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ABSTRACT

This report documents work carried forward over the fourth year of a five year ONR
sponsored University Research Initiative (URI) entitled “Materials for Adaptive Structural Acoustic
Control.” The program has continued to underpin the development of new electro-ceramic, single
crystal and composite materials combinations for both the sensing and actuation functions in
adaptive structures.

For the lead based perovskite structure relaxor ferroelectric electrostrictors, new
experimental and theoretical studies have underscored the critical role of nano-scale heterogeneity
on either A or B sites of the ABO, in promoting dispersive dielectric response and the very strong
opposing role of elastic stress and electrostrictive coupling in suppressing polarization fluctuations.
Most important for practical application is the regimen where, under high electric field nano-polar
regions begin to amalgamate into ferroelectric macro-domains with very mobile walls lead to
unusually large extrinsic piezoelectric coefficients.

The program has explored a range of new relaxor:ferroelectric solid solutions which exhibit
morphotropic phase boundaries between rhombohedral and tetragonal ferroelectric phases. Some
of these compositions are much more tractable than PZT to grow in single crystal form. A major
surprise is the very strong enhancement of the piezoelectric d,; and d,, in the crystal over that in the
corresponding ceramic, and the massive anisotropy for different orientations and directions of
poling. Optical studies suggest that the unusual effects reside largely in the extrinsic (domain
controlled) response and we speculate about the mobility of walls in metastable phases, however
further studies are required.

Antiferroelectric:ferroelectric phase switching studies in a wide range of compositions in
the lead lanthanum zirconate stannate titanate system show that the first abrupt switchover to the
rhombohedral ferroelectric phase only produces volume strain ~0.2% as checked both by
dilatometry and by X-ray. There is a large enhancement under higher field to ~0.6% volume strain
although the polarization does not change markedly. From thin film and single crystals studies
there is mounting evidence of higher field ferroelectric:ferroelectric phase change, but again
additional work is needed.

Size effect studies in perovskite ferroelectrics are continuing on this program and on the
NSF/MRG in MRL. Scaling of the 90° stripe domains in thinned TEM samples of tetragonal
composition begin to show departure from the accepted 1/2 power law at sub micron sizes. The
structure of domains under the three dimensional constraints of grains inside the ceramic is still
however almost completely unknown. Computer modeling appear to show promise and codes are
being explored which permit the mutual interactions to be varied and the corresponding two
dimensional structures visualized.




In composite sensors, the focus has continued upon the flextensional configurations with
the new inexpensive cymbal shaped amplifier proving superior in every respect to the original
“moonie.” The flat section on the cymbal end cap permits very easy stacking of elements and work
is now in progress to develop large area panels for low frequency testing at the Penn State ARL.

Work has continued on the thin sheet 2:2 piezoceramic polymer composites, where the
transverse poling and low density lead to a desirable combination of low electrical and low acoustic
impedance. An alternative fabrication procedure using extruded PZT honeycomb appears most
attractive.

Two problems of major importance in actuation have been topics for study. First what are
the “intrinsic” material limitations for high strain electrically driven actuation in polarization
controlled systems, and secondly what are the practical limitations in multilayer actuators as they
are currently fabricated and how may they be alleviated. Work on the first topic is now largely
completed, showing that strains ~0.4% could be switched more than 10° cycles in suitable PLZT
compositions. Such reliability however requires near theoretical density, homogeneity, grain size
control, critical attention to electrodes and electric field uniformity, none of which are adequately
controlled in current actuator systems.

For practical actuators fabricated by inexpensive tape casting and co-firing techniques
electrode termination is a major problem. In the simple MLC like designs, cracks initiate at field
concentrations associated with the tip of the buried conductor layer. A new floating electrode
design has been found to reduce this problem. For cracking near the end surfaces, poling of the
termination layers reduces their stiffness and markedly improves performance. In the conventional
structures it is also found that the floating electrode may be used directly as an acoustic emission
pickup, giving early warning of cracking problems.

Under resonant driving conditions, the problems in actuators are markedly different. Heat
build up and temperature run-away are significant problems traceable to dielectric loss, and new
hard compositions and anti-resonant driving methods have been explored to reduce these
problems.

In integration work on the high activity 0-3 composites in nearing completion. A new type
of zig-zag actuator is being explored for the capability to combine both longitudinal and transverse
actuation. Under a new ONR sponsored program with Virginia Polytechnic Institute and
University new double amplifiers combining bimorph and flextensional concepts are being
examined.

Processing studies permit the fabrication of the wide range of compositions and forms
required in these material researches. Rate controlled sintering is proving to be highly
advantageous, particularly for reducing delamination in integrated structures. Electrophoretic and




dielectrophoretic forming are showing promise in green assembly of thick film components where
high green density is critical.
Thin film papers have been selected from the very broad range of work in MRL because of

their relevance to transduction in piezoelectric and in phase switching systems.
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| 8 Introduction

Multilayer piezoelectric actuators were under intensive development during the past
decade™ and have obtained some applications such as impact printer heads”®, ultrasonic
linear motors’ and x-y stages', Today, low voltages are the trend for electronic systems,
cars and medical devices."" This trend has made the multilayer structure with thin layers
necessary. Efforts have been made and thin layers down to 20 Hm have been achieved.’

In order to obtain maximum displacement of the actuator, an electric field of 1-3
kV/mm is usually necessary. For some applications, like the commercialized high speed
impact printer head with a printing speed of 3 kHz,” a high frequency voltage is applied to
the actuator. Under such continuous high frequency, and driving with a high electric field,
a fairly large heat generation was observed.’ Heat generation influences the reliability and
other properties and may also limit the application of the actuators. Therefore, a
comprehensive investigation of heat generation becomes very important.

This paper studied heat generation in various types of multilayer PZT-based
actuators. A simplified analytic method was established to evaluate the temperature rise,

which is very useful for the design of multilayer and other high power actuators.

II. Experimental Procedure

Multilayer PZT-based ceramic actuators of various types (see Table I) were

prepared by a tape casting technique. The thickness of the active layers was 20 or 40 um.

After cutting and the application of the end termination, the samples were poled by applying
a high voltage at an elevated temperature.

The experiments were carried out by applying continuous triangular unipolar
voltages to the samples. The voltages were generated by an NF 1940 Function
Synthesizer, amplified through an NF 4010 High Speed Power Amplifier (the voltage

being in the range of 300 V, current range 1.2 A), and then applied to the actuators.




Temperature rise of the actuators was measured by attaching a very fine (@ = 0.001

in.) chromel-alumel thermocouple (CHAL-001, OMEGA Engineering Inc.) to the center of

the sample surface. Silicone grease was used as a connective material.

III. Results

(1) Temperature Rise Phenomena
Heat generation for various size actuators, while driving under 3 kV/mm at 300 Hz,
is shown in Fig. 1. Itis seen from the figure that the actuator temperature initially increases

exponentially with an increase in the driving time (t), and then it saturates. Temperature

rise AT is defined as
AT=T-T, 1)

where T and T, indicate the maximum and initial actuator temperatures. The relationship

between AT and v /A, where v, is the effective volume where electric field is applied, and A

is the total surface area of the sample, is shown in Fig. 2. Temperature rise AT is

approximately proportional to the value v /A, because the heat generation is assumed to be
proportional to the “v,.” defined above, and the heat dissipation is proportional to the
surface area A.

Heat generation depends on driving frequency (f). The frequency dependence of

the temperature rise AT is given in Fig. 3 for various applied electric fields. At the low

electric field level, the AT increases almost linearly with increasing driving frequency. As

the electric field level becomes higher (> 1 kV/mm), the AT ~ f curves gradually deviate
from the linear trend.

Heat generation is also electric field (E) dependent. The temperature as a function

of time for the actuator with dimension of 7 X 7 X 2 mm is shown in Fig. 4. Figure § gives




the temperature rise AT as a function of applied electric field at various frequencies. The

AT is initially proportional to E%. But the curves then deviate from this square relationship
under higher electric field levels.

(2)  P-E hysteresis loss

Heat generation in piezoelectric actuators is considered to be caused by losses,'*
such as mechanical loss and electrical loss. The electrical loss was studied by measuring
the polarization (P) - electric field (E) hysteresis loops. The P-E hysteresis loops of
different size actuators are almost the same, because all of the actuators are made of the
same composition. However, the hysteresis loops depend on temperature, frequency and
the electric field. At different sample temperatures, hysteresis loops are slightly different.
Figure 6 shows the P-E hysteresis loops at 25 and 98 °C, while driving under 3 kV/mm,
300 Hz. The hysteresis areas represent the ferroelectric loss per driving cycle, u. The
ferroelectric loss u as a function of sample temperature is shown in Fig. 7. It is seen that
the electrical loss decreases slightly with an increase of the sample temperature. The P-E
hysteresis loss also decreases slightly with increasing frequency (Fig. 8). However, it
increases remarkably when the applied electric field is increased (Fig. 9). The hysteresis

loss is approximately proportional to E2 (Fig. 10).

IV. Theoretical Analysis and Discussion

Since the conduction heat transfer rate through the lead wire in this experiment is
negligibly small (i.e. roughly 1/25 of the convection), if we assume uniform temperature
distribution in the sample, the relation for the rate of heat storage resulting from the heat

generation and dissipation effects can be expressed as

ufv, - A[GE(T* - T,) + he(T - Ty)] = vpe(dT/dy) (1)




where u is the hysteresis loss of the sample per driving cycle per unit volume, ¢ is the
Stefan-Boltzman constant (5.67 x 10°® W/m’K®), ¢ is the emissivity of the sample, hc is the

average convective heat transfer coefficient, and v, p, c are total volume (Notice that v >

v,), density and specific heat, respectively, of the sample. Equation (1) can be written in
the form

ufv,- AK(T) (T-T,) = vpc (dT/dt) @)

where

K(T) = e(T? + T)(T + T,) + he 3)
is defined as the overall heat transfer coefﬁciént. The first term of k(T), oe(T? + T, )(T +
T,), is 5.58 W/m’K at 25 °C and 9.08 W/m’K at 125 °C, if we take ¢ of the sample as 0.93

(similar to rough fused quartz). While be has the magnitude of 6 ~ 30 W/m’K for free

.

convection in air (Our results in Figs. 12 and 13 suggest that hc/close to 20 W/m?K.).!S
Therefore, we can take k(T) as a constant relatively insensitive to temperature change.

Then, the solution to equation (2) for the actuator temperature as a function of time is

T-To = f(%‘g(l‘e'%) (4)
The time constant in equation (4) is
_vpc
k(DA ®)

As t — oo, the maximum temperature rise in the actuator becomes

- ufve
T k(T)A

AT 6

Att— 0, where there is no heat dissipation effect, the initial rate of temperature rise is

oy




dT = vae = .A_T
(Y)t—)o - m T (7)

Curve fit to the experimental data with the solution form

T =T, +AT(1 - &%) (8)
is provided in Fig. 11 as an example. Fitting curves well match the experimental data,
which indicates that the analytic result adequately describes the heat generation phenomena.
Consequently, we can calculate the total loss u of the actuator through equation (7). The
calculated results are shown in Table II. The experimental data of P-E hysteresis losses are
also listed for comparison. It is seen that the P-E hysteresis losses are nearly equal to the
total losses. Since the experiments were carried out without external stress applying to the
samples, it can be concluded that under the stress free condition, heat generation in
piezoelectric actuators is mainly due to electrical loss, and mechanical loss is negligibly
small.

Regarding the heat generation from piezoelectric vibrators, Hirose et al. reported
intriguing results.'® When a piezoelectric vibrator is driven at the resonance point, the main
contribution to the total loss is from the mechanical loss under a small vibration velocity
level, while the contribution from the electrical loss increases drastically above a certain
critical vibration velocity such as 0.2 - 0.3 m/s, where the actual heat generation starts to be

observed.

By determining the time constant 7, the overall heat transfer coefficient k(T) can be

calculated through equation (5). The values of k(T) for various actuators while driving
under 3 kV/mm, 300 Hz are provided in Table II. The k(T) as functions of frequency and
electric field are shown in Fig. 12 and 13. It is seen from Fig. 12 that k(T) is relatively
insensitive to frequency under the low electric field level, while increases gradually with
increasing frequency when the applied electric field level is higher (> 1 kV/mm). From

Fig. 13, it is seen that k(T) increases with increasing the applied electric field. The increase




in k(T) may be caused by the convection increase due to the vibration level (i.e. vibration
velocity) change with E and f. If we summarize the frequency dependence of u and k(T),
we can see that u is insensitive to frequency, k(T) is also relatively insensitive to f at the
low electric field level, but gradually increases with increasing frequency at higher electric
field levels (> 1 kV/mm). Thus, according to equation (6), temperature rise is almost
linearly proportional to f under the low electric field level, while at higher electric field
levels (> 1 kV/mm), the AT ~ f relationship deviates from the linear trend due to the
increase of k(T) at higher f. This analysis coincides with the experimental results shown in
Fig. 4. For the electric field dependence, u is proportional to E?, while k(T) increases
significantly with increasing E. That is why AT is nearly proportional to E? under low
electric field as shown in Fig. 6, while deviates frbm this square relationship at a higher

electric field level.

V. Conclusion

Heat generation in multilayer piezoelectric actuators was studied. Under the stress

free condition, heat generation is mainly due to electrical loss, not to mechanical loss.

Temperature rise of the actuator can be estimated by the expression AT = kl(l’lfY);\ . The

proposed analytic method is useful for the design of multilayer and other high power

actuators from a viewpoint of heat generation.
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Figure Captions

Fig. 1. Heat generation for various actuators (driven at 3 kV/mm, 300 Hz).

Fig. 2. Temperature rise vs v/A (3 kV/mm, 300 Hz).

Fig. 3. Temperature rise vs frequency under various applied electric fields (data from the
actuator with dimension of 7x7x7 mm).

Fig. 4. Heat generation while driving under various electric fields at 400 Hz (data from
the actuator with dimension of 7x7x2 mm).

Fig. 5. Temperature rise as a function of applied electric fields (data from the actuator
with dimension of 7x7x2 mm).

Fig. 6. P-E hysteresis loops at different sample temperatures: (a) 25 °C, (b)98 °C. (3
kV/mm, 300 Hz) |

Fig. 7. P-E hysteresis loss as a function of sample temperatures. (3 kV/mm, 300 Hz)
Fig. 8. P-E hysteresis loss as a function of frequency. (T =25 °"C,E =2 kV/mm)
Fig. 9. P-E hysteresis loops of various applied electric fields: (a) 1 kV/mm, (b) 2
kV/mm, (c) 3 kV/mm. (T =25 °C, f = 300 Hz)

Fig. 10. P-E hysteresis loss as a function of electric fields, (T=25°C,f=300Hz)

Fig. 11. Curve fit with the equation T = T, +AT(1 - e*). (Data from the actuator with

dimension of 7x7x2 mm, driven under 3 kV/mm, 300 Hz)
Fig. 12. Overall heat transfer coefficient k(T) as a function of frequency (data from the

actuator with dimension of 7x7x2 mm).

Fig. 13. k(T) as a function of applied electric fields (400 Hz, data from the actuator with

dimension of 7x7x2 mm).




Table I. Various Sizes of Multilayer Actuators

Actuator type Dimensions Layer thickness Surfacearea  Effective volume* vJ/A

(mm) (um) A (mm) v, (mm’) (mm)

d,; 4.5x3.5x2 20 63.5 18.8 0.293
7x7x2 40 154 723 0.470

5x5x20 40 450 308 0.882

d,, 17x3.5x1 - 20 160 40.2 0.251
Multimorph ~ 31x9x0.3 20 582 34.7 0.078

*Effective volume is a volume that actually generates heat.

3

Table II. Loss and Overall Heat Transfer Coefficient
(E = 3 kV/mm, f = 300 Hz)

Actuator 4.5x3.5x2 mm 7x7x2 mm 17x3.5x1 mm
Total loss (x10°J/m?)
u= z‘%’(%)wo 19.2 19.9 19.7
P-E hysteresis loss (x10°J/m’) 18.5 17.8 17.4

kT (W/mK) 38.4 39.2 34.1




150

100

Actuator Temperature (°C)

Fig. 1.

T T - ¥ li ¥ i l 1 i 1 I L 1 L

N "8 5x5x20 mm]

4

————@ Tx7x2 mm |

17x3.5x1 mniﬁ
.5x3.5x2 mm,

2

H31x9x0.3 mmj

{ | 1 l 1 [ ] l ] I ] ' [ J 1
) 200 200 600 800

Driving Time (sec)

Heat generation for various actuators
(driven at 3 kV/mm, 300 Hz)




120 T I T T | T

100~

60

AT (°C)

40—

20

0 I I T N B
0 01 02 03 04 05 06 0.7

ve/A (mm)

Fig. 2. Temperature rise vs ve/A (3 kV/mm, 300 Hz).




lzorlllfllllIllllflllll 1T T7

Ill'lllllllllll

AT (°C)

e 1.0 kKV/mm
—_—C— 1.5 kV/mm

| l —{}— 2.0 kV/mm
G S . | | . | [

0 0.5 1 1.5 2 2.5

Frequency (kHz)

Fig. 3. Temperature rise vs frequency under various applied electric
fields (data from the actuator with dimension of 7x7x2 mm).




120

:6 .
- 100 & 2.0 kV/mi]
S -
E .
s 80 1.5 kV/mm]
5] .
=9 _
E 60 -
3] -
= 1.0 KV/mm
§ 401 B
= ¥ 0.5 KV/mm]
A 20 —
< i

O i l ] ]

0 200 400 600 800

Driving Time (sec)

Fig. 4. Heat generation while driving under various electric fields
at 400 Hz (data from the actuator with dimension of 7x7x2 mm).




120 y T

AT (°C)

Electric Field (kV/mm)

Fig. 5. Temperature rise for the actuator as a function of applied
electric fields (data from the actuator with dimension of 7x7x2 mm).

= =




Se

(ZHOOE ‘Wu/ANE) "D,86 (9) D,ST (€) :aunjesadura) ojdures yuasagip je sdooj sisasaisky -4 '9 S

(ww/AY) pRRYg 21439919 (ww/AY) pRIJ 211991

| I } | 1 I I

¢ ST T ST 1 m_.c 0y St ¢ w_m (4 n__ __ n_c cc

4200 = 0o =

S S,
T © ©
. - =

N N
4 8 0
{v00 § - 100 g
) = =
oo S :
4900 v 4900 >

80°0 (q) 80°0 ()




20 T T T
ams
E
= 16 -
—
x
12 —
a
-]
- gl N
=
)
™ 4 —
°
=
= | ] |

O
(o]

40 60 80 100

Sample Temperature (°C)

Fig. 7. P-E hysteresis loss as a function of sample temperatures.
(3 kV/mm, 300 Hz)




Electrical Loss (x10°J/m’)

I I
0 0.5 1 1.5 2

Frequency (kHz)

Fig. 8. P-E hysteresis loss as a function of frequency.
(T=25°C,E=2kV/mm)




(ZHOOE=} *D.ST=L) 'WW/ANE (9) ‘WW/ANT (Q) ‘WA X[ (¥) :p[oy omodyd paydde snotrea jo sdoof sisaraishy g-4 6 ‘814

(ww/AY) prayg 19y (Wuw/AN) pPyg g (wu/AY) pRyd 19g
. . . . m-m . . Y 3 . * .
S'¢ € mN z m_ ! m_c 9 € mu 4 m~ I n_o ('} S'E m n_N _N m_ __ m_e ('}
..S.o m 200 m .S.c
] [
] 3 < ]
N N
- w w -
Jv00 5 00 5 400
] -] ] -] ]
H m “ m H
1900 = 4900 = 4900
goo (?) goo (@) 80°0

(;msD) uoneziaejog

o~
]
e




Electrical Loss (x10°J/m")

Fig. 10.

N
(=

[
W
I

[
)
I

W
I

o l | |
05 1 15 2 25 3
Electric Field (kV/mm)

P-E hysteresis loss as a function of electric fields.

(T =25°C, f=300 Hz)




T=T, + AT(l - %)

40} | T 27.638
| AT 74.324
20 T 55.44

[ETEET IS BT T ET e
0 100 200 300 400 500 600
t (sec)

Fig. 11. Curve fit with the equation T=T +AT(1-¢™). (Data from the
actuator with dimension of 7x7x2 mm, driven under 3 kV/mm, 300 Hz)




40 I ] l I

301 / i

k(T) (Wm’K)

10- —=— 1.0 kV/mm

—eo— 1.5 kV/mm
0 1 , —S— 2.0 kV/mm

0 0.5 1 1.5 2 2.5
f (kHz)

Fig. 12. Overall heat transfer coefficient k(T) as a function of frequency
(data from the actuator with dimension of 7x7x2mm).




401 -

30

20 -

k(T) (Wm’K)

10 -

| | | ] 1 1
0O 05 1 15 2 25 3 35

E (kV/mm)

Fig. 13. k(T) as a function of applied electric fields (300 Hz,
data from the actuator with dimension of 7x7x2 mm).




APPENDIX 47




REVIEW: PHOTOSTRICTION AND ITS APPLICATIONS

Kenji Uchino
International Center for Actuators and Transducers
Materials Research Laboratory, The Pennsyivania State University
University Park, PA 16802

ABSTRACT

Photostriction in ferroelectrics arises from a superposition of photovoltaic and inverse
piezoelectric effects.  (Pb,La)(Zr,Ti)O3 ceramics doped with WO3 exhibit large
photostriction under irradiation of near-ultraviolet light, and are applicable to remote
control acmators and photoacoustic devices. Using a bimorph configuration, a photo-
driven relay and a micro walking device have been developed, which are designed to start
moving as a result from the irradiation, having neither electric lead wires nor electric
circuits. The mechanical resonance of the bimorph was also induced by an intermittent
illumination of purple-color light; this verified the feasibility of the photostriction to
"photophone” applications.

Keywords: Photostriction, Photovoltaic effect, Piezoelectricity, Bimorph, Photoacoustic,
Photophone, Mechanical resonaance

INTRODUCTION

Photostrictive effect is a phenomenon in which strain is induced in the sample when it is illuminated. This
effect is focused especially in the fields of micromechanism and optical communication.

With decreasing the size of miniature robots/actuators, the weight of the electric lead wire connecting the
power supply becomes significant, and remote control will definitely be required for sub-millimeter devices.
A photo-driven actuator is a very promising candidate for micro-robots. On the other hand, the key
components in the optical communication are a solid state laser as a light source, an optical fiber as a
transfer line, and a display/ a telephone as a visual/audible interface with the human. The former two
components have been developed fairly successfully, and the photo-acoustic device (i. e. an optical
telephone or a "photophone™) will be eagerly anticipated in the next century.

Photostrictive devices which are actuated when they receive the energy of light will be particularly suitable
for use in the above-mentioned fields. In principle, the photostrictive effect arises from a superposition of a
photovoltaic effect, where a large voltage is generated in a ferroelectric through the irradiation of light,1) and
a piezoelectric effect, where the material expands or contracts under the voltage applied. Ii is notewortlfy
that this photostriction is neither the thermal dilatation nor the pyroelectrically-produced strain associated
with a temperature rise due to the light illumination. Also the photovoltaic effect mentioned here generaies
a greater-than-band-gap voltage (several kV/cm), and is quite different from that based on the p-n junction of
semiconductors (i. e. solar battery). :




This paper describes the details of the fundamental photostrictive effect in (Pb,La)(Zr,Ti)O3 ceramics first,
then introduces its applications to a photo-driven relay, a micro walking machine and a photophone, which
are designed to function as a result of irradiation, having neither lead wires nor electric circuits.

PHOTOSTRICTIVE PROPERTIES

PRINCIPLE

The main features of the "bulk" photovoltaic effect are summarized as follows:
1) This effect is observed in a uniform crystal or ceramic having noncentric symmetry, and is entirely
different in nature from the p-n junction effect observed in semiconductors.
2) A steady photovoltage/current is generated under uniform illumination.
3) The magnitude of the induced voltage is greater than the band gap energy of the crystal.

Although the origin of this photovoltaic effect has not been clarified yet, the key point to understand it is
the necessity of both impurity doping and crystal asymmerry. Figure 1 illustrates one of the proposed
models, the electron energy band model proposed for (Pb.Ia)(Zr,Ti)O3.2’3) The energy band is basically
generated by the hybridized orbit of p-orbit of oxygen and d-orbit of TiZr. The donor impurity levels
induced in accordance with La doping (or other dopants) are present slightly above the valence band. The
transition from these levels with an asymmetric potential due to the crystallographic anisotropy may
provide the "preferred” momentum to the electron. Electromotive force is generated when electrons excited
by light move in a certain direction of the ferroelectric crystal, which may arise along the spontancous
polarization direction.

The asymmetric crystal exhibiting a photovoitaic response is also piezoelectric in principle, and therefore, a
photostriction effect is expected as a coupling of the bulk photovoltaic voltage (EPP) with the piezoelectric
strain constant (d).

LTI conpuetion Ban
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Figure 1 Energy band gap model of excited electron transition from impurity level in PLZT.

INSTRUMENTAION

The radiation from a high-pressure mercury lamp was passed through infrared-cut optical filters. The light
with the wavelength peak around 370 nm, where the maximum photovoltaic effect of PLZT is obtained,
was then applied to the sample. A xenon lamp was also used to measure the wavelength dependence of the
photovoltaic effect. The light source was monochromated by a monochromator to 6 nm HWHM.




The photovoltaic voltage under illumination generally reaches several kV/cm, and the current is on the order
of nA. The induced current was recorded as a function of the applied voltage over a range -100 V to +100
V, by means of a high-input impedance electrometer. The photovoltaic voltage and the current were
determined from the intercepts of the horizontal and the vertical axes, respectively. The data are shown in

Fig. 2.3) Photostriction was directly measured by a differential transformer or an eddy current displacement
Sensor.

CURRENT (nA)
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Figure 2 Photocurrent measured as a function of applied voltage under illumination.

MATERIALS RESEARCH

The figure of merit of the photostriction is evaluated by the product of the photovoltaic voltage (EPb) and
the piezoelectric coefficient (d). PZT based ceramics are currently focused because of their excellent
piezoelectric properties, i. e. high d values. PLZT is one of such materials, which is also famous as a
transparent (good sintered without pores) ceramic applicable to electrooptic devices.

PLZT (x/y/z) samples were prepared in accordance with the following composition formula:
Pb1.xLax(ZryTiz)1-x/403.

Figures 3(a) and 3(b) illustrate the contour maps of the photovoltaic response and the piezoelectric strain
constant d33 on the PLZT phase diagram.4-5) The d33 shows the maximum around the morphotropic
phase boundary (MPB) between the tetragonal and rhombohedral phases, and increases gradually with
increasing the La concentration up to 9 mol %. On the contrary, the photovoltage exhibits the maximum
also around the MPB, but in the tetragonal region with 3 mol % of La. The largest pruduct d33'EP‘l was
obtained with the composition (3/52/48).

The interrelation of the photovoltaic current with the remanent polarization for the PLZT family is very
intriguing (Fig. 4).6) The average remanent polarization exhibiting the same magnitude of photocurrent
differs by 1.7 times between the tetragonal and rhombohedral phases; this suggests the photo-induced
electron excitation is related to the (0 0 1) axis-oriented orbit, i. e. the hybridized orbit of p-orbit of oxygen
and d-orbit of Ti/Zr.

