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ABSTRACT

This report documents work performed over the period 1 January 1998 to 31 December
1998 on a MURI under the Office of Naval Research Contract N00014-96-1-1173. The topic
“Acoustic Transduction Materials and Devices” brings together groups in the Materials Research
Laboratory (MRL), the Applied Research Laboratory (ARL), and the Center for Acoustics and
Vibrations (CAV) at Penn State.

Research on the program is adequately represented in the 80 technical appendices.

Outstanding accomplishments include:

Exploration of several new relaxor ferroelectric perovskite solid solution with
morphotropic phase boundaries. New evidence of the onset of nonlinearity in soft donor doped
PZTs at surprisingly low (1V/cm) fields. Confirmation of the relaxor phase induced by electron
irradiation in PVDF:TrFE copolymers, and a processing method which permits very high (4%)
electrostrictive strain in the transverse direction, vital for the practical use in actuator systems. In
composite transducer, “first fruits” of the cooperative program are cymbal arrays which form
most effective acoustic projectors, and a new “dog bone” design which permits deeper
submergence for the cymbal. Agile transducers, the 3-D acoustic intensity probe and high force
high strain torsional and step and repeat systems continue to make excellent progress. In actuator
studies true acoustic emission is proving to be an excellent tool in reliability studies and a new
design of small-scale (mini) piezoelectric motor shows outstanding performance. Thick thin film
studies and are now “gearing up” for the development of the mini tonpilz arrays. New
combinations of ultrasonic and resonance methods appear to offer unique capability for complete
characterization of ferroelectric piezoelectric materials.

The mode of presentation of the report emphasis the outstanding progress made in
published research. It is important to also document that the slower and more painstaking
development of practical transducer systems in the cymbal and mini tonpilz arrays is progressing
very favorably.
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Torsional actuator based on mechanically amplified shear piezoelectric response

A. E. Glazounov and Q. M. Zhang
Materials Research Laboratory, The Pennsylvania State University, University Park,
PA 16802

C.Kim
Naval Research Laboratory, Washington DC 20375

Abstract

A torsional actuator, based on the concept of mechanical amplification of piezoelectric shear
strain and capable of generating large angular displacement, was proposed and studied
experimentally. The actuator is a tube consisting of an even number of the segments poled
along the length, which are adhesively bonded together, and the joints act as electrodes to
apply the driving voltage. The experimental data measured on the prototype actuators (i)
prove the proposed concept of mechanical amplification of small piezoelectric shear strain to
generate large torsional motion, (ii) show that the actuator functions well both without load
and under the torque load and (iii) demonstrate that the actuator can operate continuously for
a long period of time without drop in its performance. Also, the results demonstrated that the
proposed torsional actuator is capable of producing both large torque and large angular
displacement in a compact package, sufficient to meet many smart structures requirements,
and can be tailored for a variety of application requirements. Finally, one of the obvious
advantages of the present design of the actuator is its simplicity: the piezoelectric shear strain
is transformed directly into the angular displacement, whereas in the previously reported
actuators, the conversion mechanism into the torsional motion was rather'complicated which

thus required a sophisticated design of the whole system.

. Keywords: torsional actuator, shear strain, piezoelectric ceramics, nonlinearity, reliability




1. Introduction

Piezoelectric ceramic materials, such as lead zirconate titanate (PZT) are now widely used in
solid-state actuators and sensors which were designed for numerous applications, such as
precision positioning, noise and vibration sensing and cancellation, linear motors, and many
others.'"” In many of those applications, a large torsional displacement is required, for
example, in robotics to achieve the micropositioning,>* in CD drivers,’ in helicopters to
control the trailing edge flaps of rotor blades,®”* etc. To meet this demands, many works have
recently been devoted to the deyelopmeni of actuators capable of generating a large angular
displacement with a large torque output®”® from the piezoelectric strain.

Recently, a novel type of torsional actuator has been proposed.’® Its concept is to use
shear piezoelectric effect and tubular geometry in order to generate the angular displacement.
The advantages of this design include (i) the possibility to obtain large angular displacement
by using the geometrical amplification, L/R (where L and R are the length and the radius of
the tube, respectively). Also, (i) in most piezoelectric materials the shear piezoelectric
coefficient, d;s, has the highest value among piezoelectric coefficients, which also contributes
to developing large values of torsional angle and torque output. Finally, (iii) the design is
simple, because the piezoelectric shear strain is transformed directly into the angular
displacement (whereas in the previously reported actuators, the conversion mechanism into
the torsional motion was rather complicated, including the use of hinges, which thus required
a sophisticated design of the whole system*®).

It is the purpose of this paper to continue the study of the proposed torsional actuator
and report the results of the detailed tests of its performa_nce, which addresses both the device
and material issues. The former include operation of the actuator in different conditions, such
as without load, under the torque load, and at electromechanical resonance. Material issues
are related with the utilization in this actuator of piezoelectric shear response of PZT
ceramics, which has not yet received a broad use in the actuator applications. They include
fatigue behavior, mechanical strength and nonlinear shear piezoelectric response of PZT

ceramics.



2. Actuator design

An idea of the torsional actuator proposed recently'® and studied in this work is to use the
shear piezoelectric effect, where the external electric field is applied perpendicular to the
direction of the spontaneous polarization, P, Fig.1(a), in order to produce the angular
displacement. A schematic view of the actuator is shown in Fig.1(b). The actuator is a tube
consisﬁng of an even number of piezoelectric ceramic segments which are adhesively bonded
together using a conductive epoxy, which acts as electrodes to apply the driving field, E. The
segments are poled along the length, where the polarization direction alternates between
adjacent segments. Since the segments are electrically connected in parallel, they will exhibit a
coherent sﬁear deformation under the applied electric field. The cylindrical symmetry of the
actuator will directly transform the shear strain, Ss = dys - E, induced in each segment into the
angular displacement, B, of the top of the tube with respect to its bottom, Fig.1(b), which is

equal to:

L
B= 'dl' -E » (1)
Rout >

where L is the length of the tube and Ry is its outer radius. This equation shows that even
though the shear strain is usually quite small in the piezoelectric materials, a large torsional
displacement B can be achieved by using a tubular structure with a large ratio of L/Ry. Using
elastic properties of tube-shaped sémples,11 the torque, Ty, developed by the actuator can be

found as:

n(Réx—-RE )

2S44Rout

Tdev = . d15 E 5 ' (2)

where s4 is the shear elastic compliance of the material and Ry, is the inner radius of the tube.
According to Eq.(2), the torque Tg.v is independent of the length of the tube, even though the

angular displacement P increases linearly with L, Eq.(1).




3. Experimental

Prototype torsional actuators were fabricated from the commercial piezoelectric ceramic tubes
of composition PZT-5A (“EDO, Inc.” USA). Each tube was first cut info 8 segments, whiéh
then were poled along the length using a continuous poling technique.'* Finally, the segments
were bonded together using a silver-filled epoxy adhesive MB-10HT/S (“Master Bond, Inc.”
USA), which was selected because it has both high shear strength, and is easy to process. This
adhesive compound was coated on both surfaces of the segments, which were then assembled
into the tubular actuator éccording to the design shown in Fig.1(b), and cured at 125°C for
one hour using a vacuum bagging process. Consolidation of the joints by vacuum bagging lead
to joints typically 25 um in thickness and very uniform along their length.”” The assembled
single-tube prototype actuator had the following dimensions: R, = 0.96 cm, Roy = 1.27 cm,
and L = 6.35 cm, so that the aspect ratio in Eq.(1) was equal to L/Roy = 5.

. According to Eq.(1), in the proposed design of torsional actuator, the angle B
increases linearly with the length L of the actuator. To test this hypothesis, two identical tubes
with the dimensions described above were joint together lengthwise. The test included the
characterization of the tubes béfore and after the joining them together.

To characterize the actuator, the torsional angle produced by the applied electric field
was measured in the following experiments. In the load-free conditions, p was measured as a
function of the amplitude and frequency of the ac driving field. Also, electrical fatigue test was
performed, where the ac field with a fixed amplitude and frequency was applied to the
actuator, and  was monitored as a function of time. Under the torque load, T, the torsional
angle was measured as a function of dc and ac electric driving field at different values of T.

