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1. Introduction

This report details work that was performed in the Ceramic Engineering Department of
Clemson University over the period from February I, 1995 to April 30, 1996 under NASA
Contract No. NAG-1-1301. The work described in this report covers various aspects of the
Rainbow solid-state actuator and sensor technologies. It is present in five parts dealing with
sensor applications, non-linear properties, stress-optic and electrooptic properties. stacks and
arrays, and publications.

The Rainbow actuator technology is a relatively new materials development which had its
inception in 1992. It involves a new processing technique for preparing pre-stressed, high lead
containing piezoelectric and electrostrictive ceramic materials. Ceramics fabricated by this
method produce bending-mode actuator devices which possess several times more displacement
and load bearing capacity than present-day benders; i.e., unimorphs and bimorphs. Since they can
also be used in sensor applications, Rainbows are part of the family of materials known as smart

ceramics.

During this period, PLZT Rainbow ceramics were characterized with respect to their
piezoelectric properties for potential use in stress sensor applications. It was found that they
possess an unusually strong piezoelectric effect, and the respective piezoelectric coefficients under
steady-state loading conditions can be over two orders of magnitude greater than that of normal
ceramics. The voltage sensitivity to applied pressure was found to decrease continuously with
increasing frequency prior to resonance. Overall results show that Rainbow ceramics are very
promising for stress-sensing applications involving low stress levels such as shallow water

exploration.

Studies of the non-linear and stress-optic/electrooptic birefringent properties were also
initiated during this period. Large stress gradients that are internally present in the Rainbow
structure are believed to cause polarization gradients which are being investigated both electrically
and optically  Electrically, these polarization gradients lead to internal bias voltages that
ultimately affect the switching of domains as noted in the asymmetrical hysteresis loops and
mechanical displacement loops. Optically, these polarization and stress gradients cause optical
birefringent gradients which are clearly visible under polarized light. This technique also reveals
within the Rainbow where there is no gradient, i.e., the stress neutral plane. During operation, the
stress-optic and electrooptic birefringent effects combine to produce new optical retardation color
patterns, thus revealing the changing internal stress conditions as voltage is applied.

Various means for increasing the utility of stress-enhanced Rainbow actuators are
presently under investigation. Among these are included the techniques for increased linear
displacement using stacked actuators as well as matrix arrays for enhanced coverage in wide area
sensor/actuator applications such as smart skins, autoleveling structures, antivibration devices and
deformable coatings. The displacement characteristics of Rainbow stacks consisting of multiple
clamshell units were determined as functions of voltage and load bearing capability. Conformal
Rainbow arrays, composed of individual elements sandwiched between outer lead foil skins, were

fabricated and qualitatively evaluated.
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Characterization of Rainbow Ceramics for Sensor Applications

Abstract: PLZT Rainbow ceramics of selected compositions were characterized with respect to
their piezoelectric properties for potential application as stress sensors. It was found that
Rainbow ceramics possess a strong piezoelectric effect when operated in the dome mode. The
corresponding effective piezoelectric coefficient under steady-state loading conditions can be over
two orders of magnitude greater than that of normal ceramics, depending on the dimensions,
thickness ratio, and material properties of the Rainbow ceramics. The voltage sensitivity to
applied pressure decreased continuously with increasing frequency before the occurrence of
mechanical resonances. Results show that Rainbow ceramics are very promising for stress-

sensing applications involving low stress levels and frequencies.

1. Introduction

Recent investigations of Rainbow ceramics (Reduced And INternally Biased Oxide
Wafer) have shown that these devices hold high promise for actuator applications owing to their
large field-induced displacement and excellent load-bearing capability [1-3]. A Rainbow is made
by a special process in which a high lead-containing ferroelectric oxide ceramic wafer is
chemically reduced on one major surface by placing the wafer on a graphite block and heat
treating it at an elevated temperature. When the partially reduced wafer is cooled to room
temperature, it develops a dome-shaped (sometimes saddle-shaped) configuration resulting from
the dimensional mismatch between the reduced and unreduced layers. Large displacement is

obtainable from the dome center of an electroded Rainbow sample by applying an electric field



across the unreduced layer. The high axial displacement of Rainbow ceramics results from the
bending of the Rainbows under an applied field that is caused by the lateral constraint of the
passive reduced layer to the electrically active piezoelectric or electrostrictive unreduced layer in a
manner similar to the operation of conventional piezoelectric unimorph benders. However, due to
their unique dome structure and associated high internal stress, Rainbow actuators can sustain
external stresses or loads higher than normal.