Impurity doping on PLZT also affects the photovoltaic response significandy.3) Figure 5 shows the
photovoltaic response for various dopants with the same concentration of 1 atomic % into the base PLZT

(3/52/48) under an illumination intensity of 4 mW/cm? at 366 nm. The dashed line in Fig. 5 represents




the constant power curve corresponding to the non-doped PLZT (3/52/48). Regarding the photostriction
effect, it is known that as the photovoltaic voltage increases, the strain value increases, and with increasing
photocurrent, there is an increase in the overall response. The photovoltaic response is enhanced by donor
doping onto the B-site (Nb>+, Ti>+, WO+). On the other hand, impurity ions substituting at the A-site
and/or acceptor jons substituting at the B-site, whose ionic valences are small (1 to 4), have no significant
effect on the response. Figure 6 shows the photovoltaic response plotted as a function of at.% of W03

doping concentration.”) Note that the maximum power is obtained at 0.4 at.% of the dopant.

Even when the composition is fixed, the photostriction still depends on the sintering condition or the grain

size.5) Figure 7 shows the dependence of the photostrictive characteristics on the grain size. The smaller
grain sample is preferrable, if it is sintered to a high density.
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Figure 3 Photovoltaic response (a) and piezoelectric constant d33 (b) of PLZT plotted on the phase diagram
near the morphotropic phase boundary between the tetragonal and thombohedral phases.
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Figure 4 Interrelation of photovoltaic current with remanent polarization in PLZT family.
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EFFECT OF LIGHT POLARIZATION DIRECTION

Effect of the light polarization direction on the photovoitaic phenomenon was investigated on the
polycrystalline PLZT, using an experimental setup shown in Fig. 8(2.8) This experiment is important
when the photostriction is employed to "photophones”, where the sample is illuminated with the polarized
light traveling through an optical fiber. The rotation angle 6 was taken from the vertical spontaneous
polarization direction, as shown in Fig. 8(a). Even in a polycrystalline sample, both the photovoltaic
voltage and current provided the maximum at 6 = 0 and 180 deg and the minimum at 6 = 90 deg (Fig. 8(b));
this also indicates that the contributing electron orbit may be the p-d hybridized orbit mentioned above.
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Figure 8 (a) Measuring system of the dependence of photovoltaic effect on light polarization direction, and
(b) photovoitaic voltage and current as a function of the rotation angle.

DISPLACEMENT MAGNIFICATION MECHANISM

Since the maximum strain level of the photostriction is only 0.01 % (this corresponds to 1 pm
displacement from a 10 mm sample), we need to consider a sophisticated magnification mechanism of the
displa_cemmt. W_e employed a bimorph structure, which is anologous to a bimetal consisting of two

deformation according to a temperature change. TwoPLZTplammpastedbackmbad:.butwaeplmd
in opposite polarization, then connected on the edges electrically, as shown in Fig. 9.3) A purple light
(366 nm) was shined to one side, which generated a photovoltaic voltage of 7 kV across the length. This
caused the PLZT plate on that side to expand by nearly 0.01 % of its length, while the plate on the other
(unlit) side contracted due to the piezoelectric effect through the photovoltage. Since the two plates were
bonded together, the whole device bent away from the light. For this 20 mm long and 0.35 mm thick bi-
plate, the displacement at the edge was 150 pm, and the response speed was a couple of seconds.
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Figure 9 Structure of the photo-driven bimorph and its driving principle.

- - - - - - - -

DEVICE APPLICATIONS

In this section we will introduce the applications of photostriction to a photo-driven relay, a micro walking
machine and a photophone, which are designed to function as a result of irradiation, baving neither lead
wires nor electric circuits.

PHOTO-DRIVEN RELAY

A photo-driven relay was constructed using a PLZT photostrictive bimorph as a driver which consists of
two ceramic plates bonded together with their polarization directions opposing each other (Fig. 10).3) A
dummy PLZT plate was positioned adjacent to the bimorph to cancel the photovoltaic voitage generated on
the bimorph. Utilizing a dual beam method, switching was controlled by altemately irradiating the
bimorph and the dummy. The time delay of the bimorph that ordinarily occurs in the off process due to a
low dark conductivity could be avoided, making use of this dual beam method. Figure 11 shows the
response of a photostrictive bimorph made from PLZT doped with 0.5 at% WO3 under an illumination
intensity of 10 mW/cm2. The amount of displacement observed ata tip of the bimorph (20 mm long and
0.35 mm thick) was +150 um. A snap action switch was used for the relay. Switching by a displacement
of several tens of micron was possible with this device. The on/off response of the photo-driven relay is
shown in Fig. 12. The typical delay time was 1 - 2 seconds.

Figure 10 Structure of the photo-driven relay.
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Figure 11 Tip deflection of the bimorph device made from WO3 0.5 at.% doped PLZT under a dual beam
control (illumination intensity: 10 mW/cm?2).
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Figure 13 Structure of the photo-driven micro walking machine, and the irradiation directions.




MICRO WALKING DEVICE

A photo-driven micro walking machine has also been developed using the photostrictive bimorphs.g) It
was simple in structure, having only two ceramic legs (Smmx 20mmx 0.35mm) fixed to a plastic board
(Fig. 13). When the two legs were imradiated with purple light alternately, the device moved like an
inchworm. The photostrictive bimorph as a whole was caused to bend by +150 um as if it averted the
radiation of light. The inchworm built on a trial basis exhibited rather slow walking speed (several tens
pm/min) as shown in Fig. 14, since slip occurred between the contacting surface of its leg and the floor.
The walking speed can be increased to approximately 1 mm/min by providing some contrivances such as
the use of a foothold having microgrooves fitted to the steps of the legs.
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Figure 14 Position change of the photo-driven micro walking machine with time.

PHOTOPHONE
The technology to transmit voice data (i. e. a phone call) at the speed of light through lasers and fiber optics
has been advancing rapidly. However, the end of the line — interface speaker - limits the technology, since

optical phone signals must be converted from light energy to mechanical sound via electrical energy at
pment. The photostncuon may provide new photoacousuc devices.

=
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Figure 15 Experimental setup for the photo-induced mechanical resonance measurement.




Photo-mechanical resonance of a PLZT ceramic bimorph has been successfully induced using chopped near-
ultraviolet irradiation, having neither electric lead wires nor electric circuits.10) A thin cover glass was
attached on the photostrictive bimorph structure to decrease the resonance frequency so as to easily observe
the photo-induced resonance. Figure 15 shows the experimental setup with an optical chopper. A dual
beam method was used to irradiate the two sides of the bimorph alternately; intermittently with a 180 deg
phase difference. The mechanical resonance was then determined by changing the chopper frequency.

The tip displacement of the thin-plate-attached sample as a function of chopper frequency is presented in
Fig. 16. Photo-induced mechanical resonance was successfully observed. The resonance frequency was
about 75 Hz with the mechanical quality factor Q of about 30. The maximum tip displacement of this
photostrictive sample was about 5 um at the resonance point, smaller than the level required for audible
sound. However, the achievement of photo-induced mechanical resonance in the audible frequency range
suggests the promise of photostrictive PLZT bimorph-type devices as photo-acoustic components, or
"photophones”, for the next optical communication age.

6

Displacement (pm)

50 6 70 80 % 100
Frequency (Hz)
Figure 16 Photo-induced mechanical resonance behavior of the PLZT bimorph.

CONCLUSION

Photostrictive actuators can be driven only by the irradiation of light, so that they will be suitable for use
in actuators, to which lmdwiramnhaxﬂlybeconnecmdbew:seofmeirMua-smansizeorofmdr
employed conditions such as ultra-high vacuum or outer space. The photostrictive bimorphs will also be

applicable to "photophones.” The new principle actuators have considerable effects upon the future micro-
mechatronics.
This work was partly supported by US Army Research Office through Contract No. DAAL 03-92-G-0244.
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Abstract -- Photostriction in ferroelectrics arises from a
superposition of photovoltaic and inverse piezoelectric effects. This
phenomenon provides promise for photo-acoustic devices. when the
response has been sufficiently improved. In this paper, B-site donor
doping was investigated in (Pb, La)(Zr, Ti)O3 based ceramics with
the aim of improving the response speed. Using a PLZT bimorph
configuration, a photoacoustic device was trially fabricated, and the
fundamental mechanical resonance was observed under intermittent
illumination of purple-color light. having neither electric lead wires
nor electric circuit.

INTRODUCTION

Photostrictive effect is a phenomenon in which strain is induced in
the sample when it is illuminated. This effect is focused especially
in the field of optical communication, where the key components are
solid state lasers as a light source, optical fibers as a transfer line,
and displays/telephones as a visual/audible interface with the human.
The former two components have been developed fairly
successfully, and the photo-acoustic device (i. . optical teiephone
or "photophone”) will be eagerly anticipated in the next century.
Photostrictive devices which function when they receive the energy
of light will be particularly suitable for use in the above-mentioned
fields.

In principle, the photostrictive effect is the superimposing of a
photovoltaic effect, where a large voltage is generated in
ferroelectrics through the irradiation of light, and a piezoelectric
effect, where the material expands or contracts from the voltage
applied. The photovoltaic effect mentioned here generates a greater-
than-band-gap voltage, and is quite different from that based on the
p-n junction of semiconductors (i. e. solar bauery).!-3) Itis
generated when electrons excited by light move in a certain direction
of the ferroelectric crystal due to the spontaneous polarization (i. e.
crystallo-graphic anisotropy).

So far. most of the studies on the photovoltaic effect have been
made on single crystals to clarify the origin of the effect.1-3)
However, our research group has been focusing on polycrystalline
samples such as PbTiO3-based4v5) and Pb(Zr, Ti)O3-based

ceramics®:7) from a practical application point of view. High

photovoltage (= 1 kV/cm) generators with relatively quick response
(= 10 sec) have been developed in the (Pb, La)(Zr, Ti)O3 (PLZT)
system. Moreover, bimorph-type photostrictive elements could
exhibit large tip deflections under UV light illumination.6.7),

In this paper, the photovoltaic effect in PLZT(3/52/48) based
ceramics has been investigated as a function of B-site donor
dopants. Then, using the PLZT bimorph, a photoacoustic device
was trially fabricated, and the fundamental mechanical resonance
was observed under intermittent illumination.

SAMPLE PREPARATION

PLZT (x/y/z) samples were prepared in accordance with the
following composition formula:

Ph..La,(Zr,,Ti,) ,0;.

Y
4
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Since the photostriction figure of merit is defined as the product of
the photovoltaic voltage and piezoelectric coefficient

(x,, =dsy X E,,), PLZT(3/52/48) was selected due to its optimum
photostrictive response within the PLZT sysu:m.6) According to
our preliminary study on impurity doping,7) WOQO3 doped PLZT
ceramics were prepared.

Ceramic powders were prepared by a conventional mixed oxide
technique. PbCO3, La203, ZrO2, TiO2 and WO3 were weighed in
the appropriate proportions and mixed in a ball mill for 2 days using
ethanol and zirconia grinding media. 0.5 wt% excess PbCO3 was
added to compensate for weight loss during calcination and
sintering. The slurry was dried, then calcined in a closed alumina
crucible at 950 OC for 10 hours. The calcined powder was ball-
milled again for 48 hours. The samples were sintered in sealed
alumina crucibles at 1270 OC for 2hrs. A PbO rich atmosphere was
maintained with lead zirconate powder to minimize lead loss during
sintering. Sintered samples were cut, polished and electroded with
silver paste. Finally, each sample was poled at 15 kV/cm in silicone

oil at 1200C.

The poled PLZT ceramics were used to make bimorph actuators.
The elements were 20 x 4 x 0.15 mm3: the 4 x 0.15 mm? surface
was electroded with silver paste and silver wires were attached. The
bimorph actuator consisted of two bonded oppositely-poled ceramic
plates (refer to Fig. 2).

IMPURITY DOPING EFFECT

Impurity doping on PLZT affects the photovoltaic response
significandy. ) Regarding the photostriction effect, it is known that
as the photovoltaic voltage increases, the strain value increases, and

Photocurrent

Photocurrent (nA/cm)
Energy ( pW/cnz )

Tip displacement (X10 pm)
Photoinduced Voltage 0101k V/iem)

0 v v T v
0.0 0.2 04 0.6 0.8 1.0

Concentration of WO3 doping (atm%)

Fig. 1  Changes in photovoluaic current, voltage, power and tip
displacement as a function of dopant WQO3 concentration in
PLZT (3/52/48).




with increasing photo-current, there is an increase in the overall
response. The photovoliaic response is enhanced by donor doping
onto the B-site (Nb3+. Ti5*, W6+)_ On the other hand, impurity
ions substituting at the A-site and/or acceptor ions substituting at the
B-site, whose ionic valences are small (1 10 4). have no effect on the
response.

Figure 1 shows the photovoltaic current, photovoltaic voltage,
photo-induced tip displacement and stored energy (P=(1/2)
Imax X Vmax) in PLZT 3/52/48 samples ploted as a function of atm
% of WO3 doping concentration. It was found that higher
photovoltaic response can be obtained in WO3 doped samples. The
photovoltaic voltage reaches 1 kV/mm, and the current is on the
order of nA. The maximum of the saturated up displacement was
about 120 um for 0.4 atm% WO3 doped samples. The
displacement of 30 um could be obtained in one second under a light

intensity of 4 mW/cm2 (A = 370 nm).

PHOTO-ACOUSTIC MEASUREMENT

The mechanical resonance frequency of this bimorph sample can be
estimated according to the equation:

! I
=0.158x— ’— 1
L. I P-ffl ¢))

where t and | are the thickness and length of the bimorph sample,

respectively, p is the density and sf, is the elastic compliance of the
ceramic. The calculated resonance frequency of the PLZT based
bimorph, (p = 7.9 g/em3 and s£ = 16 x 10-12 m2/N), was about
3 kHz: 100 high for photo-induced resonance measurements,
Therefore, a thin cover glass was attached to the bimorph sample to
reduce the resonance frequency, as shown in Fig. 2. Inidally, to
determine the electromechanical resonance behavior, an ac. voltage
was applied to the bimorph, and the tip displacement was monitored
by changing the drive frequency, using the experimental setup
shown in Fig. 3. Figure 4 shows the mechanical resonance
characteristics obtained from this experiment. The resonance
frequency was ~ 79 Hz with a mechanical quality factor Q of ~ 30.
The maximum displacement of this thin-plate attached sample was
about 14 um at 80 Vp.p
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Beam | Beam 2
AVt

Resin Support

ig2  Configuration of a thin-plate attached photo-acoustic
bimorph. .

Then. the photo-induced mechanical resonance was measured using
the system shown in Fig. 5. Radiation from a high-pressure
mercury lamp (Ushio Electric USH-500D) was passed through a
UV bandpass filter (Oriel Co.. N0.59811), an IR blocking filter
(Oriel Co.. No.59060). an optical focusing lens and an optical
chopper to provide intermittent sample irradiation. A wavelength
peak of 370 nm, where the maximum photovoltaic effect of PLZT is
obtained, was used. A dual beam method was used to irradiate the
two sides of the bimorph a.llemav.el_v.7) Two beams, A and B, were
chopped so as to cause a 180 degree phase difference as illustrated
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Fig.3  Experimental setup for the electro-mechanical resonance

measurement.
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in Fig. 6. The slow recovery because of the low dark conductivity
was overcome using this dual beam method. The mechanical
resonance was then determined by changing the chopper frequency.

The tip displacement of the thin-plate-attached sample as a function
of chopper frequency is presented in Fig. 7. Photo-induced
mechanical resonance was successfully observed. The resonance
frequency was about 75 Hz with the mechanical quality factor Q of
about 30; in good agreement with the previous electromechanical
data. The maximum tip displacement of this photostrictive sample
was about 5 um of resonance.

CONCLUSION

Photo-mechanical resonance of a PLZT ceramic bimorph actuator
has been successfully induced using chopped UV irradiaton, having
neither electric lead wires nor electric circuit. A thin cover glass was
attached on the bimorph structure to decrease the resonance
frequency so as to easily observe the photo-induced resonance. The
resonance frequency was 75 Hz with a mechanical quality factor Q
of about 30 under dual beam operation. The maximum tip
displacement of this sample was about 5 um, smaller than the level
required for audible sound. However, the achievement of photo-
induced mechanical resonance in the audible frequency range
suggests the promise of photostrictive PLZT bimorph-type devices
as photo-acoustic components, or "photophones”, for the next
optcal communication age.
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Zig-Zag Piezoelectric Actuators: Geometrical Control
of Displacement and Resonance |

M. G. MATSKO, Q. C. XU AND R. E. NEWNHAM
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ABSTRACT: The Zig-Zag actuator is a hybrid design combining bimorph and multilayer charac-
teristics that is capable of producing and sensing usable motion in two dimensions. The mechanical
impedance can be optimized by changing the angle between the legs and the actuator’s working pa-
rameters controlled by changing the driving voltage and its frequency. Two interesting features of
this actuator are its performance as a linear motor and its ability to drive a load in two directions.

INTRODUCTION OF BASIC PRINCIPLES

[EZOELECTRIC micropositioners are of increasing im-
rtance because of their ability to move objects elec-
tromechanically (Unchino, 1993). This capability bridges
the electronic and structural ceramics fields, and produces
tiny displacements with high-speed and precision. Adaptive
optic systems incorporate positioning instruments that re-
quire both precision and accuracy, while other actuators are
incorporated in devices that utilize their resonating ability,
as in buzzers and timing instruments.

Piezoelectric materials are important as smart materials
because they have both sensing and actuating abilities
(Newnham and Ruschau, 1991). They can convert electrical
energy into mechanical energy through the converse
piezoelectric effect, and mechanical energy into electrical
energy through the direct effect (Jaffe et al., 1971).

Several questions must be answered before incorporating
a piezoelectric actuator into a specific instrument. How
much displacement is required? How much force must the
actuator exert? Is a resonance effect required? When the ac-
tuator is asked to supply a relatively small displacement
with a high force, a multilayer stack is often used [Figure
1(a)}). When a larger displacement is required and a lower
force can be tolerated, a bimorph or bender is used [Figure
1(b)]. Both of these forms may be driven in resonance, or at
low frequency displacement modes.

In an effort to optimize the advantages of both geometries,
a hybrid design was conceived. The Zig-Zag actuator ap-
pears advantageous for certain applications with interme-
diate requirements. It possesses a geometry that gives both
good displacement and good force. Additionally, the Zig-
Zag actuator exhibits two-dimensional movement with con-
trollable vertical and horizontal components that include in-
termediate angle directions. Primary applications will be in
linear motors and two-dimensional positioning and sensing
devices, with an array of Zig-Zag actuators performing

——
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transport or positioning functions. The present investigation
involves the measurement of displacement and resonance
characteristics for several geometries of the Zig-Zag actua-
tor. A schematic diagram of the Zig-Zag actuator is shown
in Figure 1(c).

ACTUATOR

Zig-Zag actuators with contact angles of 90° and 30° are
shown in Figure I(c). The limits of the actuator are defined
by the bimorph and multilayer devices of the same composi-
tion and linear dimensions. The relationship between dis-
placement and contact angle from 0° to 180° is related to
the governing equations for a bimorph [Equation (1)}, and a
multilayer stack [Equation (2)] (Buchanan, 1986). At an an-
gle of 0° the multilayer stack equation will have no contri-
bution, and at an angle of 180° the bimorph equation will
have no contribution.

D = 3/2 dy,, V(L}IT?) (1

D = d,,V(LIT) ¥3)]

D = displacement
d;, = transverse charge coefficient

V = voltage
L = length
T = thickness

-~

These two equations can be related by a sine/cosine in-
teraction relationship that would result in each of the equa-
tions dropping out at their respective angles. The resulting
relationship may be represented by Equation (3). This im-
plies the Zig-Zag equation must revert to Equation (1) at 0°
and Equation (2) at 180°.

D = A cos” (Q/2) + B sin® (Q/2) 3)
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(@) b}

Figure 1. (a) Multilayer, (b) bimorph, (c) Zig-Zag actuator (90° and
30° geometries).

where

A = 312 d,, V(L*T?)

B = d,,V(LIT)

Q = angle between legs
n, p = adjustable exponents

To demonstrate this behavior, a test apparatus was con-
structed that allowed several different geometries. The
principal geometrical factor is the angle at which the legs
are attached as illustrated in Figure 1(c). Experiments were
carried out at three angles: 30°, 45°, and 90°.

PIEZOELECTRIC LINEAR MOTOR

The required motion for a linear motor can be achieved
by driving one leg with a sine wave and the other leg with
a sine wave that is 90° out of phase. If the second leg is 90°
ahead of the first, the resulting motion will be clockwise,
and will move the load from right to left. If the second leg
is 90° behind the first the resulting motion will be counter-
clockwise and the load will be moved from left to right. A
schematic view of the resulting motion when the actuator is
driven in this manner is shown in Figure 2. The Zig-Zag
design allows the mechanical impedance of the actuator to
be adjusted to the specific application by changing the angle
between the legs.

EXPERIMENTAL PROCEDURE AND RESULTS

To fabricate the Zig-Zag actuator, the legs were cut from
a large commercial disk of PZT 8. Each leg was approx-
imately 1 mm thick, 45 mm long, and 10 mm wide. The
plates were polished and electroded with silver termination
paint and sintered at 600°C. This sintering had a two-fo'q
effect: first it bonded the silver electrode to the PZT
ceramic and densified it, and secondly it removed any pre-
vious poling orientations and restored the PZT to its ran-
domized domain structure. The electroded PZT plates were
then poled in a Neslab Exacal high temperature oil bath
with a Trek cur-a-trol H.V. power supply model 610A.
Poling conditions were approximately 125°C for 1§
minutes with an applied field of 2.5 kV/cm. The d,; mea-
surements were taken with a Berlincourt Piezo d,; Meter to
ensure good poling. The effect of aging was checked by
measuring ds; one week later.

The admittance of the PZT plate was measured as a func-
tion of frequency using a computer-controlled Hewlett-
Packard 3577A Network Analyzer. This information was
used to classify the plates into pairs having similar
resonance and antiresonance peaks.

The PZT plates were bonded to the metal wedges using a
strong two-component room temperarure €poxy. Due to
concerns about the epoxy absorbing the motion of the actu-
ator, a second design was also constructed that mechan-
ically-clamped the PZT plates. Wire leads were soldered to
the electrodes to ensure good contacts.

Displacement measurements were made with the LVDT
system and an eddy-current sensor. The direction of the
electric field and measuring device were alternated to
measure movement in both directions (Table 1). The field
was applied in a DC fashion ranging from 0 to 1100 V/mm.

An aluminum bar suspended on ball bearings was used as
a load in testing the actuator as a linear motor (Figure 3).
The height of the actuator was adjusted using a microposi-
tioner.

-

TR

Figure 2. Zig-Zag actuator being driven by sine and cosine volt-
ages.
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Control of Displacement and Resonance

Table 1. Displacement versus angle and direction of measurement and applied
electric field of 1100 V/mm (epoxy deisgn).

Measured Longitudinal
Displacement (um)

Measuring Shear
Displacement (um)

Leg Separation

' m appropriate fields for circular motion were produced
an NF Electronic Instruments 1930A multifunction
izer, an NF 1933A phase shifter, two NF 4010 high
power amplifiers, and a Tektronix 2445A 150 MHz
escilloscope (Figure 3). This allowed control over the fre-
y of the applied functions as well as their relationship

: p onc another. The optimum driving frequency was ex-

T

entally determined to be =6-7 kHz with a sine wave

(#£100 V). At these frequencies, the Zig-Zag actuator

'jdiC the Joad at approximately 1 cm per second in both the
' forward and reverse directions. The impedance spectrum of

the Zig-Zag actuator was measured with respect to fre-
quency and geometry, using the same equipment used to
measure the single plates.

DISCUSSION

In constructing the Zig-Zag actuator, poled plates were
paired together by matching resonance and antiresonance
peaks from a plot of the admittance spectrum. Matching the
legs in this manner helped to compensate for problems asso-
ciated with variations in poling and thickness. Several Zig-
Zag actuators were constructed using different sets of PZT
plates. The aging effects that occurred in PZT proved negli-
gible compared to other parameters in the experiment.

NF 1930A NF 4010 Ampilifier
Function
Generator
— ag??
o8
0 s ¢ ==
o 00 9 9 o ?
1 ]
NF 1933A
Phase Shifter
| s————
0 g8 °
-] (-]
o ©8 Ld
L —

3 Angle In Phase Out of Phase Out of Phase In Phase
s =" g0 6.8 2.7 7.4 25

. 45° 5.3 1.6 189 0.6

, a0° 3.5 1.3 28.6 1.0

Poling of the individual plates must be done in such a way
that allows them to be matched in pairs. The displacements
produced by the two legs must be equal, otherwise, the actu-
ator wastes much of its displacement capabilities.

Design modifications of the metal parts of the actuator
were carried out to combat several problems. The move-
ment of the PZT plates in some directions may only be a few
microns. Consequently, a major concern was the ability to
measure the movement of the actuator. If the epoxy used to
bond the legs was too “soft,” the motion of the actuator may
be absorbed in the epoxy, making it unmeasurable. The
epoxy used in our experiments had substantial tensile
strength, but relatively low shear strength. This meant that
the epoxy should be subjected to as little shear stress as pos-
sible. To alleviate most of the shear stresses the metal base
and top had to meet the PZT legs perpendicularly. Metal
wedges were used on the base and top to avoid cutting the
legs on an angle. An angular cut would subject the epoxy to
shear stresses. The masses of the base and the top were also
of some concern. The ratio of the bottom to the top had to
be high enough that the base would not move. If they both
moved, no accurate measurements could be made. The top
had to have sufficient mass to offset the effect of the wire
leads, and yet be small enough so as not to place too much
stress on the epoxy. A few problems arose in the construc-
tion of the actuator, especially with the epoxy. The epoxy

Actuator

\\\
LR

:‘\\\\\\\\\\\\ :\\\\\Ww

Ball
beaﬂng

\

Metal
frame

’//

Micro height adjuster

Figure 3. Linear motor driving setup.
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Epoxy //
1, -
) N
Pressure

(a) fb)

\ Soft \
metal
Shim
\ '
Pressure Pressure

(c) (0)

Figure 4. Attaching methods: (a) perpendicular epoxy, (b) plate/plate, (c) point/plate, (d) plate/

plate with soft metal shims.

used in this studyy, ECCOBOND, was manufactured by
Emerson & Cuming. It is a two-component system that
cures at room temperature, and to assist the bonding, some
pressure is necessary. The required pressure was produced
by a C-clamp. When the applied pressure was removed, the
epoxy had a tendency to expand, followed by cracking and
failure. This was compensated for by slightly adjusting the
composition of the epoxy and optimizing the applied
pressure.

Because of the tendency of the plates to fail using the per-
pendicular epoxy method [Figure 4(a)), a clamping method
was developed. The plate/plate clamping method [Figure
4(b)], required careful machining to avoid torsional stresses
that might fracture the ceramic plates. To eliminate these
stresses two approaches were examined. One approach was
a point and plate clamp rather than a plate/plate design, as
shown in Figure 4(c). A second idea was to use a soft metal
shim that plastically deforms, pressing on the PZT plate
over a wide area [Figure 4(d)]. Of these four designs ex-
amined, the plate/plate with soft metal shim gave the best
frictional force and lowest motion loss due to slippage. This
design also resulted in the fewest failures due to torsional
stresses encountered during construction.

