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Abstract. The processing-property relationship of dielectric and piezoelectric properties of 3-3 fabric composites
was studied. Fine PZT green fibers were woven into plane fabric, cutin 3 x 3 cm? pieces, and stacked 8 plies high. The
stacks were heat-treated with and without applied pressure and then embedded in soft and hard polymers. Increasing
the applied pressure increased the density and electromechanical properties of composites due to the improvement
of the ply-to-ply sintering. At an optimum uniaxial pressure of 588 Pa, the piezoelectric and dielectric properties
of composites with ~41 vol% PZT and soft matrix were K = 230, d33 = 220 pC/N, g33 = 108 mV/m, and
d33833 = 23778 x 10~1> m?/N. The porosity-permittivity relationship was used to determine the depolarizing factor
of the composites, which represented the degree of ceramic continuity between electrodes. In general, composites
with soft matrix had higher electromechanical properties than those with hard matrix. The effect of poling direction
on the piezoelectric and dielectric properties was also investigated. The composites poled along the PZT fibers had

higher electromechanical properties than those poled perpendicular to the PZT fibers.
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1. Introduction

Fabrication of large area-fine scale piezoelectric com-
posites can be a significant achievement for appli-
cations such as hydrophone, transducers, sensors,
actuators, and vibration/noise cancellation. In the past,
various methods have been used to build 3-3 compos-
ites only in small scale and an area not exceeding a few
centimeters. These processes will be reviewed in the
following and their main obstacles for the production
of large area composites will be described.

In composites with 3-3 connectivity, the ceramic
and polymer phases are continuous in three dimen-
sions. The replamine was the first process used to
form composite with such connectivity [1]. In this pro-
cess, a coral skeleton was impregnated with a wax and
the calcium carbonate was then leached away to form
a porous, burnable structure, which was later refilled
with PZT slip. After the wax was burned out and the

*Present address: Layered Manufacturing, Inc., 101A Phelps
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ceramic was sintered, the porous PZT replica was back-
filled with a high purity silicone rubber. The replamine
composites exhibited a dielectric constant ~100 and
ds3 = 160 pC/N. Although these composites showed
an improvement in hydrostatic piezoelectric properties
over solid PZT ceramics, there are two disadvantages
associated with replamine process. First, the coral is not
abundant and secondly the porosity structure, including
the pore size, pore distribution, and their interconnec-
tion cannot be controlled.

To overcome these problems, a simple method
called BURPS (BURnd-out Plastic Spheres) was de-
veloped to fabricate 3-3 piezocomposites with prop-
erties similar to the replamine composites [2, 3]. In
this method, PZT powder and polymethylmethacrylate
(PMMA) spheres were first mixed and pressed to form
pellets. Next, the PMMA spheres were volatilized and
the pellets were sintered, leaving a porous structure that
was backfilled with silicone rubber or stiff epoxy. Sev-
eral attempts were further made in Japan to improve this
technique for mass production of porous PZT ceram-
ics [4-7]. Despite its simplicity, this process could not
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offer any advantages for a better control of the porosity
structure.

Other methods such as relic processing [8—13], dis-
torted reticulated ceramics [14, 15], and ladder and/or
3-D honeycomb structures [16, 17] were exploited to
fabricate 3-3 composites. In the relic process, a wo-
ven carbon template was impregnated with an alkoxide
PZT stock solution. The heat-treatment was then car-
ried out to remove the carbon and transform the metal
ions into a PZT relic with a replica of the original car-
bon material. The PZT replica was then sintered and
embedded in a thermally curable polymer. Although
large area composites can be made with this method,
the major disadvantage of the relic process is the toxi-
city of alkoxide solutions.

Reticulated composites were formed by coating
organic foam substrates (i.e. polyurethane) with PZT
ceramic slurry. The coated foam was pyrolized and
sintered to form a structure composed of hollow
ceramic ligaments which was then filled with polymer.
The first ladder structure was formed by arranging
ceramic bars in a network type. After sintering, the
structure was embedded in silicone rubber. The ladder
composites had a piezoelectric voltage coefficient four
times larger than that of conventional PZT ceramics.
In addition, rapid prototyping techniques of fused
deposition modeling (FDM) and fused deposition of
ceramics (FDC) were used to make ladder and 3-D
honeycomb composites. In the FDM technique, a 3-D
plastic mold was prepared and filled with PZT slurry.
While in the FDC process, a mixture of PZT and
polymer was directly deposited in the form of a three-
dimensional ladder structure. Either structure was then
heat treated to burn the organic, sintered, and filled with
€pOXy.