The concept of “smart” materials and devices has recently been widely adopted in the field
of material science and technology. Smart devices are able to adjust some of their own properties
in response to changing ambient conditions. This generally requires them to be multi-functional,
among other desired properties such as simplicity in structure, low energy consumption and good
reliability. For instance, in active structural systems, “smart” piezoelectric elements act as both
sensor and actuator in accomplishing a variety of sophisticated mechanical tasks in conjunction
with a computer. Ferroelectric materials have long been considered ’as desirable materials for
smart devices because of the multiplicity of their properties including piezoelectric,
electrostrictive, pyroelectric effects, electrooptic and photorefractive effects for certain
compositions. During the past several years the use of ferroelectric ceramics for construction of
smart devices and structures has received numerous investigations and remarkable advances [4-7].

As has been mentioned, a piezoelectric Rainbow ceramic, when subjected to an applied
electric field, produces a large physical displacement. The opposite is equally true; that is, a large
electrical signal is generated when an external pressure or load is imposed on the Rainbow. This
occurs because, with its dome-shaped structure, a Rainbow is considerably more sensitive to

applied pressures than a normal bulk piezoelectric ceramic. This property of Rainbow ceramics



can be utilized to detect and measure stress or pressure. In addition, with special compositions,
Rainbow ceramics can possess pyroelectric and/or photoelectronic (photoconductive,
photovoltaic and photorefractive) properties. It is therefore probable that Rainbows, fabricated to
perform functions of both actuator and sensor, may require different material properties.

This report is devoted to the characterization of Rainbow ceramics with respect to their

piezoelectric properties for potential application as stress sensors.

2. Sample Preparation and Measurements

A number of different compositions from the PLZT system were selected to prepare the
ceramic wafers for the production of the Rainbow samples. These compositions, which are
located in the vicinity. of the morphotropic phase boundary separating the tetragonal and
rhombohedral phases, include PLZT 1.0/53/47, 5.5/56/44, and 5.5/59/41 (La/Z1/Ti).
Conventional mixed-oxide processing techniques were employed to obtain the sample powders
which were dry pressed into slugs of 1 and 2 inches in diameter. The slugs were then sintered in
an oxygen atmosphere within closed crucibles at 1250 °C for 4 hours, or hot-pressed at 1200 °C
for 6 hours at 10 MPa. Sintered ceramics were sliced with a diamond saw into disks which were
lapped to wafers of desired thicknesses with 400-grit sandpaper.

In the fabrication of the Rainbow samples, a PLZT ceramic wafer was placed on a
graphite block and a zirconia disk of the same size as the wafer was located on top of the wafer.
The wafer was then chemically reduced by introducing the whole assembly into a preheated
furnace and heat treated at an elevated temperature. After the chemical reduction, the wafer was

removed from the furnace and cooled down in air to room temperature. The zirconia disk placed



on top of the wafer was used to prevent possible thermal shock during the heat treatment
processing. The wafer thus obtained (a Rainbow) contains a reduced and an unreduced layer as a
result of the local chemical reduction. The reduced side of the Rainbow sample was lightly
sanded to eliminate any lead particles and/or thin reoxided layer. Silver paste cured at 200 °C was
used as electrodes for 'measurements of electrical properties. While the entire surface of the
reduced side was covered with electrodes, the unreduced (oxide) side was partially electroded in
some cases with configurations depicted in Figure 1.

The Rainbow samples are designated in terms of the composition and processing
conditions of the original, unreduced ceramic wafers. For example, RB1053HP represents a
Rainbow made from a hot-pressed PLZT 1.0/53/47 ceramic. The data of the reduction
temperature and time for the Rainbow samples studied, their dimensions, curvature (dome
height), and thickness ratio are given in Table 1. The dome height of a Rainbow was measured
with reference to the thickness of the corresponding unreduced wafer. The different values of the
thickness ratio, which is defined as the ratio of the reduced layer thickness to the total thickness of
the sample, were achieved by reducing the ceramic wafers for different periods of time at a
constant temperature. Typical samples had dimensions of 1.25 in x 20 mil (diameter x thickness)
or 0.88 in x 17 mil, and a thickness ratio of approximately 0.3.

Table 2 lists the measured values of capacitance, dielectric loss, piezoelectric constant dis,
the resonant and antiresonant frequencies of the radial vibrational mode, and the resonant
frequency of the dome mode for some of the samples indicated in Table 1. The ds; data were
determined on a Berlincourt-type Piezo Tester by positioning the center of the oxide and reduced

sides of a Rainbow to the two oppositely mounted measuring probes. The di; values thus



determined represent the effective ds; coefficient of the Rainbow’s oxide layer. The dielectric
properties were measured at 1 kHz using an LCR meter. The resonant characteristics of the

samples were obtained from an impedance analyzer (HP 4194A).

