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Abstract

ŽTests were conducted on 13 different configurations of a new class of piezoelectric devices called THUNDER thin-layer
.composite unimorph ferroelectric driver and sensor . These configurations consisted of a combination of 1, 3, 5, 7, and 9

layers of 25.4 mm thick aluminum as backing material, with and without a top layer of 25.4 mm aluminum. All of these
Ž .configurations used the same piezoelectric ceramic wafer PZT-5A with dimensions of 5.08=3.81=0.018 cm. The above

configurations were tested at two stages of the manufacturing process: before and after re-poling. The parameters measured
included frequency, driving voltage, displacement, capacitance, and radius of curvature. An optic sensor recorded the

Ž . Ž .displacement at a fixed voltage 100–400 V peak-to-peak , over a predetermined frequency range 1–1000 Hz . These
displacement measurements were performed using a computer that controlled the process of activating and measuring the
displacement of the device. A parameter a was defined which can be used to predict which configuration will produce the
most displacement for a free standing device. q 1998 Elsevier Science B.V.

PACS: 77.55.q f; 77.65.Bn; 77.84.Dy
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1. Introduction

During the past few years, a significant amount of
research has been performed on the control of flexi-
ble structures through smart sensors and actuators
w x1–3 . Some of these systems can sense changes in

w xtheir environment and respond accordingly 4,5 .
Such developments promote the evolution of smart
systems which have demonstrated effectiveness ei-
ther as passive or active control systems in many

) Correspondence author. Fax: q1-757-6242128.

applications. Depending on the desired application,
these devices can replace some functions presently
performed by mechanical actuators, and have the
advantage over mechanical systems in weight and

w xvolume. 5,7 Smart structures are made with adap-
Žtive materials that can change their properties i.e.,

.stiffness, shape, etc. in response to the application
Žof an external stimulus such as electricity, heat or a

. w xmagnetic field 6 . When an electric field is applied
to certain phases of a piezoelectric crystal, the crystal

w xundergoes a physical distortion 7 . In order for a
piezoelectric interaction to exist, it is necessary that

w xcertain axes possess polarity 10 . Such polarity can

00167-577Xr98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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be permanently induced in isotropic polycrystalline
ceramics by applying a strong DC electric field. The
process of applying an electric field is referred to as
poling.

Ž Ž . .Lead titanate zirconate Pb Zr, Ti O or PZT and3

its modified forms, are the most used piezoceramics
in various solid solutions. This is because of their
high degree of orientation and spontaneous polariza-
tion, combined with high permanent polarization and

w xhigh dielectric constant 8,9 . A variety of PZT mate-
rials have been developed to suit a wide range of
signal transmission and reception qualities, and ap-
plications of piezoelectric materials used as actuators

w xhave been studied in recent years 10,11 . Among
PZT actuators are unimorphse, bimorphse, reduced

Ž .and internally biased oxide wafer RAINBOWe ,
and a new device called thin-layer composite uni-

Ž .morph ferroelectric driver and sensor THUNDER
w x12,16 . Unimorphse are simple large displacement
actuators that are created by bonding a PZT strip to a
thin metal strip. Bimorphse consist of two electri-
cally opposed PZT strips bonded together that change
directions with applied voltage. A RAINBOW ce-
ramic is a monolithic structure with an integral elec-
trode that is fabricated to place an internal compres-

w xsive stress bias on the piezoelectric element 13,14 .
The new piezoelectric device, THUNDER, devel-
oped at NASA Langley Research Center, is com-
posed of a ferroelectric material which is prestressed

Ž .against a foundation material glass, metal, etc . This
new piezoelectric device is based on a piezoelectric
ceramic wafer attached to a metal backing using a

w xpolyimide adhesive 16 . The ferroelectric material
used in the manufacture consists of a piezoelectric
wafer laminated between layers of materials, such as
aluminum, stainless steel, beryllium, etc., bonded
with a soluble imide adhesive created at NASA
w x15,16 . In this manner, a more durable, rugged, and

w xmore flexible actuator is obtained 17–21 . Two
clear advantages of this new piezoelectric device
class over others are ease of fabrication and the
ability to create application specific devices.

2. Experimental setup

The electromechanical characterization of the pre-
sent class of piezoelectric devices was performed at

Fig. 1. Experimental setup control loop.