In all experiments, the actuator was tightly clamped with its bottom to the optical
table, and its top was ﬁee to twist due to the applied electric field. In order to measure B, a
small mirror was attached on the top of the tube and the distance change between the mirror
and the optical fiber probe of a MTI-2000 fotonic sensor was measured. The electrical output
signal from the MTI-2000 was monitored using an oscilloscope or SR-830 lock-in amplifier.

The effect of the torque load on the actuator performance was studied using a special

. set-up, Fig.2, which was developed in Materials Research Laboratory." Although, there are



commercial torque load test machines available, they are not suitable for the torque load test
of torsional actuators. The main reason is that these machines were mainly designed to test the
properties of the metals, and therefore deal with the magnitudes of torque and twisting angie
which are much larger than those expected for the piezoelectric actuators. Additionally, the
commercial machines are very expensive, which does not justify their purchase and the
following modification to meet the requirements of experiments with actuators. In the
developed set-up, Fig.2, the external torque was produced by applying a force to the lever

using springs with different elastic constants.

4. Characteristics of prototype actuator
4.1. Proof of the concept of the torsional actuator |

Figure 3 summarizes the data which verify the concept of the proposed torsional actuator. In
Fig.3(a), the torsional angle measured at 10 Hz is plotted as a function of the amplitude of the
ac driving voltage for two separate tube (open circles), and for the same tubes joint lengthwise
(closed circles). For separate tubes, the actuation behavior is almost identical and angular
displacement is doubled when the length of the actuator is increased by joining these two
tubes. This behavior perfectly agrees with predictions of Eq.(1).

The further proof of the concept of the proposed torsional actuator is illustrated in
Fig.3(b). The plot compares the data for the piezoelectric coefficient d;s of PZT-5A ceramics
derived from the experimentally measured data for B(E) of a single tube (closed circles) and
two tul'aes joint lengthwise (open circles) using Eq.(1), where the amplitude E,, of the driving
field was substituted for E, with d;s values measured directly from the cubic ceramic samples
of the same composition, PZT-5A (“EDO, Inc.”, USA). As one can see, the values of the d;s
derived from the actuators are nearly the same as those measured on the cubic sample. The
small, less than 5%, difference could be attributed to the difference in the aging states of
ceramics in segments and cubic samples. To summarize, the results presented in Figs.3(a) and
3(b) prove the concept of the proposed torsional actuator, Eq.(1), that is, to use the shear
piezoelectric effect, d;s, and the geometrical amplification, L/R,y, to generate a large angular

* displacement, B.



4.2. Evaluation of torsional angle and torque output

The results reported in the previous section demonstrate that knowing the material properties,
d;s, the magnitude of driving electric field, E, and the tube dimensions, L and Ry, the
torsional angle produced by the actuator, Fig.1(b), can be calculated using Eq.(1).

In order to evaluate the torque output, Ton, developed by the actuator, we studied the
effect of the torque load on static response of the prototypes. In these experiments, a static
torque, T, was first applied to the actuator, thus producing its initial twisting, Bo. Afterwards,
a dc field was turned on,.with the polarity to induce a twisting of the actuator in the direction
opposite to Bo. In Fig4, the torsional angle 8 measured on the two joint tubes is plotted as a -
function of the driving field at different torque loads. The blocking torque of the actuator can
be evaluated from the intersection of the curve B(E) measured at a fixed torque load, with the
dashed line corresponding to B = 0. The zero torsional angle means that at that value of the
electric driving field the absolute value of the torque, Tq.., developed by the actuator is equal
to the external static torque, T. For example, by using the data from Fig.4, one can estimate

that at E = 2.5 kV/cm, the torque output is equal to T4y = 6 N-m.

4.3. Effect of the torque load on actuator performance

The effect of the torque load on the static response of the prototype actuator is illustrated in
Fig.4 for the two-tube assembly. This data clearly demonstrates that the torque load almost
does not change the response of the actuator to the dc field, because the initial twisting, Bo,
can be completely nullified by the appropriate choice of the magnitude of the electric field, and
because the slope of B(E) curve, which according to Eq.(1) gives the shear piezoelectric
coefficient, d,s(E), does not show marked change with increasiﬁg T, cf. Fig.4. Similar result
was obtained for the single tube actuator.

In the experiment of investigating the effect of external torque on the dynamic
response of the prototype actuator, an ac driving field of 10 Hz was applied to the actuator
and the torsional angle was measured as a function of the ac field amplitude and the torque

load. Figure 5 shows the plot of the ac field dependence of piezoelectric coefficient d;s



derived from the data on B(E,) using Eq.(1). Similar to the static response, the external
torque does not affect significantly the actuator response to the ac field. Application of the
torque results only in a small, less that 10%, change in d;s from its value measured under load-
free condition, T = 0 N-m. With the further increase in T, the ds remains nearly constant,

Fig.5.

4 .4. Frequency dependence of torsional angle

The frequency dependence of the torsional angle was measured within the frequency range 3 -
600 Hz under a relatively large electric fields, En = 2 kV/cm,. Only a minor decrease in B,
equal to 3% per decade, with increasing frequency was observed.

For small electric fields, En, = 50 V/cm, the frequency dependence of B was measured
over a broad frequency range from 100 Hz to 20 kHz. In Fig.6(a), the solid line shows the
frequency dependence of the ratio B(f)/B(0), where (0) corresponds to the low-frequency
value of the torsional angle, given by Eq.(1). A series of the peaks are seen in this curve. A
comparison of B(f) with the frequency dependence of the electrical admittance of the actuator
(dashed line in Fig.6(a)) shows that the peaks occur at resonance and antiresonance
frequencies of the tube, which correspond to the maximum and minimum admittance,
respectively. _

In order to understand the origin of these peaks, we performed a theoretical analysis of
the acoustic modes propagating in the tube. The analysis showed that the resonance peaks are
related with the shear mode propagating along the axis z of the tube, ie., along its length.
When the bottom, z = 0, of the tube is mechanically clamped, and the top, z = L, is free, the

angular displacement at the top of the tube can be written as:

L tanol
B=dys-E- . , 3
Row oL
and the electrical admittance of the actuator is given by:
Y =j2nfCJ -(1-k§5+k§5 EZ-%E) . @




where o =27nf\[ps,, (p is the density of PZT), k;s is shear electromechanical coupling

coefficient, and Cg is the electrical capacitance of the tube in stress-free condition. The
resonances occur when oL = n7/2 (n - is the odd value), which gives the resonance frequency
equal to: f, =n/ 4LM . Using Eq.(4), around the first resonance frequency f, with n = 1,
we can substitute the tube with the equivalent circuit which is shown in Fig.6(b). In this

circuit,Co = Cg (1-kf5), N=d}s(Roy ~Rip)/5a4»  Cpy =8Lsy, /7R3, —RE),
Ly =1/(2nf,)’C,,, and we took into account mechanical losses in the actuator by

introducing R;l =2nfC,LQ,, where Qn is the mechanical quality factor. Using the
equivalent circuit, one can show that at resonance frequency, f,, the time dependence of the

torsional angle is given by:

B=8Qm _dISEmL'
)

n- Rout

sin2mfr-90°) (5)

when the electric driving field changes with time as: E(f) =E_, sin(2xf.t). Equation (5)
shows that at resonance there is a phase shift of -90° between the torsional angle and the
driving field, and that the amplitude of the torsional angle should be amplified by the factor of
8QnL 7/ 2 compared to the low-frequency value given by Eq.(1).

Inspection of the experimental data showed that the model can fit the data nicely.
Using actuator dimensions and material datasheet from “EDO, Inc.”, the resonance
frequencies corresponding to n = 1, 3, 5 were estimated as: 6.2 kHz, 18.6 kHz, and 31 kHz,
respectively, and were in a good agreement with the positions of the maxima in electrical
admittance in Fig.6(a). Also, from the peak in B(f)/B(0) corresponding to the first resonance in
Fig.6(a), the mechanical quality factor of the actuator can be determined as Qn = 22. This
values closely compares with that determined from the half-width of the electrical
conductance of the tube, which gave Qn, = 20. Finally, in direct measurements of the torsional
angle, at resonance, f; = 6 kHz, we observed the phase shift between B(t) and driving field E(t)
very close to -90°. All these data indicate that the torsional actuator performed well also in

resonance conditions.