3. Experimental Results
Response of Rainbow to Steady-State Pressure and Point Load

The response of Rainbow ceramics to uniform pressure and point load was studied. The
samples used for this purpose include RB1053HP, RB1053S, RB5556S and RBS5559S.
Electroded Rainbow samples were poled at room temperature for a few minutes under suitable
applied electric fields, normally twice the coercive field of the ceramics. For the point load
testing, a sample was placed on a metal ring with the reduced side facing downward; and the load
was gradually applied to the center of the sample through a metal tip as illustrated schematically in
a setup in Figure 2. The electrical charge and voltage signals generated by the loading were
measured using an electrometer (Keithley Instruments, 610CR). As for the measurements with
uniform pressure, a small cylindrical metal chamber was built. The cross-sectional view of the
chamber is diagrammed in Figure 3. A sample was placed on the flat bottom of the chamber, with
a soft silver foil being i‘nserted between the sample and the bottom plate to keep the air from
leaking through, the edges during application of pressure. Desired pressure levels inside the
chamber were achieved by gradually applying air pressure to the inlet of the chamber. The

induced electrical signal on the sample’s electrodes was measured by connecting them to an

electrometer.



The polarization change in the oxide layer of a Rainbow generated by external mechanical
loading gives rise to unbalanced electrical charges on the sample electrodes, and consequently an
open-circuit voltage across them. Under steady-state loading, the unbalanced charges are slowly
compensated by free charged ions from the environment as well as through the limited
conductivity of the ceramic oxide layer. Accordingly, the generated voltages diminishes
gradually. Since the electrometer used for the measurement of the voltages has a very high input
impedance (>10"* Q versus ~10" Q of typical Rainbow samples), its effect on the measured
electrical signals can generally be ignored. Figure 4 shows the change of the induced voltages as
a function of time for several Rainbow samples under steady-state point loading. It was found
that, depending on specific samples, the voltages decreased only by 10 to 20 % over a time period
of 2000 seconds due to the high electrical resistance of the samples. The slight fluctuations of the
data for RB1053S-1 were caused by the background noises. When a metal shield was used to
block the ambient radiation, the irregular variations disappeared, as is the case for the other three
samples in the figure.

When a Rainbow is subjected to an instant loading, the induced signal does not rise to the
maximum value instantly, but rather with a finite response time. The initial rise of the induced
voltage under instant loading for several Rainbow samples was determined and is illustrated in
Figure 5. The data were collected every one second automatically via a computer, while the
mechanical point load was applied and removed alternately every one minute by changing the
weights on the samples instantaneously. It was seen that the voltages increased from zero to the
maximum in terms of a irace similar to the charging curve of a capacitor. The times required to

reach the maximum values were found to be dependent upon the compositions and geometrical



factors such as the thickness ratio and diameter of the Rainbows. In other words, the time
response characteristics of the induced signals to instant loading were of both mechanical and
electrical origin.  For a majority of the samples studied, the maximum output signals were
reached within two minutes after loads were applied. Thereafter, the signals decreased gradually
through the mechanisms described earlier. The induced electrical charges and voltages given in
the following discussions were determined at their maximum values upon the application of
mechanical loads.

Figure 6 shows the induced voltage of RB1053HP-4 sample as a function of point load for
three loading cycles between zero and a maximum value. The voltage-load relationship given in
Figure 6 is typical of all the piezoelectric Rainbow samples investigated. A salient feature of this
relationship is the hysteresis of the induced voltage versus loading, which is attributed to the
behavior of ferroelectric domains under stress for which the domain state, and therefore the
induced strain of a ferroelectric ceramic, is dependent on the history of stressing. In addition, a
residual voltage was observed at zero load after the first loading cycle. This residual voltage
increased slightly for thé next few loading cycles. Beyond that, the change of the residual voltage
was small and irregular; and the voltage-load loop resulting from further loading cycles became
relatively stable. It was found that, when the same sample was left unloaded for a few hours and
the same testing was performed, a very similar voltage-load relationship was obtained. In other
words, the residual voltage reoccurred. This phenomenon seems to suggest that some preferential
domain alignment created by the loading relaxed gradually with time. The magnitude of the

residual voltage and the degree of the hysteresis were found to be closely related to the geometry



and composition of Rainbow ceramics as well as the maximum value of load for the loading
cycles.