The frequency at which the actuator operates best de-
pends on several factors. These factors include the proper-
ties of the PZT plates, the geometry of the plate and the ac-
tuator, and the mass of the metal parts. The properties of the
PZT plates that must be considered are its density,
mechanical coupling coefficient, compliance, and electrode
length to total length ratio. All of these factors play a role in
the resonance spectrum of the actuator and its usefulness as
a linear motor. Relatively small changes in the construction
of the actuator resulted in large changes in the optimum
driving frequency.

The largest problem yet to be overcome is that of attach-
ing the PZT legs to the metal parts. Finding the best method
of joining the parts, to give the highest frictional forces with
the fewest construction failures, is difficult. If the connec-
tion is too weak, the actuator motions are not transmitted to
the base, producing an error in the measurements. If the
connection is 00 strong, the ceramic may crack, again re-

ducing the motion. These coupling problems are amplified
when the device is driven at resonance.

FUTURE WORK

The Zig-Zag actuator can also take advantage of the direct
piezoelectric effect, and be used as a two-dimensional sen-
sor. In this way the actuator can sense and transmit informa-
tion about the direction and displacement of an applied
force. The phase, magnitude and frequency spectrum of the
sensor signals determine the direction and force or displace-
ment of the stimuli.

CONCLUSIONS

This investigation provides a preliminary study of the
construction and the effects of geometry on the Zig-Zag ac-
tuator. The Zig-Zag transducer has performed well as a
linear motor and in the future may function as a two-
dimensional sensor, as well as a two-dimensional actuator.
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Piezoelectric air transducer for active noise control
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L BSTRACT

A new type of piezoelectric air transducer has been developed for active noise control and other air acoustics applications.

. The transducer is based on the composite panel structure of a bimorph-based double amplifier, that is, two parallel bimorphs
or bimorph arrays with a curved cover plate as an active face attached to the top of the bimorphs. The electro-mechanical and
electro-acoustic properties of the double amplifier structure and the transducer are investigated in this paper. The displacement

. of the cover plate of the double amplifier structure can reach millimeter scale with a relatively low driving voltage, which is _
i more than ten times larger than the tip displacement of bimorphs. The sound pressure level (SPL) of the transducer can be
i larger than 90dB (near field) in the frequency range from 50 to 1000Hz and be larger than 80dB (far field) from 200Hz to
i 1000Hz, with the largest value more than 130dB (near field). Because of its light weight and panel structure, it has the -
potential to be used in active noise control. : <

i Keywords: piezoelectric transducers, bimorphs, double amplifier structure, air acoustics, active noise control

i
! L. INTRODUCTION

— -
| The electromechanical transducers based on piezoelectric materials have been widely used for many decades. However, :
© most of these transducers are used in the areas of ultrasonics and underwater acoustics.' It is still difficult to apply
- piezoelectric materials or devices in air acoustics, especially at low frequency range. On the other hand, because of their .
. unique properties, such as high electromechanical coupling efficiency, the ability of both sensing and transmitting, low loss, -
t light wezight and panel structure, it is highly desirable to use piezoelectric transducers at low frequency range and active noise
control. ’

There are two main problems to be solved to apply piezoelectric transducers in air acoustics and active noise control. One '
- is that the displacement must be much larger than that of the common ceramic actuators because the radiated acoustic energy -
. Is proportional to the square of the displacement amplitude.’ Another one is that the acoustic impedance should be matching
to air to ensure an effective acoustic flow from the transducer to the medium. :

Among all the piezoelectric actuators, bimorph type actuators generate the largest displacement (tip displacement).’ .
However, the displacement is still not large enough to be used in air acoustics at low frequency range. In this paper, a new
- type of piezoelectric transducer based on the idea of bimorph-based double amplifier structure is presented. The displacement
~ generated by the double amplifier structure can be more than ten times larger than the tip displacement of bimorphs. The
{ acoustic impedance matching between the transducer and air can be obtained by carefully choosing the cover plate (active face)

' materials and its geometric configurations. As a result of these new designs, the transducer is promising to be used in active
noise control as a sound transmitter. :

- DESIGN IPL

The basic configuration of the bimorph-based double amplifier structure is shown in Fig. 1. The structure mainly consists
of two parallel bimorphs with a curved (triangle shape) cover plate as an active face attached to the top of the bimorphs.
Higher displacement is achieved by changing the tip displacement of bimorphs to a flexural motion of the cover plate. That
is, when the bimorphs vibrate horizontally, the cover plate vibrates vertically with larger amplitude. Fig. 1(b) is the

- schematic of the displacement of the cover plate and bimorph actuators. From the geometric consideration, the vertical
displacement of the middle point on the cover plate can be described as:
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(a) Cross section of the double amplifier structure

after displacement

E=g+L-A-g

~ where & is the displacement of the middle point;
g is the height of the cover plate;
; L is the distance between bimorph actuators;
a A is the tip displacement of bimorphs.
We define the amplification factor of the displacement as:

o= middle point displacement of cover plate
- tip displacement of bimorph

\/g2+L-A-—g

£
A

SO, o=

If L-A<< gz, then

'

L-A L-A
; 2

H +L-A= (1+__)=g+_
| Vgl +L-A=g 28’ 2

- t. thickness of bimorphs g: height of the cover plate
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'
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(b) Displacement of the double amplifier structure

Xt

A: tip displacement of bimorphs  &: displacement of the middle point of the cover plate

: ' Fig. 1. Configuration of the Bimorph Based Double Amplifier Structure
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" acoustic properties and light weight. The other two lateral faces were also sealed by loudspeaker papers so that the transducer

Therefore, E=— 3

2g
and, o= s L @ .
A 2g

This is why the displacement of the cover plate is much largejr than the tip displacement of bimorphs.

Shown in Fig. 2 is the transducer constructed from the bimorph-based double amplifier structure. Instead of two parallel (
bimorphs, two parallel bimorph arrays are used here and the- cover plate is fixed on the top of the bimorph arrays so that
larger radiation area is obtained. Loudspeaker paper is chosen as the cover plate because of its excellent mechanical and

can work effectively as a monopole source.’

point A

cover plate

bimorph array _ i

inactive lateral face -

™~

substrate

Fig. 2. Configuration of the Double Amplifier Transducer

3. SAMPLE PREPARATION AND MEASUREMENT TECHNIQUE : (
' |

Bimorph actuators can be operated in series (the poling directions of the two piezoelectric plates are opposite) or in parallel .
(the poling directions of the two piezoelectric plates are consistent) configurations. All the bimorphs used in this paper are in
parallel structure. They are made from a kind of PZT 5H type piezoelectric material® and the dimensions are 20.0mm X 7.0
X 1.0mm. The loudspeaker paper is from Nu-Way Company with the thickness of 0.56mm.’ The experiments were
conducted both on the double amplifier structures and the transducer. For the double amplifier structure experiment, the |
bimorphs are mechanically clamped at one end, and the cover plate is fixed on the top of bimorphs by super glue. The
displacement of middle point and tip point are measured by using MTI 2000 Fotonic Sensor® under quisistatic and dynamic
conditions. Fig. 3 is the schematic drawing of the measurement setup. The resonant frequency of the structure was determined
by an HP-4194 Impedance Analyzer. For the transducer study, the bimorph arrays were fixed in the slots on the plastic
substrate by super glue. The displacement at the central point (point A in Fig. 2) of the cover plate and at the intersection
point of the central line and edge of the cover plate (point B in Fig. 2) was measured. The sound pressure level of the 4
transducer was also studied in an anechoic chamber by using B & K 4135 type condenser microphone.’ In measurement, the

Xu | 3'
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| transducer is baffled ina large rlgld plane and the measurement pomts are on the axis which ; goes through the central point -
and perpendicular to the substrate as shown in Fig. 4. The distances between the measurement points and the central point :

are 5.0mm and 1.0m respectively. The former situation is called near field and the latter is far field."

Power Functio
Sample Amplifier L Generatgr
Optical .
Fiber Sensor L Oscilloscope [
Lock-in
Amplifier

Fig. 3. Schematic Drawing of the Displacement Measurement Setup

anechoic chamber

measure point 1

transducer\\:b _____ 1 - i

buffled plane =~ TR Ago--- f
N\ I : l 5.0mm

Fig. 4. Schematic Drawing of Sound Pressure Level Measurement Setup

4.RESULTS AND DISCUSSOINS

fth le amplifier
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The dependence of the middle point displacement and amplification factor on the height of the cover plate was evaluated
under quisistatic condition (driving frequency = 1Hz) for the double amplifier structures with L = 50.0mm and 60.0mm (see
Fig. 1) respectively, and the results were presented in Fig. 5. As the height of cover plate g decreases, the middle point
displacement increases first, and then decreases. The largest displacement was obtained when the distance between bimorphs
was 50mm and the height of cover plate was 1.0mm. The largest displacement can reach 450pm (0.450mm) with a driving
voltage of 100V (peak-peak value). Fig. 5 also reveals that the amplification factor always increases as the height of the
cover plate is reduced. The amplification factor can reach more than ten easily. When the driving voltage is IOOV (peak-peak
value), the tip displacement of the bimorphs without loading is 37.63um, which is called free tip displacement." Hence the
middle point displacement can be more than ten times larger than the free tip displacement of the bimorphs. Fig. 6 shows the
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I displacement of the middle point as a function of tﬂé-dfi‘\-/in.g"\}alfa'g‘e.—Th'e—di'éﬁlz;{:‘éh'igﬁt"bf the middle point increases almost
+ linearly with the driving voltage. It is expected that the displacement of the middle point can reach about 1.5mm when the .
. driving voltage is raised to 300V (peak-peak value) or 110V (rms value).

Fig. 5. Displacement and Amplification Factor of the Double Amplifier Structure (f=1Hz, Vp-p=100V)
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~  Equations (1) to (4) show that the middle point displacement should always increase as the cover plate height is reduced,
so does the amoplification factor. However, when the height of the cover plate decreases, the effective loading of the cover plate
will increase, and a larger force is needed to push the cover plate. The relationship between the generated force and tip
displacement of bimorph can be described as: "

. , 3 2 :
: oYW ANE_y OF
: 4n® 2t :

I where Ycis Young’s modules of ceramic material;
dy is piezoelectric constant of ceramic material;
w is width of bimorph;

E is applied electric field.

When a larger force is needed, the tip displacement of bimorph will reduce. Therefore, when the height of cover plate
decreases, there are two competing factors which influence the middle point displacement of the cover plate. One is that the
middle point displacement will increase according to the geometric relationship, so does the amplification factor. Another one
is that the tip displacement of bimorph will decrease, which will reduce the middle point displacement. Therefore, there is an

~ optimum point where the maximum value of the middle point displacement is obtained. However, the amplification factor
will always increase when the cover plate height decreases as long as the geometric relationship is valid. The similar
situation will happen when the distance between the bimorphs is changed.
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Fig. 6. Displacement of the Middle Point as a Function of Driving Voltage (f=1Hz, L=50mm, g=1.0mm)
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Besides these t.\lh;éufz;c—t-o"rsh,— there is an add-i_t'igglwfa_c—taﬁla—g;c
buckling of the cover plate happens, the geometric relationship (equation (1)) will not be hold, and the middle point
displacement of cover plate will become smaller.

The tip displacement of bimorphs, the measured displacement of the middle point, and the calculated displacement of the

- middle point according to equation (1) are presented in Fig. 7. The tip displacement decreases rapidly when g is below

1.0mm for L = 50.0mm and 1.5mm for L = 60.0mm, which results in a decrease in the middle point displacement. When g
is larger than 1.0mm for L = 50mm and 1.5mm for L = 60mm, there is no buckling of the cover plate since the calculated

L middle point displacement is nearly the same as the measured value. Below these values buckling of the cover plate occurs.

The dependence of the resonant frequency on the height of the cover plate is shown in Fig. 8 for L = 50.0mm and :
60.0mm. For this amplifier structure, the cover plate can be considered as an effective mass loading attached on the top of the |

bimorph beams, which reduces the resonant frequency of the bimorph beams." As the height of the cover plate decreases and
the distance between bimorphs increases, the effective loading of the cover plate increases, resulting in a decrease of the

_ resonant frequency. This is consistent with the experimental results.
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Fig. 8. Resonant Frequency of the Double Amplifier Structure

The relationéhip between the displacement and frequency is shown in Fig. 9 for L = 50.0mm, g = 1.0mm. From the

comparison of the tip displacement of bimorphs, the calculated displacement of middle point, and the measured displacement
of middle point, it can be concluded that the cover plate can keep its shape from buckling during vibration in the frequency
range up to about two times of the resonant frequency, that is, the transducer can work effectively in the frequency range up to
the two times of the resonant frequency.

4.2, Displacement and sound pressure level of the double amplifier transducer

Based on the experimental results and analyses of the double amplifier structures, the bimorph-based double amplifier
transducer was constructed. The dimensions of the transducer are:

the distance between the bimorphs L = 50.0mm;

the height of the cover plate g = 3.5mm;

the width of the bimorph arrays W = 60.0mm;

the height of bimorphs h = 18.0mm.
Therefore, this transducer can be expected to work effectively up to 1000 Hz, which is the frequency range desirable for the
active noise control.
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’i‘h?c—:lependence of the di-s—}ilgc'éaélit_ of the po]ﬂl? A_gh_d?)“dthAB_af —thg}:a;'?r_ﬁléié— (see Fig. 2) bﬁr_l_ﬁéﬁuéﬁéy is shown in -
Fig. 10. Due to clamping effect of the two lateral faces which are made of loudspeaker paper and are inactive, and due to the

. loading effect of the air in the closed chamber of the transducer, the displacement of point A is some smaller than that of the

middle point displacement of the double amplifier structure with the same L and g values, and the displacement of point B is
smaller than that of point A, but the displacement of the cover plate is still much larger than the tip displacement of
bimorphs. The height of the peak in the resonant frequency also becomes weaker and smooth due to these clamping and
loading effects . .

The frequency dependence of the sound pressure level (SPL) was presented in Fig. 11. The SPL of the near field can be |
larger than 90dB in the frequency range from 50 to 1000Hz, and the largest value can reach more than 130dB. For the fr °
field, the SPL can reach more than 80dB when the frequency is higher than 200Hz, which is suitable for active noise control. '
Larger SPL value can be easily obtained by increasing the width of the bimorph arrays. Another approach to get larger SPL
value is to construct the transducer with multi-double amplifier structure, as shown in Fig. 12.

3. CONCLUSIONS

Bimorph-based double amplifier structure and the transducer based on this structure have been constructed and studied in
this paper. It was demonstrated that with relatively low voltage, the displacement of the active face can reach millimeter scale,
which is more than ten times larger than the tip displacement of bimorphs. The sound pressure level of the piezoelectric
transducer can be larger than 90dB (near field) between 50 to 1000Hz and 80dB (far field) between 200 to 1000Hz. And the '
largest value can reach 130dB (near field). Because of its light weight and panel structure, it is potential to use this new
piezoelectric air transducer in active noise control.

As the first result of the bimorph-based double amplifier transducer, further improvements in transducer performance are
expected using improved materials and design. Instead of bimorph, some other ceramic actuators such as unimorph or
monomorph can also be used in the double amplifier structure and transducer design.
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UNDERWATER ACOUSTIC ABSORPTION BY COLLOCATED
SMART MATERIALS

S. KUMAR, A. S. BHALILA and L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University
University Park, PA, USA

Abstract: Collocated smart structures provide the most effective technique of
influencing the stimuli. Such systems can also be used for absorbing underwater
acoustic waves. A collocated system is designed by mounting piezoelectric sensor
on a multilayer PZT discs stack. Using PZT sensor for narrowband response and
modified lead titanate sensor for broadband response, the effectiveness of these
smart structures in absorbing acoustic waves is experimentally determined by

using an acoustic tube.

INTRODUCTION

It has been shown that collocated smart structures can be used in active vibration
control and removal of energy from the vibration field [1,2]). These collocated systems
for vibration control are designed by directly mounting a piezoelectric sensor on
multilayer stack of piezoelectric (generaily PZT) thin discs. The piezoelectric thin discs
in the actuator are mechanically in series and electrically in parallel so that
displacements of each disc adds up. If the sensor voltage, which develops due to
pressure change on the sensor surface, is amplified, inverted in phase and applied to
the actuator, the dynamic compliance of the sensor-actuator composite can be
controlled and used in active vibration control. The material properties play a crucial
role in the designing of the systems. For example to obtain a narrowband response
from a simple collocated system, a PZT sensor can be used. But for broadband
response, there are restrictions on choice of sensor material. A modified lead titanate
sensor is required to obtain broadband response from a simple collocated system. In
these systems there is a very strong field coupling between the sensor and the actuator
and therefore they are quite difficult to design because of stability considerations.
However, they provide the most effective technique of controlling the field since
sensing and actuating takes place at the same point. It should also be pointed out that




by moving the sensor surface by electronic feedback to the actuator, the acoustic
impedance of the smart material (sensor-actuator composite) can be controlled. This
presents the opportunity of using these smart systems for underwater acoustic
absorption and therefore making them useful in many applications. In this work we
investigate the underwater acoustic absorption by collocated smart materials.

Experimental

Figure 1 shows the collocated smart system which has been used to absorb energy
from underwater acoustic waves. For this investigation, an acoustic tube experiment
was set up as shown in fig. 2. A 3 feet long aluminum tube with 3 inch internal
diameter and 0.5 inch wall thickness was used as an acoustic tube.

Pressure wave

Sensor —

Feedbock
amolifier

Actuator

FIGURE 1. Collocated Smart Material.

Standard navy transducer J9, which operates at low frequencies, was placed on one
side of the acoustic tube and a cell as shown in fig. 3, was designed to house sensor-
actuator combination. The cell was placed on the other side of the acoustic tube. A
solid aluminum cone was joined to the sensor in the cell to increase the effective area
of the sensor. The cell was filled with castor oil so that the gap between the rubber
diaphragm and the aluminum cone contain castor oil which would provide acoustic
coupling between the diaphragm and the cone. Because of air bubble problems the cell
design was changed to remove castor oil. The rubber diaphragm was glued directly to
the aluminum cone.
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FIGURE 2. Acoustic tube set up for underwater acoustic wave absorption measurement.




FIGURE 3. Cell containing collocated sensor actuator combination. A low noise

preamplifier is housed in a cavity in the aluminjum block behind the
actuator.

Narrowband Response

In this case a PZT disc was used as a sensor in sensor-actuator smart composite
and a high Q bandpass filter was placed in the feedback circuit. Assuming that
diameter of the tube is small compared to the wavelength so that plane wave
propagates in the tube, the pressure as a function of length in the acoustic tube can be
calculated by solving the well known Helmholtz equation and applying the appropriate
boundary conditions. This assumption is clearly valid for the low frequencies used in
the experiment. In the experimental set up, provision was made to monitor the
pressure along the axis of the tube b;' placing very small pressure sensors through
very small holes in the wall of the tube. The acoustic tube was lowered in the water
tank and filled with water so that whole acoustic tube with J9 and cell on its sides was
submerged in the water. Care was taken to remove all air bubbles from the acoustic
tube. The signal from the sensor was amplified, passed through the bandpass filter
which was tuned to the J9 frequency, inverted in phase and applied to the actuator.
The effect of the sensor-actuator combination on the pressure along the axis of the tube
could not be seen due to small applied voltages to the actuator. Alternatively, the
sensor voltage was monitored with and without feedback applied to the actuator. The
frequency of the standard transducer J9 was changed and the bandpass filter in the
feedback circuit was tuned to the same frequency. Figure 4 shows the effect of
feedback on the sensor voltage. The reduction in sensor voltage when feedback was
applied implies that the smart material partially absorbed the incident acoustic wave.

\

.
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FIGURE 4. Narrowband response of the collocated sensor-actuator combination for
the under water acoustic absorption.

Broadband Response

The PZT sensor was replaced with modified lead titanate sensor in the cell and the
high Q bandpass filter was removed from the feedback circuit. The feedback circuit
used in this system is described elsewhere [2). The sensor voltage was monitored with
and without feedback to the actuator. The frequency of transducer J9 was changed and
sensor voltage again monitored. Figure S shows the broadband response of the smart

system.
RESULTS AND DISCUSSION

Figure 4 shows the narrowband response in which the ratio of sensor voltage
without and with feedback applied to the actuator as function of frequency is plotted.
Higher reduction factor implies higher effectiveness of the smart system since the
sensor voltage is a measure of acoustic impedance of the smart system. The reduction
factor obtained is about 50 at low frequencies dropping to about 35 around 2 kHz. The
drop in sensor voltage reduction factor is expected since response time of the actuator

comes into picture.
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FIGURE 5. Broadband response of the collocated sensor-actuator combination for
the underwater acoustic absorption.

The broadband response of the smart system is obtained without using a higher
order filter in the feedback circuit. This design is possible because of low planar
coupling coefficient of modified lead titanate. Again the sensor voltage reduction factor
is seen to be 55 at low frequencies dropping to 40 at 1.5 kHz. This is a broadband
response of the smart system since there is no bandpass filter in the feedback circuit
and only J9 frequencies are changed keeping the J9 voltage same at each frequency.
These results for narrowband and broadband response show that it is possible to
control the acoustic impedance of the smart structures and remove energy from the
incident acoustic waves.
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Dynamic Characteristics of Rainbow Ceramics

Catherine Elissalde and Leslic Erie Cross’

Materials Rescarch Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

The piczoelectric resonance behavior of end-clamped
bimorph structures made from (he rainbow monolithic
ceramic have been evaluated. Thickness, width, width flex-
ure, and length bending modes have been identified and
measured. Using a very crude model in which the cermet
component of the rainbow is assumed to have the same
density X elasticity product as the bulk, surprisingly good
agreement is obtained between observed and calculated
frequency behavior. By appropriate processing it is possible
to delaminate the bimorph, and work is now in progress to
measure the propertics of the (wo separate phases so that a
proper composite resonator model may be developed.

I. Introduction

PIEZOELECI‘RIC and clectrostrictive materials are used in 2
wide range of applications. Especially smart materials have
aroused increasing interest. To improve the performance of
piczoclectric materials (higher strain or higher displacement),
new structures such as flextensional structures or “moonic™ are
developed.' Recently a new type of monolithic ceramic bender,
known as “rainbow™ (reduced and internally biased oxide
waler), was developed by Haertling.” This material presents a
number of advantages and in particular the possibility to gen-
crate very high displacements.? The piczoclectric material
response depends not only on its piezoclectric propertics but
also on elastic and dielectric parameters. Elastic bodies show
resonances, and the resonance method is convenient for evaluat-
ing such propertics. In this way, the purpose of this work is
{o study the resonant behavior of rainbow materials. A good

G. 1. Haertling—contributing cditor

Manuscript No. 192775, Received March 8, 1995; approved June S, 1995.

‘Member, American Ceramic Society.

Knowledge of the frequency characteristics is, indecd, essential
for many types of applications.

1. Experimental Procedure

(1)  Sample Preparation

Rainbow piczoclectric PZT (lead zirconate titanate) materi-
als were prepared using a conventional mixed oxide process.
During the processing, an additional important step for the
rainbow is the high-temperature chemical reduction of one
surlace of the wafer.? The thickness of the reduced layeris 1/3
o 1/2 of the sample thickness. This single-sided reduction
introduces a stress in the ceramic and the rainbow becomes a
dome-shaped wafer.

The rainbow actuators were supplicd by Aura Ceramics, Inc.
The dimensions of the initial wafer were the following:
S0.8 mm in diameter and 0.76 or 0.38 mm in thickness. A
motional diamond saw was used 1o generate the rainbow canti-
lever used for our experiments. One end of the sample was then
clamped in a plastic support using 5 Minute Epoxy glue, and
the other end was free.

(2)  Frequency Measurements

Freguency measurements were performed using an HP4194 A
impedance/gain-phase analyzer which covers a frequency range
of 100 Hz 1040 MHz. A preliminary calibration was conducted
(open and short cireuit). On account of the initial bent shape of
the rainbow and thus because of the high sensitivity of the
sample measurement, two different cells were used. Both were
connected to a test fixture with the four terminals attached
directly to the terminals of the analyzer (BNC connectors). The
so-called “soft cell” (SC) consisted of an HP16047 C test fix-
ture. The so-called “hard cell™ (11C) was made up of a clip
mounted on an HP16047 A test fixture. For each cell, the
contact was near the clamped end of the rainbow cantifever.

The reduced layer on the concave side of the rainbow served
as one of the electrodes but it was also possible to electrode it

bending mode
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Fig. 1. Impedance spectrum of rainbow cantilever (L = 25.5 mm, w = 5 mm, ¢ = 0.76 mm).
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1o ensurc a good contact. In fact, the results of these impedance
measurements were not affected if only the top side or il both
sides were electroded.

Temperature measurements were performed using a metallic
cell, a hot plate PC-35, and a model DRC 80-C temperature
controller.

IIL.  Results

(1) Resonance Modes

Four resonant modes were observed in the rainbow cantilever
with onc end clamped. The resonances appearcd in the fre-
quency range 100 Hz 10 4 MHz. As an example, Fig. | shows
the impedance spectrum obtained. The lowest resonant mode is
the bending mode. The value of the corresponding resonant
frequency depends on both length and thickness. Al high fre-
quency (f > 2 MHz), the fundamental thickness mode can
be observed. In a conventional plate thickness resonance, the
frequency of the fundamental is given by

C I\’\
2ft = 1/—;* n

where f, is the parallel resonance frequency, 7 the plate thick-
ness, p the density (p = 7.5 x [0? kg/m'), and CY, the clastic
stiffness at constant dielectric displacement. For the bimorph
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Table 1. Measured Resonant Frequency of
Rainbow Caatilever!

Resomant trequency (1)

W= 5mm w= 2 K w = 1.5
+=0.76 mm 93732 274801 078755
=038 mm 52046 158197 4202064

L= 19.7 mm.

structure of the rainbow, there are two materials involved, the
unreduced PZT ceramic and the lcad-based cermet ol the
reduced region. As a first approximation, assuming that the
cermet behaves elastically like the PZT, the value obtained from
experimental results is about C% = 144 X 10" N/m? , =
2.6 MIz). Such a value is ellectively the same as the value for
common piczoclectric ceramics.

The frequency of the resonant mode observed close 10 3 X
10° Hz in Fig. | depends only on the width of the sample
and thus corresponds to the lateral extensional mode of the
cantilever. Again, assuming the cermet behaves like PZT we
could expect the frequency to be given by

24
fo=0.5(1/w) /%’" 2)

where w is the width of the sample, phe density, and C¥, the
elfective elastic constant measured al constant ficld. The
mechanical _conditions are §, = 0, I = 0. and Ct =
1S (1 — o).

Figures 2 and 3 represent the measured frequency versus
width for 0.76 and 0.38 mm thick rainbows. The plots clearly
verify the 1w dependence and from the slope a value of §Y, =
14.94 X 107" m%N is obtained assunting that the value of the
Poisson ratio, o, is that of PZT, ic., o = 0.36. Such a 8, valuc
is in the range expected for softer PZT compositions.

For the resonance observed near9 X 10' 1z (Fig. 1) the most
probable origin is a width bending mode as the frequency
scales with both width and thickness, but not with length of the
rainbow. Table I lists the measured resonance frequencies as i
function of these two controlling dimensions.