NASA Langley Research Center using a data acqui-
sition system composed of computer controlled hard-
ware and software that provided flexibility in mea-
suring the pertinent parameters. The hardware used
included a portable computer equipped with an IEEE
488 interface card; a Wavetek Synthesized Function

Ž .Generator Model 23 with an IEEE interface; a
Ž .TREK Power Supplyr Amplifier Model 70r750 ;

an optical-fiber-based Angstrom Resolver Series
Ž .Dual Channel Model 201 ; a Dual Channel Low

Ž .Pass Filter Model SR640 ; a Hewlett-Packard 4-
Žchannel Oscilloscope HP54601A with an IEEE in-

.terface ; and a Hewlett Packard Impedance Analyzer
Ž .HP-4192A with an IEEE interface . All of the hard-
ware was monitored and controlled using Lab-
VIEWe software.

A schematic of the control loop for displacement
measurements is presented in Fig. 1. This control
loop is composed of the computer, which is con-
nected to the function generator that controls the
power supply to drive the piezoelectric device. The
optic sensor measures the displacement through a
filtered signal fed back to the computer through a
digitizing oscilloscope.

3. Manufacturing process

3.1. Materials

The raw materials needed to manufacture the
present THUNDER devices are a piezoelectric ce-
ramic wafer, metallic backing material, and an adhe-
sive in spray and film form. The wafers used in this

Žstudy were all Morgan Matroc PZT-5A 6.35=3.81
.=0.018 cm and several different thicknesses of

Žaluminum as backing material from commercial
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.vendors were used. The construction of the piezo-
electric devices required additional equipment which
included an air brush, an oven with a vacuum fixture
and an operating temperature of 3508C, and an auto-

Ž .clave with a minimum capability of 207 kPa 30 psi
and 3508C.

3.2. Procedure for the fabrication of THUNDER

There are five basic steps involved in manufactur-
Ž .ing the present class of piezoelectric devices: 1

Ž .spray coating of the ceramics, 2 construction of
Ž . Ž . Ž .layers, 3 assembly, 4 pre-bonding, and, 5 final

bonding process in an autoclave.

3.3. Spray coating of the ceramics

LaRC-SIerN-methyl-pyrolidinone 10 wt% solu-
Ž .tion Imitec , is sprayed using an air brush. Both

sides of the ceramic are cleaned using alcohol. Two
coats are then sprayed on each side of the ceramic
which is then dried in an oven for 2 h at 708C.

3.4. Construction of the layers

The backing material is first cleaned using alco-
hol, roughened with sandpaper, and sprayed with the

ŽLaRC-SIe solution. The materials backing and
.LaRC-SI film, 3% offset are cut to the desired size.

The spraying of the backing materials is the same as
above.

3.5. Assembly

The materials are assembled in the required order
and thermally processed to produce the piezoelectric
devices. The order of the layers, starting from the
bottom for a particular device is metal, LaRC-SI
film, metal, LaRC-SI film, ceramic wafer, LaRC-SI

Ž .film, and top metallic layer optional . See Fig. 2 for
an schematic of the new piezoelectric device assem-
bly.

3.6. Pre-bonding

An aluminum plate with a layer of fiberglass cloth
and Kaptone polyimide film coated with Frekotee

release agent. These layers are concentrically put on

Fig. 2. Schematic of the new piezoelectric device assembly.

the plate, leaving a border of approximately 2.54 cm.
The assembly is carefully placed on the plate, with
additional layers on top of it of and coated Kaptone

film and fiberglass cloth. Around the outer edge of
the plate, heat resistant sealant tape is placed and a
vacuum port is attached inside the tape perimeter.
Kaptone film is placed over the tape covering the
entire surface of the plate and pressed around the
tape to ensure a good seal. The entire plate is then
put into an oven for 1 h at 3258C. When the tempera-
ture is lowered to 1808C, the vacuum is released and
the assembly is allowed to cool down to ambient
temperature.

3.7. AutoclaÕe

A plate again is prepared in the same manner that
for the oven process, and put into an autoclave. The
temperature is raised to 3208C at 58Crmin intervals
with a full vacuum. At 3208C, a pressure of 207 kPa
Ž .30 psi is placed for 30 min and then the plate is
cooled down at a rate of 58Crmin cooling rate until
the temperature reaches 2008C. The vacuum is then
released and the fixture is allowed to cool to ambient
temperature where upon the devices are removed.