Figure 7 displays the induced voltage versus the maximum value of loading cycles for a
number of RB5556S samples having different total thicknesses but identical diameter. The
samples were cycled with a given maximum value of load until a stable loop of voltage versus
loading was obtained. The influence of the residual voltage was eliminated by short-circuiting the
samples after each loading cycle. The same steps were repeated with different maximum values of
load. The measured voltages were then plotted against the maximum loads. The results in Figure
7 indicate that the relation between the induced voltage and external mechanical loading is
approximately linear when the effects of the residual signals are excluded. The RB1053S-a
sample, which had the smallest thickness among them, fractured at the load of 1200g.

As mentioned earlier, the electrical signals generated by external loading are primarily
contributed from the change of the dome curvature of the Rainbow. The piezoelectric effect in
the thickness direction, i.e. dis, is negligible compared to the lateral effect resulting from the
change of the curvature. The change of the curvature and hence the induced signals are strongly
dependent on the location of the Rainbow to which a point load is applied. Figure 8 shows the
induced voltages obtained by applying a constant point load to different locations across the
Rainbow diameter. The maximum induced signals were observed when loads were acted on the
center area of the samples. This is simply because a larger curvature change was produced by a
load on the center area.

The variation of the induced electrical charge and voltage with distributed load or pressure

was given in Figures 9 through 11 for RB5556S samples. Similar to the case of point load, the



hysteresis and residual signals were observed. The relationship between voltage and pressure was
less hysteretic for RBS556S-h sample in comparison with that of electrical charge versus pressure,
as is evidenced by comparing Figure 10 with Figure 11. This may imply that the capacitance of
the sample was also hysteretic under applied stress, which compensated for part of the hysteresis
in the voltage curves through the simple relation, Q = CxV, where Q = charge, C = capacitance,
and V' = voltage.

In addition to material properties, the shape and dimensions of a sample may have
significant influence on the characteristics of pressure-induced charge and voltage. As applied
pressure is increased, a Rainbow will become less curved and, eventually, its reduced side will
touch the plate on which the Rainbow is placed. When this happens, the induced signals will
decrease markedly since the dome mode contribution diminishes considerably. Under sufficiently
high pressure, the Rainbow will become completely flat. In this situation the Rainbow will behave
like a normal piezoelectric ceramic working in its longitudinal stretching mode. Figure 12 shows
the change of the induced voltage with pressure for RB1053HP-4, in which the sudden change of
the curve slop was caused by the fact that the reduced side began to touch the supporting plate
under applied pressure. The transition point of the curves was found to be a strong function of
the sample thickness and diameter as well as other parameters that govern the mechanical stiffness
of the sample.

The magnitude of the induced signals was also dependent on the thickness ratio (the
reduced layer thickness over the total thickness) of the Rainbow sample under testing. Figures 13
and 14 illustrate the induced signals as a function of the thickness ratio for RB1053S and

RB5556S samples. The induced charges tended to increase with increasing thickness ratio, but



the voltages exhibited a maximum at a thickness ratio around 0.4. The occurrence of the
maximum in the voltage curves was primarily attributed to the drastic increase of sample
capacitance with increasing thickness ratio, since these samples had identical total thickness.
Based on the relation Q = CxV, when the increase of charge under constant pressure is less than
the increase of capacitance, the voltage should decrease.

The influence of sample capacitance on the induced signals is further revealed by the
results shown in Figures 15 and 16, where the voltage and charge were plotted as a function of
the electroded area relative to the entire sample surface. In this measurement, the upper surface
of a Rainbow was electroded from the center out toward the edge to obtain different sizes of
electroded area, as, for example, is depicted in Figure 1 for a fully electroded and a 50%
electroded sample. As can be seen in Figure 15, the induced voltage increased approximately
linearly with decreasing electroded area for three RB5559S samples of different thickness ratios.
The charges, on the other hand, exhibited a maximum with decreasing electroded area. The
maximum in the charge curves implies that the induced charges from the regions near Rainbow’s
edge possess an opposite sign to those generated in the center area, since, if the induced charges
had the same sign across the samples, the cumulative result would decrease monotonically with
decreasing electroded area. This characteristic was further justified by examining the induced
signals from a sample with separate electrodes for the edge and center regions as shown in Figure
1. The data given in Table 3 clearly show that the charges and voltages from the center regions
are opposite in sign to those from the edge regions and, as a result, the signals obtained from fully
electroded samples are lower in magnitude than those from the samples with center electrodes

only. Table 3 also shows that bonding of sample’s edge to a rigid plate (clamped condition) could
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lead to significant reduction of induced signals. This is ascribed to a smaller induced strain in an
edge-clamped Rainbow. The degree of signal reduction due to clamping depended closely on the
manner in which the edge was clamped.