(2) Bending Mode

In this study we have focused our attention on the lowest
Irequency resonant mode. namely the bending mode. Figure 4
shows the measured bending resonant frequency versus the
ratio 1/L? of the cantilever. By changing the length, the lrequen-
cies of the other resonant modes remain constant. Again, using
the assumption of a homogencous ceramic, the resonant fre.
quency of a cantilever (one end clamped and the other free) can
be expressed as
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where L is the length of the sample and m (he cigenvaluc of the

resonant mode. The fundamental resonant frequency corre-
sponds to a value of m = 1.875% and

f = 0.16(1/L’)# &)
pS

From cxperimental values, the obtained elastic compliance is
about 15 X 107" m*N (Fig. 4). There is not a significant
difference using one or the other of the cells. Morcover, it is
interesting to notice that even if the reduced layer is not elec-
troded, the measured resonant frequency remains the same,

The sharpness of the impedance-frequency peak in the neigh-
borhood of the resonance is controlled by losses in material.
Near the resonance the dominant factor is probably related to
mechanical losscs. The mechanical quality factor, Q. is thus
an important parametcer 1o determine the impedance-frequency
characteristics of resonating systems. It also gives an idea of the
usable bandwidth. Q is obtained from a determination of the
minimum impedance 1Z,! at resonance. Q is given by the
relation

Q = l4m(Cy + CO(f, — LIZ, )] 4

where C, + C, is the capacitance measured at low frequency,
and £, and f, are the frequencies corresponding to the maximum
values of the resistance R and the conductance G, respectively.
For the rainbow cantilever. the calculated 0 valuc is close 1o
100. There is not a precise evolution of Q as a function of width
and length (Figs. 5 and 6). Considering the restricted sensitivity
of the measurement, it is reasonable to conclude in favor of an
average value.

In order to complete the characterization of the bending
mode in the rainbow cantilever, measurements as a function of
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Fig. 7. Temperature dependence of resonant lrequency ol the bend-
ing mode (L = 32.27 mm, w =5 mm, 1 = (.38 mm).

temperature were performed. The temperature range was rom
room temperature to 340 K. As an example, the temperature
dependence of the frequency of the bending mode is shown in
Fig. 7. For al the samples, a decrease of frequency is observed
when the temperature increases. The corresponding variation of
the resonant frequency can be well fitted using a law-type such
asInf=A+ B/ (A and B are constants). Using Eq. (3) it is
also possible to determine the temperature dependence of the
clastic compliance. In cach case, 8% increases lincarly with
increasing temperature. The curve fit is a straight line (Fig. 8).
Itis perhaps surprising that the assumption of a homoge-
neous ceramic in describing the clastic and density propertics
works very well and is probably adequate for many engineering
purposes. Given the fact that oxygen is lost from the ceramic
during the reduction process and that the resulting cermet puts
the ceramic under compression, one would expeet i higher
density in this component. Possibly this change is partially
compensated by a reduction in stiffuess due to the metallic
phase. We note that in some cases it is possible o cause a
delamination between the ceramic and the cermet phases, so
that with the possibility of explaining the clastic and density
behavior of the two separate phases. it will be possible to model
more exactly the preeise behavior of this composite resonator,

IV.  Summary

The frequency behavior of rainbow cantilevers has been stud-
ied in a large frequency range (100 112 10 4 MIz). Diflerent
modes of resonance have been observed. The stronger corre-
sponds to the thickness mode and appears at high frequency
(f > 2 MHz). At low frequency, the bending mode can be
characterized by an impedance-frequency peak with a value of
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Fig. 8. Temperature dependence of 84, (L = 32.27 mm, w = 5§ mun,
t = (.38 mm).
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Q closc to 100. The corresponding resonant frequency increases
when the Iength of the cantilever decreases and is also depen-
dent on temperature. The behavior has been modcled on the
simple assumption that the rainbow cermet has clastic and
density propertics similar o those of the bulk ceramic and
there is surprisingly good agreement between measured and
predicted propertics. The lemperature  dependence of  (he
fesonance suggests that the S§, has a lincar variation with
temperature.,

Using separated cermet and ceramic clements, measurements
are now in progess to characlerize exactly the separate phases

so that oG more ])l'CCiSC Cl)l]lp().\'ilt‘ resonator IH(KIC] can hL‘
developed.
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Tunable Electric Field Processing of Composite Materials

CHRISTOPHER P. BOWEN, THOMAS R. SHROUT, ROBERT E. NEWNHAM AND CLIVE A. RANDALL*
Intercollege Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802

ABSTRACT: Using the dielectrophoretic effect, it is possible to fabricate polymer/ceramic com-
posite materials in which the filler phase can be manipulated to form a desired microstructure. This
is performed via the application of an electric field to a colloidal suspension consisting of a filler
material dispersed in a fluid polymer medium. Field induced dipole-dipoie interactions cause

particles to experience a mutual interaction resultin,
to the applied electric field direction. This chained

g in distinct particle chains which align parallel
microstructure can then be “frozen in” by cross-

linking the polymer matrix. The chaining phenomena is dependent on both the magnitude and the
frequency of the applied ficld. Optimum assembly conditions for this process are determined via
optical microscopy and electrorheological measurements. The dielectrophoretic assembly process
also has the advantage of in-situ quality control through dielectric measurements. Both the degree
of alignment and the batch uniformity can be confirmed via dielectric measurements. By varying the
applied field and frequency, chain coarseness can be manipulated giving rise to the ability to “tune”
the properties of the composite. The dielectrophoretic assembly process is projected to be utilized
for electrical, structural and thermal composite applications.

INTRODUCTION

ANY of today’s adaptive materials are based on com-

posite systems (Newnham, 1989, 1986a, 1986b). A
composite is a muitiphase material which exhibits proper-
ties unattainable in any of the isolated constituent phases.
The properties of composite materials are controlied
through materials selection, volume fraction of filler, perco-
lation behavior and connectivity. For the typical case of a
polymer matrix-ceramic filler composite, we introduce a
novel assembly technique which allows manipulation of the
ceramic filler phase during the manufacturing process. This
assembly involves the induction of dipole-dipole interac-
tions between the second phase filler particulates under both
alternating and direct current electric fields, a phenomena
known as dielectrophoresis (Pohl, 1978). The result is a
unidirectional alignment of the filler material in the polymer
matrix.

The dielectrophoretic assembly is suited to a variety of
thermoset polymers and filler materials. Optimum assembly
conditions have been determined via electroheological be-
havior and in-situ microscopy (Bowen, et al., 1994). Dielec-
tric property and impedance changes (suitable for quality
control monitoring of the composite assembly process) are
also projected to be a useful means to determine the opti-
mum assembly conditions. The potential of this processing
methodology is not yet fully realized. Target applications
include electronic, structural and thermally conductive
composite materials. This paper will discuss the back-
ground, theory, and important parameters of the dielec-

*Author to whom correspondence should be addressed.

trophoretic processing technique with emphasis on electri-
cal composites.

BACKGROUND

Before beginning the discussion of dielectrophoretic pro-
cessing, it is useful to clarify some basic definitions and
terms that will be used in the characterization this class of
composite.,

Connectivity

In composite materials, there exists a classification system
to describe the architecture of the component phases. This
classification system is designated as the connectivity of the
composite material. Connectivity describes the number of
dimensions a phase in a composite material is continuous
in. Newnham (1986b) developed a self-consistent nomen-
clature to describe the connectivity of composite materials.
He showed that for a giver number of components (), there
is a finite set of connectivity patterns given by the expres-
sion:

(n + 3)1°
3!n!

(8))

For example, with a diphasic composite material (a
matrix phase and a single filler phase), n = 2, resulting in
a possible 10 connectivity patterns (Newnham, Skinner and
Cross, 1978). The convention is to make the first term of the
connectivity pattern description equal to the number of
dimensions in which the filler is continuous while the
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second term refers to the number of dimensions in which the
matrix is continuous. For a 0-3 connectivity, the filler phase
is completely discontinuous while the matrix phase is con-
tinuous in all three directions (e.g., a well dispersed powder
in a polymer matrix). This differs from a 1-3 connectivity
where the filler is continuous in one dimension and the
matrix is continuous in all three dimensions (e.g., paralle]
rods in a polymer matrix). By carefully choosing a process
which results in a desired connectivity, the directional
anisotropy and magnitude of properties in a composite can
be precisely engineered.

Percolation Theory

Percolation theory is the means used to explain how the
properties of a composite material are altered by changing
the volume fraction of the filler phase (Zallen, 1983). For
simplicity in describing percolation theory, a metal powder
will be considered and the composite property of conductiv-
ity will be examined. Intuitively, at low volume fractions of
filler, the conductivity of the composite material will be low,
approximately equal to that of the polymer matrix. A sche-
matic of a low volume fraction composite material is given
m Figure 1(a). As more and more metal particles are added,
they begin to crowd together and come in contact with each
other until, at high volume fractions, conducting pathways
exist through the polymer matrix. The conducting micro-
structure is shown schematically in Figure 1(b). This results
in a composite conductivity that is governed by the conduc-
tivity of the metal filler.

The change in conductivity as a function of increasing
volume fraction metallic filler is schematically plotted in
Figure I(c). The volume fraction of filler at the inflection
point in the curve is defined as the percolation limit or
“critical” volume fraction of filler. This inflection point
exists at a volume fraction of filler where the particulates are
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Figure 1. (a) Schematic of composite microstructure at iow volume
fraction filler; (b) schematic of composite microstructure at high
walume fraction filler; (c) schematic of the percolation curve for g
metal filled polymer composite.

crowded together enough such that they just begin to touch
each other and form conducting pathways through the com-
posite. The “critical” volume fraction of filler is not a fixed
quantity and will vary with the filler particle size, size dis-
tribution and morphology. A more detailed discussion of
percolation theory as it applies to conductive composites
can be found in McLachlan et al., (1990) and Janzen (1975),
but the point to be noted here is that by changing the volume
fraction of the filier material in the composite, properties
can be altered and effectively tuned to meet certain design
parameters. This tuning effect is utilized in applications
such as piezoresistors and both positive and negative tem-
perature coefficient resistors (Newnham, 1989).

PROCESSING TECHNIQUES UTILIZED FOR
COMPOSITE MATERIALS

Because the electronics industry is driven to obtain in-
creasingly higher volumetric efficiencies from devices,
smaller filler materials must be manufactured. Fabrication
of functional composites on a micron-submicron scale
makes processing very difficult and is the driving force in
the search for more sophisticated processing techniques.
This section is intended to give a brief look at relevant pro-
cesses currently utilized in the fabrication of electronic
composite materials.

Low Connectivity Processing Techniques
(0-3 Connectivity)

One of the most common architectures in electronic com-
posite materials is the 0-3 connectivity. This type of com-
posite is generally used for piezoelectric transducer applica-
tions (electrical to mechanical energy conversion and vice
versa) such as those used in pressure sensors. The 0-3 com-
posite is attractive not only for its property enhancement ad-
vantages (higher effective d,; piezoelectric coefficient and
better acoustical impedance matching) but for its ease in
processing as well.

Composites of the 0-3 type are usually fabricated through
a high-shear mixing process that disperses a ceramic or
metal powder uniformly into an uncured thermoset or
heated thermoplastic polymer matrix. Typical means of
high shear mixing range from an automated, large scale
mixer (such as a 3-roll mill) to laboratory scale mortar and
pestle mixing. Usually, 0-3 composite materials are pro-
cessed as sheets which are easily mass produced (Baker,
Moore and Petroff, 1991). However, these sheets can contain
large density gradients and heterogeneities due to segrega-
tion effects of incomplete mixing,

Electric Field Processing

Electric fields have been used in the processing of com-
posite materials mainly for producing specific orientations
of filler materials within a polymer matrix. Electric fields
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Figure 2. (a) Schematic showing charge double layer in the
absence of an applied electric field; (b) on the application of an elec-
tric field, the charge wiil separate and migrate towards the electrode
of opposite charge, effectively forming a macroscopic dipole; (c) as
the charge is pulled by the electrodes, it acts to rotate the fiber into
an orientation where the charges can be closest to the electrodes,
i.e., aligned paraliel to the applied field direction.

can be used to orient polar crystals and fibers (via induced
dipolar interactions), to deposit thin coatings (via elec-
trophoretic effects) and to induce particulate chaining within
a matrix polymer (via the dielectrophoretic effect) (Tada et
al., 1993; Sarkar et al., 1992; Bowen et al., 1994).

Orientation of fibers and polar crystals into a quasi 1-3
connectivity can be accomplished through dipolar interac-
tions with an applied electric field. When an electric field is
applied to a fiber, charge on the filler surface will migrate to
the region nearest the opposite charged electrode. The fiber
will rotate and align its long axis parallel to the applied field
direction as a result of the redistribution of charge. This
phenomena is shown schematically in Figure 2.

The electrophoretic effect involves the migration of
charged particles in an electric field. If a particle obtains a
positive charge in a suspension and an electric field is ap-
plied, the particle will migrate toward the negatively
charged electrode. In a colloidal system, a thin coating of
particles can be deposited on the surface of an electrode uti-
lizing the electrophoretic concept. By depositing alternating
layers of particles (alumina and zinc oxide, for example),
laminate composite structures (2-2 connectivity) can be
produced (Sarkar, Haung and Nicholson, 1992). The varia-
bles affecting electrophoretic deposition include the magni-
tude of the applied electric field, the surface charge on the
particles (variable by altering pH when using aqueous
systems), viscosity of the suspension medium and the dura-
tion of the applied field (longer times will facilitate the dep-
osition of a greater number of particles and hence, thicker
films).

The dielectrophoretic effect can be used to induce an at-
tractive potential between particles in a suspension resulting
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in a quasi 1-3 connectivity. This effect is currently being
researched as an assembly technique for composite
materials and will be exclusively addressed in the remainder
of this paper.

THE DIELECTROPHORETIC EFFECT AS A
COMPOSITE ASSEMBLY TECHNIQUE

While dielectrophoresis has been recognized since 1949,
it was generally utilized as a separation technique by
mineralogists and biologists (Pohl, 1978; Winslow, 1949).
Only recently has the dielectrophoretic effect been recog-
nized as a useful means of assembling composite materials
(Randall et al., 1993). Through the mutual dielectrophoretic
effect, quasi 1-3 composites can be fabricated such that the
separation phenomena is suppressed, yielding a composite
material with minimized structural disorder.

Dielectrophoretic Effect—Background Information

When a single particle suspended in a fluid medium is
exposed to an electric field, two phenomena can possibly
occur: (1) electrophoresis and (2) dielectrophoresis. Elec-
trophoresis was defined earlier as the translational motion of
charged matter within any electric field (uniform or non-
uniform). Dielectrophoresis will be defined as translational
motion of neutral matter caused by the induction of a
polarization in a non-uniform electric field (Pohl, 1978).
Both of these effects are shown in Figure 3. The major dif-
ferences between the electrophoretic and dielectrophoretic
effects are given as:

1. The dielectrophoretic effect is not dependent on the sign
of the applied electric field whereas the electrophoretic
effect is dependent on both the field dirzction and the -
sign of the particle charge.

2. The dielectrophoretic effect is proportional to the parti-
cle volume and, as such, is more pronounced as particle
size increases. However, the electrophoretic effect is
relatively independent of particle size.

3. Dielectrophoresis usually requires very divergent non-
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Figure 3. Schematic showing the phenomena of dielectrophoresis
for & single particle in suspension. Figure (a) shows that a neutral
body will be simply polarized in a unitorm electric field and no trans-
lation will occur. Figure (b) shows that, for the nonunitorm case, the
neutral particle will migrate to the region of higher tield contentra-
tion. (After Pohi).
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uniform electric fields for pronounced effects while eiec-
trophoresis is observed in both uniform and non-

uniform electric fields.

A special case arises when more than one particle is con-
sidered in the suspension. Consider two particles having a
higher dielectric constant than the suspension medium (i.e.,
a higher polarizability) and in close proximity to each other.
When a uniform electric field is applied to the suspension,
it is perturbed in a manner consistent with that shown in
Figure 4(a). Hence, a non-uniform electric field is gener-
ated in the gap between the two particles. Since the particles
are already polarized by the field [Figure 4(b)], the non-
uniform perturbation acts to pull the particles together. A
semi-quantitative model for the mutual agglomeration is ex-
plained in the next section.

When many particles are present in the suspension, the
mutual dielectrophoretic effect acts to cause particles to
attract each other and agglomerate unidirectionally to form
chains parallel to the applied field direction. This is shown
schematically in Figure 5. With this chained microstructure,
the composite achieves percolation at a much lower volume
fraction filler than the simple dispersion case. However, the
percolation of properties is anisotropic, with property
enhancements occuring along the chained direction.

Interaction Potential Theory of Colloidal Suspensions

If a two particle suspension is considered, the interaction
potential can be explained by the DLVO colloidal stability
expression given as:

V) = 2xeeat* In[1 + exp (—xr)] — 1—42% )

where V(r) = total interaction potential, ¢, = permittivity
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Figure 4. (a) Effect on field when two particles in a medium are
close and their dielectric constant, K ,, exceeds that of the medium,
K., (b) excess polarization produced in two particles subject to an
external electric field when K, > K,; (c) effective dipoles, showing
their attractive nature. (After Pohl).
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Figure 5. Schematic showing the unidirectional agglomeration
phenomena. At zero applied field, the particies stay in a dispersed
state. Upon the application of an external electric field, dipole-dipole
interaction causes particle chains parallel to the applied field direc-
tion.

of free space, ¢, = dielectric constant of the medium,
a = spherical particle radius, { = Zeta potential,
x = Debye reciprocal length, r = interparticle distance,
and A = Hamaker constant (Reed, 1988).

The first term in Equation (2) represents a repulsive
potential due to the Stern and Gouy-Chapman charge layers
surrounding a particle in suspension (Figure 2 sche-
matically shows charge layers around a fiber morphology).
The second term is an attractive potential based on van der
Waals forces of attraction. When typical values for particles
suspended in an uncured polymeric matrix are chosen and
input into Equation (2), a plot (Figure 6) showing the in-
teraction potential curves can be generated. Numerical
values used in the calculations for Figure 6 can be found in
Table 1. These values are based on physical measurements
and approximated variables owing to the incomplete
database for non-aqueous media. These values are suitable,
however, to qualitatively describe the effects of electric field
strength on the colloidal stability of ceramic particulates
suspended in an uncrosslinked polymer. Figure 6 shows that
there is a critical separation distance at which the two
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Figure 6. Calculated interaction potential versus separation dis-
tance according to the classical colloidal stability equation for SrTiO;
in an uncured polymer.




Table 1. Values used in the calculation of Figure 6.

4 (typical of polyurethane at room temperature)
300 (typical of bulk SrTi0,)

1 um (typical particle size for powders)

50 mv (approximated)

400,000 1/m (approximated)

1E-19 J (typical Hamaker constant)

Dxwnpdo

particles must overcome an energy barrier in order for
agglomeration to occur.

When the effects of an electric field applied to the suspen-
sion are considered, a third term is introduced. This term is
the quadruple solution to the Laplace equation and is ip-
cluded in the interaction potential equation to yield:

r) = 2xe.eat? In [1 + exp (—xr)]
3)

Aa vl - 3 cos? 9)

27t T s —

where

— (BaJelEloc)z - €, — €
v= € and b= € + 2€]

where § = orientation angle of particles, r = interparticie
distance, 8 = effective polarizability, g = particle radius,
¢ = dielectric constant of the suspending  fluid,
¢, = diclectric constant of the particles and E,,. = eppiied
(Halsey, 1992). As can be seen, the Laplace term is depen-
dent on the square of the applied electric field and on the
difference between the dielectric constants of the particle
and the suspending medium. Hence, if the applied field is
increased or if higher permittivity filler material is utilized,
the attractive potential between the particles will increase,

The modified interaction potential Equation (3) can be
solved and plotted for differing field conditions as found in
Figure 7. As the applied field is increased, the barrier to
agglomeration is reduced and particles at larger separation
distances will experience an attractive potential. Figure 7
also shows that the equilibrium interparticle spacing varies
with the magnitude of the electric field, Utilizing this
calculated dependence of the particle spacing on the magni-
tude of the applied field, adaptive composite materials can
be produced with properties that will depend on the applied
processing conditions.

The orientation angle dependence of Equation (3) shows
why, fundamentally, the particles form distinct chains excly-
sively along the electric field direction. The orientation
angle (6) is defined as the angle formed between a vector
parallel to the applied field and a vector connecting the
centers of two particles in suspension (see Figure 8). The
contribution to the attractive interaction potential is maxi-
mized when 6 = 0°, At a critical angle of approximately
55°, the dipole-dipole potential switches from an attractive
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to a repulsive potential. Hence, particles existing at an ori-
entation greater than 55° (those particies existing approx-
imately perpendicular to the applied field) will experience a
repulsive potential. The result is the formation of distinct
chains parallel to the applied field direction. Figure 9 shows
the interaction potential at varying orientation angles and it
can be seen that an essentially infinite barrier to agglomera-
tion exists at angles greater than 55° to keep particles
separated in the direction perpendicular to the applied field.

Appiled E-field

Two particles

at zero degrees

{o appied fieid.

Resut is attractive

potentlal energy. <

-7

Two particles at >55° to
appéied fieid direction.
Resutt is repuisive
potential energy.

Figure 8. Schematic of the orientational relationship of the interac-
tion potential under an applied electric field. At angles greater than
55°, a repulsive Ppotential exists which aids in the formation of the
distinct chained microstructure,
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Figure 9. Calculated interaction potential versus separation dis-
tance according to the modified classical colloidal stability equation
for SrTiO; in &n uncured polymer at varying orientations. There is an
enormous (1E + 14 ev) barrier to agglomeration for the 60° and 90°
orientation angles. This can essentially be considered an infinite
barrier to agglomeration resulting in a minimum equilibrium separa-
tion of particles perpendicular to the applied field. The applied elec-
tric field is taken to be 5000 v/cm in this calculation.

MATERIALS ISSUES FOR DIELECTROPHORETIC
ASSEMBLY OF COMPOSITE MATERIALS

When choosing materials to fabricate composites, one
must consider components that best suit the composite ap-
plication. Careful considerations must be taken to control
properties such as electrical and thermal conductivity, ther-
mal stability, mechanical strength, mechanical stiffness and
piezoelectric coefficient. Through the combination of the
chosen filler and matrix materials, one can achieve compos-
ite properties which are unattainable in the isolated constitu-
ent phases.

Matrix Materials

There are several general requirements necessary for the
matrix materials in the dielectrophoretic assembly of com-
posites. The first requirement is that the matrix must be an
insulating material of low dielectric constant that can easily
transform from a liquid-like to a solid state (crosslinked or
vitrified). The liquid-like state is necessary to suspend and
align particles while the solid state is necessary to “freeze
in” the oriented structure to produce a useful device. The
matrix must be insulating in order to allow the generation of
a polarization field (driving force for the chaining
phenomena) and the dielectric constant is desired to be low
so the effective polarizability, 8 in Equation (3), is maxi-
mized for a given particulate filler material. The second re-
quirement is that the polymer matrix should have a high
breakdown strength in the uncured state. The required
breakdown strength of the polymer is dependent on the
application envisioned. If it is desired to apply a 1 kV/mm
field to process the composite, then the polymer should have

a breakdown strength of at least I kV/mm. If breakdown is
occurring during the curing phase, local electric discharges
will result in local thermal decomposition of the matrix.
The result is 2 polymer which is damaged such that the
crosslinking process is inhibited, thus ruining it as an accep-
table matrix material. Thirdly, the viscosity of the uncured
polymer matrix must be such that it is low enough to allow
dielectrophoretic migration of particles into the chained
microstructure but high enough to prohibit settling of the
particles due to gravitational forces. Finally, the matrix
should cure rapidly and easily (low temperatures) to allow
for a rapid production rate and lower production costs.
The matrix materials utilized thus far are shown in Table
2. All of these polymers have supported dielectrophoretic
assembly. A special note about the Norland optical adhesive
(a UV curing polymer) is that it is limited to low volume
fractions of filler material (=0.05) and small thicknesses
due to scattering conditions accompanying these two varia-
bles. If the volume fraction filler is too high for the desired
thickness, the UV light necessary to cure the polymer will
be scattered away at the surfaces and will not be able to
penetrate and crosslink the center of the composite sample.
Hence, the UV transmission of the composite must be
accounted for when utilizing UV curing polymer matrices.

Filler Materials

Theoretically, any material with a dielectric constant
higher than that of the matrix can be aligned and chained
through the dielectrophoretic effect. Table 3 shows a list of
insulators, semiconductors and metals which have been suc-
cessfully aligned in a thermoset polymer matrix. Randall et
al.,, (1992) showed that insulating particles are easily
aligned, provided that their dielectric constant is greater
than that of the matrix phase used {i.e., 8 > 1 in Equation
(3)]. Fibrous filler morphologies are aiso capable of being
aligned utilizing the dielectrophoretic assembly technique.
Figure 10 shows PZT fibers aligned at approximately 0.1
and 0.005 volume fractions.

When conducting fillers are used, limitations associated
with composite fabrication arise. The first limitation in-
volves the elimination of the potential drop across the sam-
ple once the particles successfully chain. When the particles
chain, the composite becomes conducting and the potential
voltage drop (polarizing field)~across the sample is de-

Table 2. Polymers and suppliers.

Polyurethane
Silicone elastomer

Hysol-Dexter US0048

Sylgard-184, Dow Corning
Eccogel, Emerson-Cummings

Eccogel epoxy Eccogel, Emerson-Cummings
1365

Epon epoxy Epon 865 Shell

Norland Optical Adhesive Norland-81
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Table 3. Filler materials which have been successfully
assembled in uncured thermoset polymers.

insuiators Semiconductors Metals

BaTiO, YBa,Cu,04e4s Aluminum powder
PbTiO, Graphite Silver-coated resin balis
Pb{zr,T)0, SiC Fibers

SrTio, Zn0O

Ba,TiSi.O. vlol

Zr0o,

TiO,

SiO,-balls

stroyed. The polarizing field is the driving force for the
chaining phenomena and without it, migration of particles
to form chains will not occur. Recent studies have revealed
that once the composite sample becomes conducting, a few
chains will remain intact and keep the polarizing field at
zero while the rest of the chains will relax and dissipate due

to Brownian motion. Hence,a rapid cure polymer is neces- -

sary to freeze in the chained structure before it can drift
apart. Recent progress with alignment in UV curable
polymers has been promising, but more work is necessary.

The second limitation of using conducting filler materials
is that the volume fraction of the filler materials must be less
than the percolation limit (recall Background section). If the
conducting powder is present in large enough quantities that-
the particles touch to create a conducting pathway through
the material, there will be no chaining phenomena because
the polarization field will never be established.

The third limitation of conducting fillers concerns electri-
cal breakdown of the uncured polymer during assembly. As
particles begin to form chains, the insulating gap between
the particles becomes increasingly smaller. This creates an
enormous energy density between the particles and can
result in sparking or electrical discharge. This electric
breakdown can slow and even probibit the curing of the
matrix due to thermal decomposition effects.

Figure 10. Photograph of PZT fibers (30 wm thick, 1 cm long)
aligned in a polymer matrix at approximately 0.1 voiume fraction
(top) and 0.005 volume fraction (bottom).
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Figure 11. Shear stress vs. squared applied field for polyure-
thane + 0.2 volume fraction SrTiO; at a shear rate of 9.6 sec-’
(after Bowen, Bhalla, Newnham and Randall).