4. Results

The THUNDER devices were clamped using
modeling clay in its four corners. The driving volt-

Žage was varied between 100 and 400 Vpp peak-to-
.peak voltage in 50 V increments and the frequency

was varied between 1 and 1000 Hz for each case
tested. The wafer configurations included aluminum
of different thicknesses and number of layers. Each
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Table 1
Test configurations

Config. Designation Top layer Bottom layers
a1 0r1–xrAl none 1 layer of Al
a2 0r3–xrAl none 3 layers of Al
a3 0r5–xrAl none 5 layers of Al
a4 0r7–xrAl none 7 layers of Al
a5 0r9–xrAl none 9 layers of Al

a6 1r3–AlrAl 1 layer of Al 3 layers of Al
a7 1r5–AlrAl 1 layer of Al 5 layers of Al
a8 1r7–AlrAl 1 layer of Al 7 layers of Al
a9 1r9–AlrAl 1 layer of Al 9 layers of Al

a Ž .1 mil 25.4 mms0.0254 mm layers of Al.

configuration had a 1-mil layer of LaRC-SI film
between the layers and all materials were sprayed
with LaRC-SI solution. All the metallic materials
used were 25.4 mm thick, except where noted. A
summary of the configurations tested is presented in
Table 1.

In order to verify that piezoelectric device dis-
placement performance was independent of the de-
gree of poling of the devices, tests were performed
before and after the devices were re-poled. Poling

was performed with a dc voltage of 420 V, applied
for 5 min to each device. The poling time of 5 min
was chosen because the capacitance of the piezoelec-
tric device was found to be constant for poling times
of 1, 3, 5, and 10 min.

Before poling, displacement performance of the
various configurations before re-poling, data were

Žexamined at three values of frequency 1, 10, and
.100 Hz at 200 Vpp and arranged per categories.

Taking into account all configurations that do not
have a layer of material on top of the ceramic wafer
Ž .designated as xrAl and using the theoretical back-
ing thickness of the piezoelectric device, Fig. 3 was
produced. This figure generally indicates an increase
in device displacement as the number of layers of
backing material is increased, except for the configu-
ration with 5 layers of backing material. This may be
due to a defective ceramic piece. This graph also
shows that when the backing material exceeds 7
layers, the displacement decays. The theoretical bot-
tom thickness was determined in the following man-
ner:

Ž .Configuration 3 0r3–xrAl means 3 layers of
backing material with a bottom thickness of 3-mil.

Fig. 3. Displacement of xrAl configurations vs. theoretical total bottom-layer thickness at 1, 10, and 100 Hz, and 200 Vpp, before
re-poling.
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Fig. 4. Displacement of AlrAl configurations vs. theoretical total bottom-layer thickness at 1, 10, and 100 Hz, and 200 Vpp, before
re-poling.

The same data for configurations with a metallic
Ž .top layer AlrAl configurations are presented in

Fig. 4. It is evident that displacement for AlrAl
configurations is generally significantly less than for
xrAl configurations, indicating that the top layer of
material restricts the movement of the piezoelectric
device.

After re-poling, capacitance as well as displace-
ment measurements were performed on all configu-
rations. Capacitance and displacement were mea-

Žsured as a function of frequency between 1 and
.1000 Hz at fixed voltages. A graph displaying a

sample of the changes in capacitance at the different
manufacturing stages is presented in Fig. 5. Dis-

Fig. 5. Capacitance vs. frequency for configurations 0r5–xrAl at different processing stages.
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Fig. 6. Displacement of xrAl configurations vs. theoretical total bottom-layer thickness at 1, 10, and 100 Hz, and 200 Vpp, after re-poling.

placement measurements show a clear relationship
between the total bottom layer thickness and device
displacement performance, Figs. 6 and 7, as well as

an overall performance improvement over the results
obtained before re-poling. In addition, a different
trend is shown for the AlrAl configurations in Fig.

Fig. 7. Displacement of AlrAl configurations vs. theoretical total bottom-layer thickness at 1, 10, and 100 Hz, and 200 Vpp, after re-poling.
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7, as compared to the results for the same configura-
tion as shown in Fig. 4. The latter pattern is in better
agreement with data for the xrAl configurations.

From all the tests performed, it was observed that
the resonant frequency for most configurations tested
occurred between 100 and 200 Hz, suggesting that
the resonant frequency is independent of configura-

Ž .tion thickness, driving voltage, etc. , and degree of
poling. This phenomenon implies that resonant fre-
quency is independent of the variables examined in
the present research. Therefore, it is most likely a
result of device geometry and fixturing.