Owing to the dome-shaped configuration of Rainbow ceramics, their induced strain and
electrical signals under either pressure or. point load are difficult to study analytically. For this
reason, the finite element method (FEM), which is based on a commercial software package
ABAQUS, was used. Details of the procedure for the finite element modeling can be found
elsewhere [8]. The material parameters used for the modeling which include elastic, dielectric,
and piezoelectric coefficients were those of PZT-5 piezoelectric ceramics obtained from reference
[9]. Figure 17 shows the change of the induced voltage from the center to the edge of a Rainbow
under an applied pressure of 1 psi. It is seen that, when the edge is clamped, the voltage
decreases continuously toward the edge without change in sign. However, in the case of a free
edge (the edge is allowed to move freely in the radial direction as pressure is applied to the
Rainbow), the voltage output changes sign at a location close to the edge, which is in agreement
with the testing results given earlier. Similar results of finite element modeling were obtained for
point loading, as is indicated in Figure 18. In this case, very small signals are generated near the
edge area for an edge-clamped Rainbow. The signal from a free Rainbow changes sign across the
radius, which again is cbnsistent with the experimental observations. The abrupt changes at the
zero position (i.e., the center of a Rainbow) shown in Figure 18 are caused by the singularity of
the point load in the modeling.

Figure 19 shows the FEM results of the relationship between the induced voltage and

electroded area for three Rainbows with different thickness ratios. These results qualitatively
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agree with the experimental data given in Figure 15. It was found that the nonuniform stress and
strain induced by external loading is mainly responsible for the nonuniform distribution of the
induced electrical signals across a Rainbow. Figure 20 is the FEM results of the planar stress
distribution across a Rainbow under uniform applied pressure. As is shown, the induced stress
changes from compression (negative values) to tension along the radius direction for the edge-free

condition, which leads to a change in the sign of the electrical signals.

Frequency Response

The dependence of the induced voltage on the frequency of applied pressure for Rainbow
ceramics was determined via the comparison method described in American National Standard for
calibration of underwater electroacoustic transducers [10]. A closed cylindrical coupling chamber
with inner dimensions of 5.25 inches high and 2 inches in diameter was constructed for the low-
frequency measurements, as is schematically illustrated in Figure 21. One Rainbow ceramic
placed on the bottom plate of the coupling chamber was used as the sound pressure generator.
The Rainbow samples to be tested or the standard pressure sensor used for comparison was
located on the top of the chamber as indicated in the figure. The chamber was filled with pure
mineral oil, and then evacuated for 15 min to eliminate any trapped air bubbles. Note that water is
equally valid as the pressure medium for this kind of measurement. The mineral oil was used
merely for convenience since insulating encapsulation was otherwise needed for the Rainbow
samples to prevent crosstalk. Because the dome shape of a Rainbow is sensitive to any biasing
pressure inside the chamber, to obtain consistent results, a tiny pressure-relieving outlet was let

open as the sample holder was threaded into the chamber. The chamber was evacuated once
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again for a few minutes before closing the outlet. The Rainbow samples used for this
measurement had approximately 80% electroded area on their unreduced surface, and were
attached to the sample holder.

A hydrophone made by Benthos, Co. (Model AQ-17 with AQ-201 preamplifier) was used
as the standard sensor for pressure calibration. This hydrophone possesses a flat frequency
response from 1 Hz to 12 kHz with a corresponding sensitivity of 176.5 dB based on information
from the company. The'Rainbow pressure generator had dimensions of 1.35 in x 30 mil (diameter
x thickness) which was bonded to the bottom plate of the coupling chamber with superglue and
then covered by a thin layer of resin epoxy. The generator was driven by an amplitude-adjustable,
sinusoidally varying voltage source. The electrical signals from Rainbow samples or the
hydrophone were connected to the input of a lock-in amplifier (EG&E 5302) which was
interfaced with a computer for data acquisition. A diagram of the experimental setup is depicted
in Figure 22.

Figure 23 shows the frequency dependence of the output voltages obtained from a
Rainbow sample and the hydrophone. The voltage signals decreased rapidly with decreasing
frequency in the frequency range below S Hz. The reasons for this will be discussed later. There
is a relatively flat frequency dependence from 5 Hz up to approximately 1000 Hz. The marked
variations in the output signals at higher frequencies were caused by the mechanical resonances of
the Rainbow sample, as well as the resonances of the Rainbow pressure generator.

The normalized frequency response of RB1053HP-2 sample under two different
magnitudes of driving voltage on the sound pressure generator is given in Figure 24. The

normalized data were obtained by dividing the signals of the Rainbow sample by those of the
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hydrophone. Since the hydrophone has a pressure sensitivity of 176.5 dB, the value of unity on
the vertical scale represents the same sensitivity for the Rainbows. The two curves in the figure
agree well with each another, as anticipated.

