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Abstract

Composites consisting of fine, unidirectional ordered
piezoelectric fibers in a polymer matrix offer a series
of commercially relevant applications. Making use
of PZT fibers with diameters in the range of 10—
S50 um improved functional properties of such 1-3
composites are expected, stimulating the develop-
ment of advanced ultrasonic transducers. The present
paper reports on the preparation of 1-3 composites
with different volume fractions of PZT(53/47) fibers
and the characterization of their dielectric and pie-
zoelectric properties. The experimental data were
compared with results of finite element method
modeling and parallel circuit modeling. © 1999
Elsevier Science Limited. All rights reserved
Keywords: finite element method, composites,
fibers, piezoelectric properties, PZT.

1 Introduction

1-3 composites of piezoelectric rods embedded in a
passive polymer matrix show superior properties
for ultrasonic transducer applications compared to
single phase PZT materials. They combine a high
coupling coefficient, low acoustic impedance, low
mechanical quality, minimized lateral mode cou-
pling and an intermediate dielectric constant.!
Improved functional properties like a higher
bandwidth can be expected by a further down-
scaling of the diameter of the piezoactive rods.

This challenge can be realized by making use of
sol—gel derived PZT-fibers with diameters ranging
from 10 to 50 um. Measurements of the dielectric
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and piezoelectric properties of single fibers are dif-
ficult to perform due to the fact that the fibers are
very thin and therefore not easy to handle. How-
ever, by comparing the properties of 1-3 compo-
sites prepared with these fibers with results
obtained by theoretical modeling one can calculate
the properties of the fibers.

In this paper the experimental data of the quasi-
static dielectric and piezoelectric properties of such
1-3 composites are presented. The results are
compared to those of a finite element method
(FEM) modeling as well as to those of a parallel
circuit model. From the different models, the
piezoelectric and dielectric coefficients of a single
fiber are obtained.

2 Experimental Setup and Basic Modeling
Considerations

2.1 Composite preparation and optical microscopy
Thin PZT(53/47)-fibers with diameters between 10
and 50um were prepared by a sol-gel route
and subsequent thermal treatment as described in
Ref 2. For composite preparation the PZT fibers
were carefully aligned and infiltrated with an epoxy
resin. In order to avoid bubbles and thus to mini-
mize the possibility of an electrical breakdown the
resin was degassed during preparation.

Curing was carried out under pressure. Accord-
ing to the applied pressure, the fiber content in the
composite was adjusted to 25, 50 and 65vol%.
From optical micrographs a statistical distribution
of the fibers was found for composites with a low
fiber content of about 25vol%, whereas the fibers
were regular arranged in samples with fiber con-
tents of 50 and 65vol%. Figure 1 shows typical
micrographs of composites with a fiber content of
25 and 65vol%, respectively.
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Fig. 1. Optical micrographs of samples with (a) 25vol% fiber
content; (b) 65vol% fiber content.

After curing composite slices 0-5—1 mm in thick-
ness were cut in the way that the fiber axis was
directed perpendicular to the composite surface.
The samples were ground and subsequently elec-
troded with gold. Poling was done in oil at 80°C
for 2h with approximately 5-5kV mm~!. The pol-
ing field was kept constant during cooling to
50°C.3

2.2 Measurement equipment

For measurements of the piezoelectric moduli an
equipment based on a capacitive detector was
used.* The samples were placed between two rods,
one of them freely movable. The other end of the
movable rod carries one plate of an air capacitor,
which is a component of a HF resonance circuit.
Thus a change of the sample thickness results in a
change of the capacity of the capacitor and finally
in a frequency modulation of the HF circuit. After
demodulation a voltage proportial to the strain of
the sample is available. A quartz connected
mechanically in series with the sample is used for
calibration and for accurate measurement of the
piezoelectric moduli by a compensation technique.