In order to explain the relationship between the
number of backing layers and displacement perfor-
mance, a theory based on the neutral axis of a curved

w xbeam is suggested. Furman, Li, and Haertling 22
have presented a similar theory for a different class
o f p re -s tre ssed p iezo e lec tric ac tu a to rs
Ž .RAINBOWe . This actuator is composed of an

Ž . Žactive layer oxide layer and an inactive one re-
.duced layer . They predicted that the maximum dis-

placement should occur for an activerinactive layer
thickness ratio of approximately one. This theory is
based on neutral axis location.

The location of the neutral axis is found by using
w x23

A
Rs 1Ž .

d ArrH
A

where R is the location of the neutral axis, from the
Ž X .center of curvature O of the member, A is the

cross-sectional area, r is the arbitrary position of the
Ž X.element d A from the center O . Since all the

specimens tested had the same cross-sectional area,
Ž . Ž .Eq. 1 above becomes Eq. 2 ,

r yrŽ .o i
Rs 2Ž .w xln r rro i

where R is the location of the neutral axis, r s inneri

Table 2
Location of neutral axis for xrAl configurations using theoretical
thickness

Ž .Conf. r Theoretical thickness mils R Ry r a bi i

Ž . Ž . Ž .in top ceramic bottom total in mils

1 6.0 0 7 1 8 6.004 4.0 7.00 4.0
2 6.5 0 7 3 10 6.500 5.0 2.33 1.7
3 5.4 0 7 5 12 5.400 6.0 1.40 1.2
4 6.2 0 7 7 14 6.200 7.0 1.00 1.0
5 6.3 0 7 9 16 6.300 8.0 0.78 0.9

specimen radius, and r souter specimen radiuso
Ž .calculated from geometry .

In order to compare all the cases, two ratios are
defined. First, the ‘active to inactive’ ratio is defined
as used for the RAINBOWe devices. For simplicity,

Ž Ž ..this ratio Eq. 3 is defined as:

bsactive layer thicknessr

inactive layer thickness 3Ž .
or

bs top layersqceramic thickness rŽ .
backing layers total thickness

Ž Ž ..Then, a second ratio Eq. 4 is defined, which
refers to the location of the neutral axis of the
element:

as Ryr rinactive layer thickness 4Ž . Ž .i

where r is the radius of curvature of the sample.i

Using the above relations, the neutral axis of each
specimen can be calculated. Only configurations af-
ter re-poling were considered, since there is more

Table 3
Location of neutral axis for xrAl configurations using measured
thickness

Conf. r Estimated Measured R Ry r a bi i
Ž . Ž .thickness of total in mils

the ‘active’ thickness
Ž . Ž .layer mils mils

1 6.0 7 11.0 6.005 5.5 1.37 1.8
2 6.5 7 16.0 6.508 8.0 0.89 0.8
3 5.4 7 17.5 5.409 8.7 0.83 0.7
4 6.2 7 18.5 6.209 9.2 0.80 0.6
5 6.3 7 22.0 6.311 11.0 0.73 0.5
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Table 4
Location of neutral axis for AlrAl configurations using theoreti-
cal thickness

Ž .Conf. r Theoretical thickness mils R Ry r a bi i

Ž . Ž . Ž .in top ceramic bottom total in mils

6 6.0 1 7 3 11 6.029 5.5 2.67 1.80
7 4.7 1 7 5 13 4.731 6.5 1.60 1.30
8 7.3 1 7 7 15 7.291 7.5 1.14 1.07
9 5.9 1 7 9 17 5.914 8.5 0.88 0.94

Table 5
Location of neutral axis for AlrAl configurations using measured
thickness

Conf. r Estimated Measured R Ry r a bi i
Ž . Ž . Ž .in thickness of total in mils

the ‘active’ thickness
Ž . Ž .layer mils mils

6 6.00 9.9 17 6.009 8.5 1.39 1.20
7 4.72 9.6 21 4.740 10.5 0.84 0.90
8 7.28 9.4 24 7.290 12.0 0.67 0.80
9 5.91 9.2 25 5.920 12.5 0.58 0.79

uniformity in these results. The results for the xrAl
configurations can be seen in Table 2.