Figure 25 displays the frequency response of several RB5556S samples having different
total thicknesses. A very similar sensitivity-frequency relationship was observed for these
samples. Generally speaking, the characteristics of frequency response are affected by both the
material properties and the geometrical factors such as thickness of the Rainbows. The similarity
in the curves of Figure 25 implies that the influence of thickness of the samples was not
significant, due probably to the low pressure levels on the samples. In other words, noticeable
difference in the frequency response for these samples may be observed if the pressure level is
sufficiently high. The d.iﬂ'erent values of sensitivity at a given frequency can be ascribed to the
different thickness ratios of these samples. The resonant frequencies revealed in Figures 24 and
25 were found to correspond to those obtained from the impedance analysis as shown in Figure
26

As indicated previously in the steady-state studies, the induced voltage signals can be
enhanced by reducing the electroded area on a sample because of the nonuniform distribution of
the induced stresses as well as reduction in sample capacitance. Figure 27 shows the change of
the normalized signals with frequency for three different sizes of electrode on the unreduced side
of RB5556S-2. Significant difference exists in the low-frequency range for these cases, as is
clearly shown in the figure. The signals are generally stronger at higher frequencies for samples

with a smaller electroded area.
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4. Discussion

Rainbow ceramics exhibit a very strong piezoelectric effect when operated in their dome
mode, i.e., when external load is applied vertically to the convex side of the Rainbows. The
corresponding effective piezoelectric coefficient, defined as induced charge divided by magnitude
of the applied load, i; generally several tenths up to one hundred times greater than the
longitudinal piezoelectric coefficient dss of the normal bulk ceramics. The voltage sensitivity (volt
per micropascal) of selected Rainbow samples under steady-state loading conditions was
calculated and is given in decibels in Table 4. It was found that the value of the sensitivity is
strongly dependent on the dimensions and thickness ratio of the Rainbows in addition to the
material properties such as piezoelectric and elastic constants. The high sensitivity of Rainbow
ceramics to applied stress can potentially be utilized for detection and measurement of pressures
and loads. The major drawbacks of Rainbows as a stress sensor may be the hysteresis of signal-
stress relationship and the preferred domain alignment under the influence of stress which leads to
a residual signal upon each stressing cycle. It was however found that the effect of the residual
signal can be minimized by increasing the number of stressing cycles in conjunction with a short-
circuiting operation.

The frequency response of Rainbow ceramics given in Figures 24, 25 and 27 was
determined without taking into consideration of the voltage coupling loss resulting from the direct
connection of the high-impedance Rainbows to the relatively low-impedance input channel of the
lock-in amplifier. Also, the sensitivity data in the high-frequency range are of less reliability
because at these high frequencies the pressure inside the coupling chamber can no longer be

presumed to be uniform. The high-frequency limit for this type of measurement is set by the
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longest dimension of the coupling chamber and the sound velocity of the pressure medium (pure
mineral oil in this case). Specifically, to obtain uniform pressure in magnitude and phase
throughout the chamber, the longest dimension of the chamber should be smaller than 0.1
wavelength in the pressure medium [10]. Although the value of the sound velocity of the mineral
oil used was not available, it should not be much different than that of the oils listed in reference
[11]. According to the sound velocity data provided by the reference, the high-frequency limit for
the present measurement was estimated to be approximately 1100 Hz.

Because of its very large resistance, the electrical impedance of a typical Rainbow is
dictated by its capacitance for the frequency range above 1 Hz. The drastic reduction of the
voltage sensitivity at low frequencies for samples of small electroded area as shown in Figure 27 is
ascribed to the increasing coupling loss due to the decrease of sample capacitance with decreasing
electroded area. The voltage coupling loss due to the relatively low impedance of the lock-in
amplifier can be readily corrected via simple electrical network treatments provided that the
related parameters such as the capacitance and resistance of the Rainbow and the lock-in amplifier
are known. Figure 28 shows the corrected sensitivity in decibels of two Rainbow samples as a
function of frequency from 1 Hz to 1000 Hz together with the original uncorrected curves.
Similar correction was made to the frequency response in Figure 27 and the results are given in
Figure 29. Since the impedance of the Rainbows dropped drastically with increasing frequency,
the correction was significant only in the low-frequency range. It should be mentioned that the
change of the Rainbow capacitance with frequency was not included in the above corrections.
The capacitance values used for the corrections were those measured at 20 Hz. In addition, the

frequency response of the Rainbow samples was determined on the basis of the assumption that

16



the calibrating hydrophone has a flat frequency response in the frequency range investigated. In
reality, the frequency response of the hydrophone is flat in the sense of 3 dB down at the corner
frequency of 1 Hz. For this reason, further corrections are needed for more accurate results in the
low-frequency range.