Ideal Dielectrophoretic Assembly Conditions for
Composite Materials

Once the constituent materials have been selected, the
focus of the assembly shifts to the process parameters.
Based on the conditions placed on an individual system, the
dielectrophoretically assembled composite can have a
number of microstructures. The filler can exist in a dis-
persed state, well-defined chains, poorly-defined chains, and
a turbulent flow state (Bowen et al., 1994).

While it was shown previously that the effects of the
applied field magnitude have a great effect on the alignment
of the particulate filler material, the frequency of the applied
field also has an enormous impact on the microstructure of
the final composite material (Bowen et al., 1994). Using a
modified Brookfield viscometer, the forces of attraction be-
tween particles as a function of the applied electric field:
strength and frequency can be indirectly measured. The
stronger the attractive forces between particles are, the
harder it will be to move them past each other in a rotational
viscometer. This will result in a higher shear stress being
recorded for conditions which maximize the force of attrac-
tion between the suspended particulates (for complete ex-
perimental details see Bowen et al., 1994). Figure 11 shows
a plot of the shear stress versus the square of the applied
field at a constant shear rate for a polyurethane matrix with
SITiO; filler. When DC voltages are applied. an initial in-
crease in the shear stress is seen, however, it diminishes
with increasing field intensity. This is believed to be caused
by the domination of the electrophoretic effect at high elec-
tric field strengths.

As can be seen for both the AC frequencies in Figure 11,
the electrophoretic effect has been sucessfully suppressed
[the plot has a linear dependence on E? as predicted by
Equation (3)]. Also, Figure 11 clearly shows that the force
of attraction between particles is highly frequency depen-
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dent. For this system at a given electric field, there is a
larger particulate force of attraction at 10 Hz than at 100 Hz.
This shows that the composite architecture is adaptive based
on the given set of assembly conditions (applied field inten-
sity and frequency). Also, an optimum condition (which
differs from system to system) exists to assemble a compos-
ite material via the dielectrophoretic technique (Bowen et
al., 1994).

APPLICATIONS FOR DIELECTROPHORETICALLY
ASSEMBLED COMPOSITE MATERIALS

Composite materials assembled utilizing the dielec-
trophoretic effect can be exploited in a number of potential
applications. These materials may not only be used as elec-
trical composite materials but as thermally conducting and
structural composites as well. They also have the ability to
achieve percolation at low volume fractions so less filler
material is necessary. A chart showing the potential of
dielectrophoretically assembled composites is given in
Figure 12.

Electronic Composite Applications

As electronic composite applications is our original
projected field of use for dielectrophoretically processed
composite materials, many devices have been considered as
potential candidates for this processing technique. The use
of dielectric measurements is foreseen as a type of quality
control on this class of materials. Through the use of dielec-
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Figure 12. Potential applications for dielectrophoretically

assembled composite materials. The circle chart is read from the
senter radially outwards with titles located at the top of each nng.

tric measurements, the degree of alignment as well as the
uniformity of the composite architecture across large sam-
ple areas can be quantitatively determined. In the future it is
envisioned that a microprocessor feedback loop can be cou-
pled with the dielectric measurements 10 adjust the field and
frequency conditions during composite fabrication to create
an intelligent processing setup.

Hydrophones

Using the direct piezoelectric effect, piezoelectric
ceramics based on Pb(Zr,Ti)O; can be utilized as pressure
sensors. However, the performance of these materials is
limited in hydrostatic applications such as underwater
acoustic sensing devices (hydrophones) due to transverse
piezoelectric contributions. The limitations of the mono-
lithic ceramic sensitivity can be overcome by combining the
ceramic with a polymer to form a composite material. In the
composite design, higher sensitivity levels are obtainable
due to enhancements of the effective ds, coefficient via stress
transfer from the polymer to the ceramic (Cao, Zhang and
Cross, 1992). Also, the composite device has an acoustical
and capacitive impedance closer to that of the water medium
it is used in (due to the replacement of most of the ceramic
with a polymer) so it will be more sensitive to subtle
pressure gradients. The most sensitive hydrophones have
been designed with a 1-3 connectivity which has the advan-
tage of large d,,, easy poling conditions and good imped-
ance matching to the working environment.

Hydrophones have also been utilized as biomedical
transducers which allow ultrasonic imaging of internal
organs. These biomedical devices require high frequency
operation (=1 MHz) in order to provide accurate and dis-
tinct images (Smith and Shaulov, 1988). To obtain these
high frequencies, small scale hydrophone composites are fe-
quired. The dielectrophoretic assembly technique provides
a means to fabricate such devices on a much smaller scale
than is currently possible.

PTC Thermistors

When processing conditions are applied to cause a con-
ducting filler to chain such that the particles are touching, a
positive temperature coefficient of resistivity composite
material is created. This composite material will be conduc-
tive at low temperatures and insulating above a certain criti-
cal temperature. When the device is heated, the thermal ex-
pansion mismatch between the polymer and the filler
material can cause the composite to become insulating (see
Figure 13). Since the polymer matrix will have a much
larger coefficient of thermal expansion than the filler
material, it will, on heating, separate the conducting par-
ticles. This results in an insulating composite at high tem-
peratures. Figure 14 shows a typical resistivity versus
temperature response for such a composite device as given
by Newnham (1989). A device such as this is useful in ap-
plications such as thermostats and temperature Sensors.
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Figure 13. Schematic of the thermistor application,

Tunable Compliance Devices

It is anticipated that a device can be fabricated which
alters its elastic compliance as a function of the magnitude
of an applied electric field. By applying an electric field to
a suspension of polarizable particles in an insulating fluid
medium, the elastic compliance, and hence, the mechanical
resonant frequency of the device should be altered. The
resonant frequency should then be able to be tuned to a
specific value by applying an appropriate voltage to the
system according to the following expression:

1 Jc
fn=5\/£ @

where ¢ = density, ¢ = elastic stiffness (voltage depen-
dent) and r = thickness of the sample (Newnham and
Ruschau, 1991). This device is shown schematically in
Figure 15.

Structural Applications

The focus of the dielectrophoretic assembly of composite
devices has recently expanded to differing particle mor-
phologies and it has been shown that fibers will align with
the electric field (recall Figure 10 where short fibers of PZT
were aligned and chained). Hence, it is now anticipated that
structural composites will benefit from the dielectrophoretic
assembly technique. It is predicted that a bulk short fiber
reinforced composite material can be processed such that all

PTCR composite

Ba‘noa ceramic

Resistivity (C-cm)

L 1
20 130
Temperature (°C)

Figure 14. Plot of the PTC effact in a composite thermistor as
compared to that in a BaTiO, ceramic (after Newnham, 1989).

the fibers are aligned in the same direction. This would give
dramatic increases in composite properties over those at-
tainable in a random chopped fiber system. As mentioned,
this effect has only recently been identified and, as such,
requires further study before any conclusions can be drawn.

Thermally Conducting Composites

Dielectrophoretic assembly of composite materials also
has the potential of being used to produce composites util-
ized for their thermal conduction properties. A composite
filled with a high thermal conductivity filler material (SiC)
aligned using the dielectrophoretic effect will exhibit a high
thermal conductivity in the chained directions while the
thermal conduction in the transverse directions will be mini-
mal. While the thermal expansion mismatch that is ex-

e
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Figure 15. Schematic of the tunable compliance application. The
electric field induced chains (right) will give the device a different
elastic compliance than the dispersed case (left).
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ploited in the composite PTC thermistor must be taken into
consideration, it is projected that the working range of these
devices can be controlled by the temperature used to cure
the device.

Bhattacharya and Chaklader (1983) have shown thermally
conductive composites are possible using the percolation ef-
fect. By using dielectrophoretic processing, the percolation
limit should be able to be shifted so that the same thermal
conductivity is possible at lower volume fractions of filler
material. In addition, the thermal conductivity of a dielec-
trophoretically produced device will be anisotropic, having
a higher thermal conductivity in the chained direction. As is
the case with structural composite materials, the applica-
tions of dielectrophoretically produced thermal composites
have only recently been realized so further study is required
in this area.

SUMMARY

In this paper, a new, novel processing technique termed
dielectrophoretic assembly has been introduced. It has been
shown to be applicable to a wide range of matrix and filler
materials, but limitations still exist. Different assembly
conditions for composite fabrication were shown to have a
dramatic effect on composite architecture, giving the com-
posite its adaptive nature. With optimum assembly condj-
tions applied, the composite consists of a filler material
which is aligned unidirectionally in the matrix phase. This
type of microstructure can be exploited in terms of its elec-
trical, thermal and structural advantages. By varying the
processing conditions, composite properties can be “tuned”
to meet different design criteria. It is believed that once the
materials science and engineering behind this processing
technique is fully developed, dielectrophoretic assembly
will become a powerful processing tool for the fabrication
of functional composite materials,
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Characteristics of the electromechanical response and polarization
of electric field biased ferroelectrics
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The electromechanical and dielectric responses of ferroelectric materials near
paraelectric—ferroelectric (PF) phase transitions are examined both experimentally and theoretically.
It is shown that the type of PF transition, i.e., first order and continuous transitions, and diffused
phase transition found in relaxor ferroelectrics, has marked effect on the electromechanical and
dielectric response behavior for materials under electric field bias. It is demonstrated that an
exceptionally large piezoelectric and electromechanical response can be achieved in materials with
a first order PF transition. For example, in Ba, _,Sr,TiO; (x~0.35) ceramics at room temperature,
a piezoelectric d3; larger than 1500 pm/V with very little frequency dispersion can be

obtained. © 1995 American Institute of Physics.

I. INTRODUCTION

Near a ferroelectric phase transition, the competition be-
tween two or more neighboring phases and structural insta-
bility make the material susceptible to external excitations
and disturbances.' As a result, a large change in material
properties can be induced with small external driving forces.
Many devices have been made and materials have been de-
veloped utilizing this unique feature of a ferroelectric mate-
rial near a phase transition.>

In this article, the dielectric and electromechanical prop-
erties of a material near its associated ferroelectric—
paraelectric (PF) phase transition, in particular in relation to
the type of transition, including first order, continuous, and
diffused phase transitions are examined. Information of this
kind can be useful in the design and selection of materials for
electromechanical actuator and sensor applications, pyroelec-
tric IR detection, energy storage, etc. Experimental results
from a series of Ba,_,Sr,TiO; (x~0.35) polycrystalline
samples, which show both first order and continuous transi-
tions, and lead magnesium niobate-lead titanate (PMN-PT)
ceramics, which show diffused phase transition (relaxor fer-
roelectrics), will be presented and the comparison between
theoretical and experimental results will be made. From the
results of (Ba,Sr)TiO;, it will be demonstrated that excep-
tionally large piezoelectric responses can be achieved in ma-
terials with a first order PF transition and the overall electro-
mechanical response behavior for materials with a first order
PF transition are comparable to those of PMN-PT-type re-
laxor materials.

ll. RESULTS FOR MATERIALS WITH A FIRST ORDER
AND SECOND ORDER PF TRANSITIONS

A. Phenomenological treatment of the transition
behavior

Using Landau-Devonshire theory, the expressions for
the electric field, mechanical stress, and temperature depen-
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dence of the dielectric, piezoelectric coefficients, elastic
compliance, and electromechanical coupling factor near both
first order and continuous phase transitions can be derived
for single crystal materials.? The results can also serve as a
guideline for the experiments on polycrystalline materials.

The free energy for a PF transition from a cubic to a
tetragonal ferroelectric phase can be written as

G=(1/2)aP*+(1/4)BP*+(1/6)yP®~Q,,X;P?
= 012(X,+ X)) P2— (1/2)sh (X3 + X2+ X2), (1)

where P is the polarization, X; are the mechanical stress
tensors, a= ao(T—Ty), T is temperature, ay, 3, 7y are con-
stants, Q; ; are the electrostrictive coefficients, and s, are the
elastic compliance under constant electric displacement. For
most materials, Q,; and s¥, are nearly independent of tem-
perature and electric field. In Eq. (1), the free energy for the
state with P=0 is taken as zero. The difference between a
first order transition and a continuous transition is reflected
by the sign of 8in Eq. (1). For a first order transition 8<0,
and for a continuous transition 8>0 and the transition occurs
at T= To .

From Eq. (1), the basic equations which describe the
response behavior of a material in the transition region can
be derived as follows:

~

G
E= P aP+BP3+yP3—20,,X;P—20,,(X,+X,)P,
)

1
€= [a+3BP*+5vP*~20,,X;~20 (X, +X;)] '

®3)

dy3=2Q,,€P

~ 20,,P @
T [a+3BPT+5yP =20, 1X,-20 (X, + X))’
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. 403}, P?
[a+3ﬂP2+57P‘*-2Q.1X3—2Q,2(X,+x2)]( ')
5

E _.p
$33=S)

35
2 =
k33 €S3E3 ’ (6)

where E is the electric field applied in the 3 direction, € is the
dielectric permittivity, ds is the piezoelectric charge coeffi-
cient, and k33 is the electromechanical coupling factor. The
effect of mechanical stress on various material coefficients is
equivalent to that of temperature. That is, the only effect of
applying a mechanical stress X j on a sample is to shift the
transition temperature from the original T, to a new value of
To+2Q;;X;/ay. Hence, mechanical stress terms are omitted
in the following discussion.

For a continuous transition, when the external field is
zero, at T<T,

/ao(To"‘T) 1
P= , €= )
B 2a¢(Ty—T)

doie On o
3 :/ﬁao(To—T)'

Above Ty, both P and d;; become zero. To calculate the

variation of the material parameters, i.e., ¢, d, etc., with tem- -

perature under a fixed dc bias field or with dc bias fields at a
given temperature, Eqs. (2)-(5) are solved numerically. Pre-
sented in Fig. 1 are the material properties as a function of
temperature under a fixed dc bias field for a material with a
continuous PF transition. The parameters used are listed in
Table 1. Clearly, a dc bias field eliminates the critical behav-
ior, that is, the material parameters no longer exhibit the
|To— T|-type temperature dependence behavior, which leads
to the anomalous dielectric and piezoelectric responses as
shown in Eq. (7) and reduces the dielectric constant substan-
tially. Consequently, the material does not exhibit a large
piezoelectric coefficient and electromechanical coupling fac-
tor in the induced piezoelectric state.

In contrast, for materials with a first order transition,
these material parameters will have a substantial increase as
a dc electric bias field is applied. Without a dc bias electric
field, a first order tramsition will occur at a temperature
To=To+[(38%/(16a47)].* Under a dc bias field, a critical
region will be induced near the critical field
E = [(6ﬂ2)/(25 Y)1P. . The polarization at the critical field
is P2=~(3 B)/(107y) and the critical temperature is at
T.=Ty+ [(9[5'2)/(20010')/)].4 Near the critical point,
kyz—1,e=|T=T,|™',  and dy3—P|T-T),

®)

hence, both € and d exhibit singular behavior. In Fig. 2, the
dependence of the dielectric constant, piezoelectric coeffi-
cient, and electromechanical coupling factor with various
bias electric fields and temperature for a material with a first
order transition is presented. The parameters used here are
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FIG. 1. (a) the dielectric constant; (b) the piezoelectric coefficient; and (c)
the electromechanical coupling factor at different dc bias field as a function
of temperature for a material with a continuous PF transition. The results are
calculated based on Landau-Devonshire theory.

-

TABLE 1. Parameters used in the theoretical calculation.®

a B Y o

6.66x10° 9.48%10%
6.66X10°  —9.48x10%

3.94%10"° 0.1
3.94%X10"° 0.1

Continuous transition
First order transition

*All the parameters are in MKS units.
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FIG. 2. (a) the dielectric constant; {b) the piezoelectric coefficient; (c) and
the electromechanical coupling factor at different dc bias field as a function
of temperature for a material with a first order PF transition. In (b) and (c),
E.=3.8 kV/cm. The results are calculated based on Landau-Devonshire
theory.

those of BaTiO; single crystal which are also listed in Table
1.* These parameters are similar to those used in the calcula-
tion for the continuous transition above except 3. The excep-
tionally large induced piezoelectric coefficient and large
electromechanical coupling factor shown in Fig. 2 are in
marked contrast to the relatively low electromechanical ac-
tivity in the induced piezoelectric state of a material with a
continuous transition (Fig. 1).

The results above can be summarized as: applying a dc
bias electric field moves the piezoelectric and dielectric
maximums to higher temperatures for both the first order and
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TABLE . Characteristics of the BST ceramics.

BSTI1 BST2 BST3
Composition (Ba/Sr/Ca) 58/32/10 67/33/0 59/31/10
Doping (Ho/Mn) Undoped 0.5/0.1 0.5/0.1
Grain size (um) 17 2.1 2.6

continuous phase transitions. The difference between the two
types of transition is that for a material with a continuous PF
transition, the dielectric and piezoelectric maximums will
subside as the dc bias field increases, while for a first order
PF transition, the peak values of these coefficients will in-
crease with dc bias field up to a critical field, and then de-
crease. A stronger first order transition will lead to a higher
critical bias field and larger temperature differences between
T, and T,,. This behavior provides a convenient means to
distinguish a first order transition from a continuous transi-
tion. Most importantly, a large piezoelectric coefficient and
electromechanical coupling factor are expected for a material
with a first order PF transition at temperatures near T, under
a critical dc bias field. oo

In most practical applications, the materials used are in
polycrystalline form. The nonzero stresses existing at grain
boundaries and random orientation of grains will broaden a
first order transition. However, it should not change the con-
clusions reached above, that is, to have a high piezoelectric
response and electromechanical coupling factor in the in-
duced piezoelectric state, a material with a strong first order
transition is preferred and a strong first order transition is
marked experimentally by a large difference between T,
and T,.

B. Experimental results for Ba,_,Sr,TiO; ceramics

The ceramic (Ba,Sr)TiO; (BST) was chosen for this
study. The materials used have a PF transition near room
temperature. Three different specimens, containing different
levels of Ca as well as Ho and Mn dopants, were selected for
the investigation. The characteristics of the materials are
listed in Table II. These three types of specimens, as will be
shown later in the paper, exhibit a continuous PF transition, a
weakly first order transition, and a first order transition, re-
spectively. Correspondingly, the specimens are designated as
BST1, BST2, and BST3. The properties investigated are the
dielectric permittivity €33, the piezoelectric coefficients d43
and d ), and the polarization and longitudinal strain hyster-
esis loops at high driving fields. Both €;; and d;; were mea-
sured with and without dc electric bias field. Typical sample
sizes in those measurements were 6X5 mm? in area and 1
mm in thickness. For the dc biased dielectric constant mea-
surements, samples with 0.15 mm thickness were used in
order to obtain higher field levels.

In addition to polycrystalline samples, BaTiO; single
crystal, which has a well defined first order PF transition,
was also investigated. The high conduction under dc bias
field at high temperatures, especially near the transition
point, resulted in irregular temperature changes and hence no
reliable results could be obtained.
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FIG. 3. The dc bias field dependence of the dielectric constant as a function
of temperature for (a) BSTI; (b) BST2; (c) BST3 near the PF transition
region.

The dielectric constant was determined using a HP LCR
meter (HP-4274A) in the frequency range from 0.1 to 100
kHz. The temperature control for this setup was made by a
Delta temperature chamber. The piezoelectric coefficients
and the strain hysteresis loops were measured using a laser
dilatometer.® The dilatometer is equipped with a temperature
chamber covering the temperature range from near liquid
nitrogen temperature to about 200 °C. The polarization hys-
teresis behavior (P/E) was acquired using a Sawyer—Tower
circuit with a Delta temperature chamber to regulate the tem-
perature.

Shown in Fig. 3 are the dielectric constant for the three
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FIG. 4. The dc bias field dependence of the piezoelectric coefficients in the
field tuned piezoelectric state as a function of temperature for (a) BST1; (b)
BST2; (c) BST3 samples.

BST samples as a function of temperature acquired under
different dc electric bias fields. For BSTI, the peak value of
the dielectric constant decreases progressively as the dc bias
field increases, a typical characteristic for a continuous tran-
sition. For BST2, the dielectric constant maximum rises
slightly with increased dc electric bias field, before dropping
to lower values at higher dc bias fields. Therefore, the tran-
sition in BST2 is near the boundary between a first order and
a continuous transition, i.e., near a tricritical point. In con-
trast, for BST3 samples, as the dc bias field increases, the
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FIG. 5. The induced piezoelectric coefficient for BST3 (a)} as a function of
dc bias field; (b) as a function of frequency at a temperature=22.2 °C (the
critical temperature).

dielectric constant maximum exhibits a marked increase. At
the critical point (with E.=1.95 kV/cm), the dielectric peak
reaches its maximum value and the transition behavior is
very much like a continuous one. As the dc bias field in-
creases further, the peak value of the dielectric constant sub-
sides. These are the features expected for a first order tran-
sition as explained above using the phenomenological theory.
The temperature difference between the critical point and the
transition temperature at zero bias field for BST3 is about
1°C, which is significantly smaller than that for pure
BaTiO,, in which this difference is about 9 °C.* Substituting
Ba with Sr apparently weakens the first order PF transition.

The piezoelectric constants for the three BST materials
are shown in Fig. 4 determined at a frequency of 1 kHz. As
the PF transition becomes more first order, the peak value of
the induced piezoelectric constant increases, which is consis-
tent with theoretical results. For BST1, the maximum in-
duced d,; is found to be 925 pm/V and for BSTZ2, 1150
pm/V. For BST3, which shows a clear first order transition,
under the critical dc bias field (1.95 kV/cm), the induced d;;
reaches 1550 pm/V. The frequency dependence of the in-
duced piezoelectric constant was also characterized and is
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FIG. 6. The longitudinal strain hysteresis loop for BST3 at temperatures
near the PF transition.

shown in Fig. 5 for BST3. The piezoelectric coefficient
shows very little frequency dispersion compared with that of
PMN-PT relaxor materials.® As indicated in Eq. (8), a mate-
rial with a strong first order PF transition, that is, a large
T .— Ty, will yield a large induced piezoelectric response and
since in BST3, T.— T, is only 1 °C, which is far smaller than
that of BaTiO;, significantly higher induced d;; value
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FIG. 7. The dielectric constant (at 1 kHz) and remanent polarization as a
function of temperature for PMN-PT (0.9-0.1) near the diffused phase tran-
sition region. Notice the temperature difference between T, and T, .
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wre at E,=2.5 kV/cm. All the measurements were made at 800 Hz fre-
quency.

should be achievable for ceramics fabricated with larger
T.—T,.

The strain hysteresis loop for BST3 was measured in the
temperature range near the PF transition and the data are
presented in Fig. 6, which were taken at a rate of one cycle
per second. Near the phase transition temperature, a rela-
tively high strain can be induced (x;=0.06% under a 10
kV/em driving field) with very little hysteresis. From the
strain measurements, the electrostrictive coefficients Q;, and
Q,, were determined for BST3 near the PF transition
(22°C) with 0,,=0.043 and Q,,=-0.012 m*%C?, respec-
tively. In the temperature range measured (from 15 to 26 °C),
Q,; is found to be nearly temperature independent. From
Q1. dj3 can be evaluated using the relation d33=2Q,,€eP
and d33=1,600 pm/V for BST3 at the critical point, where
P=7 uClcm?® (from the polarization hysteresis loop) and
€/€=30 000 are used. This is very close to the dy; value
directly measured.

lil. RESULTS FROM RELAXOR MATERIALS (PMN-PT)

Owing to many unique features, ferroelectric relaxor ma-
terials, most notably the lead magnesium niobate-lead titan-
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TABLE II. The comparison of BST samples and PMN-PT (0.9-0.1)

sample. .

dy3 (max) (pm/V)  Eyy, (kV/icm) FWHM (°C)
PMN-PT (0.9-0.1) 1350 33 40
BSTI 925 2 6
BST2 1150 2 2
865 4 9
BST3 1550 1.97 12
900 3.94 10

ate [(1—x)PMN-xPT] family, have become one of the most
important transducer materials.” In most applications, the
material is operated in the temperature region near the broad
dielectric constant maximum, termed as the diffused phase
transition (DP) region. Typical data for the dielectric constant
and the remnant polarization near the DP region are plotted
in Fig. 7, which are taken from PMN-PT (0.9-0.1) compo-
sition. Besides the broad dielectric constant peak and its
strong frequency dependent behavior (not shown in the fig-
ure), there is a large temperature difference between the di-
electric constant maximum T, and the depolarization tem-
perature T, where the remnant polarization decreases
precipitously, a feature distinctively different from a regular
first order and continuous PF transitions. The induced piezo-
electric constant d in this type of material can be related
approximately to the polarization P and dielectric permittiv-
ity € through

d=2€¢QP, ©)

where Q is the corresponding electrostrictive coefficient.®
The maximum induced piezoelectric constant will depend on
T,,— T, which will be elucidated in the following section.
Unlike the first order and continuous PF transitions
where the theoretical understanding is relatively well estab-
lished, a rigorous theoretical treatment on the transition be-
havior in relaxor materials is still lacking. However, a coher-
ent picture on this type of material is emerging’ and many of
the properties can be understood qualitatively. For a relaxor
material, like PMN-PT, many of its properties resemble those
of random field system as well as those of spin glass.®® For
a random field system, where the ferroelectric long range
ordering is destroyed by the local random fields, the broad
dielectric constant peak is related to the dynamics of the
micropolar domains. Therefore, from the consideration of the
dynamic scaling of a random field system,'° imposing a dc
bias field on a relaxor material, which will increase the co-
herent length of the polar region, will reduce the dielectric
constant maximum and broaden the dielectric constant peak
(measured by the full temperature width at half peak maxi-
mum) as have been observed by many previous experiments.
One conclusion which can be drawn from Eq. (9) is that
in order to have a large induced piezoelectric response in a
material, it is necessary to have a large dielectric constant
and polarization level concomitantly. The induced polariza-
tion will increase monotonically with the dc bias field, while
at temperatures above T, the dielectric constant subsides as
the dc field increases due to the reasons presented. To induce
a fixed polarization level P, a lower bias field is needed
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when the temperature is closer to T, . Therefore, the highest
induced piezoelectric coefficient peak will be located at a
temperature between T,, and T, and a material with a
smaller T,,—T, will have a larger induced piezoelectric re-
sponse. On the other hand, if a small temperature variation of
the induced piezoelectric coefficients is required, a material
with a larger T,,— T, should be used.

Various characteristics of the induced piezoelectric re-
sponse of PMN-PT (0.9-0.1), a typical relaxor material, at
room temperature have been investigated by Pan et al.% The
data presented here are related to the temperature depen-
dence behavior of the induced piezoelectric constant since
the material properties are temperature sensitive. Shown in
Fig. 8 are the field dependence of the induced piezoelectric
coefficient at various temperatures measured at 800 Hz. The
maximum induced d;; for this material is 1350 pm/V oc-
curred at about 35 °C, which in between T,, and T, (Fig. 7).
Although the induced d;4 at a constant dc bias field varies
with temperature [Fig. 8(b)], the rate of the change is much
smaller for PMN-PT (0.9-0.1) compared with those of BST
samples. Since in most applications, a large induced dj; is
highly desirable and the induced piezoelectric state is oper-
ated near the piezoelectric coefficient peak region, as a quan-
titative measure of the temperature changing rate, we intro-
duce the notion of the full temperature width at half peak
maximum (FWHM). In Table III, a comparison is made for
BST samples and PMN-PT (0.9-0.1). The table reveals that
there is a trade off between the maximum value and the
temperature variation of the induced piezoelectric coeffi-
cient.

