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Abstract

The development of the soft mold process allows for the preparation of fine scale 1-3 composites with PZT rods of different size,
shape and spacing, which can be used as ultrasonic transducers for frequencies >5 MHz. [Gebhardt, S., Schonecker, A., Stein-
hausen, R., Hauke, T., Seifert, W. & Beige, H., Fine scale 1-3 composites fabricated by the soft mold process: preparation and
modeling. Ferroelectrics, 241 (2000) 67]. By this method, composites with a square, hexagonal and non regular arrangement of PZT
rods of different shape have been fabricated and characterized by measuring their quasistatic and dynamic properties. The experi-
mental results were compared with data from finite element method (FEM) modeling and analytical solutions. The vibrational
characteristics of the composites were strongly influenced by the rod geometry and the rod arrangement. To evaluate the 1-3
composite performance, modal analysis and modeling of the impedance spectrum were carried out using the FEM package

ANSYS. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

1-3 composites consist of piezoelectric rods or fibers
in a passive polymer matrix. Due to their low acoustic
impedance, low mechanical quality and their high elec-
tromechanical coupling coefficient, they are well suited
for ultrasonic transducers in non destructive testing and
medical imaging applications. The standard commercial
method to fabricate such composites remains the dice-
and-fill method. Here, parallel and perpendicular cuts are
made into a sintered and poled piezoceramic block, which
are then backfilled with a polymer. The base is removed by
grinding. This process is very laborious and time-consum-
ing and thus, several alternative techniques have been
developed to overcome these drawbacks.>* As most of
them are either expensive or restricted to certain rod geo-
metries, they were not utilized at an industrial level.

Recently, we introduced the so-called soft mold
process.'> This method allows for a cost effective fabri-
cation of piezocomposites, with rods of different size,
shape and spacing. To evaluate the influence of rod

* Corresponding author. Tel.: +49-0351-2553-694; fax: +49-0351-
2553-605.
E-mail address: sylvia.gebhardt@ikts.fhg.de (S. Gebhardt).

geometry and arrangement on the transducer perfor-
mance, composites with different volume fractions of
square or cylindrical rods have been prepared and their
quasistatic and dynamic properties have been measured.
The experimental results have been compared to analy-
tical solutions and finite element modeling. Special
attention has been given to the vibrational character-
istics of the 1-3 composites. Parasitic, lateral mode
vibrations could be shifted, depending on the rod
arrangement and inter pillar spacing. FEM was exten-
ded to simulate resonant modes and impedance curves
of the piezocomposites.

2. Experimental procedure and basic modeling
considerations

2.1. Composite preparation

The soft mold process uses master molds of arrayed
rods, which have been structured by microsystems
technology like micromachining, chemical or plasma
etching. This allows designed shapes and arrangements
of the ceramic elements. The transfer of the micro-
structured master mold, e.g. silicon (Si) master mold,
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into the ceramic mold is possible via a soft plastic tem-
plate, which is reusable. The template, being the nega-
tive of the desired structure, is filled with a ceramic
slurry. After drying, the ceramic green body can be
demolded without defects and is subsequently sintered.
A more detailed description of the process is given in.!»?

A powder of soft lead zirconate titanate (PZT) com-
position (PIC 151, PI Ceramic GmbH, Germany) was
used. Samples of arrayed PZT rods with square and
cylindrical geometry have been prepared successfully.
For the squared rods a square arrangement and for the
cylindrical rods a hexagonal arrangement was chosen,
respectively. Also, one composite was prepared with a
non regular arrangement of cylindrical rods of two dif-
ferent sizes. Examples of sintered PZT array structures
are shown in Figs. 1-3.

The rod diameters were varied between 35 and 145 um.
The resultant aspect ratios of the rods (height:width) had
a maximum of 6:1. The density was 97-98% of the
theoretical. The arrays were then filled with an epoxy
resin (Araldit 2020, Ciba Spezialititenchemie GmbH,
Germany) and the base was removed by grinding. The
1-3 composites were subsequently electroded by sput-
tering on gold. Poling was done in oil at room tem-
perature with 2.2 kV/mm for 30 min. Samples, which
were characterized are listed in Table 1.