In this work, the green continuous PZT-5H (Morgan
Matroc Inc., Cleveland, OH) fibers produced by the
Viscous Suspension Spinning Process (VSSP) at Ad-
vanced Cerametrics Inc. (ACI) [18-20] were woven
to form a large area plane fabric. The green PZT fibers
had diameters typically ranging from 25 to 70 um. The
objectives of this work were:

1. To demonstrate the feasibility of forming large area
PZT fabrics and to build fine scale piezoelectric
fiber/polymer composites.

2. To study the effect of processing on the dielectric and
piezoelectric properties of such composites. This in-
cluded applied pressure, type of polymer matrix, and
poling direction.

2. Experimental Methods and Procedures

Plane PZT fabrics (30 cm x 200 cm) were woven using
a bundle of 5000 fibers as picks and 800 fibers as ends,
as shown in Fig. 1. The plain weave fabric was cut
into 3 x 3 cm? sheets which were stacked 8 plies high.
The samples were placed on platinum foils sitting in an
alumina crucible. The organic removal was performed
at 550°C for 4 hours with a 1.5°C/min ramp to make
sure that all organic had burned off. Then, samples were
bisque-fired at 780°C for 1 hour with a 3.5°C/min ramp
to strengthen them for handling, followed by sintering
at 1285°C in alead controlled atmosphere. The organic
burnout and sintering were performed with and without
uniaxial pressure on the samples. The pressure was
applied by placing a weight, in the form of platinum
foil and alumina plates on top of the samples. Weights
corresponding to pressures of 0, 294, 392, 490, 588,
686 and 882 Pa were applied to the samples.

To fabricate composites, the sintered PZT stacks
were embedded in two different types of epoxy.
The Spurr (Ernest F Fullam, Inc., Latham, NY) and
Eccogel-65 (Emerson and Cumming, Deway and Almy
Chemical Division, Canton, MA) were used as hard and
soft matrices, respectively. The composites were sliced
into 2 mm thick samples, polished to 1.5 mm thickness,
and dried at 70°C for 4 hours to remove the moisture
that was absorbed during the polishing step. Electrodes
were then applied using air-dried silver paint (No. 200,
Demetron, Liepziger, Germany). Composites were
poled via the Corona method [21] at 28 kV for 20 min-
utes while temperature decreased from 60 to 45°C.

Fig. 1. SEM picture of a plane PZT fabric containing 5000 fibers as
picks and 800 fibers as ends.
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The microstructure of sintered stacks was examined
using electron microscopy (Model 1200 SEM, Amray
Corporation, Bedford, MA). Capacitance, C,, and dis-
sipation factor, tan§, were measured at 1 KHz using
an RLC Digibridge (1689M precision, GenRad Inc.,
Bolton, MA). The piezoelectric charge coefficient, ds3,
of the composites was determined at 100 Hz using a
Berlincourt Piezo Meter (CPDT-3300-Chanel Product,
Inc., Cleveland, OH) with two flat probes.

3. Results and Discussion

3.1. Effect of Pressure on the Electromechanical
Properties

Table 1 summarizes the physical and electromechanical
properties of the composites embedded in Eccogel-65
epoxy. The composites were poled through their thick-
ness with the electric potential being perpendicular to
the fabric plies. When no pressure was applied on the
stacks, the composites showed the lowest electrome-
chanical properties because the fabric plies did not sin-
ter strongly to each other. The composite had a 2(3-3)-2
connectivity since the plies were almost discrete and
separated by layers of polymer. Thus, the composites
represented a 2-2 connectivity instead of a 3-3 pattern.
However, due to the existence of polymer between the
individual fibers in each ply, every layer of fabric was
considered to be a 3-3 composite. Figure 2 is a close-
up of Fig. 1 that shows individual PZT fibers within
a ply. The poor cross sintering between plies as well
as the individual fibers within plies gave rise to the
discontinuity of ceramic phase between either elec-
trode. Therefore, the ceramic phase was not efficiently
poled and the lowest electromechanical properties were
observed.