The additional angular amplification of the torsional angle by a factor of 8Q,, / n? at

resonance frequency is very important for possible application of the torsional actuator in the
piezoelectric motors, where the actuators usually operate in a resonance mode. To make the
stator of the motor, the tube shown in Fig.1(b) may be combined with another piezoelectric
actuator generating longitudinal displacement. The combination of torsional and longitudinal
displacements will produce an elliptical motion of the contact surface between the stator and

rotor, which may be necessary to spin the rotor.'*

4.5. Reliability test of prototype actuator

At present, most commercially available solid state actuators are fabricated of the ferroelectric
ceramics PZT. A common feature of ferroelectric materials is a fatigue, or a degradation of
their propeﬁies caused by cycling them with the electrical field of large magnifude. In
addition, in the tubular assembly of the actuator, Fig.1(b), there is also a possibility of the
fatigue caused by bonding layer between segments. Therefore, the reliability test of the
actuator should include the study of time variation of actuator performance related with its
fatigue under required operation conditions.

In present work, the actuator was driven by an ac field of amplitude Ep, = 1.5 kV/cm
and frequency 20 Hz. The change in the torsional angle with time was monitored using a
MTI-2000 fotonic sensor and lock-in amplifier. Figure 7 shows f as a function of the number
of the fatigue cycles, N. As one can see, the torsional angle remains nearly constant with N up
to 3-10° cycles (which corresponds to 2 days of continuous operation). This result indicates
that there is no degradation of torsional actuator caused by large ac driving field.

The absence of the fatigue shown in Fig.7 agrees with the results of other studies of
the fatigue in ferroelectric ceramics. For example, it was shown® that the fatigue in PZT
ceramics was observed only when the amplitude of the ac driving field exceeded the coercive
field, and, thus, caused the switching of the spontaneous polarization. The fatigue occurred
already after 10° cycles. At the same time, when the driving field was smaller than the coercive
field (even being very close to it), no fatigue was observed, up to 10° cycles.”® A possible

- interpretation of this phenomenon is based on one of the scenarios of the fatigue in




ferroelectric ceramics, which attributes the electrical fatigue to the mechanical degradation of
the material, namely, the growth of cracks in it. As was documented in a number of works, '
the cracks form at internal defects in ceramics, like pores, and then propagate through the
material. The formation and growth of the cracks can be explained as follows. The switching
of the polarization in ferroelectric ceramics occurs through the motion of domain walls (180°
and 90°) through the bulk of the sample. The moving domain wall creates local stresses
because of the difference in the strain in neighboring domains with different orientation of the
spontaneous polarization. When the wall meets the internal defects in ceramics, like pores, the
local stress will be relieved by the formation of cracks originating from these defects.
Therefore, upon the continuous cycling of the material with the field lérger than the coercive
field, the once formed cracks will continue to grow. On the other hand, when the applied ac
field is below the coercive field, no polarization reversal, and hence no propagation of the
domain walls through the bulk of the sample occurs in ferroelectric ceramics. This may explain
the absence of the fatigue in such an experiment.. The same conclusion should be valid in the
case of the torsional actuator studied in this work. The principle of its operation is to use the
shear piezoelectric effect, where the electric field is applied in the direction perpendicular to
the spontaneous polarization, and to drive the material with field lower than the coercive field,
in order not to switch the polarization in the direction along the field. Thus, no electrical
fatigue should be expected.

For torsional actuators studied in this work, the experiments were limited to the use of
the driving field of En =2 - 3 kV/cm. This limit was mostly determined by the desire to avoid
a possible damage to the actuator due to the electrical shoit circuit related with the discharge
over the surface of the segments, which was observed above approximately
3 - 3.5 kV/cm. If special precautions, related with an electrical insulation of the contacts are
made, the electric driving field can be significantly higher. Special test was performed on a
cubic sample of PZT-5A immersed into silicone oil, where electric field was applied in the
direction perpendicular to the spontaneous polarization, and the shear strain, Ss(E), was
measured using MTI-2000 fotonic sensor. With electric fields as high as Ep, = 9 kV/cm, no
evidence for the polarization switching into direction along the electric field was observed: the

| field dependence of induced strain, S5(E), had a cigar-like shape and remained fully reversible
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upon increase and decrease of the field amplitude, En. If the polarization switching occurred,
the strain would change from shear to longitudinal one and its field dependence would have a
shape of the “butterfly loop”, which characterizes the strain related with the polarizatfon
reversal in ferroelectric materials.'®

Another reliability test included the measurements of the mechanical strength of the
torsional actuator. The results of this study will be published separately. Here we mention only
that the mechanical fracture strength of the actuator was determined by the mechanical
strength of PZT ceramics, and not by the joints between ceramic segments. This conclusion
was suggested by the inspection of the fragments of the broken prototype actuator, and was
. supported by the fact that the fracture shear stress of the tube, 65 = 13 MPa, almost coincided
with that of PZT ceramics of the same composition, 6 = 14 MPa, which was measured for

the cubic ceramic sample.”

5. Tailoring of the characteristics of the torsional actuator for different applications

The specific values of torsional angle and torque output can be different for each particular
application. Using the results obtained in this work, we can evaluate the proposed torsional
actuator to its application in helicopter rotor blades in trailing edge flap (TEF), where the
actuation should reduce the vibration and improve the lifting power.*® The eight seat
commercial helicopter'? requires the following values: B = + 4° and T4y = 5 £ 3 N-m. The
prototype torsional actuators made of PZT-5A ceramics has d;s = 1800 pm/V at E = 4 kV/cm,
Fig.3(b), which yields the angular displacement B = % 0.4° (for /Ry, = 10), and the torque
output Tev = 40 N-m. Even though the angular displacement is smaller than the required
values, it can be increased for example by increasing ratio L/Ryy, or by trading off some
excess torque output with mechanical displacement amplification, since T,y is much larger
than the value required for TEF application.

Each particular application will set the requirements not only for the absolute values of
the torsional angle and/or torque developed, but also will limit the actuator dimensions. Based
on the result of this study, we can suggest the following ways to improve the characteristics of

- the proposed torsional actuator. The increase in the magnitude of induced shear strain, Ss =
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dys - E, will result in the increase of both B and T, as predicted by Egs.(1) and (2). This
implies the use of larger values of driving electric field and the development the new
piezoelectric materials with higher values of shear piezoelectric coefficient, ds (see next
section). From the engineering point of view, the increase in the torque output of the actuator,

Eq.(2), can be achieved by using the tube with a larger outer radius, Roq, (which gives an
increase proportional toR? ) and with a smaller ratio Ri/Rou.

At this point, we would like to stress one important advantage of the present tubular
design of the torsional actuator. As predicted by Eq.(1), the tube with a larger length L will
produce larger torsional angle, whereas the torque output will remain the same, Eq.(2). We
can prove this statement using the experimental results for the single tube and for the two
tubes joint lengthwise. Figure 3(a) already showed that the joining two identical tubes doubles
the torsional angle. To demonstrate that the torque output remains that same, for the same
tubes we compare the data for the torsional angle, B, measured as a function of static torque
load, T, at different magnitudes of the dc driving voltage. Using Eq.(1), we calculate the shear
strain as: S5 = B-Rou/L, and plot the data for Ss(T) in Fig.8. As one can see, for the same value
of the driving field, the data for single tube and two joint tubes agree well. Since according to
Eq.(2), the shear strain produces the torque Tq.v, this result indicates that for tubular actuator,
the torque output is independent of the length of the tube. '

The last feature represents a.n important advantage of the present design of torsional
actuator over another design based on piezoelectric bimorphs where the displacement of the
tip of the bimorph due to its bending under the driving electric field is converted into the
torsional motion using the system of levers.® In the bimorph system, the produced torsional

angle depends upon the displacement of the tip of the bimorph, 1. Since 1 changes with the
length, L,, of the bimorph, as® 7 e Lf, , the longer the bimorph, the larger should be the
torsional angle . However, the increase in L; will result simultaneously in the decrease of
the force, F, developed by the bimorph, since the force is inversely proportional to the length
of the bimorph:*® F < L; . In contrast, the tubular actuator, Fig.1(b), is free of this drawback,

 because, as we showed before, its torque output is independent of the length, L, of the tube.