Si master molds for samples A and B have been pre-
pared by dicing using a precision wafer saw. All other
samples were made from Si master molds, which were
structured by a deep reactive ion etching process
(ASE™). The ASE™ process enables the production
of fine scale structures of almost every geometry.

For comparison, a bulk ceramic sample was prepared
under same conditions.

2.2. Measurement equipment

The measurement of dielectric and electromechanical
properties was done at least 24 h after poling. In the

following, the piezocomposite material properties are
indicated by a subscript index eff (effective).

The capacitance (C) was measured at 1 kHz, using a
Hewlett Packard 4194A impedance analyzer to deter-
mine the relative dielectric constant of the composites
e%3 ei/€0. The measurement of the piezoelectric coeffi-
cient of the composites ds3 o Was carried out at 130 Hz,
using an equipment based on a capacitive detector.’
Here, a variation in thickness of the sample by applying
an alternating field causes a change of capacity of an air
gap capacitor, which is part of a high frequency (HF)
resonance circuit. This results in a frequency modula-
tion of the HF circuit, which is compensated by a quartz
crystal, connected mechanically in series with the sam-
ple. After demodulation, a voltage proportional to the
strain of the sample is obtained.

The thickness mode coupling coefficient & o has been
calculated from minimum (f,;,) and maximum (fax)

Fig. 2. SEM micrograph of a PZT array structure with cylindrical
rods in a hexagonal arrangement (sample G—rod diameter: 65 pm,
inter pillar spacing: 62 pm, rod height: 309 pm).

Fig. 1. SEM micrograph of a PZT array structure with square rods in
a square arrangement (sample A—rod edge: 81 um, inter pillar spa-
cing: 36 pum, rod height: 309 um).

Fig. 3. SEM micrograph of a PZT array structure with cylindrical
rods in a non regular arrangement (sample I—rod diameter: 65 and 48
um, inter pillar spacing: non regular, rod height: 325 pm).
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Table 1
Geometrical properties of characterized 1-3 composites

Sample Rod shape Rod arrangement Master mold Rod edge/diameter Inter pillar spacing PZT content
preparation (um) (um) (vol.%)
A Square Square dicing 81 36 48
B Square Square dicing 145 45 58
C Square Square ASE™ 65 79 20
D Square Square ASE™ 65 62 26
E Square Square ASE™ 65 43 36
F Cylindrical Hexagonal ASE™ 65 79 18
G Cylindrical Hexagonal ASE™ 65 62 24
H Cylindrical Hexagonal ASE™ 65 43 33
I Cylindrical Non regular ASE™ 65, 48 > 43 22

frequency of impedance curve, recorded by an Hewlett
Packard 4194A impedance analyzer using of the fol-
lowing equation:

”fﬁlin nfmax _fmin>
k2o == tan (—7 1
teft 2fmax 2 fmax ( )
The acoustic impedance Z, . is given by:
Zyoff = 2 0efr tfmax (2

where ¢ is the thickness and p.q the density of the pie-
zocomposites. The density was determined from sample
dimension and weight.

The elastic stiffness ¢£; o of the composites is defined
by the following equation:

2.2
C3D3,eff = 4l fmaxpeff (3)

The combination of Egs. (1) and (3) results in the
elastic stiffness 43 o

£ 2> \.D
et = (1= ki err) €33 enr 4)

2.3. Basic modeling considerations

Analytical approximations derived by %7 and FEM
modeling were applied to predict the composite material
parameters. The data set of the PZT material (el3/
£0=2109, s55=1.9x10""" m?/N and d33=423 pC/N)
was given from the powder supplier. Youngs modulus
Y=3.89 GPa and Poissons ratio v=0.38 of the polymer
were determined by sound velocity measurements.®

The package ANSYS was used for the FEM modeling.
For the periodic composite structures, two 3-dimen-
sional unit cells were chosen, as shown in Fig. 4. Since the
geometry was uniform with respect to the thickness
direction, they had a height of half composite thickness.
The surfaces x=0, y=0, z=0 were symmetry planes. The
electric boundary conditions (electrodes) were defined as
nodes of the upper and lower unit cell surfaces.

(a)

(b)

|
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Fig. 4. Square (a) and hexagonal (b) unit cell for FEM modeling.