V. SUMMARY

This article examined the characteristics of perovskite-
type ferroelectric materials near the PF transition region. The

J. Appl. Phys., Vol. 77, No. 6, 15 March 1995

results demonstrate that by making use of the unique features
of materials near a PF transition, a large electromechanical
response can be achieved. For example, a d35 of 1550 pm/V
with very little frequency dispersion has been obtained in the
induced piezoelectric state in (BaSr)TiO; ceramic. It is also
shown that there is a large difference in the way of the ma-
terial properties responding to the dc bias electric field
among a first order, a continuous, and a relaxor diffused tran-
sitions and this difference can be used to identify the type of
a transition. The comparison among the materials with three
types of transitions indicates that besides the relaxor materi-
als, there are other materials having a large induced piezo-
electric response and reasonable operation temperature
range.
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In this paper, the results of a recent investigation of the dependence of the induced piezoelectric activity on tem-
perature, electric bias field, and frequency and the electrostrictive response in the relaxor ferroelectric lead mag-
nesium niobate-lead titanate ceramics ((1—z)(Pb(Mgy/3Nbz/3)03)—z(PbTiO;)) at compositions below 30% PT
are presented. It was observed that the electrostrictive strain at temperatures near the dielectric constant maxi-
mum T.ax increases monotonically with increased PT content. For PMN:PT at compositions near 30% PT, the
electrostrictive strain under a 10 kV/cm electric field can reach about 0.15% with very little hysteresis. An excep-
tionally large piezoelectric response with an effective piezoelectric dg3 coefficient in the electric field induced state
of over 1,800 pC/N could be achieved for selected PMN:PT compositions and electric bias fields.

KEYWORDS: electrostriction, piezoelectricity, relaxor ferroelectrics, actuator and transducer, phase transition

1. Introduction

Electrostriction exists in all materials, however, it
was not until the introduction of relaxor ferroelectric
materials in the late seventies that this phenomenon be-
gan to attract attention for electromechanical trans-
ducer applications.? Compared with piezoelectric cer-
amics such as lead zirconate-titanate (PZT) ceramics,
relaxor ferroelectric materials offer relatively high elec-
tric field induced strain (~0.1%) with a minimal hyste-
resis effect.? Moreover, since no poling process is in-
volved, electrostrictive relaxor materials do not suffer
strain aging or creep, as found in most piezoceramic
materials, limiting their use in certain applications.‘)

In general, an electrostrictive material can be operat-
ed either in the electrostrictive mode or in the electric
field biased piezoelectric mode. In the former case, a
large polarization and large electrostrictive coefficient
are necessary for a material to exhibit a large electric
field induced strain or electromechanical coupling. In
the latter case, a DC electric bias field is applied onto
the specimen to induce a bias polarization, analogous to
the biased magnetostriction phenomenon, and the
piezoelectric coefficient da; (or ds;) is related to the
polarization level P and the dielectric permittivity €3 in
the field biased state through approximately:

d33=2QuPes; (or du=2Q12Pe3) (1)

where Q, and Qy, are the longitudinal and transverse
electrostrictive coefficients of the material, respec-
tively. Clearly, a large polarization and a large dielec-
tric constant in the induced piezoelectric state are re-
quired in order to have a large induced piezoelectric
coefficient.

Relaxor ferroelectrics are characterized by their very
broad dielectric constant peak. At temperatures near
Tmax (the temperature of dielectric constant maximum,
which is frequency dependent), a large electrostrictive
strain can be induced.® The high dielectric permittivity
near Tua can also be utilized to improve the piezo-
electric response in the induced piezoelectric state, as

*Corresponding author.

indicated by eq. (1). For a relaxor ferroelectric, there 1s
another characteristic temperature, the depolarization
temperature Ta, which lies lower than Thax and also
plays an important role in determining the elec-
tromechanical behavior of the material.

In this paper, the results of a recent experimental in-
vestigation on the electromechanical behavior, i.e. the
electrostriction and electric bias field induced piezo-
electricity, in PMN:PT relaxor ceramics will be
presented. The electrostrictive behavior and induced
piezoelectric effect of PMN:PT at low PT content
(near 10% PT) has been studied earlier.»*” In the earli-
er studies, it was found that in 0.9PMN:0.1PT, a large
electrostrictive strain of up to 0.1% could be induced
with an electric field of 10 kV/cm. In addition, a large
piezoelectric coefficient dg; in the field induced piezo-
electric state of 0.9PMN:0.1PT was also demonstrated
by Nakajima et al., where the measurement was per-
formed under near static condition.” More recently,
Pan et al. investigated the induced piezoelectric effect
in PMN:PT with low PT content (below 10% PT) at
room temperature and showed that an electric field tun-
able piezoelectric state can be established in this type
of material with a piezoelectric coefficient d3; as high as
1,000 pC/N, far above those obtainable in regular piezo-
electric materials. However, in that study, the tempera-
ture dependence of the induced piezoelectricity was
not characterized.®

Shown in Fig. 1 is the phase diagram of PMN:PT. It
is well known that at PT content below the morphotrop-
ic phase boundary (at about 30% PT), the material ex-
hibits relaxor ferroelectric behavior.®® Here, a brief dis-
cussion is presented concerning the general evolution
behavior of the electrostrictive strain S and induced
piezoelectric response with PT content. The discussion
is based on eq. (1) for the piezoelectric response and
the relation of S=QP? for the electrostrictive strain.

One interesting feature of Fig. 1 is that as PT con-
tent increases, the temperature difference Tumax— T4
decreases.®’® From the phenomenological theory, it
can be shown that the energy barrier to induce a ferro-
electric state decreases as the temperature approaches
that of the ferroelectric-paraelectric transition from
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Fig. 1. Phase diagram of PMN:PT system.

above.'” Therefore, as temperature gets closer to T,
from above, the induced polarization P will increase for
a given applied electric field. As a result, it is expected
that the electrostrictive strain under a given electric
field at temperatures near Ty, will increase with PT
content since Th.x moves closer to Ty with increased
PT content. By the same argument, the field biased
piezoelectricity at temperatures near T should also
increase. In addition, as will be shown later, the elec-
trostrictive coeflicients also increase with PT content,
resulting in a further increase in the electromechanical
response of the materials with increased PT content.
On the other hand, as PT content increases, it is well
known that the material moves progressively towards
normal ferroelectrics,* which may cause increased hys-
teresis due to the increase in the energy barriers to
switch polarization vectors among different equivalent
states and hence, a reduction in the dielectric constant
and consequently, a reduction of piezoelectricity in the
field biased state. It is one of the objectives of this in-
vestigation to examine how these competing effects
influence the electromechanical behavior of this family
of material in the relaxor region (PT content less than
30%). In addition, the temperature and frequency de-
pendence of the induced piezoelectricity and electro-
striction was also characterized.

2. Experimental Procedure

The PMN:PT ceramics with different PT contents
selected for this study are listed below: (1) 0.9Pb
(Mg1/sNby3)03:0.1PbTiO;,  (2) 0.8Pb(Mgy/sNbys)
OJO?PleOg, (3) 072(Mg1/3Nb2/3)03028PbT103

Among these three compositions, 0.9PMN:0.1PT ex-
hibits typical relaxor behavior and 0.72PMN:0.28PT is
very near the morphotropic phase boundary where the
behavior of the material will be affected strongly by the
increased normal ferroelectricity, and 0.8PMN:0.2PT
is a composition between the two.

The ceramic samples across the series were prepared
using the columbite precursor method as described by
Swartz and Shrout."” In this processing, reagent grade

e
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MgO and Nb,O; are first reacted to form the columbite
structure MgNb,Og which is then reacted with PbO
and TiO; to form Pb(Mg1/3Nby/3)0s: PbTiO; composi-
tions. Completion of the reactions was verified using X-
ray diffraction, which was also used to determine the ap-
propriate structure. After milling, the various powders
were cold pressed to form disks, followed by sintering
at temperatures near 1250°C for 4-6 h and then an-
nealled in O, atmospheres at 900°C for about 6 h.

The weak field dielectric properties were determined
with a HP multi-frequency LCR meter (HP4274) and
the temperature dependence of the remanent polariza-
tion was characterized by the Byer-Roundy tech-
nique.'¥ The dielectric properties at high driving fields
were evaluated using a Sawyer-Tower circuit, ¥ The
piezoelectric coefficient dy; in the induced piezoelectric
state and electrostrictive strain were measured by a
double beam laser ultra-dilatometer, which was de-
scribed in an earlier publication.'®

3. Experiment Results and Discussions

3.1 Dielectric constant and polarization data

The dielectric constant measured at 1 kHz and rema-
nent polarization vs temperature for the three composi-
tions are shown in Fig. 2. One salient feature of the
data is that the temperature of maximum dielectric con-

stant, Tma, does not coincide with the temperature of

depolarization T, a feature distinctively different from
normal ferroelectrics. The temperature difference Ty
— Ty decreases as the PT content increases, consistent
with the earlier observations. With increased PT con-
tent, the dielectric peak sharpens, indicating a gradual
approach toward normal ferroelectric behavior,

3.2 Electrostrictive behavior

The electrostrictive strain was characterized for
these materials at temperatures near Tmax Since this is
the region where the materials are most likely to be uti-
lized as electrostrictive materials. Shown in Fig. 3 are
the typical strain response curves acquired at 1 Hz.
Very little hysteresis was observed. The data present-
ed for 0.9PMN:0.1PT at room temperature is similar
to that previously reported.® The materials with higher
PT content exhibit larger electrostrictive strains. In
Table I, the electrostrictive coefficients Qi and @, at
temperatures near Th.. are presented. The data for
PMN are taken from ref. 6. Apparently, the electro-
strictive coefficients increase as PT content increases
for the compositions investigated. In Fig. 4, the elec-
trostrictive strains measured at T, under 10 kV/ecm
electric field for the three compositions are compared.

Table I.  The electrostictive coefficients for PMN:PT relaxor ferro-
electrics

Composition Qu (1072 xm'/C?) @, (107*xm*/C?)
PMN 1.9 ~-0.61
0.9PMN:0.1PT 2.0 —0.65
0.8PMN:0.2PT 2.24

0.7PMN:0.3PT 2.5 ~—0.88
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Fig. 2. The dielectric constant (at 1 kHz) and remanent polariza-
tion as a function of temperature for 0.9PMN:0.1PT,
0.8PMN:0.2PT, and 0.72PMN:0.28PT. The depolarization tem-
perature Ty is defined as the temperature of the maximum of the
derivative of polarization with temperature.

Also shown in the figure is the induced polarization un-
der the same electric field at Ty, Clearly, the rise in
the electrostrictive strain S from 0.9PMN:0.1PT to
0.72PMN:0.28PT is caused by both the increase in the
electrostrictive coefficients @ and the increase in the in-
duced polarization P with PT (S=QP?) the latter is a
result of a smaller Tax— T4 at higher PT content.

3.3 Piezoelectric response in the electric field biased
state
Presented in Fig. 5 are the induced piezoelectric
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Fig. 3. The electrostrictive strain for 0.9PMN:0.1PT,
0.8PMN:0.2PT, and 0.72PMN:0.28PT at temperatures near Ty,
The measuring frequency is 1 Hz and the maximum electric field is
10 kV/em.

coefficient ds; as a function of temperature and DC bias
field measured with an AC field amplitude of 0.1 kV/
cm at 1 kHz. For all three compositions, ds; increases
and reaches a maximum with increasing DC bias field,
after that, ds; drops as the DC bias field is further in-
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black dots and open cireles are the data points taken at their respec-
tive Ty, for the three compositions. The solid lines are drawn to
guide the eve.

creased. This is expected because the polarization of
the materials increases monotonically with DC bias
field and will saturate at high DC bias field level, while
the dielectric constant decreases with increasing DC
bias field, as observed here and also in other investiga-
tions.'®!® It is the combination of the two effects, i.e.,
the polarization and dielectric permittivity, that deter-
mines how the induced piezoelectric response behaves.

For 0.9PMN:0.1PT composition, the maximum ds;
in the induced piezoelectric state occurs at 35° a tem-
perature in between T and T, which has a value
about 1,360 pC/N. Increasing temperature above T,
causes a reduction in the induced dys.

The piezoelectric coefficient ds; for 0.8PMN:0.2PT
in the field induced piezoclectric state is higher than
those of 0.9PMN:0.1PT in the temperature region
near their respective T, as would be expected since
Tmax—Tq is smaller for 0.8PMN:0.2PT. The peak
value of di; for this composition reaches 1,820 pC/N,
which is perhaps the highest ds; value ever obtained in
a ceramic material.

However, as the PT content increases further, the in-
duced piezoelectric coefficient dy; decreases as shown
in the data for 0.72PMN:0.28PT even though Trax— T
for this composition is further reduced. Plotted in Fig.
6 are a comparison of the maximum induced djz in the
three compositions, which is in sharp contrast with the
data presented in Fig. 4.

Figure 7 shows the piezoelectric ds coefficient at a
fixed DC bias ficld as a function of temperature for the
three compositions. The slow drop of d3; at the low tem-
perature side of the dy vs. temperature curve for
0.72PMN:0.28PT is due to the existence of the mor-
photropic phase boundary which increases the piezo-
electric response, similar to the enhanced piezoelectric
response occurred near the morphotropic phase bound-
ary in PZT piezoceramics.

Figure 8 shows the induced piezoelectric ds;
cocflicient as a function of the driving field frequency
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Fig. 5. The induced dyy coeflicient at 1 kliz as a function of DC bias
at different temperatures for 0.OPMN:0.1PT, 0.8PMIN:0.2PT,
and 0.72PNIN:0.28PT.

for 0.8PMN:0.2PT (curve 1) measured at a bias field of
2.5 kV/em and a temperature of 79°C. The significant
dispersion of piezoelectric is due to well known dielec-
tric dispersion which is not shown in Fig. 2. At low fre-
quencies, the induced ds; for this composition ap-
proaches 2,000 pC/N. For the comparison, the data for
0.9PMN-0.1PT (curve 3), which were taken at 35°C
and a bias field of 3 kV/cm, and for 0.72PMN:0.28PT
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Fig. 6. The maximum electric field induced dy; for the three compo-
sitions investigated {mcasured at 1 kHz). The black dots arc data
points and solid line is drawn to guide the eye.

(curve 2), which were measured at 139°C and a bias
field of 2.5 kV/cm, are also presented. The rise of dy; at
100 kHz for 0.72PMN-0.28PT is due to the piezo-
electric resonance in the sample.

The increase of the electric field induced piezo-
electric activity as PT content increases from 10% to
20% is consistent with a smaller Th..— Tq favoring a
large induced piezoelectric activity. However, the drop
in the induced piezoelectricity observed for PMN:PT
at 28% PT content indicates that at higher PT con-
tent, the increased normal ferroelectric behavior in the
material plays an important role in determining the in-
duced piezoelectric response in the field induced state.
To verify that, the driving field dependence of the di-
electric response was measured for 0.9PMN:0.1PT and
0.72PMN:0.28PT at their respective Tns and the
results are presented in Fig. 9. Apparently, as the
material approaches normal ferroelectric, the micro-
hysteresis increases, which does not affect the electro-
strictive strain at high driving field level but will affect
the weak field material response behavior. Due to the
increased probability of formation of macropolar
domains at high DC bias fields, the reduction of the
weak signal dielectric constant with DC bias field
becomes more severe at high PT content, which results
in a smaller ds;, as shown by eq. (1).

4. Summary

Exceptionally high piezoelectric response in the field
induced state was observed in PMN:PT relaxor ferro-
electrics. The maximum dj; observed here is 1820 pC/
N at a frequency of 1 kHz for 0.8PMN:0.2PT composi-
tion, which is far above any piezoelectric ds3 coefficient
reported in any ceramic materials hitherto. The results
here show that the induced piezoelectricity strongly de-
pends on the operation temperature and frequency.
Although the temperature difference Tmax— T4
decreases with increased PT content, which should
favor a large induced piezoelectricity at temperatures
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near Thax for PMN:PT with high PT content, the grad-
ual evolution towards normal ferroelectric behavior at
high PT content will cause reductions in the field in-
duced piezoelectricity due to increased amount of
macro-domains at field biased states. As a result, the
highest induced piezoelectricity occurs at a composi-
tion between the two ends and the data suggest that for
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PMN:PT, it is at a composition near 20% PT. On the
other hand, the electrostrictive strain under high elec-
tric driving field (10 kV/cm) exhibits a steady increase
with PT content, reflecting the steady increase of
the electrostrictive coefficients and the reduction of
Tmax— T4 as the PT content increases.
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Piezoelectric Properties of Fine Grain PZT Materials
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Abstract:  The piezoelectric properties of PZT materials were
experimentally studied as a function of grain size (0.2 to 2.5 um) at
low frequencies (< 20 MHz) and vs. frequency (10 to 100 MHz) for
a single fine grain size (1.0 um). The piezoelectric properties were
shown to decrease with decreasing grain size below 0.7 um. The
fine grain size properties vs. frequency were compared to
commercially available materials. The new fine grain inaterials
were found to be superior to commercial materials at very high
frequencies. Also, it was possible to construct resonators of the new
ceramics at much higher frequencies than was possible for the
conventional materials.

INTRODUCTION

The properties of a transducer material play a vital role in
determining the overall performance of an ultrasonic imaging
system. Piezoelectric ceramic materials are used in a wide range of
ultrasonic imaging applications. Multi-element arrays are generally
used in the 5 to 10 MHz range, owing to good resolution with
adequate penetration for general imaging which is achievable in this
frequency range [1,2]. Higher frequency devices for specialized
applications, where increased resolution is necessary and where the
transducer can be placed very close to the region being imaged, have
been introduced [3,4] These devices are based on existing
commercially available piezoelectric ceramics whose properties have
been shown to decrease significantly with increasing frequency [5].

Current commercially available materials have an average
grain size typically from 3 to 5 pm.. Work by Arlt [6] has shown
that at very high frequencies (> 100 MHz) a domain relaxation
phenomenon leads to a decrease in piezoelectric properties and an
increasc in loss. He postulates that a similar effect due to the
resonance of individual grains will influence the piezoelectric
properties at much lower frequencies. The current work explores
new materials which have been designed to have a microstructure
whose average grain size (AGS) is smaller than 1.0 um. Reducing
the average grain size should push the domain relaxation and grain
resonance effects to a higher frequency, resulting in improved high
frequency piezoelectric properties and ultimately better images from
systems which use the new materials.

In addition to material property considerations fine grain
materials may provide an advantage in terms of manufacturability.
The smaller grain size leads to an increased number of grains
through the thickness of the material, perhaps leading to increased
mechanical integrity of ‘the ceramic, particularly for transducers
operating at frequencies greater than 50 MHz where conventional
materials provide few grains across the thickness of the material.

EXPERIMENTAL TECHN IQUE

Sample preparation

The effect of grain size on piezoclectric properties has
been studied previously by Kim [7] where samples were prepared
with grain sizes from 0.2 to 2.5 pm. Kim found that there was only
a slight decrease in the piezoelectric constant, di;, and the low
frequency dielectric constant, €35", until the grain size was less than
about 0.7 um; below this grain size the properties decreased
considerably.

Thin plate samples of materials with grain sizes of 0.2, 0.8
and 2.5 um were fabricated based on the work of Kim with
thickness resonance frequencies less than 15 MHz. Based on these
measurements the material with the best compromise between
properties and grain size was chosen for analysis at high
frequencies. For comparison purposes two commercial PZT5 type
materials were also processed and tested at high frequency using the
same method.

Samples were prepared by lapping of 1 cm diameter disks
with an initial thickness of approximately 300 um. Initial lapping
utilized 12.5 um ALO; powder suspended in a distilled water
medium. Final lapping was done with 5.0 pm ALO; to give
thickness resonators covering the range from 10 to 100 MHz.
Samples prepared with a 0.03 pm final polish showed similar
properties as those finished with the coarser powder so all samples
were finished with the 5.0 um powder.

After lapping to the desired thickness the disks were
ultrasonically cleaned in acetone. A gold electrode was sputter
deposited. The disks were then cut into squares so that the aspect
ratio was between 20 and 40. This ensured that any lateral
resonance would not interfere with the fundamental thickness mode.
All samples, including the conventional materials, were then poled
in a fluorinert bath at 60 degrees C for four minutes at an electric
field of 40 kV/cm. The samples were allowed to age more than 24
hours before testing.

Piezoelectric property measurement

The piezoelectric properties of the samples were measured
using the resonance method [8]. The properties of interest were: the
thickness frequency constant, Nt; the thickness coupling coefficient,
kt, and the free dielectric constant, £3;7. The mechanical losses
within the material were expressed as a mechanical quality factor,
Qm where a low Qm corresponds to a high mechanical loss. The
method of Th and Lee [9] was used to calculate mechanical losses.




This method was chosen in favor of the IEEE standard method
because of the error found in measuring the minimum impedance.
This error was introduced by the resistance and inductan- . of the
electrode which appeared in series with the impedance of the
piezoelectric material. This effect was prominent because of the
high frequencies where the measurements were performed.

All of the properties described above were calculated from
electrical impedance measurements of a thin thickness resonator of
known dimensions. The impedance was measured with an
HP4194A impedance analyzer equipped with an HP4194]1B
impedance probe adapter. The probe adapter, which allows
measurements up to 100 MHz, was connected to a sample holder
designed to not mechanically load small thin samples. The
impedance analyzer was connected to a PC via a GPIB bus. This
enabled the impedance measurements to be downloaded for ease of
analysis.

The measurements were verified using the KLM model
[10] with the addition of a mechanical loss term in the acoustic
transmission lines. The calculated piezoelectric parameters were
input into the modified KLM model to yield a simulated electrical
input impedance which could be compared with the measured

The microstructure of the new fine-grained material
(PZTFG) as well as that of two commercially available materials of a
similar composition (PZT1 and PZT2) was analyzed using a scanning
electron microscope (SEM). The results of the microstructure
analysis are shown in figure 3. It is evident from the photos that the

 two commercial materials exhibit a grain size which is much larger
-"than 1 pm, with PZT) having a slightly smaller AGS relative to
- PZTa. Although the SEM photo of PZTFG is at a slightly lower
- magnification than that of the two commercial materials, it is clearly
* evident that the PZTFG has a much smaller AGS than either of the
. other two materials.

‘ Properties vs. Frequency

The free dielectric constant, €3;', was found to be
essentially independent of frequency for all of the samples. This
ensured that the samples were prepared without forming a large
disturbed grain layer on the faces, as this would have been caused a
marked decrease in the measured dielectric. Thus the variation of
any other properties with frequency can be assumed to be due to the
material itself rather than inadequate sample preparation.

impedance to ensure the accuracy of the measured properties. Good 1000 .* 06
agreement between the measured and simulated impedance =
confirmed that the measured piezoelectric parameters were accurate,
as shown in figure 1 for the fine-grained PZT for both low and high kt
resonance frequencies. — 04
EXPERIMENTAL RESULTS 500 — 8333
Properties vs. Grain Size - — 0.2
The low frequency (< 20 MHz) properties of the samples
were tested for grain sizes of 0.2, 0.8 and 2.5 pm. Measurements
shown in figure 2 confirmed that both the electromechanical
coupling coefficient, kt, and the relative free dielectric constant, 0 T 0.0
€3, maintained their values until grain size was below 0.8 ym. 0.1 1 10
Based on these results a material with a 1.0 pm grain size was . . . .
chosen for analysis at high frequencies. figure 2) piezoelectric properties vs. grain size
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figure 1) comparison of measured (solid line) and modeled (dotted line) impedance magnitude and phase for fine-grained PZT
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figure 3) SEM photos of a) PZT1, b) PZT2, c) fine-grained PZT

The piezoelectric properties of the various materials are
shown vs. frequency in figure 4. Each point on the graph represents
the average of up to three samples. It is important to note that for
both commercial materials it was not possible to lap the disks to a
thickness corresponding to a resonance above 80 MHz. For the
PZT1 material the samples were too brittle and crumbled upon
handling. Disks were lapped thin enough from the PZT2 material
but they would not pole. Upon examination under an optical
microscope it was found that tiny holes had formed through the disk.
Owing to the relatively large grain size of the PZT2 material, grain
pullout during lapping resulted in regions where upon sputtering
there was a conductive path connecting the electrodes. This effect
was not observed in the fine grain samples.

From figure 4a it is evident that the frequency constant,
Nt, of the materials does not change appreciably as resonance
frequency increases. Figure 4b shows that kt significantly decreases
with frequency for the PZTi material. This parallels the results

reported by Foster {5]. The fine-grained material was found to be as
good as or slightly better than the PZT) material at the lower
frequencies, but at the higher frequencies the decrease in propertties
was less severe. The PZT2 material exhibited a slightly larger kt
over the frequency range where resonators were fabricated using this
material. However, resonators greater than 60 MHz_could not be
produced and there is likely a decrease in kt at higher Trequencies.

The frequency dependence of Qm for the three types of
PZT is shown in figure 4c. Here the change in Qm vs. frequency
was found to be much steeper for the commercial materials than for
the fine-grained material. The PZTFG material has a higher Qm
than the PZT2 material at all measured frequencies. Even though
the PZT1 material has a higher Qm at low frequencies, it’s steeper
slope causes the PZTFG material to have a higher Qm at frequencies
greater than 70 MHz.
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figure 4) Piezoelectric properties vs. resonance frequency
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SUMMARY AND CONC LUSIONS

An experimental study has been performed in order to
determine the piezoelectric properties of fine-grained PZT. No
significant degrease in properties was observed until gruin size falls
below about 0.7 ym. A fine-grained material with an A3 about
1.0 um was confirmed to be significantly finer than commercially
available materials, which exhibited an AGS of 3 to 5 um. )

High frequency properties of the fine-grained and
commercial materials were examined by preparing resonators of the
appropriate thickness. The limitations of commercially available
materials became apparent during processing, as it was not possible
to prepare resonators greater than 80 MHz for the PZT1 material
and 60 MHz for the PZT2 material, The fine-grained materials,
however, allowed the preparation of plate thickness as thin as 15
pm, which corresponds to a thickness resonance of 155 MHz.
Unfortunately the properties could not be measured at these
frequencies due to limitations of the testing equipment.