Therefore, by increasing L, one can achieve larger torsional angle, Eq.(1): B o< L/R,y, without
drop in the produced torque.

Finally, we suggest that instead of increasing the length of the tube, larger values-of
the torsional angle can be achieved by a slight modification of the actuator geometry. One
alternative to the tubular assembly, Fig.1(b), is a conical actuator which is schematically
drawn in Fig.9. The advantage of this configuration is that the radius of the end 1 can be made
ﬁluch larger than that of the end 2. If end 1 is fixed at a support and end 2 generates the
twisting, this design is qﬁite desirable. For conical geometry, the length, L, of the ceramic
segments becomes longer than that in the tubular structure, Fig.1(b), and the effective outer
radius of the actuator, Ro., becomes smaller, since now it is the radius of the actuator at the
end 2. The combined effect will be the increase in the ampﬁﬁcation factor, L/Roy, in Eq.(1),

and, therefore, in the produced torsional angle.

6. Nonlinear piezoelectric effect

In actuator and transducer applications, the piezoelectric ceramics is often subjected to high
electric fields where the electric field dependence of induced strain is strongly nonlinear.” It is
believed that the nonlinearity of the piezoelectric response of PZT ceramics is controlled by
the irreversible displacement of domain walls**® which separate regions of the material with
different orientation of spontaneous polarization, P;. The domain wall motion may be affected
by many factors, including the crystal structure and microstructure of ceramics, the presence
of impurities, dopants, defects, and a local variation in the composition of ceramics.>*
Possible mechanisms of domain wall motions have recently been discussed in detail in
Refs.[22,23].

Shear piezoelectric response of PZT-5A ‘strongly depends upon the magnitude of the
driving electric field. This is evident from Fig.3(b), where one can see that at E = 3 kV/cm, the
magnitude of piezoelectric shear coefficient, d;s, of PZT-5A is doubled compared to the low
field value, which is usually reported in manufacturer datasheets. Also, one can see that within
the studied range of the ac field amplitude, the data corresponding to both ceramic sample and

. tubular actuators can be fit to the linear function:
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dis=d;5(0)+a-E,, (6)

where d;5(0) is the low-field limit of piezoelectric shear coefficient and a is the parameter. The
fit of the data to Eq.(6) is shown in Fig.2(a) with the lines.

This result suggests two conclusions which are important of practical application of
PZT. First, the knowledge of how the material response changes with the amplitude of the
driving field and its proper mathematical description are important for the modeling of the
device performance. The data shown in Fig.2(b) contradicts to a conventional description of
strain response of ferroelectrics, where the field induced strain is expressed in terms of the
Taylor series expansion in terms of electric field. Using symmetry arguments, one would

expect to have the following expression for d,s(E):>
djs=d;5(0)+b; -E2 +b,-EX +... . (7

Thus, for the device modeling, Egs.(1) and (2), one should use the experimentally derived
linear dependence of d;s(E), Eq.(6), rather than the polynomial expansion, Eq.(7). The second
conclusion is important for the materials development for their application in torsional
actuator. The strong change in the piezoelectric shear coefficient with electric driving field
indicates that one should optimize the entire characteristic d;s(E) in order to achieve the
highest value of the piezoelectric coefficient, d;s(E), as a function of the driving field. The
higher the d;s, the larger will be the values of tﬁe torsional angle and the torque output,
according to Egs.(1) and (2).

7. Summary

In this work, we performed a detailed experimental study of a novel type of the piezoelectric
torsional actuator. The data obtained prove the proposed concept of the torsional actuator,
show that the actuator functions well both without load and under the torque load, and
demonstrate that the actuator can operate continuously for a long period of time without drop
in its performance. Comparison of the experimental data obtained on the tube and ceramic
samples, such as piezoelectric shear coefficient, d,,, and mechanical fracture stress, o,

. indicates that the material properties determine the performance of the torsional actuator.
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Also, the experimental results demonstrated that the proposed torsional actuator is capable of
producing both large torque and large angular displacement in a compact package, sufficient
to meet many smart structures requirements, and can be tailored for a variety of applicatibn
requirements. Finally, one of the obvious advantages of the present design of the actuator is
its simplicity: the piezoelectric shear strain is transformed directly into the angular

displacement.
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Figure captions -

Figure 1. (a) In piezoelectric shear effect, electric field, E, is applied perpendicular to the
direction of the spontaneous polarization, P, thus producing the shear strain, Ss = d;s - E, in
the sample. Solid and dashed lines show the sample before and after deformation, respectively.
(b) The proposed torsional actuator is a tube consisting of an even number of the segments of
piezoelectric ceramics which are poled along the length and bonded together using a
conductive epoxy. The polarization direction alternates between adjacent segments, as shown
with arrows on the left. The electric field, E, is applied perpendicular to P, and also has
opposite directions in neighboring segments (as shown with arrows on the right). Therefore,
depending upon the polarity of applied voltage, the top of the tube will twist on angle P either

clockwise or counterclockwise with respect to its bottom.

Figure 2. A photograph of the set-up used for the study of the effect of external static

torque on the response of the torsional actuator.

Figure 3. (2) Angular displacement of torsional actuator as a function of the ac driving
voltage for two separate tubes and two tubes joint as one assembly. (b) Piezoelectric shear
coefficient d;s as a function of the amplitude of the ac driving field. Circles correspond to the
data calculated from the torsional angle of the actuator, consisting of a single tube (closed
circles) and two joint tubes (open circles), using Eq.(1), Plus signs show the data measured
directly from the cubic ceramic sample of the same composition, PZT-5A. Symbols show the
experimental data and the lines correspond to the fit of the data to the linear function, Eq.(7).
In (a) and (b), the frequeﬁcy of the ac voltage is- 10 Hz.

Figure 4. Torsional angle of the two-tube actuator is plotted as a function of applied dc

field at different external static torque.

Figure S. The effect of the static torque on the dynamic response of the torsional

- actuator. The values of the piezoelectric coefficient d;s calculated from the data on the

18



torsional angle are plotted as a function of the amplitude of the ac driving field. The frequency
of the field is 10 Hz. The values of applied torque are given in the legend.

Figure 6. (a) Frequency dépendence of the torsional angle normalized over its static
value (solid line) and of the electrical admittance of the torsional actuator (dashed Iine). (b)
Equivalent circuit corresponding to the torsional actuator around its resonance frequency,
fr=6kHz.

Figure 7. Torsional angle is plotted as a function of the number of fatigue cycles.

Figure 8. Shear strain calculated from the experimentally measured values of the
torsional angle is plotted as a function of the external static torque at different values of the dc
driving voltage (same symbols). Closed symbols correspond to the actuator consisting of two

joint tubes and open circles show the data for the single tube.
Figure 9. Schematic drawing of the torsional actuator fabricated in the form of the cone.

It is expected, that in the real application, the end 1 is fixed at a support, while the torsional

displacement is produced at the end 2.
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Design and Performance of a
High Force Piezoelectric Inchworm Motor

Jeremy Frank, Gary H. Koopmann, Weiching Chen, and George A. Lesieutre

Center for Acoustics and Vibration, Penn State University, University Park, PA 16802

ABSTRACT

A linear inchworm motor was developed for applications in adaptive, conformable structures for flow control. The device is
compact (82 x 57 x 13 mm), and capable of unlimited displacement and high force actuation (150 N). The static holding
force is 350 N. Four piezoceramic stack elements (two for clamping and two for extension) are integrated into the actuator,
which is cut from a single block of titanium alloy. Actuation is in the form of a steel shaft pushed through a precision
tolerance hole in the device. Unlimited displacements are achieved by repetitively advancing and clamping the steel shaft.
Although each step is only on the order of 10 microns, a step rate of 100 Hz results in a speed of 1 mm/s. Since the input
voltage can readily control the step size, positioning on the sub-micron level is possible.