Static analysis was carried out to determine the qua-
sistatic material properties disem, €33em/€0 and ¢ en
Therefore, displacements perpendicular to the surfaces
were constrained to be identical for all surface nodes.

Eigenfrequencies and impedance curves were calcu-
lated with the modal and harmonic analysis of ANSYS,
respectively. Since only frequencies in the vicinity of
thickness mode resonance were of interest, the elastic
boundary conditions were chosen so that the unit cell
was laterally clamped. Thus, nodal motions perpendi-
cular with respect to boundary planes, were inhibited.

For the harmonic analysis of ANSYS different
damping mechanisms can be taken into consideration.
We used specific damping constants for the ceramic and
the polymer material, which resulted from fitting calcu-
lated with measured impedance curves.

3. Results and discussion

3.1. Quasistatic properties

Figs. 5 and 6 show the measured values of the piezo-
electric coeflicient ds; ¢ and the dielectric constant
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Fig. 5. Effective piezoelectric coefficient ds;3x vs. PZT rod content:
comparison between experimental results, analytical approximation
(after 7) and FEM modeling.
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Fig. 6. Effective relative dielectric constant %3 .z/eo vs. PZT rod con-
tent: comparison between experimental results, analytical approxima-
tion (after 7) and FEM modeling.

€33.efi/€0 in comparison to data calculated by analytical
approximations and FEM modeling.

In FEM modeling only a square unit cell was
employed, because there is only an infinitely small influ-
ence of rod shape and arrangement on the composites
quasistatic properties, as had been reported earlier.’

The analytical approximations were confirmed by
FEM, and the experimental results are in a good corre-
spondance to the calculated results.

3.2. Dynamic properties

The elastic stiffness 3.4 was determined by the
resonance frequency method [Eq. (4)]. The experimental
results were verified by data obtained from analytical
approximation and FEM modeling (Fig. 7).

In addition, the thickness mode coupling coefficient
ki e and acoustic impedance Z, .4 showed the expected
behavior (Figs. 8 and 9), although k, . attained slightly
lower values. The low k¢ s is observed in samples with a
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Fig. 7. Effective elastic stiffness cf5q¢ vs. PZT rod content: compar-
ison between experimental results, analytical approximation (after ©)
and FEM modeling.
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Fig. 8. Effective thickness mode coupling coefficient k¢ o vs. PZT rod
content: comparison between experimental results and analytical
approximation (after ) and FEM modeling. Data represented by open
symbols were calculated from separated thickness mode impedance
curves.
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Fig. 9. Effective acoustic impedance Z, ¢ vs. PZT rod content: com-
parison between experimental results and analytical approximation
(after ©) and FEM modeling. Data represented by open symbols were
calculated from separated thickness mode impedance curves.
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low content of PZT rods, where experimental kg
values deviate from the model curve. Similar results were
found by Hossack et al.'>!! The deterioration of the elec-
tromechanical coupling coefficient is caused by an over-
lapping of the first lateral stopband resonance with the
thickness mode resonance for these samples, as can be seen
later. By means of FEM on 1-3 composites with square
rods in a square arrangement the authors showed that with
decreasing height:width of the rods the thickness mode
coupling coefficient decreases. For a 1-3 composite with 20
vol.% PZT rods with an aspect ratio of 3:1, which is the
case for sample C, k. reaches only 88% of the maximum
value. Taking that into consideration, sample C would
have a ky .+=0.57 instead of 0.5 and would thus lie at the
calculated curve by analytical approximation.

The measured values were also confirmed by calcu-
lating the k. from FEM modeled impedance curves,
which resulted from the harmonic analysis of ANSYS,
as can be seen in Fig. 8.

For samples, where the first lateral stopband reso-
nance was lying very close to the thickness mode reso-
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log electrical impedance (a.u.)

frequency (MHz)

nance, the overlapping modes had to be seperated
mathematically. From the extracted impedance curve of
the thickness vibration, k¢ .q and Z, . were calculated.
Within the diagrams in Figs. 8 and 9 the properties of
these samples are thus represented by open symbols.