Measurements up to 100 Mpz showed improved
performance of the fine-grained material at very high frequencies
compared to larger-grained material. The change in both kt and Qm
vs. frequency was lowest for the PZTFG material. The PZTFG
material has a better kt than the PZT) material at all frequencies and

From a manufacturability and a performance point of view
the fine-grained materials offer improvements compared to
conventional materials for high frequency devices. The use of these
new materials should ultimately lead to improved image quality for
ultra-high resolution ultrasonic imaging systems,
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Pb(Zr,Ti)O, [PZT] Fibers—Fabrication
and Measurement Methods

SHOKO YOSHIKAWA ¥ ULAGARAJ SELVARAJ, PAUL MOSES, JOHN WITHAM, RICHARD MEYER AND THOMAS SHROUT
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ABSTRACT: Fine scale lead zirconate titanate (PZT) and niobium substituted PZT (Nb-PZT)
piezoelectric fibers were fabricated from sol-gel processed viscous “sol” using the “spinning™ meth-
odology developed for the continuous production of glass fibers. Subsequent drying and firing at
above 750°C gave pure perovskite PZT and Nb-PZT fibers of 30 um in average diameter. Further
densification and grain growth were evident for fibers fired at 1250°C. Experimental methods for
the determination of dielectric and polarization properties were developed to overcome inherent
electric field difficulty relevant to fine scale fibers. The method to polarize fibers in a continuous
manner was also demonstrated using 120 pm diameter extruded PZT fiber. The dielectric constant
and polarization hysteresis values of the sol-gel derived fine fibers were comparable with that of bulk
ceramics. Preliminary single fiber mechanical pull tests indicated that the tensile strength of 30 gm
diameter PZT fibers were similar to that of bulk ceramics, being in the range of 35-55 MPa.

INTRODUCTION

LEAD zirconate titanate (PZT) piezoelectric ceramics’
ability to efficiently convert electrical energy to me-
chanical and vice versa has made them attractive for both
actuators and sensors in active control systems (Crawley and
deLuis, 1987). This reversible transformation ability also
makes piezoceramics viable candidates for passive vibration
damping (Ramachandran et al., 1991; Hagood and von Flo-
tow, 1991). For structural materials comprised of various
fibers, i.e., glass and carbon, the incorporation
of piezoelectric fibers is, therefore, inherently desired
(Yoshikawa, 1992).

Previously, the fabrication of PZT fibers and/or rods has
been driven by the need for high performance hydrophones
(Klicker et al., 1981) and ultrasonic transducers (Gururaja et
al., 1981). In such cases, PZT fibers/rods are fabricated
simply by the dicing of bulk ceramics (Takeuchi and
Nakaya, 1986), being limited to simple geometries on the
order of a few millimeters in length and ~ 100 um in cross
section. Extrusion, the process by which a plasticized
ceramic mass is passed through a die or orifice, provides the
ability to fabricate meter length fibers with various cross-
sectional geometries; however, they are again limited to di-
ameters of ~ 100 um (Park, 1991). For fibers with diameters
less than 100 pm, non-conventional methods have been
employed, including the impregnation of host fibers with a
precursor solution (Waller et al., 1990) and hand drawing
from a viscous sol (Seth, 1990; Chen et al., 1991; Selvaraj
et al., 1992). Single strand fibers fabricated thus far have
been limited to lengths of a few centimeters, being for dem-

*Author to whom correspondence should be addressed.

onstration purposes only. No methods to polarize these free-
standing fine fibers in longitudinal direction continuously
have been established. PZT fibers are NOT “piezoelectric”
unless electrically polarized (the term “poled” is commonly
employed). Furthermore, little information regarding elec-
trical and mechanical properties has yet to be reported.

It was the objective of this work to fabricate fine-scale
PZT fibers using a “spinning” methodology developed for
the continuous production of carbon and/or glass fibers. A
further objective was to determine the electrical and
mechanical properties of individual fibers prepared above.

EXPERIMENTAL PROCEDURE

PZT Fiber Fabrication

The advantages of sol-gel processing in the fabrication of
ferroelectric thin films, i.e., compositional control, low-
temperature densification and overall simplicity, make it the
ideal methodology for the fabrication of fine-scale fibers. In
the sol-gel process, a non-aqueous solution of precursors,
generally alkoxides, is prepared with the metal cations in
the desired stoichiometry, followed by controlled hydrolysis
to form a “sol” and, subsequently, dried into a final gel-like
structure.

The fabrication of PZT fiber3 in this work is outlined in
Figure 1. As presented, two sources of the lead cation, lead
(II) acetate trihydrate [Pb(CH,C0OO),:3H,0]" and lead (II)
pentanedionate (lead acetylacetonate) [Pb(CsH,0,),]* were
used, the first having been initially employed (Selvaraj et
al., 1992), and the latter proposed to give a more stable PZT

‘Aldrich Chemical Co., Milwaukee, WI.
*Johnson Matthey Catalog Co., Ward Hill, MA.
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Acetate Process AgAc¢ Pracess
Lead acetate trihydrate in
2-methoxyethanol
Lead acetylacetonate
Distill off water and
redi;ule with :olvcnl. L in 2-methoxyethanal j
Repeat 3 times. Reflug in argon

at 125°Clar 121

Anhydrous lead *
solution

Add stoichiometric quantity
of zirconium n-butoxide

Reflux at 125°C
for 6 b in argon
Add stoichlometric quantity
l of ttanium Iso-propoxide | > (0lobium ethoxide)
Reflux at 25°C
for 6 kin argon

l PZT precursor solution '

Partiatly hydrolyze and
concentrate at 100°C
with continuous stirring

LSplnmble PZT sol j

Fiber spinning

l PZT gel fibers '

Figure 1. Scheme for the preparation of Pb(Zr,Ti)O, fibers using
lead acetate trihydrate (Acetate process) and lead acetylacetonate
{AcAc processj as a lead source.

precursor solution (Selvaraj et al., 1993). For convenience,
samples produced using lead acetylacetonate are designated
“AcAc processed”, and those using lead acetate trihydrate
“Acctate processed”. Based on the work by Blum and
Gurkovich (1985) and later by Budd, Day, and Payne
€1985), zirconium n-butoxide [Zr(OBu),]* (80% solution in
kFbutanol) and titanium isoproxide [Ti(OPr‘),]' were used
as the zirconium and titanium sources, respectively. For
niobium modified PZT, niobjum ethoxide [Nb(OC,Hy)s]?
was added during the addition of the titanium precursor
stage. Stoichiometric quantities of each chemical were
weighed out in accordance with the PZT formulations
Pb(Zr.4sTios2)O; and P bo,9aa(TioAazro‘sz)oanb_oqu, as
reported in Jaffe, Cook, and Jaffe (1971).

A solution of 0.1 ml of water and 5 ml of 2-methoxyeth-
anol was added to the various PZT precursors (0.02 M) con-
&ining 0.1 mi conc. HNO, to ensure condensation and
hydrolysis reactions. The solution was concentrated by stir-
ting at ~ 120°C and then cooled to ~40°C to form a vis-
eous resin. The spinnability of the sol was empirically de-
termined by dipping a glass rod into the viscous medium
and pulling up to draw a fiber. A systematic rheological
study is underway to determine the optimum viscosity range
for fiber drawing,

The precursor solution was transferred to a vessel consist-
ing of a spinneret and a plunger as shown schematically in
Figure 2(a) (Hayes, 1989). Fibers were extruded through the

spinneret with twelve 100 xm diameter holes at ~7 kPa of
pressure. The spun-drawn fibers were collected on a rota-
tion drum with a variable speed control, as described in
Figure 2(b). Factors involved in controlling the diameter of
the fibers are: (1) viscosity of the sol, i.e., control of hydro-
lysis and condensation reaction, (2) spinneret diameter, and
(3) speed of the take-up drum.

Fibers with diameters ranging from 10 to 80 um were fab-
ricated. The fibers were dried at room temperature for ap-
proximately 12 hours, cut into lengths of ~ 10 cm and fired
at temperatures from 750°C to 1250°C for 10 minutes. A
heating rate of ~ 1°C/min was used to allow the decomposi-
tion of organics being in the order of 10 to 15 wt% after sol-
vent evaporation, which was previously determined by ther-
mogravimetric analysis (TGA) (Selvaraj et al., 1992). For
samples fired at temperatures > 1200°C, a lead atmosphere
was created to minimize lead loss. The sintering condition
of 750°C for 10 minutes was chosen based on a previous
study (Selvaraj et al., 1992) which was high enough to en-
able the formation of the desired perovskite structure, yet
low enough to fire in open air without lead loss. This may
be an important factor in the future when continuous fiber
spinning and subsequent firing are desired. Firing tempera-
tures at 1250°C were used to examine densification behavior
and grain growth, being similar to that used for convention-
ally processed PZT ceramics.

Fiber poling experiment was performed by using extruded
PZT-5H fiber (120 um in diameter) obtained from CeraNova
Corp. for the ease of handling. Figure 3 describes the ap-
paratus for fiber poling in which PZT fiber is threaded
through two small holes (0.45 mm diameter), one hole in a
large metal plate (25 cm square), the other in a large metal
sphere (10 cm diameter), 2 to 4 cm apart. The plate is at
ground potential, the sphere is gradually raised to a suffi-
cient voltage to significantly exceed the coercive field of the

Drive System———e
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Figure 2, Fiber spinning apparatus. Schematic drawing of vessel
and spinneret (a), and overview of the apparatus (b).
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Figure 3. Fiber poling apparatus.

PZT. The high voltage side is a sphere in order to reduce the
breakdown and corona effects that exist at the edge of a
plate. In the static field case, the electric field in and around
the fiber is nearly uniform.

We have assumed that the charge accumulated in a ring
that the fiber was threaded through was dissipated by one of
the following;:

1. Corona formation from the surface of the sample to the
circumference of the hole

2. Air breakdown in the same way a corona could be
caused

3. Conduction through the fiber if the fiber is physically
touching the circumference of the hole

4. Surface conduction

Characterization

Crystallinity and phase analysis of the fibers as a function
of thermal treatment were determined using x-ray diffrac-
tion (XRD) analysis.* The microstructure, i.e., grain size
and degree of porosity, and diameter of the fibers were ex-
amined using scanning electron microscopy (SEM).* En-
ergy dispersive spectroscopy (EDS)® was used to semi-
quantitatively determine Zr:Ti and Pb:(Zr,Ti) ratios.

The room temperature dielectric properties (K @10
KHz) of sintered fibers were determined from capacitance
measurements using a LCR meter and the holder presented
in Figure 4. An external amplifier/divider circuit was
employed to improve the sensitivity of the LCR meter® by a
factor of 100 by increasing the applied signal to ~ 150 V..
A small amount of air-dry silver was applied to both ends of
the fiber to ensure electrical contact. Fibers I to 2 cm and
20 to 30 pm in diameter in length were used. Because of the
extreme geometry of these fibers, thus the very small capac-
itance of often less than 0.5 fF, very special care had to be

*Model DMC 105, Scintag diffractometer, Sunnyvale, CA.

“‘Model DS-130, International Scientific Instruments, Inc., Santa Clara, CA.
*EMAX 8000 Series, Horiba Instruments, Inc., Irvine, CA.

*®Model 4274 LCR meler, Hewlett Packard, Palo Alto, CA.

taken to control the uniformity of the electric field within
the three terminal parallel plate fixture. Because the capaci-
tance to free space of even a short segment (under 20 pm) of
fiber along its length can be greater than the end-to-end
capacitance, it is critical that permittivity, as well as later
described hysteresis measurements, be made in an environ-
ment with a controlled and, in this case, uniform electric
field to avoid “shorting out” the measurement signal through
an inadvertent T-network to ground. This is distinctly
different from bulk or thin film measurements but is a cru-
cial consideration in fiber measurements. Measurements
were first made with the fiber in place, then removed, and
the difference was used as the sample’s capacitance. This
process corrected for the contribution to the measured value
from both stray capacitance and direct (air gap) capacitance.
The diameter of the guard electrode (~5 cm) was chosen to
ensure a uniform field in the neighborhood of the sample
even with the fibers ~2 cm in length. The size of the active
low electrode in the fixture (0.5 mm in diameter) was calcu-
lated so that its contribution to the total capacitance would
be no greater than that of even the smallest diameter fiber.

The ferroelectric nature of the fibers was confirmed
through polarization electric field (P-E) measurements with
fibers only ~3 mm long, owing to voltage limitation of the

Q
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JLow Potential)
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Unguarded Electrode
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Figure 4. Fixture for fiber permittivity and polarization measure-
ments (a), and section view of electrode configuration (b).
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power supply,” i.e., 10 kV. A specially-built automated
system was used which applies the excitation field and col-
lects the charge while maintaining a virtual-ground state,
similar to a classical Sawyer-Tower measurement, but the
charge is collected by active circuitry rather than a passive
capacitor. This holds the low side of the measurement cir-
cuit to within a few millivolts of ground, which is necessary
to control the shape of the electric field for the same reason
as in the permittivity measurement. To avoid electrical
breakdown, the entire fixture was immersed in a fluorocar-
bon fluid.® Fields of >3 MV/m, typically at a frequency of
10 Hz, were used.

The degree of poling after the poling experiment de-
scribed in the previous section was measured by observing
the shift of the first P-E hysteresis loop.

To contrast both the physical and electrical characteristics
of the fibers, disks (~ I cm in diameter) were prepared from
gel-powders derived from the same sols used to draw fibers.
Upon pressing and binder® burnout, the disks were den-
sified over a temperature range from 1000°C to 1400°C and
characterized above. In addition to dielectric and polariza-
tion hysteresis, fully densified samples were poled at 120°C
with an electric field of 25 kV/cm. The level of poling was
determined using a Berlincourt piezo d,; meter.!® The
samples were allowed to age ~24 hours prior to measure-
ment.

In addition to chemical and electrical characterization,
the mechanical integrity of the PZT fibers was also in-
vestigated. The tensile strength was determined for seiected
fibers at the Nagasaki University of Japan, using a technique
described by Iwanaga et al. (1992). Specimens 1 to 2 mm in
length, diameter range between 26 to 36 um, were glued to
carbon fiber and the direct tensile strength was measured
with a load range of 1 to 10 g

RESULTS AND DISCUSSION

Microstructural Analysis

Optical photographs of as-spun and fired fibers (@
750°C) are shown in Figures 5(a) and (b), respectively. A
representative XRD spectra of AcAc processed PZT fibers
fired at 750°C and 1250°C are presented in Figure 6, both
revealing the presence of a well-crystallized perovskite
phase. Figure 7 presents SEM micrographs of Acetate pro-
cessed PZT, fired at (a) 750°C, (b) 1250°C, and (c) Nb-PZT
fired at 1250°C. As presented, the diameters of the fibers
were in the range of 20 to 50 um, showing little evidence of
porosity on the surface of the fiber. The Acetate and AcAc
(not shown in the figures) processed fibers fired at 750°C
were found to possess similar microstructures. SEM ex-

"High Voltage Power Supply, Model 610A, Trck Incorp., Medina, NY.
*Fluorinert FC40, 3M Corp.. St. Paul, MN.

*Polyvinyl Alcohol binder (PVA).

***Berlincourt Piezo d,, meter, Channcl Products, Inc., Chagrin Falls, OH.
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Figure 5. Photographs of (a) as spun,'(b) fired PZT fiber.

amination of the cross section of the fibers revealed 10 to
20% fine porosity uniformly distributed across the fibers,
except near the dense surface, with grain sizes on the order
0f 0.2-0.3 um. Fibers processed at 1250°C possessed dense
microstructures with grain sizes in the range of 2 to 8 um.
A small amount of closed porosity (~0.3 um in diameter),
both in grains and at grain boundaries, was evident in the
cross-sectional view of the fiber after the pull test, as shown
in Figure 8. The fracture surface was intergranular. The
fibers with Nb-PZT (AcAc processed) composition fired at
1250°C showed uniform and finer grain size, | to 3 um, and
little porosity. The smaller grain size is due to the niobjum
substitution, which tends to inhibit grain growth of PZT in
addition to many other characteristics governed by this
“A-site vacancy additive”. Acetate processed Nb-PZT fiber
could not be drawn successfully, due to the rapid increase in
“sol” viscosity. Differences between the two lead sources
were inconclusive in this study, though use of lead
acetylacetonate reduced reflux time drastically.
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Figure 6. XRD pattern for the fibrous PZT heat-treated at 750°C for
10 min and at 1250°C for 10 min.
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Figure 7. SEM micrograph of: (a) acetate processed PZT fired at
750°C for 10 min, (b) acetate processed PZT fired at 1250°C for 10
min, (c) AcAc processed Nb-PZT fired at 1250°C for 10 min.

Compositional Analysis

EDS analysis of PZT fibers (both Acetate and AcAc pro-
cessed) indicated that the Zr:Ti ratio was rich in Zr being
shifted to approximately 55:45 as confirmed by the lack of

tetragonal splitting [(002) and (200)] in the XRD patterns

(Figure 6). This trend was confirmed by dielectric measure-
ments of the fired pellets prepared from the same solution.
The dielectric constant (K) dramatically decreased upon
poling (~48%) reflecting a PZT composition well on the
rhombohedral side of the morphotropic phase boundary
(MPB) (Jaffe et al., 1971). The reason for this compositional
shift is currently being investigated.

Electrical Properties

The dielectric constant values of the various fibers pro-
cessed are summarized in Table 1. Due to the small input
signals, dielectric loss of the PZT fibers was not measured.
Both Acetate and AcAc processed PZT fibers showed com-

Figure 8. SEM micrograph of fracture surface of PZT fiber (fired at
1250°C for 10 min) after tensile test.

parable diclectric values to that of the bulk ceramics disk
samples made from the same solution. The diclectric con-
stant of the samples fired at 750°C was lower, which was
probably due to the combination of porosity and smaller
grain size. Piezoelectric d,; coefficients of the PZT-poled
ceramic disk samples were found to be ~ 150 pC/N, which
is lower than reported value (~223 pC/N) (Jaffe et al.,
1971). This was believed to be due to the MPB composi-
tional shifting of Zr:Ti. Poled ceramic disks of Nb-PZT ex-
hibited ds; of ~350 pC/N close to the reported value (374
PC/N) (Jaffe et al., 1971). Dielectric and piezoelectric prop-
erties of the bulk (disk) samples were necessary to deter-
mine the quality of precursors and to provide expected
values for the fibers fabricated from the same “sol”
Representative room temperature hysteresis polarization
E-field behavior for AcAc processed Nb-PZT fired at
1250°C is shown in Figure 9(a) along with the polarization
measurements performed on bulk (disk) samples [Figure
9(b)] as a comparison. Only Nb-PZT fiber data is presented
due to the high coercive fields of unmodified PZT. The fer-
roelectric nature of a single piezoelectric fiber has not been
reported before. The P-E hysteresis provides direct evidence
that these fibers can be polarized to induce the desired
piezoelectric properties. Comparison with the disk sample
revealed that the level of remanent polarization of the fibers

Table 1. Dielectric constant of sol-gel derived PZT
and Nb-PZT fibers.*

Heat Treatment  Dielectric

Pb Temp. [°C)/ Constant

Ceramic Precursor Time [min] (% error)
PZT Acetate 750/10 670 (15)
PZT Acetate 1250/10 870 (10)
PZT AcAc 750/10 500 (15)
pzT AcAc 1250/10 700 (10)
Nb-PZT AcAc 750/10 1250 (15)
Nb-PZT AcAc 1250/10 1100 (15)

®Fiber: average diameter of 30 um.




Pb(Zr,Ti)O; [PZT] Fibers—Fabrication and Measurement Methods 157

(P, = 37 uC/cm?) was similar to the bulk sample and coer-
cive field was somewhat higher (E, = 19 kv/cm),

When the E-field is applied to the previously poled sam-
ple parallel to the poled direction, the first P-E loop is
shifted to either upward or downward depending on the
direction of the field. Therefore, the very first P-E loop was
measured to determine whether or not the fiber was poled
after the application of E-field by the method described in
Figure 3 in “Experimental Procedures” Figure 10 shows the
first P-E loop of one of the examples of the segment of the
poled fiber. Nearly complete shift of the hysteresis indicates
that the fiber has been poled. :

Mechanical Properties

Preliminary data for the tensile strength of PZT fibers
fired at 750°C and 1250°C determined using the pull test
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Figure 9. Polarization hysteresis of {a) Nb-PZT fiber (diameter 30
»m), (b) Nb-PZT pellet prepared from the same sol as the fiber was
spun.
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Figure 10. The first polarization hysteresis loop of Nb-PZT fiber
poled using the apparatus shown in Figure 3.

were 36 MPa and 40 MPa, respectively. Tensile strengths of
~55 MPa were found for Nb-PZT fibers. This higher value
may be attributed to its smaller and more uniform grain
size. Finer diameter fibers tended to give larger tensile
strength values, though more data with different diameter
samples is required to confirm this. Tensile strength values
for bulk PZT ceramics reported in the literature is on the
order of ~76 MPa (Berlincourt, Krueger, and Near, 1987),
with modulus of rupture using 3-point flexure in the range
of 10 to 40 MPa (Pohanka et al., 1983). Therefore, the fiber
tensile strength found for the fibers in this work is similar to
that of the bulk ceramic. This range, however, is an order of
magnitude less than comparable glass fibers (700 MPa) and
substantially less than that for AlL,O, fibers (1500 MPa) re-
ported in the literature (Cooke, 1991). Incorporation of PZT
fibers into a structural matrix, therefore, cannot be a simple
substitution with structural fibers, and hence careful han-
dling and design must be considered.

CONCLUSIONS

Amorphous PZT and Nb-PZT fibers with average di-
ameters of 30 um have been successfully spin-drawn from
sol-gel processed PZT precursor sol using a continuous
batch spinning apparatus. Two different lead sources, lead
acetate trihydrate and lead acetylacetonate, were examined.
All of the fibers showed pure crystalline perovskite structure
after heat treatment at 750°C, and further densification and
grain growth were evident after 1250°C firing.

Single fiber dielectric constant and polarization hysteresis
measurements were successfully performed using a spe-
cially built fixture. Dielectric constant values of the fibers
fired at 750°C were lower than that of fibers fired at 1250°C
due to porosity and reduced grain size. The dielectric con-
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stant of fibers fired at 1250°C was comparable with that of
bulk ceramic values. Polarization E-field measurements of
Nb-PZT fibers indicated that the level of remanent polariza-
tion (37 uC/cm?) was similar to that of bulk samples with the
coercive field (19 kV/cm) being slightly higher. Fiber poling
apparatus was built to demonstrate continuous poling using
120 pm diameter extruded fiber. The clear shifting of the
first P-E hysteresis loop indicated that the fiber had been
poled with this method.

Preliminary data for the tensile strength of PZT fibers
revealed values similar to that of bulk PZT, though Nb-PZT
fiber values were higher than that of pure PZT fibers, proba-
bly due to its denser microstructure and smaller, uniform
grain size.
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ABSTRACT

Rate controlled sintering (RCS), the process of directly controlling sintering shrinkage with a
feedback loop mechanism, was used to densify a commercial ceramic multilayer substrate (a low
temperature cofireable ceramic -- LTCC). The substrate consisted of alumina loaded glass
insulator layers with fritted silver conductor layers. The effect of one constant heating rate and
three constant shrinkage rates on the conductor/insulator interface was studied using acoustic
microscopy, scanning electron microscopy, capacitance measurements, and equivalent series
resistance. An optimal shrinkage rate was found that resulted in fewer conductor/insulator
delaminations and conductor film discontinuities than did the other shrinkage and heating rates
studied. It is postulated that the changes in heating rate needed to maintain a constant shrinkage
rate shift and/or reduce the peak densification rates of the constituent materials limiting the transient
tensile stresses.

I. Introduction

When the sintering of a particulate material is constrained, as is the case in multilayer cofired
ceramics and thick films, transient tensile stresses can develop that oppose the material's effective
sintering stress [1 - 3]. These tensile stresses can also lead to defect formation (sintering damage)
through creep processes [2, 4]. The common types of sintering damage that have been observed in
metal/ceramic multilayers include warping [5], cracking in the ceramic layer [4], delamination of
the metal/ceramic interface [6], and void formation in the metal layer [4]. Since sintering materials
are viscous or viscoelastic, stress develops in response to strain rates rather than strain as is the
case for elastic materials. In this work direct control of the strain rate for a sintering multilayer
electronic substrate was achieved using rate controlled sintering. As will be shown, this allowed
us to influence the transient stresses that arise during cofiring.

II. Experimental Procedure

A commercial tape-cast, glass-alumina composite insulator material (E.I. Du Pont de Nemours
851AT Green Tape) and a screen-printable, fritted silver conductor ink (E.I. Du Pont de Nemours
6142D) were chosen as the target materials for this study. Multilayers were constructed by first
printing 2.54 cm square pieces of tape with 8 mm x 1.5 mm pads of silver ink. The printed layers
were dried and then 20 layers were stacked and laminated at 34 MPa and 75 °C or 15 min. The
printing pattern and stacking sequence were such that each laminate could be diced into sixteen
samples with a multilayer capacitor configuration. After dicing binder burnout was done at 400 °C
for 1 hour in a box furnace with flowing air.

The multilayers were densified using an RCS dilatometer with an infrared imaging furnace.
This instrument, which has been described in the literature [7], has a very low thermal mass. As a
result it provides a much greater degree of control over the shrinkage rate than has been possible
with more conventional dilatometry and furnace equipment. Multilayer samples were sintered at a
constant heating rate (CHR) of 25 °C/min or by RCS at constant shrinkage rates of 0.5, 1.5, or 6
%/min. For the RCS trials, the samples were heated to the sintering onset temperature at a constant
heating rate of 25 °C/min. Shrinkage was monitored in the radial direction (i.e. in the
casting/printing plane), and both the CHR and RCS samples were sintered to a target shrinkage of




13 %. This was determined by sintering multilayers in a conventional furnace at 850 °C for 15 min
(the manufacturer's recommended profile). Once the target shrinkage was reached, the control
system abruptly reduced the furnace temperature 300 °C to stop sintering and "freeze in" the final
microstructure. Five samples were sintered for each of the four profiles investigated.

The multilayers were characterized using scanning acoustic MICroscopy, capacitance vs.
frequency measurements, equivalent series resistance, and finally scanning electron microscopy
(SEM) of cut and polished cross sections. The shrinkage behavior of individual components of the
multilayer was also evaluated. For the substrate material this was done by sintering 20 layer
monoliths (substrates without any silver films) in the dilatometer. For the silver, shrinkage was
measured on free standing films using an optical microscope with a hot stage.

ITI. Results and Discussion

The temperature and shrinkage profiles for RCS are shown in figure 1. Note that at the onset
of sintering the furnace temperature surged in order to initialize shrinkage control. The heating rate
then slowed to a nearly constant value for the remainder of the sintering schedule. Acoustic
microscopy of the sintered multilayers indicated that there were no defects in samples sintered at a
constant shrinkage rate of 1.5 %/min while there were some defective samples for each of the three
other sintering profiles. SEM of cut and polished cross sections of the multilayers revealed that the
defects were either delaminations of the electrode/insulator interface or discontinuities and porosity
in the electrodes (see figure 2a - e).

Before the SEM analysis, the samples' capacitance and equivalent series resistance (ESR) were
measured. The capacitance of a multilayer is reduced by electrode/insulator delaminations. This
results from the parasitic capacitance contributed by the air gap in series with the higher dielectric
constant insulator. The ESR measurement was used to verify that sample geometry variations
were not responsible for any observed fluctuations in capacitance. The average capacitance was
found to be highest for the samples sintered at 1.5 %/min indicating fewer delaminations.
However, since the degree of delamination will vary from sample to sample, the standard deviation
of capacitance for several samples is expected to be a better basis for comparison. This is shown
in figure 3. As can be seen the samples sintered at 1.5 %/min had the smallest capacitance
variation and samples conventionally sintered at a constant heating rate of 25 °C/min had the largest
variation in capacitance.