Keywords: Inchworm actuator, piezoceramic actuator, piezoelectric actuator

1. INTRODUCTION

The possible applications of a high force, high displacement linear actuator are numerous, and the development of such a
device has received considerable attention in recent years, as evidenced by the patents disclosed."!'* Two types of linear
piezoelectric actuators, ‘quasi-static inchworm’ and ‘ultrasonic travelling wave’ have been most common.'”** With the goal
of improving the maximum dynamic actuation force, the quasi-static inchworm actuator was developed to actuate adaptive,
conformable structures in flow control systems (Figure 1).

Elastomer

Pusher Rings

Outer
Shell
Contoured

Inchworm Actuator Pusher

Figure 1 Application of the actuator in a flow control structure
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2. DESIGN OF THE INCHWORM ACTUATOR

In previous designs, the dynamic actuation force has been limited by machining clearance issues and passive clamping
schemes. With the current design, similar to a design investigated by Daimler-Benz,” we achieve higher forces by using the
piezoceramic stacks to directly clamp a shaft, and by minimizing the tolerance between the shaft and the structure. As seen
in Figure 2. the design concept consists of four integrated piezoceramic stacks, two for clamping and two for extension. The
structure of the actuator consists of an outer frame, and an inner block which is able to move vertically on structural
monolithic springs. In step 1, the lower clamping stack is energized. clamping the steel shaft to the inner block. Next, in step
2 the pushing stacks are energized, lifting the inner block and steel shaft a distance of 10 to 15 microns. Finally, the upper
clamping stack is energized, clamping the shaft to the outer frame. At the same time, the lower clamping stack and the
pushing stacks are de-energized, allowing the spring flexures to return the inner block to its original position, ready for the
next step. When this process is repeated at high frequency, motion is achieved.

Outer frame 1 Upper clamping stack | 2 3

Lower clamping 3
stack Pushing stacks

Inner block

Steel shaft (pusher)

Figure 2 Conceptual schematic of the inchworm actuator

Using 21 mm long PZT stacks, poled in the ds; direction, the blocked force is 2000 N with a corresponding free defection of
approximately 20 microns (see Figure 3). Because of the small deflection, any clearance between the clamp and the shaft
will result in a significant loss of potential clamping force. For this reason, the hole through which the steel shaft passes is
reamed, ground and honed to as precise a tolerance as possible. The shaft is of hardened, precision ground stainless steel,
and is chosen specifically to match the machined hole. This procedure reduces the tolerance between the shaft and the hole
to about 5 microns, resulting in a minimized loss of clamping force.

2500 -

2000 -

1500

1000

Force (N)
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0 5 10 15 20 25

Stack Deflection (microns)

Figure 3 Force/displacement characteristics of the piezoceramic stacks

A picture of the prototype actuator is shown in Figure 4. The structure is cut using an EDM process from a single block of
titanium alloy, resulting in a sleek design with no assembly necessary. Of particular interest are the monolithic flexures, also



cut directlv out of the material, that allow relative motion of the moving parts. The inner block of the titanium frame. for
example, is connected to the outer frame only by four monolithic flexures. These flexures allow vertical motion but not
horizontal motion of the inner block, and provide the necessary pre-compression force to the piezoceramic stacks. This force
prevents the stacks from receiving a tensile load, which is known to cause failure. The two clamping stacks are also pre-
compressed into the frame with monolithic flexures. The flexures support the upper and lower clamp (seen in Figure 4),
which provide the clamping force on the shaft when the stacks are energized. The clamp flexures also support the vertical -
shear load. which must not be supported by the piezoceramics.

Steel pusher shaft
Upper clamp

Outer frame

. Inner block flexures
Lower clamp )

Figure 4 Photograph of the inchworm actuator

3. TESTING THE PROTOTYPE ACTUATOR

The prototype actuator was tested to characterize its performance. The variables of the signals driving the stacks included
waveform shape, level, duty cycle and relative phasing.- With a need for flexibility in mind, LABVIEW software was used to
generate inchworm drive signals through a PC digital to analog output board. A typical set of drive signals, seen in Figure 3,
shows that the pusher stacks are driven with a sine wave while the clamping stacks are driven with overlapping square waves.
Since the clamping mechanism is only active when the piezoceramics are energized, the overlap in the clamp signals is
necessary 1o prevent backslip when actuating an external force. The use of square waves as drive signals limits the upper
range of available drive frequencies by inducing higher order longitudinal resonances in the piezoceramic stacks.”
However, only a square wave can provide the signal overlap that is essential to ensure clamping of the shaft at all times.

Bottom

Pusher _ Top
clamp \\ clamp

Clamp signal
overlap

K>

25" 50. 75 1007125 150175 200 225 250:275300.325 350 375 400

Figure 5 Typical drive signals generated with LABVIEW




A special-purpose calibration fixture is used for characterization of the inchworm, as shown in Figure 6. Its main feature is a
stiff beam pivoted on one end in a precision bearing. The fixture is able to selectively drive loads that are primarily inertial in
nature, primarily stiffness in nature, or a combination of both. The beam can be driven against a compression spring for a
stiffness load, or a mass can be attached to the beam to increase the inertial load. A high-sensitivity strain gauge load cell
and an LVDT position transducer are used to measure performance. Further, an analog to digital input board is used to
record the output force and velocity in LABVIEW, a feature of the experimental setup that will eventually enable closed-loop
operation of the inchworm.

Position Signal

Omega SP200A
Signal Processor” Compression
H T — Spring
Omega DP25-S Load Cell Voltage
Meter <
. /
Load
Cell
Z /

ﬂ\ AVTI 790 Series
Power Amplifier
l k [ Position Transducer

Inchworm Motor

Inchworm Control Signals

Figure 6 Schematic of the inchworm actuator performance characterization experiment

Three initial experiments were devised to characterize the actuator’s speed, holding force and dvnamic force. First, the
actuator was driven against no load and the velocity was measured as a function of drive frequency. As seen in Figure 7, the
behavior was fairly linear up to about 150 Hz, increasing to 1.2 mm/s. Above 150 Hz however, the square clamping signals
began to cause problems, and the performance degraded.
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Figure 7 Free velocity of the actuator as a function of drive frequency



Next, the static holding force of the clamps was determined by applying a DC voltage to one clamping stack and measuring
the load at which the shaft slips backward. As seen in Figure 8, the voltage was increased up to 100 V and a corresponding
increase in holding force was observed. The two clamps were tested independently and displayed similar but not identical
performance, probably because of variations in machining tolerance. This indicates that even tiny imperfections in
machining can result in a significant loss of performance. The static holding force of the top and bottom clamps are shown to
be 275 N and 375 N, respectively.
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200 / Z/ -~ Bottom Clamp
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0
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Clamp DC Voltage

Figure 8 Static holding force of the clamps

Next, the dvnamic drive signals were used to actuate the shaft against a spring load to measure the maximum dynamic force,
or stall load. The maximum force was measured as a function of the input voltage to both the clamping and pushing stacks,
which was increased up to 124 V. As shown in Figure 9, the stall force increased linearlv with the voltage input to a
maximum value of about 130 N. The power amplifiers were unable to generate square waves at more than 124 V, but for the
voltage limitation of the piezoceramics (150 V) the maximum dynamic pushing force can be extrapolated to about 155 N.
Although this force is high, it is disappointing in that it is more than 100 N lower than the measured static holding force. The
loss in dynamic force is probably a result of unwanted oscillations of the piezoceramics. caused by the square wave
excitation.
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Figure 9 Maximum dynamic pushing force (stall load) as a function of input voitage

