer (16.9 MPa). For 5t 100 Hz and maximum displacement of the cymbal at
the modal analysis (cavity resonance mode) this concentra-1gg Hz.

tion is more evident. This can be seen in the detailed view of  Fjystly, a ring-shaped groove in the ceramic was modelled

this region inFig. 2 Fig. 3shows the evolution of the stress  pacause it was found in former papers that the introduction
concentration, at the inner termination edge of the bonding qf 5 groove in the moonies caps enhanced the displacement
layer, inthe vicinity of the cavity resonant frequency. ItShows gnd reduces the stress concentrafido.determine the effect
that the stress concentration at the bonding layer inner edgeys the groove, hoth the locations and the dimensions (depth
is 640 MPa near the resonant frequency. The bonding mate-anq width) of the groove were altered. The most effective
rials are not able to endure such stresses exerted in OPPOSit%osition of the groove is centred, just above the edge of the
directions (the tensile lap strength for the most usual epoxiesjner cavity, with 0.05 mm of depth and 0.2 mm of width. A
is around 16 MPa), and micro-cracks may form. This could reqyction of the ratio stress/maximal displacement at the res-
onant frequency of 19% was observed in this cdsble 2.

Fig. 2. Stress distribution at the resonance cymbal actuator for symmetric
(A) and asymmetric (B) design.

8.0E+08- But, at the same time for this geometry, a 40% increase in
the stress concentration was obtained for the off-resonant
model.

6.0E+08

Because the cymbal with the ring-shaped groove has not
been manufactured, the comparison between the FEA results
4.0E+08- and product testing data cannot be attempted.

Avariation of the width of the meniscus was modelled, and
the biggest reduction in the ratio stress/displacement, 23%, is
obtained for a 0.5 mm meniscus epoxy widilalfle 9. This
new geometry has serious disadvantages: the distortion of the
cavity resonance mode and the decrease of the displacement
(24% less at 100 Hz).

Finally, a change in epoxy thickness was investigated. The
Fig. 3. Evolution of the stress concentration at the bonding layer inner edge P€St result was obtained for an epoxy thickness of 0.1 mm
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in the vicinity of the cavity resonance frequency. with a reduction of the ratio stress/displacement of 37%.
Table 2
Comparison between the three different strategies to reduce the stress concentration

AStressd at resonance frequency (%) Aketr (%) Afy (%) AStress at 100 Hz (%) Adat 100 Hz (%)
Ring-shaped groove -19 —4 -0.4 40 -2
Epoxy meniscus -23 -8 15 12 —24

Epoxy thickness —-37 -3 -10 15 -9
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This seems to be the best option but the epoxy was elec- |
trically insulating. This sometimes leads to a large volt-
age drop across the bonding layer that can reduce the re-
ceive sensitivity of a single element by 14 db at resonance.
However, this fact could be overcome by using an ade-
quate electrically conductive epoxy, but the efficiency of
the force transmission is anyhow reduced due to the in-
crease of the damp in the bonding layer when the thickness
increases.
Even with the highest stress reduction (37% for 0.1 mm
of epoxy thickness), the stress in the epoxy bonding layer is e
stilltoo much high than the tensile lap strength of the epoxies. HiEE
Then, the resonant actuator application of the cymbal devices ]
is seriously jeopardize. i
Because of the difficulty in the control of the width of the  (A) [HEELLL
meniscus and the thickness of the epoxy bonding layer in lab-
oratory conditions, the comparison between the FEA results Fig. 4. Elgctric potential distribution fqr the cavity resonance. mgde.for an
and product testing data is a difficult task. The observation asymm_etrlc cymbal (A) and asymmetrlc_ cymbal (B). Stress distribution for
. the cavity resonance mode for symmetric cymbal (C).
of cross sections of cymbals (not shown) demonstrated that
inhomogeneities in bonding thickness generated'by surface This analysis is extensible for all the non-uniform load
roughness as well the appearance of _Iocal meniscus aIIOWpiezoelectric devices, like acoustic lens; therefore this anal-
the cymbal to_overcome the critical tens!le I_a_p strength of the ysis must be extended to this kind of transducer.
epoxy. Thus, it was demonstrate the reliability of the cymbal
actuator with reported maximum loads up to 85 ®n the
other hand, the usual resonant frequency variations could be
correlated with the bonding parameters at it is not a matter of
this work.

. Conclusions

This work presents a modelling of the coupled electrical—
mechanical characteristics of the cymbal ceramic—metal
composites. The results allow a description of the perfor-
mance for the cavity resonance and off-resonance modes of
the cymbal device.

The developed model has been used to study their impact
ring-shaped groove, epoxy meniscus and thickness of the
bonding layer) on the failure probability at the cavity res-
onance mode. The results of the analysis indicate that the
stress concentration at the bonding layer leads to a failure
of the device if it works at its cavity resonance mode be-
cause in the same way that the displacement is maximized
at the resonance frequency, also the stress is maximized.
This situation makes the cymbal device no apt for resonant
applications.

2.2. Electric potential distribution

Due to the amplification of the stress and the displacement
made for the metal caps, the effects between the electrical
properties and the mechanical performance are more evidem(
than in any other kind of piezoelectric actuators. The analysis
ofthe distribution of the electric potential in cymbal has never
been studied before.

Fig. 4shows the electric potential distribution for the cav-
ity resonance mode of the cymbal metal-ceramic composite.
The electric potential field is inhomogeneous and is distorted
and locally much higher atthe inner ends of the bonding layer.
This electric potential distribution is correlated with the me-
chanical stress distribution in the operating point, which is
displayed inFig. 4C). Much higher stresses can be found at
the points where the electric potential has its maximum too
Considering the intensity and distribution of electric poten-
tial, which have been shown in the figures, the non-uniform
distribution of the electrical field in cymbal devices is obvi-
ous and cannot be ignored during the performance analysis
The distribution characteristic and trend of the electric po-
tential, especially their high gradient near the inner edge of
the bonding layer, have been shown clearly. As a result, the
damage of piezoelectric material always would appear in this
area. . . . 1. Newnham, R.E., Xu, Q.C. and Yoshikawa, S., Transformed stress

For frequencies different of the resonance one, the electric™ ;.- e transducer, U.S. Patent 4999819, 1992.
potential distribution is a uniform gradient between the hot 2 Femandez, J. F.,, Dogan, A., Fielding, J. T., Uchino, K. and Newn-
electrode and the ground. ham, R. E., Tailoring the performance of ceramic-metal piezo-
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