100 pm

Fig. 2. A close-up of the Fig. 1 displaying individual PZT fibers
within a sheet.

The application of uniaxial pressure during organic
burnout and sintering improved the cross sintering be-
tween plies and thereby enhanced the physical, piezo-
electric, and dielectric properties of the composites.
Figure 3 displays variation of the density of composites
with the applied pressure. Below 2400 Pa, the applica-
tion of pressure rapidly improved the density of com-
posites and significantly enhanced the cross sintering
between the plies. Further increase in pressure slightly
changed the density of the composites by improving the
cross sintering between the individual PZT filaments
within each ply. This explains the linear increase in di-
electric constant with pressure that is shown in Fig. 4.

The improvement of cross sintering was verified us-
ing the porosity-dielectric constant relationship intro-
duced by Okazaki and Igarashi [22]. From dielectric
point of view, a 3-3 composite was considered as a uni-
formly continuous dielectric medium including poros-
ity filled with epoxy, which hereafter is referred to

Table 1. The physical and electromechanical properties of composites embedded in Eccogel-65 epoxy.

Pressure Density PZT Polymer ds3 833 d33833 N;

(Pa) (g/em?) (vol%) (vol%) (pC/N) K tan § (1073 V m/N) (10713 m?/N) (x107%)
0 2.90 26.50 73.50 70 100 0.03 79 5537 25

294 3.40 35.80 66.20 100 140 0.04 81 8071 16

392 3.60 36.80 63.20 160 170 0.04 106 17016 12

490 3.65 37.50 62.50 190 190 0.03 113 21469 9

588 3.68 37.90 62.10 220 230 0.03 108 23778 6

686 3.70 38.20 61.80 220 250 0.04 99 21876 5

882 3.75 39.00 61.00 220 280 0.03 89 19532 4
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Fig. 3. The plot of density of composites with Eccogel-65 matrix
versus applied pressure.
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Fig. 4. Plot of dielectric constant of composites with Eccogel-65
matrix versus applied pressure.

polymer volume fraction. The composite depolarizing
factor was calculated using:

[(1 = 56) s — D]

K, —1=
wp [1+ Ni(KKy — 1]

where Kgp,, Ky, are the apparent dielectric constant
of a ceramic dielectric with and without pores, respec-
tively, and P and N; are the polymer volume fraction
and depolarizing factor, respectively. Table 1 repre-
sents the depolarizing factor of composites by conside-
ring Ky &~ 4800 for bulk PZT-5H and P = (100—PZT
vol%).
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Fig. 5. The plot of porosity volume fraction and depolarizing factor
versus applied pressure for composites with Eccogel-65 matrix.

Figure 5 shows the variation of porosity volume
fraction and depolarizing factor, N;, versus applied
pressure. In the absence of applied pressure, compos-
ites had the highest polymer volume fraction and de-
polarizing factor. While the application of pressure on
the stacks remarkably reduced the polymer content
and depolarizing factor below 400 and 588 Pa pres-
sure, respectively. However, further increase of pres-
sure slightly changed the polymer vol% and depolar-
izing factor. In a fully interconnected dielectric such
as a honeycomb structure, the depolarizing factor ap-
proaches zero [6]. Therefore, in a composite with a
good connectivity, the depolarizing factor is small and
any minute change in polymer vol% and N; will have
a prominent effect on increase and/or decrease of di-
electric constant. This also explains the increase of di-
electric constant with pressure above 588 Pa in Fig. 4.

The plot of piezoelectric charge coefficient versus
applied pressure is shown in Fig. 6. The d33 value in-
creased with pressure and saturated at 588 Pa, which
agrees with slight variation of composite density above
this pressure. Figure 7 represents the variation of piezo-
electric voltage coefficient versus applied pressure.
The g33 value reached a maximum at 490 Pa and
then decreased with further increase in pressure. The
piezoelectric figure of merit, d33g33, showed a similar
trend with applied pressure, as shown in Fig. 7.