With evidence that the square waves were causing limitations in dynamic holding force, we tried alternative signal shapes in
order to improve performance. First, sine waves were used to drive both the pushing and the clamping stacks. As expected,



the motion was quieter than with square waves, since the clamps were gradually clamping onto the shaft. However, the
driving force was limited to less than 60 N (see Figure 10) because of the lack of overlap in the clamp signals. For
applications where high speed but low force is required, sinusoidal signals could be used, since the smoother clamping
mechanism allows the actuator to be driven at much higher frequencies. In the next part of the experiment, ramped square
waves were used to drive the clamps in order to remove the high frequency problems caused by the square waves. The
ramped square signals were really square waves with sine waves spliced in between. The hope was that the ramped waves
- could provide the necessary overlap between the clamp signals but eliminate the problems caused by the discontinuous
square wave. As seen in Figure 10, the ramped waves achieved better stall loads than the sinusoidal signals, but did not
perform as well as square waves. From this experiment it was determined that although the square waves reduce the dynamic
force capability of the actuator, they are needed to cause the necessary overlap between the clamping signals.
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Figure 10 Dynamic force tests for alternative clamping signals

4. CONCLUSIONS

A linear inchworm motor was developed for structural shape control applications. Features of the subject device include
small size (82 x 57 x 13 mm), unlimited stroke, speeds of about 1 mm/s, dynamic forces approaching 150 N, and static
holding force capability greater than 275 N. The device is machined as one continuous structure with monolithic flexures,
and actuates a steel shaft through its center. Large displacements are achieved by repetitively advancing and clamping the
shaft. The dynamic actuation force. although high, is limited by the use of square waves in the driving signals. Other types
of signals were tried, but did not improve the stall load.
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ABSTRACT

This paper reports a combined finite element and experimental study of composite and 1-D array transducers. The main
properties characterized are the electrical impedance and beampattern. In order to calculate the beampattern of a transducer
immersed in water, the pressure distribution and the normal velocity at the interface of water and transducer were calculated by
using ANSYS@. These results were then input into the Helmholtz integral to caiculate the beampattern. The impedance
curve was obtained by performing harmonic analysis using ANSYS@. Related experiments were also conducted to verify
these calculated results, good agreement was achieved between the experiments and simulations. Because of the similarity
between the structures of 2-2 composite and 1-D array, the same FEA modeling procedure for 2-2 composites was extended to
study a 1-D array. Particularly, the cross talk level and directivity of each element in an array were studied.

Keywords: FEA, composite, array, beam pattern, impedance, Helmholtz integral, ANSYS@

1. INTRODUCTION

Lateral modes in ptezocomposxtes limit the application of piezocomposites. These lateral modes are caused by the periodic
structure of piezocomposites(!-7). Both the T-matrix and multisource T-matrix studxes showed that lateral modes can be
suppressed by introducing irregularities into either ceramic phase or polymer phase . In our previous studies, FEA was
used to study composite transducers!0:11. The beampattern was calculated directly by using FEA. few experiments were
conducted at the time. When calculating the beampattern of a transducer directly using FEA (ANSYS®), the model is too
large since one needs to include a large volume of water medium. In this paper we report 2 new way of claculating the
beampattern. Considering the similarity of the structures between 2-2 composites and 1-D arrays, this new method is also
extended to study 1-D arrays. In array designs, there are still many problems need to be addressed, such as crosstalk and
angularity of each element of arrays.

2. BEAMPATTERN CALCULATION

The beampattern is an important factor in transducer design. The lateral resolution (beam width), the resoiution in elevation
direction (slice thickness), sidelobe level and grating lobe level can all be retrieved from the beampattern. A commonly used

- method to calculate the beampattern is to take a cosine Fourier transform of the space distribution of the vibrating intensity.
For exampie, the beampattern in the far field of a uniformly vibrating rectangular transducer in an infinite rigid baffle is a sinc
function. However, there are limitations to this approach. First, it is valid for farfield only; second, the baffle of the transducer
is assumed to be an infinite rigid one, which does not correspond to reality. In ultrasonic imaging, the nearfield is of great
interest. but the beampattern in the nearfield cannot be obtained by simply performing 2 cosine transform. We must calculate
the general form of the Helmholtz integral.

Calculating the beampattern in the medium is to find the complex radiated pressure p(x) in the fluid region exterior to
a closed vibrating surface S. This problem follows from Green's Theorem that the acoustic pressure, p, and the normal
velocity, v, satisfy the integral formula 12

p(x)=f j { p(c,_a%%ﬂ,,;@vw,c(m, } ds(o) W
S .

’

SPIE Vol. 3341 e 0277-786X/98/$10.00 119




where, S is the vibrating surface, x is an arbitrary point exterior to S, G is a point on surface S, 3n denotes differendation

the outward normal direction, p(S) is the pressure at o, and v(o) is the normal velocity at point G. G(x,c) is the green
functon,

L e-ikix—o'l
C0= 4x e @
k= % ©)

The beampattern may also be directly calculated using FEA by adding the medium to the model. A large volume of
water in front of the transducer greatly increases the computation task. Large model may also cause error accumulation. Fig. 1
sliows the difference between the two methods. One can see that the two methods agree with each other very well in the
tegion near the transducer; however, the result from FEA oscillates in the medium beyond the focal point. Our new combined
method. FEA plus Helmholtz, gives good results in both the near field and the far field.
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Fig. 1 The axial pressure distribution obtained using FEA and FEA plus Helmholtz integral, respectively.

3. STUDY OF 2-2 COMPOSITE TRANSDUCERS

Finite element analysis (FEA) and experiments have been performed to study 2-2 composites with both low and high ceramic
volume percentages. The electrical impedance and the beampattern were measured using an impedance analyzer and'a
hydrophone water tank system, respectively. Dicing and filling technique was employed to build the designed 2-2 composites.

Spurrs epoxy; which has 4 components, was used as the filler for the kerfs and the PZT-5H elements were diced by using a
K& S computer controlled diamond saw.

3.1. The electrical impedance
A. Regular 2-2 composites

A few regular periodic 2-2 composites were fabricated. Table 1 shows the specifications of the four regular
composites constructed.

Table . Specifications of the two regular 2-2 composite transducers

Sample No. Ceramic volume(%) kerf(mils)(microns) Center frequency
I 80 2 (50.8) 3.5MHz
2 40 5(127.0) 3.5MHz
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Fig. 2 is the computed and measured impedance curves for the No.1 sample. The first anti-peak is the thickness mode
and the fifth anti-peak is its third harmonic. The second, third and fourth anti-peaks are lateral modes. In this case, the lateral
modes are not strongly coupled with the thickness mode. The calcuiated impedance is almost the same as the measured

impedance curve.
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Fig. 2 Impedance spectrum of a regular 2-2 composite with 80% ceramic volume and 2 mil kerfs
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Fig. 3 Almpedance spectrum of a regular 2-2 composite with 5 mil kerfs and 40% ceramic volume.

Fig. 3 is the computed and measured impedance curves for the No.2 sample. The thres modes are the thickness mode,
lateral mode, and the third harmonics of the thickness mode, respectively. The lateral mode strongly couples to the thickness
mode in this case. One can see again that the FEA results match the measured results very well.

B. 2-2 composites with irregular kerfs ..

A 2-2 composite with three different kerfs have been constructed by dicing the ceramic with three different blades, the
widths of the three different blades are 5, 4 and 2 mils, respectively. The spacing data can be programmed into a laptop
computer which controls the diamond saw. ’
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Fig. 4 Impedance spectrum of sequential irregular 2-2 composite with 40% ceramic volume and 3 different kerfs (5,4.2 mils)

Fig. 4 is the calculated and measured impedance curves of a sequential irregular 2-2 composite with 40% ceramic
volume and 3 different sized kerfs. There are basically two major modes shown in Fig. 4. The first is the thickness mode and
the second one is its third harmonic. The measured results are almost the same as the calculated result.

Fig. 5 are the impedance curves of a 2-2 composite with 60% ceramic by volume and irregular ceramic width. There
is only one major mode, ie., the thickness resonance mode. One can see two small bumps in both the calculated and the
measured results in the vicinity of the thickness mode which could be remnant of lateral mode. Since these two bumps are
very small, the interference to the thickness mode is minimal. These two bumps also imply that the ratio of 5:4:2 irregularity
may not be sufficient to suppress the lateral mode.
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Fig. 5 The impedance of a sequential irregular 2-2 composite with different ceramic width (5.4.2 mil) and 60% ceramic by volume.
From the comparison of the four sets of calculated and experimental measured electrical impedance curves, it can be

concluded that the FEA results are very accurate in evaluating the electrical impedance. In other words, the FEA simulation
can practically replace the experiments to study the impedance spectrum.
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3.2. Beampattern for 2-2 composite trasducers

A hydrophone system was used to measure the transducer beampattern. Both the nearfield and farfield can be measured
accurately by using this system.!3 Fig. 6(a) is the calculated 2-D beampattern of a 2-2 40% ceramic composite transducer
with water loading. Fig. 6(b) is the measured result. The shapes of the two results are almost the same, but the caiculated

beampattern appeared to have much more details which did not show on the measured one due to the low sensitivity of the
hydrophone.