2.3 Basic modeling considerations
The FEM package ANSYS 5-3 was used for mod-
eling the composite properties. The modeling was

restricted to the quasistatic properties. Therefore
the boundary conditions were set to laterally non
clamped. For the material parameters of the PZT-
fibers a data set of bulk material with the same
composition was used> with ds3 free =272 pm/V and
c11F =132 GPa. For all calculations an electric field
strength of 1 kV mm~! was applied to the samples.
In order to investigate the influence of the fiber
arrangement on the composite properties three
different model structures were applied. The reg-
ular arrangement of fibers was described with a
square and a hexagonal unit cell, whereas for the
statistical distribution a structure with six ran-
domly arranged fibers was assumed. The models of
the hexagonal and the statistical distribution are
shown in Fig. 2 for a fiber content of 50 vol%.
From FEM modeling the effective piezoelectric
moduli ds3 . and ds; o of the composites were
calculated. The strains S; and S3 were derived by
averaging the dilatation of all nodes at the surfaces
and dividing by the applied electric field strength.

3 Results

3.1 Results of the modeling

In Figs 3 and 4 the effective piezoelectric moduli
dsz e and ds; o of the composites in dependence
on the fiber content are shown. The results are in
good agreement with data reported by other
authors.®” The piezoelectric moduli rise with
increasing fiber content. ds3 fee Of @ composite with
a fiber content of 25vol% already reaches 75% of
the value of a single fiber.

Apparently the quasistatic properties are only
slightly influenced by the fiber arrangement. For
example, ds3 free =251, 250 and 246pm/V were
obtained for the square, the hexagonal and the
statistically arranged fibers, respectively. However,
the fiber arrangement becomes more important in
the dynamic mode, when resonance coupling
between the different modes occurs.®

Although it is possible to determine the effective
permittivity e, by FEM modeling, the simple par-
allel circuit model was additionally used. The
capacity of the composite is assumed to be the sum
of the capacities of the fibers and of the epoxy
matrix. Therefore the dielectric permittivity of the
fibers €5, can be calculated directly from the
known permittivity of the epoxy e, and the mea-
sured effective permittivity €. of the composite:

€eff — €ep Vep
€fip = —————— (1)
Viib

where V7, and V7, are the volume fractions of the
epoxy and the fibers, respectively.
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Fig. 2. Model structures used for the FEM (50 vol% fiber content): (a) structure for a statistically distributed fiber arrangement; (b)
unit cell for the hexagonal fiber arrangement.
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Fig. 3. Effective piezoelectric coefficients ds; o of the compo-
site from the modeling, the data are normalized to the piezo-
electric modulus of the fiber.

In order to prove the accuracy of this approach,
the values from the FEM modeling were compared
with values of the parallel circuit model. From eqn
(1) an effective permittivity of 577 for a composite
with 50vol% fiber content was calculated with
€330 = 1149, €,7=4-5° whereas from FEM
modeling permittivities of 585, 586 and 581 for the
statistical, the hexagonal and the square fiber
arrangement were obtained, respectively. As a
result, the error by using the parallel circuit
approximation seems to be about 2%.

3.2 Experimental results

In Fig. 5 the effective permittivity €, .q' before
poling and the permittivity € g, calculated by eqn
(1) in dependence on the fiber content are shown.
Contrary to the parallel circuit model € gt
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Fig. 4. Effective piezoelectric coefficients ds; o of the compo-
site from the modeling, the data are normalized to the piezo-
electric modulus of the fiber.

increases with increasing fiber content of the com-
posites only up to a fiber content of 50 vol% and
decreases again with a further increase in the fiber
content. € g, has nearly the same value of 800 for
composites with a fiber content of 25 and 50 vol%,
whereas €. 5," =600 is distinctly smaller for the
composite with 65vol% fiber content.

Figure 6 shows the dependence of €334’ and
€330 on the fiber content after poling. Similar to
the observations from PZT bulk ceramics with
rhombohedral structure, for all composites a drop
in the dielectric permittivity was observed after
poling. The maximum drop occurred in samples
with a fiber content of 25vol%. As a consequence,
the maximum dielectric permittivity after poling
was found for composites with 50 vol% fiber con-
tent. The dielectric permittivity of this composite
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Fig. 5. Dependence of the permittivity measured at 10 kHz on
the fiber content before poling.
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Fig. 6. Dependence of the permittivity measured at 10 kHz on
the fiber content.

was of about 780 and was lower than the value
reported for bulk ceramics.