As is evidenced in Figures 28 and 29, the voltage sensitivity of Rainbow ceramics
decreases rapidly with increasing frequency in the low frequency range, followed by a relatively
flat response zone prior to the occurrence of mechanical resonances. Similar characteristics were
observed for the field-induced axial displacement of Rainbow ceramics versus the frequency of
driving electric field in the previous work [8]. The sensitivity values in the flat response zone are
comparable to those of the piezoelectric elements of some commercial hydrophones (in reference
to the Benthos products). This result indicates that Rainbow ceramics are more advantageous for

stress-sensing applications involving low frequencies.

5. Summary

The stress-induced electrical charge and voltage of certain Rainbow ceramics and their
frequency response have been investigated. Rainbow ceramics exhibit a strong piezoelectric
effect when operated in the dome mode. The corresponding effective piezoelectric coefficient
under steady-state loading conditions can be over two orders of magnitude greater than that of
normal ceramics, depending on the dimensions, thickness ratio, and material properties of
Rainbow ceramics, as well as the mechanical boundary conditions on Rainbow’s edge. The
voltage sensitivity of tl-1e Rainbow samples to applied pressure decreases continuously with

increasing frequency prior to the occurrence of mechanical resonances. Results show that
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Rainbow ceramics are very promising for stress-sensing applications involving low stress levels

and frequencies.
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Table 1 Sample dimensions and reduction conditions.

Sample Diameter  Thickness Curvature Thickness  Reduction  Reduction
(mm) (um) (um) Ratio Temp (°C) Time (min)
RB1053HP-1 31.75 508 750 0.18 975 30
RB1053HP-2 31.75 508 890 0.25 975 60
RB1053HP-3 31.75 508 740 0.55 975 150
RB1053HP-4 31.75 457 975 60
RB1053HP-a 31.75 508 560 0.13 975 20
RB1053HP-b 31.75 508 710 0.23 975 40
RB1053HP-c 31.75 508 800 0.32 975 60
RB1053HP-d 31.75 508 850 045 975 90
RB1053HP-f 31.75 508 790 0.59 975 120
RB1053HP-g 31.75 508 840 0.74 975 130
RB5556S-1 22.35 432 419 0.13 975 20
RB5556S-2 22.35 432 635 0.33 975 40
RB5556S-3 22.35 432 660 975 60
RB55565-4 22.35 432 622 0.38 975 75
RB5556S-5 22.35 432 699 0.45 975 90
RB3556S8-6 22.35 432 673 975 210
RB5556S-7 22.35 432 495 0.23 975 30
RB5556S-8 22.35 432 651 0.73 975 180
RB5556S-9 22.35 432 645 0.63 975 180
RB5556S-10 22.35 432 557 975 60
RB5556S-12 22.35 432 736 975 90
RB5556S-13 22.35 432 635 975 90
RB5556S-14 22.35 432 660 975 90
RB5556S-a 22.35 432 975 50
RB5556S-b 22.35 559 975 90
RB5556S-c 22.35 686 975 140
RB5556S-d 22.35 813 975 180
RB5556S-11 22.35 432 589 975 60
RB5556S-f 22.35 559 975 90
RB5556S-g 22.35 686 975 120
RB5556S-h 22.35 813 975 150




Table 1. Continued.

Sample Diameter  Thickness Curvature Thickness  Reduction  Reduction

(mm) (um) (um) Ratio Temp (°C)  Time (min)
RB1053S-1 31.75 508 546 950 45
RB1053S-2 31.75 508 711 950 60
RB1053S-3 31.75 508 757 950 75
RB5556S-21 31.75 508 975 60
RB35559S-1 31.75 508 975 90
RB5559S-2 31.75 508 975 90
RB5559S-3 31.75 508 975 35

HP = Hot-pressed; S = Sintered.




Table 2 Properties of Rainbow Samples.