The sintering behavior of individual components of the multilayer provided some explanation
for the above observations. Since the transient stress that drives delamination depends on strain
rate, the shrinkage curves for the insulator and silver were differentiated with respect to time.
These are shown in figure 4 for two heating rates (25 and 50 °C/min). At the onset of sintering in
the insulator, which corresponds to the softening temperature for silver film's glass frit, the silver
underwent its peak strain rate. For cofired systems the faster sintering material is in tension;
therefore, at the frit softening temperature the silver film was under a high level of tensile stress.
This could cause the film porosity and discontinuities observed in many of the samples. It may
have also weakened the interface; however, actual interface fracture (delamination) usually occurs
near the end of cofiring when the film shrinkage rate is low and the insulator densification rate is at
a maximum [8].

If the heating rate was increased there tended to be more overlap between the film and insulator
shrinkage rate curves (figure 4). Since the RCS schedules had a temperature surge while the film
went through its peak shrinkage rate, there may have been a large initial overlap between the film
and insulator shrinkage rate during RCS. This could have both reduced the incidence of film
discontinuities and strengthened the interface. The choice of a moderate shrinkage rate for the rest
of the cofiring schedule would then have maintained the tensile stress below a safe level to prevent

delamination.
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Figure 1: Examples of rate controlled
sintering shrinkage and temperature
profiles.

b)™

Figure 2: Conductor/insulator interfaces and defects in multilayer samples: a)
delaminations for CHR sintering at 25 °C/min, b) and c) film discontinuities and
porosity for RCS of 0.5 %/min, d) defect free interface for RCS of 1.5 %/min,
and e) low density regions on insulator side of interface for RCS of 6 %/min.
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Summary

Rate controlled sintering at constant shrinkage rates was performed on LTCC multilayer
substrates. An optimal shrinkage rate was found that minimized the incidence of
conductor/insulator delamination and conductor film discontinuities compared to conventional
constant heating rate sintering. The temperature profile needed to maintain a constant shrinkage
rate tended to create more overlap between the conductor and insulator shrinkage rates during the
initial stages of cofiring. This would have reduced tensile stress in the film and possibly
strengthened the conductor insulator interface. A relatively moderate shrinkage rate for the
remainder of cofiring may have kept the tensile stress in the insulator below a critical level for
delamination. Currently investigations into the effect of RCS on the properties of multilayer
inductors and capacitors (NPO and X7R) are underway.
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A grain size investigation of the structure-property relations in morphotropic phase
boundary composition Lead Zirconium Titanate (PZT) ceramics has been performed over the grain
size (G.S) range of 0.1 to 10 um. We report on the dielectric and piezoelectric measurements in
relation to the grain size, domain size (D.S), and domain configurations in the ceramic. The
elastic-domain size was compared to the traditional parabolic relation (DS ~ GS1/2) and was found
to depart at submicron grain sizes (< 1.0 um). New insights were gained into the piezoelectric
behavior with the discovery of transgranular domain coupling in the microstructures.

Introduction

With continuing miniaturization of electronic ceramics, new performance problems and
challenges are anticipated for ferroelectric ceramics. Ferroelectricity, being a cooperative
phenomena similar to ferromagnetism and superconductivity, is expected to show size effects on
phase stability and properties. Recent work has shown that the ferroelectric phase is unstable in
submicron PbTiO3 particles, and thin film ferroelectrics have dielectric and piezoelectric properties
lower than reported in bulk ceramics.12 Therefore, there is a need to investigate the effects of
grain size on properties and microstructures in a bulk ferroelectric ceramic. The system selected in
this study is the morphotropic phase boundary composition, PZT. Although there have been
previous studies on grain size effects in PZT, results showed inconsistent trends and the grain size

range were limited from 1.0 to 10 um.3-6

Experimental

A series of undoped PZT and Nb-doped PZT, Pbg 988(Zrp.52Ti0.48)0.976Nb0.02403,
ceramics were fabricated from powders made from reactive calcination. Reactive calcination has
been shown previously to enhance the reactivity and densification of Pb-based perovskites.”8 The
densification and grain growth of the reactive calcined powders with both pressure and
conventional sintering results in a wide variation of the mean grain size, 0.1 um to 14 um. The
smaller grain size was limited by the agglomeration size.

The microstructure of the ceramics was investigated using both scanning and transmission
electron microscopy techniques, SEM and TEM, respectively. The samples were prepared for
TEM by ion-beam thinning; the polished sections were adhered to copper grids with epoxy. Poled
and unpoled TEM samples were studied using a Philips 420 STEM.

Dielectric and piezoelectric measurements were performed over a wide temperature range
10K to 900K to access the intrinsic and extrinsic property contributions. The dielectric
measurements were carried out with an automated HP 4274 multiple frequency impedance analyzer
interfaced with an H.P. desktop computer. The piezoelectric coefficients and electromechanical
coupling factors were determined as a function of composition and grain size, using a R.F.
spectrum analyzer HP 4192A and a Berlincourt meter. The samples were poled in a silicone oil
bath at 120°C with fields ~ 30 to 50 KV/cm based on their coercive fields (Ec) for ten to sixty
minutes.

Results and Discussion

Elasto-dielectric Pr

Figure 1(a) and (b) shows the dielectric constant temperature dependence for undoped and
Nb-doped PZT, respectively. There is a suppression of the dielectric maximum with decreasing




grain size. The undoped PZT shows a departure from the Curie-Weiss behavior above T.. This is
most likely due to the uncompensated superoxidation of lead vacancies resulting in a p-type PZT
and a space charge contribution imposed on the dielectric anomaly. The Curie-Weiss behavior is
observed in Nb-doped PZT and the Curie constant is independent of grain size, which reflects a
pure ferroelectric transition. The transition temperature, T¢, in the Nb-doped PZT was also
concluded to be independent of grain size. The room temperature poled dielectric constant was
found to continuously decrease with reducing grain size, along with a continuous increase in
dielectric loss in Nb-doped PZT.

The space-charge effects present in the undoped PZT ceramics limit the interpretation of
undoped PZT and, therefore, we will only consider the piezoelectric properties of Nb-doped PZT
as a function of grain size. Figure 2 shows a systematic decrease of the piezoelectric coefficients
d33 and d3; with decreasing grain size at room temperature.

Dielectric and piezoelectric properties in ferroelectrics are dependent on both intrinsic and
extrinsic mechanisms. Intrinsic contributions are from the relative ionic motion that preserves the
original crystal structure. At room temperature in soft PZTs intrinsic contributions are only 30% of
the total magnitude of the given property. The remaining extrinsic contributions are the result of
domain walls and defect dipoles. The extrinsic mechanisms are thermally activated processes; at
lower temperatures the extrinsic properties become frozen out and hence the intrinsic properties
dominant. Figure 3 shows kp and k33, the planar and transverse coupling coefficients, as a
function of grain size at temperatures 300K, 100K, and 15K, respectively. The low temperature
electromechanical coupling is independent of grain-size and, therefore, infers that the domain
mechanisms are responsible for the property changes at room temperature.

1 rization

Grain size and domain size distributions were determined for the PZT ceramics. Figure
4(a) and (b) shows typical histograms for the size distribution of grain sizes and domain sizes,
respectively. The grain size distributions were determined from polished and etched SEM
micrographs, and the domain size distributions from TEM micrographs. The grain size
distributions were found to be relatively symmetrical, whereas the domain size distributions shows
strong asymmetry. Therefore, the mean was used to describe the grain size, and the mode (the
most frequently occurring size) was used to characterize the size of the domains. Special care was
taken to ensure that TEM sample preparation did not change the domain configurations while
thinning the bulk ceramic to thin foils, i.e., maintain the domain configuration as a metastable state.
Experiments on poled samples and thermal cycling confirmed the validity of the domain size

observed in TEM, as discussed in an earlier paper.?

Figure 5 shows the generalized data of grain size-domain size relation in morphotropic
phase boundary PZT. A constant exponent holds for grain sizes above 1.0 um, but for domain
sizes in the 0.1 pm grains there is a departure from the constant exponent. The constant exponent
in this study was found to be approximately m = 1/2, consistent with previous bulk ceramic
studies. However, domain size in the fine grain materials shows smaller domain sizes or higher
domain densities than predicted by the parabolic scaling relation. Similar departures have been
reported in thin film ferroelectrics.10

In addition to the smaller domains, there is a change in the domain configurations. The
domain configurations observed in a ceramic with grain size below 1.0 pm are much simpler than
in the larger grain size ceramics. In a morphotropic phase boundary composition PZT, there are 14
possible polarization (domain) states. However, the simple twin band structures observed in the
0.1 um grains clearly demonstrates a reduction in domain states per grain.

The domain structures observed in the poled PZT ceramics are shown to be strongly
influenced by the neighboring grain/domain structures, both in regard to domain size, periodicity,
and orientation. TEM observations showed an elastic coupling of the non-180° domains across
grain boundaries. The alignment of domain configurations demonstrates that the switching process
has to be both intra- and transgranular. The transgranular coupling is anticipated to be extremely
important for piezoelectric properties. The mechanical coupling efficiency is expected to be




Dielectric constant (K)

reduced by such elastic interactions. In finer grain ceramics, the transgranular coupling would be
more dominant as the grain boundary density increases, therefore suggesting the piezoelectric
coupling coefficients would be further reduced.

The microscopy results can account qualitatively for the grain size effects observed in the
elasto-dielectric properties. The piezoelectric properties are suppressed owing to the reduction in
domain states (i.e. switchable directions) in each grain. Piezoelectric properties are also reduced
owing to the higher probability of transgranular domain coupling in finer grain materials. On the
other hand, the dielectric loss increases with the decrease of grain size at room temperature owing
to the higher density of domain walls. This does not necessarily increase the polarizability of the
grain as there are fewer domain states in each grain, and the domain walls are pinned at the grain
boundaries.

Conclusions

This study establishes a relationship between the dielectric and piezoelectric properties in
Nb-doped PZT ceramics of morphotropic phase boundary composition with grain size variations
from 0.1 pm to 10 um. The size dependence of the properties was extrinsically controlled as
shown by the thermal measurements, which was also confirmed by the systematic changes in
domain size and configuration. Poled domain structures demonstrated the importance of
transgranular switching in the poling process of a piezoelectric ceramic.
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Investigation of the Dielectric Properties of Bismuth Pyrochlores
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The dielectric properties of polycrystalline bismuth-based pyrochlores of
the general chemical form Biz(B§;3Bf;3)O, and Bi,(B*B**)O, where B2+= Mg,
Cu, Zn, and Ni, B3+= Sc and In, and B5+= Nb and Ta, were investigated as a
function of temperature and frequency. At low temperatures (T~100 to
150 K), a dielectric dispersion was universally observed within these
systems.  The dielectric dispersion was analyzed using phenomenological
models often used for describing dipolar glass systems. Similar activation
energies and pre-exponential damping frequencies are found to exist with
dipolar glasses such as RADP (RbxH2PO4-(NHg4);-xH2POy4), Ki.xLixTaOs3,
KBri.xCNy, and KIj.x(NOj).
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[. INTRODUCTION

Bismuth-based  pyrochlores have recently been found of interest for
low-fire high frequency dielectric applications.3:4 In contrast to
conventional microwave dielectric materials, e.g. Ba(Mgy/3Ta3/3)O3 and
Zr(Sn,Ti)O4 that require high sintering temperatures (Tsinter > 1600 K) the
low sintering temperatures of bismuth pyrochlores (Tsinter £ 1400 K) and
dielectric properties with low losses (tan & ~ 10-4) and dielectric constants
up to 150 make them promising candidates for cofired decoupling
capacitors in multichip module packaging applications, so-called LTCC
packages (low temperature cofire ceramics).

The cubic pyrochlore structure has the general formula unit A2B2XgY .
As shown in Figure 1, the crystal structure is a derivative of the fluorite
structure  AX, where the unit cell is doubled and the A site is
differentiated into both A and B sites. The relatively large A cation is in
eightfold coordination, with oxygen anions, while the smaller B cation
resides in sixfold coordination forming a (BOg) oxygen octahedra.2 Of the
seven oxygen anions, one is separate from the (BOg) octahedra and its only
bond is to the A cations, located in the voids between the (BOg) octahedra.
Thus, the structural polyhedra description can be referred to as a strongly
bound three dimensional network of (BOg) octahedra with (A40) tetrahedra
in the interstices.

The cation solubilities within the pyrochlore structure are similar to
that of the perovskite. However, the pyrochlore compositions have
received far less attention in terms of compositional-property relations.
The Biz03-ZnO-NbyOs5 systems are of interest for the dielectric properties,

with dielectric permittivities ~ 100 with a low dielectric loss tangent, tan 9




< 0.0001. There have been only a few studies into these bismuth
compositions3-6, the most extensive work by Golovshchikova et al.6
Consistent with these earlier reports, a dispersive dielectric anomaly is
found at low temperature (~100K).

The objective of this work was to expand upon and verify the
dielectric-compositional relations of various bismuth pyrochlores.
Phenomenological analysis of the dielectric anomaly is also made and
discussed in relation to dipolar glass systems. Using these models,
predictions can be projected to the high frequency behavior, where real
technological advantages are anticipated for the pyrochlore polycrystalline

dielectrics.

II. EXPERIMENTAL

Sample preparation: The starting materials were reagent grade oxide
powders of Bi2O3, ZnO, Nb2Os, Ta0O35, InpO3, Sc203, CuO and NiO, and a
carbonate powder, MgCO3. Powders were tested for loss on ignition and
the batch composition was appropriately compensated. The columbite
precursor method was used as is commonly performed in perovskite
materials8. Stoichiometric mixtures of powders of the base composition
Bi,(B2/,B3/,)O, and Bi (B**,B**)O, were milled for 24 hours in alcohol with
zirconia media. These powders were then dried and calcined at 700-800°C
for 4 hours in open alumina crucibles. Powder X-ray diffraction (XRD) was
performed to verify the formation of the pyrochlore structure after solid
state reaction of the oxide powders. The powders were remilled and dried

before pressing into 12.5 mm discs. Approximately 3 weight percent




organic binder was added to assist in the pressing. Discs were sintered in
air at temperatures ranging from 950°C-1100°C. At these temperatures
there was negligible weight loss during sintering and therefore no excess
Bi2O3 was added to the batch formulation.

The geometry of the sintered discs was typically 10.5 mm in diameter
and 1 mm in thickness. The density of the samples was found to be
greater than 97 percent of theoretical density as determined geometrically.

The surfaces of the sintered discs were ground parallel and gold electrodes

were applied by sputtering.

Dielectric Measurements: Dielectric measurements were carried out using
multifrequency meters (Hewlett-Packard 4274A and 4275A LCR meters)
in conjunction with a computer controlled temperature chamber. The
temperature of the samples was varied from 100 K to 400 K.
Measurements were made while cooling at a rate of 2 K per minute. The
measurement frequencies utilized to measure the dispersion varied from
100 Hz to 100 kHz in decade steps, and room temperature dielectric
properties were measured up to 1 MHz. The sample capacitances were
typically 100-200 pF. Dielectric constants were calculated using the

geometric area and thickness of the discs.

III. RESULTS

Results of Processing: XRD measurements on sintered samples revealed

that samples were single phase cubic pyrochlore. In some cases, however,

a secondary phase was present in small amounts (<5%) composed of the B-




site pre-cursor elements (e.g. MgNbyoOg, JCPDS 33-875). The presence of
this phase suggests the existence of free BipO3 in the sample. It is probable
that a similar A-site and oxygen deficient stoichiometry exists for the Bi-
based pyrochlores in this study. The excess Bi2O3 and ZnO predicted from
this stoichiometry cduld be present in amounts not detectable by XRD.
Careful density measurements and XRD data is required to determine the
exact stoichiometry.

For most compositions investigated here, the x-ray powder diffraction
profile shows similar features, as typified by cubic pyrochlore Bi2(ScTa)O9q
shown in Figure 1. The cubic lattice parameters ranged between 10.54 A
to 10.75 A. The Bip(Cu2/3Nbg/3)07, however, showed a tetragonal
distortion. Figure 2 demonstrates the differences between the cubic and

tetragonal powder diffraction profiles.

Dielectric results: Table 1 Ipresents the room temperature (1 MHz)
dielectric data for the pyrochlore ceramics synthesized in this research.
The cubic bismuth pyrochlore ceramics have dielectric constants ranging
from 67 to 250 with low dielectric losses tan & (<0.011). Lower loss values
and lower dielectric constants were recorded for the tantalum containing
composition, similar to Ta and Nb perovskite microwave dielectrics,
Ba(Mgi1/3Ta3/3)O3 and Ba(Mgji/3Nb2/3)0O3, respectively. The real and
imaginary parts of the dielectric properties as a function of temperature
for the Bi2ScNbO+7, BizScTaO7, BipMg2/3Nb4/307, and BizZny/3Nbyg/307
pyrochlore are given in Figure 2. The Cu-containing pyrochlore showed
high losses at all frequencies probably due to changes in valence state of
the Cu ion. A frequency dispersive decrease in the real part of the

dielectric permittivity and a correlated peak in the imaginary part was




found at low temperatures for all compositions. In some cases, only the
onset of the anomaly could be seen at 100 K, as shown in Figure 2 for

BisZns/3Nb4/307.

IV. DISCUSSION

For the pyrochlore compounds studied, a typical frequency dispersion
is observed where the maxima in €” is shifted to higher temperatures with
increased measurement frequency, as shown in Figure 3. Also, a
corresponding decrease in €’ is observed in the same temperature regime.
The corresponding dielectric dispersion is similar to that found in relaxor
ferroelectrics, where the temperature at which this dispersion occurred
appears to be a function of composition. In the case of BisZny/3Nbyg/307,
Bi2Zn2/3Ta4/307, and BioMg3/3Ta4/307, the maxima in £€” was well below
100 K, whereas in the Sc and In containing pyrochlores the maxima resides
between 125 and 200 K. The temperature shift in the dielectric relaxation
with composition showed no systematic relationship to crystal chemical
descriptions such as atomic mass and ionic radii. The dielectric maximum
in the complex lead perovskite relaxors also is independent of the cation
mass and ionic radii. After extensive studies in the perovskite relaxor
system systems, it is believed that symmetry breaking defects play a more
important role in controlling the nature of the dielectric spectra®.  Similar
behavior may be operating in the cubic bismuth pyrochlores; further
comparisons are made through analysis of the relaxation behavior.

Qualitatively, similar dielectric relaxations to the bismuth pyrochlores

have also been observed in compounds such as RADPI!2 (RbxH2PO4-(NHy):-




«H2PO04), K;xLixTa0313, KBri.xCNy!4, and KI{_x(NO»2)«!5., all referred to as
dipolar and quadrupolar glasses. A comprehensive understanding of the
dipolar glass dielectric behavior is still developing. However, it is possible
to analyze the dielectric relaxation with a number of modified Arrﬁenius
plots.

Consider first the basic Arrhenius equation, which was originally
developed to model polar liquids and gas dielectric properties!6. The
observed behavior is noted to be similar to that characteristic of electric
dipolar and quadrupolar glasses!0,11 such as RADP12 (RbxH2PO4-(NH4)1-
xH2PO4), K1.xLixTa0313, KBri.xCNx!4, and KIj_x(NO2)x!3.

For these systems, the dielectric data can be fitted to an Arrhenius-

type equation of the following form:

L =V, exp [—-E—a}
T, 0 kBT (1)

where T is the characteristic relaxation time, E, is the activation energy,
and the pre exponential, v, is the attempt jump frequency. Figure 4
presents an Arrhenius plot for the pyrochlores with full dispersion above
100 K, showing the linear relationship between the measuring frequency
(f=v/2m=1/2mt) and the reciprocal of the temperature at which €” is
maximum. Table II lists the fitting parameters, Vo and E,, obtained from
Eq. (1). The highest anticipated jumping frequency would be directly
related to the ionic vibration of the lattice and hence Vg = 1013 Hz. In the
K(Br,CN) system!4,17-19  the parameters Vo and E, obtained from this kind
of analysis typically have values on the order of 1012-16 Hz and 0.05 eV,

respectively. High jump frequencies 1016 to 1019 Hz suggest a further




refinement of the model to describe the dielectric relaxation in pyrochlores
despite the excellent fit in Figure 4.

Recently, similar unphysical parameters were also found from fitting
the dielectric dispersion of the perovskite Pb-based relaxors such as
Pb(Mg1/3,Nb2/3)03!2. In many dipolar glass systems!0.11 and in PMN20,
the anomalous magnitudes of the parameters Vo and E; could be
reconciled by using a modification to the Arrhenius equation, the empirical

Vogel-Fulcher equation:

L=Vo exp[—f‘—a—J
T, T-Tg (2)
In the Vogel-Fulcher equation, a parameter Tf is introduced as the freezing
temperature of the dipolar glass state. Tg is regarded as the absolute
temperature where the dynamic reorientation of dipolar cluster
polarization no longer can be thermally activated. For the data in this
research, however, the optimum fit of Eq. (2) was obtained with Tg-~0,
which is equivalent to the simple Arrhenius equation (Eq. (1)), and
therefore inadequately describes these pyrochlore systems. '

An alternative model to describe dipolar glass dielectric dispersion

was proposed by Binder and YounglO.!l and is essentially a further

modification of the Arrhenius Law:

T=Voer [(ET)J (3)

Cc
where zv is an additional fitting parameter. In this case, the activation
energy, Ea, is given in units of absolute temperature. This equation was
originally derived to describe the dynamics of domain wall nucleation.

Table III lists vo and E; values derived from the plot of Eq. (3) (Figure 4)




With the aim of obtaining an operational dielectric at microwave
frequencies, the Arrhenius equations and modified Arrhenius equations
can be useful in estimating the temperature at which the dielectric
dispersion will occur. At room temperature, the pyrochlore compositions
in this study typically had dielectric constants at 1 MHz ranging from 60 to
200 and dielectric losses of approximately 10-3 to 10-4. These low loss
characteristics make them promising candidates for high frequency
dielectric applications. However, the loss peak associated with the
dielectric dispersion observed in these materials could possibly increase
the losses at high frequencies at room temperature.

By using the Arrhenius equations for the pyrochlore compositions in
this study, the temperature at which the loss peak occurs at high
frequency can be estimated by extrapolation. Table IV show Tpax
extrapolated from the Arrhenius parameters in Table II obtained from the
dielectric data. For compositions in which Tpax was below 100 K and
hence could not be measured, average values of vop and E; were assumed.
As shown in Table IV, the Sc and In containing compositions would have
loss peaks at 1 GHz approaching room temperature and would not be
suitable for high frequency applications. However, there are a number of
compositions which have 1 and 10 GHz loss peaks well below room

temperature, e.g. BiaZny/3Nby4/307, BiaZny/3Tag/307, and BigMga/3Tag/307.

V. CONCLUSIONS

In bismuth pyrochlores with different compositions, a dielectric

anomaly was found in all samples at temperatures ranging from <100 K to




With the aim of obtaining an operational dielectric at microwave
frequencies, the Arrhenius equations and modified Arrhenius equations
can be useful in estimating the temperature at which the dielectric
dispersion will occur. At room temperature, the pyrochlore compositions
in this study typically had dielectric constants at ] MHz ranging from 60 to
200 and dielectric losses of approximately 10-3 to 10-4. These low loss
characteristics make them promising candidates for high frequency
dielectric applications. However, the loss peak associated with the
dielectric dispersion observed in these materials could possibly increase
the losses at high frequencies at room temperature.

By using the Arrhenius equations for th.e pyrochlore compositions in
this study, the temperature at which the Joss peak occurs at high
frequency can be estimated by extrapolation. Table IV show Tmax
extrapolated from the Arrhenius parameters in Table II obtained from the
dielectric data. For compositions in which Tmax was below 100 K and
hence could not be measured, average values of vg and Ea were assumed.
As shown in Table IV, the Sc and In containing compositions would have
loss peaks at 1 GHz approaching room temperature and would not be
suitable for high frequency applications. However, there are a number of
compositions which have ] and 10 GHz loss peaks well below room

temperature, e.g. BizZn2/3Nb4/3O7, Bi22n2/3Ta4/3O7, and BizMg2/3Ta4/3O7.

V. CONCLUSIONS

In bismuth pyrochlores with different compositions, a dielectric

anomaly was found in aJ] samples at temperatures ranging from <100 K to




room temperature. Using the thermally activated dielectric relaxation
equations, it is possible to make approximations of the dielectric behavior
at higher frequencies -~ 1 GHz at room temperature. The anomaly was
characterized by a frequency dispersive decrease in the real part of the
dielectric constant, and a corresponding peak in the imaginary part of the
dielectric constant. The anomaly appears similar to the dispersion that
occurs at the freezing temperature of dipolar glass systems. These data
were analyzed using a number of Arrhenius-type plots with reasonable
accuracy and shows characteristics common to dipolar glass systems.
Additionally, the dielectric constant and loss coupled with the low sintering
temperatures all show the potential for packaging applications, such as

microwave capacitors for LTCC applications.
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TABLE 1. Room temperature dielectric data for some pyrochlore
compositions measured at | MHz,

BizZny/3Nbg/307 143 .00025
BizZny/3Taq/307 67 .0001
BizMg2/3Nbg/307 210 .0003
BioMgo/3Taq/307 80 .0001
BisNip/3Nbg/307 122 .0001
BisScNbO7 174 .008
BisScTa0Oy 143 .0053
BizInNbO~ 142 .0024
BisInTaO7 89 .0008
BioCup/3Nbg;307 250 .08
TABLE II. Fitting Parameters vo and E; obtained from the simple

Arrhenius Equation [Eq. (1)].

Bi2ScNbO7 1.23 x 1019
BizScTaO7 5.84 x 1019
Bi?InNbO~y 2.64 x 1017
BisInTaO7 6.03 x 1016
BierggﬁNb4/307 2.31 x 1016




TABLE III.

Fitting Parameters v and E, obtained from the modified

Arrhenius Equation with the parameter zv=2. [Eq. (3)].

Composition: Vo' (Hz) = Ea(eV)~
BisScNbO7 293 x 1011 0.061
BizScTaOy 6.31 x 1011 0.058
Bi2InNbO7 2.07 x 1010 0.045
BizInTaOy 4.43 x 1010 0.053
BioMgo/3Nbs/307 9.42 x 1009 0.041

Table IV.
Arrhenius equations [Eq. (1)].

High frequency Tpax values extrapolated from the simple

BiaScNbO4
BisScTaOr
Bi2InNbO7
Biz?InTaO7
Bi2Zn3/3Nbg/307
BizZn3/3Ta4/307
BioMg2/3Nb4/307
BioMg2/3Tas/307
BioNij/3Nbg/307

254 K 281 K
233 K 257 K
250 K 284 K
225 K 257 K
<156 K <183 K
<156 K <183 K
<156 K <183 K
<156 K <183 K
<156 K <183 K
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Figure 1. Comparison of the fluorite structure and the pyrochlore
structure. Note that the A site of the fluorite structure is differentiated
into both A and B sites. Of the eight X sites in the fluorite structure, in
the pyrochlore structure one is removed and the seventh (Y) anion is
bound only to the A atoms.

Figure 2. Comparison of the powder XRD data for cubic pyrochlore
Bi2ScTaO7 and the tetragonal pyrochlore BioCua/3Nbg4/307.

Figure 3. Real and imaginary parts of the dielectric permittivities
measured from 100 Hz to 100 kHz.

Figure 4. Arrhenius plots for the bismuth pyrochlores using Eq. (1) on the
left and Eq. (3) on the right.
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