Figure 7 shows the piezoelectric moduli ds;eq
and ds; . measured at 130 Hz in dependence on
the fiber content. Contrary to the modeling ds3 ¢
decreases from 120pm/V for composites with
25vol% fiber content down to 70 pm/V for com-
posites with 65vol% fiber content. The same ten-
dency is found for ds; ¢, which decreases from —35
down to —24 pm/V. Both piezoelectric moduli are
smaller than the values expected from modeling.

4 Discussion

In order to explain the differences between the
modeling and the experimental data the structure
of the composites has been investigated by optical
microscopy. Therefore the composites were cut and
polished along the longitudinal direction of the
fibers. It was found that in composites with a fiber
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Fig. 7. Dependence of the piezoelectric moduli on the fiber
content.

content of 50 and 65 vol% some of the fibers were
broken. This was due to the applied pressure dur-
ing composite preparation. The amount of broken
fibers was low for composites with 50vol% PZT,
but relatively high for composites with 65vol%
PZT. Composites with 25vol% PZT showed
almost no damaged fibers.

For a better understanding of the influence of
fiber fragments on the dielectric properties of a 1-3
composite, a simple model for a broken fiber
embedded in a polymer was considered.

It consists of a series circuit of the capacities of
the fiber fragments and the polymer between.
Assuming the space charges to be absent, the
component D3 of the dielectric displacement within
the composite is regarded to be constant. From the
condition

€33 fibE3.fib = €cps E3.ep (2)

one can see that the electric field strength in the
fiber fragments Ej gy, is significantly smaller than in
an undamaged fiber due to the low dielectric con-
stant of the epoxy resin.

Therefore broken fibers may affect the properties
of the composite in two ways. Taking into account
the reduced electric field strength, the broken fibers
can only be partially poled without reaching the
saturation field strength. This effect seems to be
valid for composites with a fiber content of 50 and
65vol%. A confirmation of this assumption seems
to be the fact that the sample with the lowest fiber
content showed the highest drop in €334, after
poling. That means this composite contained the
highest volume fraction of active material.

As a second reason, the dielectric and piezo-
electric properties are also reduced by damaged
fibers, even when the fibers are considered to be
completely poled.” Thus the decrease of the effec-
tive permittivity as well as the piezoelectric moduli
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with increasing fiber amount is caused by fractures
as well as by incomplete poling.

Since there were almost no damaged fibers in
composites with 25vol% PZT, the piezoelectric
coefficients ds3 4 and ds; gp Of a single fiber can be
calculated by FEM modeling. The effective piezo-
electric modulus of a composite with 25 vol% fiber
content was found to be of about 80% of the value
of a single fiber. That means the piezoelectric
modulus of a single fiber should be at least
dy355=150pm/V and d3; 5,=—44pm/V. These
values are 55 and 38%, respectively, of the values
reported for bulk ceramics.*

5 Summary

Fine PZT fibers are expected to have a great
impact on new 1-3 composites for broadband
ultrasonic transducers in the frequency range >
10 MHz. 1-3 composites with different volume
fractions of sol-gel derived PZT fibers had been
prepared and their dielectric and piezoelectric
properties were measured.

The permittivity of the fibers €, g, and €33 45" as
well as the piezoelectric moduli ds3 6, and ds gp
have been calculated using FEM modeling and the
parallel circuit approach. So far, the fibers show a
permittivity of €, 5, =800. The piezoelectric moduli
were calculated to ds34,=150pm/V and ds; 6, =
—44pm/V, which is about 50% of the values
reported for bulk materials. FEM modeling has
shown that the quasistatic piezoelectric and dielec-
tric coefficients of the composites were only slightly
influenced by the fiber arrangement.

The differences between the modeling results and
experimental data were caused by broken fibers
arising during composite processing. For a better

understanding of the correlations between the
preparation conditions of PZT fibers and 1-3
composites on their dielectric and piezoelectric
properties the preparation procedures will be further
optimized.
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