Sample Capacitance  Loss Factor dss f, /£,
(nF) (%) (x10"2 C/N) (Hz) (kHz)
(V/P) (V/P)
RB1053HP-1 18.7/24.3 2.8/3.5 1433 72.75/81.75
RB1053HP-2 18.9/25.0 3.0/3.4 1620 72.95/80.80
RB1053HP-3 30.2/28.2 5.0/4.8 1310 66.45/69.45
RB1053HP-4 27.1121.7 2.8/2.9 328 1200 71.18/78.88
RB1033HP-a 21.7120.4 2.3/2.8
RB1053HP-b 15.9/19.7 1.7/1.9 66.75/70.75
RB1053HP-c 16.5/15.9 2.0/3.0 65.35/70.75
RB1053HP-d
RB1053HP-¢ 35.4/38.2 3.3/3.9 64.75/66.62
RB1053HP-f 19.2/19.3 2.6/2.4 64.65/64.65
RB3556S-1 12.7/16.7 3.6/4.7 551 2000 93.3/104.4
RB5556S-2 17.0/22.1 3.0/3.1 442 2190 94.1/103.1
RB5556S-3 13.7/17.5 4.0/4.9 385 2240 99.2/104.7
RB55568-4 14.5/18.8 4.6/5.5 505 2290 95.0/103.3
RB5556S-5 14.5/18.2 5.3/6.5 410 2050 96.3/101.1
RB5556S-6 20.7127.3 6.6/6.9 274 2130 93.9/96.0
RB5556S-7 15.0/17.9 10.6/23.6 523 2020 99.1/104.0
RB5556S-8 20.2/24.8 5.9/6.3 370 94.1/96.6
RB5556S-9 19.4/24.7 7.1/1.6 455 2360 96.9/98.3
RB5556S-10 17.4/18.2 42/4.9 2160 100.2/104.0
RB5556S-12 17.2/23.9 4.4/5.8 2240 94.8/103.3
RB5556S-13 17.2/24.1 4.1/5.7 2330 94.8/103.9
RB5556S-14 17.6/24.6 42/5.6 2250 96.3/105.1
RB5556S-a 11.3/14.5 3.3/3.6 2340 101.0/107.7
RB5556S-b 10.0/ -- 3.4/ -- 2690 96.00/108.3
RB5556S-c 957/ -- 4.8/ -- 2550 95.4/105.0
RB5556S-d 942/ -- 5.7/ -- 2375 95.6/104.00
RB355568-11 17.9/20.6 4.0/6.3 2160 94.8/105.0
RB5556S-f 15.9/ -- 2.0/ -- 2229 98.7/106.0
RB5556S-g 2570 101.0/105.6
RB5556S-h 5.74/7.06 3.5/19.1 2580 98.9/104.9




Table 2. Continued.

Sample Capacitance  Loss Factor fy f/f,

(nF) (%) (x10"2C/N) (Hz) (kHz)
(V/P) (V/P)

RB1053S-1 20.1/19.7 2.5/2.6 60.064.9

RB1053S-2 23.9/24.6 2.22.1 59.4/64.2

RB1053S-3 --/23.5 -/2.2 60.7/65.5

RB5556S-21 --/19.6 --/3.7

RB5559S-1 --/19.5 -/6.6

RB5559S-2 --/18.0 --/6.6

RB5559S-3 --/23.6 --/3.6

V/P = Virgin/Poled, fy= Resonant frequency of bending mode; f/f, = Resonant/antiresonant

frequency of radial mode.




Table 3. Induced charges and voltages from different regions on the surface of Rainbow
samples with an applied pressure of 1 psi.

Edge Regime Center Regime Whole Surface
Sample Charge Voltage Charge Voltage Charge Voltage
(118} (volts) (uC) (volts) (1C) (volts)
RB5559-1 (edge free) -0.005 -0.890 0.192 12.92 0.173 11.84
RB5559-1 (edge clamped) -0.003 -0.463 0.048 3.56 0.040 2.34
RB5559-2 (edge free) -0.011 -1.06 0.203 14.4 0.177 7.95
RB5559-2 (edge clamped) 0.011 -1.26 0.084 7.02 0.067 3.46

Table 4.  Voltage sensitivity of selected Rainbow samples under steady-state loading
conditions. The sensitivity data were determined according to the induced voltages at the

applied pressure of 2 psi.

Sample RB5556S-1 RBS5556S-11 RB5556S-5 R5556S-6 RB1053HP-2 RB1053HP-4

Induced Signal 55 132 20.2 144 203 243
(volts) at 2 psi
Sensitivity -188 -181 -177 -180 -177 -175

(dB V/uPa)
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Figure 1. Different electrode configurations for Rainbow samples (the curvature of
Rainbows is not shown).
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Figure 2. Schematic of setup for measurements involving point load.
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Figure 3. Schematic of chamber for measurements involving uniform pressure.
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Figure 4. Time dependence of induced voltages for selected Rainbow ceramics.
The curve for .RB1053HP-2(p) represents RB1053HP-2 sample under applied
pressure of 2 psi. The other three curves were obtained with a point load of 200g.
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Figure 5. Variation of induced voltage with time for selected Rainb
under instant loading. The applied load was 200g.
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Figure 6. Changes of induced voltage under cyclic point loading for RB1053HP-4.
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