(a)

Do

o'.’.
.0

D 4’

..,,,u

(b)
Fig. 6 Beampattcmn of regular 40% ceramic 2-2 composite transducer immersed in water. (a) Calculated using the combmed
method; (b) Measured beampattern using a hydrophone system.
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Fig. 7 is the directivty pattern of a regular 2-2 composite transducer with 60% ceramic by volume. The kerf of the 2-
2 composite is 5 mils. The measured directivty has lower sidelobe level, and the measured directivty is not symmetric. The
asymmetry may be caused by the asymmetry of the transducer construction or by te misalignment of the transducer. The
calculated directivty pattern showed more details of the sidelobes while the measured one has much lower sidelobe level. This
is caused by the low sensitivity of the hydrophone. Fig. 8 is the on-axis pressure distribution comparison. the agreement is
satisfactory considering the non-optimized transducer and the sensigvity of the hydrophone.
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Fig. 7 A regular 2-2 composite with 5 mil kerf and 60% ceramic volume
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Fig. 8 On-axis pressure of a regular 2-2 composite with 5 mil (127 micron) kerf and 60% ceramic volume. The solid line is
from calculation while the dotted line is measured data.

On-axis pressure amplitude (V)

Fig. 9 is the directivty pattern of a sequential irregular 2-2 composite with different ceramic widths. The calculated
directivty pattern and the on-axis pressure distribution by FEA and Helmholtz are almost the same as the measured ones as
shown in Fig. 10.
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Fig.10. A sequential irregular 2-2 composite with 3 different kerfs and 50% ceramic volume

. Three sets of pressure distribution data have been compared in this section. Although some difference were found, the FEA
plus Helmholtz results are basically the same as the experimental results. We therefore conclude that the FEA simulation can
replace experiment to study the beampattern of transducers with good accuracy.

4. FEA (ANSYS®) STUDY ON 1-D ARRAYS

The crosstaik, subdicing and baffle effects in a transducer array have not been thoroughly studied theoretically up to date.
Because of the complexity, the FEA seems to be the oniy tool which could be employed to address these issues.

4.1 Angularity study of an element embeded in an array

Each element of an array is embedded in a finite dimension array, the baffle effect is neither a cosine function, nor a

constant. It always has been assumed to be a cosine function in the transducer industry because of lacking more accurate
modeling tools. '
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Fig. 11. is a 1-D array FEA model, it has a backing, 2 matching layers, Fluid-structure interface and water medium.
There are 32 elements in this array model. The kerf is 4 mil. the ceramic volume percentage is 60%, and the thickness of the
ceramic is 1.12 mm. With this model, the directivty pattern of an element can be studied by exciting only one element.

Fig. 11 The FEA modei for a 1-D array

If the 16th element in the array is fired, the pressure and normal velocity distribution can be obtained through
harmonic analysis in ANSYS®.
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Fig. 12 The directivty pattern of a 1-D array with only one element excited

In Fig. 12, the dashed line represents the sinc(szgsin(e))‘cos(B) the solid line is the FEA result. The directivty pattern

obtained from FEA is much more complicated than the simple product of sinc(%dsin(e))‘cos(e). The directivty pattern may

aiso depends on many other factors, such as the properties of the kerf filler and the geometry of the array structure. For
example, the hardness of the filler material can have a strong influence on the directivty pattern. As shown in Fig.13, the
intensity of the sound field is higher when the kerf is filled with harder material. For a 2-2 composite with soft kerf filler, the
kerf is vibrating out of phase with the ceramic, causing the vibrating intensity to become smaller than that of the array filled
with harder material. On the other hand, the angular response becomes wider when the backing material is softer although the
amplitude of angular response is smaller.
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Fig.13 The directivty pattern (acceptance angle) of an array element with soft and hard kerf filler

It is desirable to have a wide angular response for each element in an array, particularly for phased arrays. However.
th:e crosstalk between elements makes the angular response narrower, or strongly anglar dependent. As shown in Fig. 14, the
amplitude variations are caused by the crosstatk with the neighboring elements. One can also see that when the two matching
laycrs are not diced, the crosstalk is very strong and the angular response of the element is very narrow. If one matching layers
is subdiced, the angular response becomes wider. There is a substantial improvement in the angular response when both
matching layers are subdiced. This results explains the necessity to cut both the two matching layers.

50 E——————

Angular response

sin(9) _
Fig. 14 The angular response of an element in an array with different matching layer configuration

4.2 Crosstalk in 1-D array

The crosstalk in arrays degrades the contrast resolution or cause artifacts, it is of great importance to reduce the crosstalk level
in medical imaging. In this section, a new way to define the crosstaik is discussed. We will also discuss how to tut the kerfs
in order to reduce the level of crosstalk between elements. The dimensions of this array is the same as the linear array studied

above.
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If we excite one element at the center of an array using a pulse, then record the impulse response of this element and
its neighbors, the ratio of the responses of the neighbor elements to that of the excited element will be defined as the crosstalk

level in this study.

The center element of the array shown in Fig.11 is excited electronically, and the impulse responses of the center
element and its four neighbors have been calculated. The outer matching layer was not cut while the inner matching layer was
diced. From Fig. 15 (a) to Fig. 15 (c), the amplitude of impuise response of the neighboring elements gradually decreases as
they are away from this element. Also the-impulse response gradually delays because of the distance which the wave has to
travel. Fig. 16 (dashed line) shows how fast the impulse response decreases from one element to its neighbors. The RMS
value has been used as the measure for the impulse response. The ratio of the impulse responsc of the neighbor to the
impulse response of the center element was calculated in dB scale.
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Fig. 15(a) The impulse response of the center element in an array. (b) The impuise response of the N
second neighbor of the center element in an array. (c) The impulse response of the third neighbor of the center
element in an array
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Fig. 16 The crosstalk level of an array with one or two matching layers cut

Fig. 16 shows the results for an array with only the inner matching layer diced and with both matching layers diced.
One can see that the crosstaik level is much lower when both of the matching layers are diced. The crosstalk level for the
nearest neighbor should be at least -30 dB or lower in order to avoid the amfacts therefore it is not enough to dice only one
matching layer. This is the reason why the current array designs have both matching layers diced.
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Fig. 17 The crosstalk level of an 1-D array with one matching layer dicing and without dicing.

Fig. 17 shows the cmparison of the crosstalk level of an array without dicing on the matching layers (dashed line)
and with dicing only on one of the two matching layers (solid line). Interestingly, cutting only one matching layer does not
help much in this case. The explanation for this is that one non-diced matching layer can still strongly couple the adjacent
elements. A lens is often put on top of the array to change the focus of the transducer. This lens may cause extra
crosscoupiing unless the lens is made of materials which have very small shear modulus.
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5. CONCLUSION
In this paper, we have demonstrated that finite element analysis (FEA) is a powerful numerical tool in ultrasoinc transducer
and array design. The theoretical results from FEA have been confirmed by related experiments for 2-2 composite transducers.
A new way of combining the FEA and Helmholtz integral has been used in our study of the beampattern, which can
overvome the difficulty of error accumuiation in large size FEA model. The same method used in 2-2 composite transducer

study has been extended to study 1-D arrays. The cross talk among adjacent clements in arrays can be coupled through
matching layers and the backing. Cutting both matching layers are necessary to reduce the element cross-talk.
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Abstract

Doped piezoceramic lead zircanate titanate (PZT-SH) has been characterized in the
frequency range of 20-60 MHz using ultrasonic spectroscopy. Theoretical analyses were .
performed for the reflection and refraction of acoustic waves at the interface of water-
piezoelectric ceramic. The incident directions of the wave were chosen to be appropriate
for ultrasonic spectroscopy measurements. Shear wave spectrum was obtained though
mode conversion using a pair of longitudinal transducers submerged in water. The phase
velocity shows linear dependence on frequency while the attenuation may be described by
a second order polynomial of frequéncy in the frequency range investigated. The Kramers-
Kronig relation between ultrasonic phase velocity and attenuation were compared to
measured results.