The vibrational characteristics of the 1-3 composites
were described by measuring electrical impedance curves.
They are presented in Fig. 10. The frequency resonance
peaks can be classified into the main categories:

1. planar mode resonances f; of the composite as a
whole,

2. thickness mode resonance f; and its third har-
monic 3f; of the composite,

3. lateral stopband resonances f;; and f,,, caused by
the periodic arrangement of the rods within the
composite.

An allocation of the resonance modes to frequencies,
which were found in the measured impedance curves,
was done, using modal analysis of ANSYS. This tech-
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Fig. 10. Electrical impedance curves of 1-3 composites with (a) square rods in square arrangement (Si master molds structured by dicing), (b) square
rods in square arrangement (Si master molds structured by ASE™) and (c) cylindrical rods in hexagonal (samples F, G, H) and unregular (sample I)

arrangement (Si master molds structured by ASE™).
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Fig. 11. Lateral stopband resonances caused by periodicities p; and p,

within a square (a) and a hexagonal (b) unit cell.

nique neglects damping in the polymer and ceramic
phase.

Piezocomposites with a square arrangement of square
rods possessed two lateral stopband resonances f,; and
fu, according to periodicities p; and p, in Fig. 11a. For
1-3 composites with high aspect ratio PZT rods, these
parasitic resonances were well separated from thickness
mode resonance f;. But, for sample C and D first lateral
stopband resonance f;; was in the vicinity of thickness
mode resonance so that a complex vibration occurred
(Fig. 10b).

The 1-3 composites with a hexagonal arrangement
of cylindrical rods showed only one lateral stopband
resonance fy; (Fig. 10c), although modal analysis of
ANSYS had shown that a second lateral stopband
resonance corresponding to p, in Fig. 11b, should be
excited too.

The reason for the suppression of this mode can be
seen in the damping of the real polymer/PZT composite.
By means of the harmonic analysis of ANSYS, which
takes the mechanical damping of the composite com-
ponents into consideration, the impedance curves could
be modeled. Thus, not only the resonance frequencies,
but also the amplitude of the electrical impedance could
be calculated. In Fig. 12a and b modeled impedance
curves of sample C (square arrangement) and sample F
(hexagonal arrangement) are compared to measured
values.

A comparison of 1-3 composites with a square
arrangement of PZT rods to 1-3 composites with a
hexagonal arrangement of PZT rods shows that by the
same volume fraction the lateral stopband resonances
can be shifted to higher frequencies. Therefore, 1-3
composites with a hexagonal structure or with an irre-
gular structure should be prefered in future.

Surprisingly, sample I, which had an irregular
arrangement of the rods, possessed parasitic modes
(Fig. 10c), too. However, they were not as strong as for
composites with a regular structure. An explanation for
these lateral modes can be given considering the rod
arrangement. Because inter pillar spacing could not be
altered completely freely for technological reasons (ten-
sile strength of the master mold and the soft plastic
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Fig. 12. Measured and FEM calculated impedance curves of a 1-3
composite with (a) square rods in square arrangement (sample C) and
(b) cylindrical rods in hexagonal arrangement (sample F).

template), the rods were not arranged in a completely
irregular manner. An evaluation of optical micrographs
of the cross-section of sample I showed a concentration
of rod center-to-center distances at 100-120 pm.

Because FEM could be extended to model resonance
modes and impedance spectra of any unit cell, it should
be possible in the future to design composite structures
where the lateral stopband resonances are completely
suppressed.

4. Conclusion

Fine scale 1-3 composites with variable rod shape,
size and arrangement could be manufactured success-
fully, using the soft mold process. The starting point for
this method were Si master molds which had been
structured by dicing with a precision wafer saw or by
anisotropic etching (ASE™). The transfer of the Si
master mold into the ceramic structure was possible via
soft plastic templates. Composites with square rods in a
square arrangement and cylindrical rods in a hexagonal
and non regular arrangement have been prepared and
characterized.
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The quasistatic and dynamic properties of the 1-3
composites are in excellent agreement with calculated
data from analytical approximations and FEM model-
ing. Thus, ultrasonic transducers can be conceived and
fabricated for specific applications on basis of the mate-
rial parameters of the constituent components. FEM
modeling can be used as a tool to develop structures
which do not indicate lateral stopband resonance modes.
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