3.2.  Effect of Polymer Matrix on the
Electromechanical Properties of Composites

The effect of polymer matrix with different stiffness
was examined on the electromechanical properties
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Fig. 6. The plot of piezoelectric charge coefficient of composites
with Eccogel-65 matrix versus the applied pressure.
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Fig. 7. The plot of piezoelectric voltage coefficient for composites
with Eccogel-65 matrix versus applied pressure.

of fabric composites. Sintered stacks were embedded
in hard Spurr epoxy, cured, polished, and poled in
the same manner as the soft Eccogel samples. Table 2

compares the electromechanical properties of compos-
ites embedded in two different polymers. The (L) sign
denotes that the electric potential during poling was
perpendicular to the fabric plies. The variation of phys-
ical and electromechanical properties of Spurr compos-
ites with applied pressure had similar trend to the Ecco-
gel samples. However, Spurr composites had consider-
ably lower electromechanical properties than Eccogel
composites. At 588 Pa pressure, the dissipation factor,
tan §, and dielectric constant of the Spurr composites
were two times smaller than those of Eccogel compos-
ites. This was expected because pure Eccogel-65 has
almost one order of magnitude higher electrical resis-
tance than pure Spurr epoxy. Therefore this allowed
a higher E-field to pass through the ceramic phase in
Eccogel composites leading to a more efficiently poled
samples.

In addition to the efficacy of poling process, the
Eccogel-65 like many other soft epoxies also offered a
high mechanical compliance and a better stress trans-
fer to the ceramic phase in the composites. As a result,
the Eccogel samples could develop higher polariza-
tion and consequently ~3 times higher d33 values. The
higher electrical loss in Eccogel samples corresponded
to the higher electrical loss of pure Eccogel-65. The
dielectric loss values for pure Eccogel and Spurr
epoxy measured at 1 KHz were 0.089 and 0.026,
respectively.

3.3.  Effect of Poling Direction on the
Electromechanical Properties of Composites

Both flexible and stiff composites were also poled with
the electric field applied parallel to their fabric plies, as
indicated by (]|) sign. Table 2 compares the electrome-
chanical properties of samples poled in two different
directions. At a similar ceramic volume fraction, the
dielectric constant of the “parallel” poled composites

Table 2. The electromechanical properties of composites embedded in two different polymer matrices and poled under different electrical

potential directions.

PZT Polymer d3; 833 d33833 N;
Sample ID (vol%) (vol%) (pC/N) K tan§ (1073 Vm/N) (10~15 m2/N) (x107%)
Spurr-294 (Pa) L E-field 33.00 67.00 60 90 0.02 75 4500 39
Spurr-588 (Pa) L E-field 37.00 63.00 80 130 0.02 69 5520 20
Spurr-588 (Pa) || E-field 37.50 62.50 120 290 0.02 47 5640
Eccogel-588 (Pa) L E-field 37.90 62.10 220 230 0.03 108 23778
Eccogel-588 (Pa) || E-field 38.00 62.00 250 490 0.04 58 14500
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increased by a factor of two. This was attributed to a
better continuity of ceramic phase between electrodes
in the samples, which was verified by comparing the
depolarizing factors of “perpendicular” and “parallel”
poled composites. The depolarizing factors of “paral-
lel” poled Spurr and Eccogel composites are approxi-
mately 5 and 3 times, respectively, smaller than those of
the corresponding “perpendicular” poled composites.

4. Summary

The processing of 3-3 composites was studied using
woven PZT fibers. The PZT fabric was cut in square
pieces and stacked 8 plies high. The organic content
was removed and samples were sintering with and
without applied pressure during heat treatment. The
effect of poling direction and type of polymer matrix
on the dielectric and piezoelectric properties of
composites were studied. The experiments showed
that:

1. In the absence of applied pressure, composites had
the lowest dielectric and piezoelectric properties
when embedded in both soft and hard polymer. A
better cross sintering between the plies was devel-
oped by applying pressure on the samples during
heat treatment steps. The piezoelectric charge co-
efficient of composites remarkably improved with
increasing applied pressure and saturated at 588 Pa.
However, the dielectric properties of composites in-
creased linearly even above this pressure.

2. The type of polymer matrix had a considerable ef-
fect on the electromechanical properties of the com-
posites. In comparison, composites with hard ma-
trix had lower dielectric and piezoelectric properties
than composites with soft matrix.

3. The composites poled along PZT fibers (“parallel”
poled) had higher electromechanical properties than
“perpendicular” poled composites.
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