The active to inactive ratio was calculated using
the ceramic layer as the active layer, and the metal as
the inactive, which predicts configuration 4 as the
one that produces the most displacement under no
load. To examine this result, the ratio defined as b

Ž Ž ..see Eq. 3 was calculated. If b is less than one,

the neutral axis is located in the ‘inactive’ layer and
if the ratio is greater than one, the neutral axis is in
the ‘active’ layer. Values for b further show that
when the neutral axis is just below the active layer, a
large displacement is obtained from the piezoelectric
device. This agrees with the theory presented by

w xFurman et al. 25 .
The present piezoelectric devices, however, have

Žadditional material added between the layers LaRC-
.SIe film . Since the thickness of this adhesive mate-

rial is difficult to determine, the total thickness of the
device was measured using a micrometer. This value
was defined as measured thickness. In this manner,
an approximate thickness of adhesive layers can be
determined. Using this approach, the theory does not
predict configuration 4 as the best, but configuration
2. The results obtained are presented in Table 3. For
this case, the neutral axis shifts, and the theory no
longer agrees with the measurements performed. The
inaccuracy in measuring real thickness of the de-
vices, as well as the estimation of the thickness of
the adhesive, may explain the discrepancies between
the results. Additionally, loading can change neutral
axis location in such a manner that some of these
configurations perform better under load.

The same calculations were performed for the
AlrAl configurations. Using theoretical thicknesses
gives the results presented in Table 4, which clearly
show the neutral-axis theory to be inaccurate. How-
ever, if the measured thicknesses are used, the theory

Ž .appears to predict the observed results. See Table 5

Fig. 8. Displacement vs. voltage at 1 Hz for AlrAl configurations.
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Fig. 9. Driving voltage waveform and displacement waveform for configuration 0r7–xrAl at 1 Hz.

In these configurations, the measured thicknesses of
the samples were used to estimate adhesive thick-
ness. These results again show that the configuration

producing the most displacement is the one with a
bs1.0. This theory was applied successfully since
the values of the modulus of elasticity of aluminum,

Fig. 10. Hysteresis curve for configuration 0r7–xrAl at 1 Hz.
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Ž . w xaluminum alloy 2024, 73 GPa 24 and the ceramic
Ž . w xwafer 69 GPa 25 are almost equal, making the

w xstresses equally distributed 23 .
Due to the vast amount of data available, dis-

placement as a function of peak-to-peak voltage is
only presented at 1 Hz for some of the more relevant
configurations. Fig. 8 shows a linear relationship
between applied voltage and displacement. Piezo-
electric materials have a known hysteresis effect. In
order to see if these THUNDER devices reflect this
characteristic, the displacement as a function of volt-
age was plotted. These oscilloscope plots presented
as Figs. 9 and 10 show an example of the response
of the piezoelectric devices to an applied AC sinu-
soidal signal. As Fig. 9 shows, at 1 Hz there is no

Ž .phase shift between the driving voltage Vpp and1
Ž .the measured displacement Vpp for configuration2

4. Furthermore, the hysteresis is very small at this
frequency, as can be seen in Fig. 10.

5. Conclusions

The present results show that in order to obtain
accurate displacement measurements for the present
devices, they should be poled after processing, even
though the ceramic wafer may have been poled at
the manufacturer. One of the reasons for depoling
might be a result of the Curie point for PZT-5A. This
temperature is 3508C, compared to the processing
temperature for the piezoelectric devices of 3208C,

Ž .making the properties of the ceramic K , etc. lessT3

stable.
The experiments have also shown that the present

clamping procedure for the piezoelectric devices near
the resonant frequency is not appropriate, due to the
large displacements obtained at those points. A more
compliant clamping device is needed at this value of
frequency, which seems to be independent of the

Ž .configuration tested approximately 250 Hz .
Further analysis of the data has shown that the

movement of the device is restricted when a metal
layer is placed on top of the ceramic layer. This
phenomenon can be explained by both the location
of the neutral axis and the increased tension the
additional metallic layer places on the device. A
parameter, b , was defined such that b-1 indicates
that the neutral axis of the static device is in the

lower section of the device, or the inactive layer
Ž .metal , and when b)1, the neutral axis is in the

Ž .active ceramic layer. Then, the configuration that
provides the best performance has bs1. However,
the total thickness of the device should be taken into

Ž .account including the adhesive when calculating
b. This theory then appears to fail for the xrAl
cases, with measured backing thickness, although it
holds for AlrAl configurations.
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