PACS Numbers: 62.20.Dc, 74.25.+k, 78.20.Hp, 43.58.+z, 43.60.+r



I. Introduction

Application of higher frequency broadband ultrasonic transducer results in the
improvement of the axial and lateral resolutions in medical imaging. Design high
frequency transducer requires better knowledge of material properties since the ultrasonic
dispersion becomes important for frequeﬁcies above 50 MHz. The dispersions of velocity
and attenuation may deform the acoustic pulse and cause inappropriate interpretation of the
pulse acoustic signal. Hence, knowing the properties of the transducer materials at high
frequencies is important for designing high frequency transducers. Currently, there are
very limited experimental data available in the literature on high frequency properties of
piezoelectric materials due to many technical difficulties [1]. Reported in this paper are
results of velocity and attenuation for doped lead zirconate titanate (PZT-5H) in the
frequency range of 20-60 MHz measured by using an ultrasonic spectfoscopy method.
The experimental results were also used to verify the Kramers-Kronig relations[2].

Ultrasonic spectroscopy method has been widely used in the characterization of solid
materials. With angular incidence, mode conversion effect was used to investigate shear
wave properties of porous materials and polymeric materials [3-8]. If such method is
generalized to characterize piezoelectric materials, one needs to deal with the problem of
plane wave propagation through an interface between an isotropic medium and an
anisotropic piezoelectric material. Since the propagation velocity of waves varies with
propagation direction in an anisotropic material, the refraction becomes complicated when
the ultrasonic wave is obliquely incident onto the interface. Generally speaking. the
refraction coefficient can not be given in an explicit analytic form. For poled PZT
ceramics the symmetry is com, which has the same number of independent physical
constants as that of 6mm symmetry, i.e., 5 independent elastic constants. 3 independent
piezoelectric coefficients and 2 independent dielectric permittivity. Because of the
reasonably high symmetry, the situation may be simplified in some special incident angles.
The present paper is divided into two parts: First, we discuss the refraction of a plane wave
at the interface of water-PZT ceramic. Based on the theoretical analysis, an ultrasonic
spectroscopy technique suitable for characterization of PZT ceramic was developed and
used to characterize PZT-5H samples. Second, the measured results were compared with

those predicted by the Kramers-Kronig relations.
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'II. The reflection and refraction of a longitudinal wave at the water-
piezoceramic interface

Based on the principle described by Rokhlin[8], we have derived the
reflection/refraction of acoustic wave at the interface of water and a PZT ceramic plate.
The poling direction of a plate PZT sample is either perpendicular or parallel to the large
surface of the plate. As shown in Fig.1 the plate sample with the poling direction
perpendicular to its large surface is referred as PZT_z, whereas the plate with poling

direction parallel to its large surface is referred as PZT_x.

I1.1 Reflection/refraction of a longitudinal wave at the interface of water and PZT_z
When a longitudinal wave is incident upon the interface of water and PZT_z. we

choose the coordinate system to make the incident plane coincident with either the x-z or
the y-z plane of PZT since the plane perpendicular to the z-axis is acohstically isotropic for
PZT with com symmetry. If the x-z plane is wave propagation plane as shown in Fig.1 (a).
the incident longitudinal wave in water can be expressed as:

U, = U, exp[j(ot —k,x,sin®, —k,x,co0s6,)] (i=123) (H
or

U, = U, exp[jo(t —m; x, —mix;)] (M
where ky =®/Vy, Vy is sound velocity of water, 6; is incident angle,

cos 0,

w

n,
and m; =—=
VW

A%

w

The unit vector n represents the wave propagation direction.

Similarly, the refractive waves propagating in the PZT sample are expressed as:

u, =u, exp[j(ot —kn x, —kn,x;)] (i=1,2,3,4) (2)
where u4 stands for electric potential wave with the electric field given by E, = (iu* . For
. Ox,
convention we rewrite Eq.(2) as
u, =u, exp[jo(t —mx, —m;x;)] (27)




with  m; =— (i=1or3). Substituting the wave solutions into the equation of motion
v :

- ~
. j N _— . ou,
pii, =— and considering the constitutive equation T, =c,, ——e,.E, ,
ax‘ i i) ax/ 4
J

the amplitude

Ui (i =1-4) in Eq.(2) will be governed by the following equations:

1 s 1 1

[B-(c,,m,' +cym? - Du,, +;(C13 +C,, )M, m,u,, +E(e31 +e,)mm,uy, =0 (3a)
1.1 2 2

{;[_2—(0” —C;,)m; +¢,mi]—-l}u, =0 (3b)

I l 2 2 1 2 2
;(0,3 +C,)mm,u, + [—F-)-(cMm,' +camy) — ug, +;(e,5m,’ +e,;m3iu,, =0 (3¢)

()5 +€3)m,myu,, +(e,m; + €333 Uy — (g,m; + 533m§)u04 =0 (3d)
where p is the density, c;; are the elastic stiffness constants, e;; are the piezoelectric stress
constants and g; are the dielectric constants for the poled PZT ceramic. Short notation for
the elastic constants, ¢, and the piezoelectric coefficients, ¢ , have been used, their
definition could be found in Ref. [9].

From Eq.(3) it is seen that u,, representing the amplitude of a shear wave does not
couple with u, and uy. Hence, this wave cannot be generated through mode conversion
effect in this incidence arrangement. In other words, the particle displacement of the
refractive waves in the PZT ceramic has only u, and u; components.

From Eq.(3d),

2 2
_ (615 + €5 )mmau,, +(e,smy +e5,m3)uy,
2 2
€My + &;,m;

4

04

Substituting Eq.(4) into (3a) and (3c) gives:

2.2 2
(e +e,5) " m;m;

1 2 2
[g(c”m,’ +cC,m; + )= 1u,

3 3
€,m; + &;,m;

2 2
(e;;m; +e,smy)(e,; +es)
2 2
€,)m; +&;;m;

+£[CB+C“+ ]mlmium =0 (5‘1)

2 2
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2 2
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E[C|3+C44 + Jm m,u,,



2 2.2
(€,sm; +e;;m;)

+ [i(c‘mm,2 +Cyym; + )= 1Jug, =0 (5b)
p

2 2
€My + €33,
The propagation directions of the refractive waves allowed in the PZT ceramic are

determined by the coefficient determinate of Eq.(5), i.e.,

222 2 2
(€5 +€;5) mym; (€zm; +e€,smy )€y +€5)

—l-(c,]m,2+c44m§+ )—1 -1—(c13+c44+ ym,m,
p p

2 2
€,,m; +&,m;
2 2\,
(€333 +e,sm; )€, +€5)
2 2
€,,m; +g;m;y

2 3
€M) + €My,

2 2,2
(e;m; +esm;)

y-1

1 -1 2 2
—p—(c13 +Cy + ymm, E(cMm1 +CqMm; +

3 2
€, my +&;m;

(6)
It is known that the phase matching condition at the interface, or the Snell’s law. demands

incident __ mreﬂcctivc _ refractive

e = my =m] ,orm’=m/". Since m’ is known for a given incident

wave, one can determine ms 2"

of refractive waves propagating in the PZT from Eq.(6).
There are two solutions of ms*%" from Eqg. (6) corresponding to two refracted waves in

PZT. Substituting the two roots of Eq.(6) back into Eq.(5), two eigenvectors with two
components can be obtained, which provides the polarization directions of the two
refracted waves. In more general cases, one of them is quasilongitudinal wave and the
other is a quasishear waves. Thus, when a longitudinal wave is incident from water upon
PZT ceramic, there are incident and refracted waves in the water medium: both are
longitudinal waves with amplitudes by ug and u,, respectively. In the PZT ceramic there
are refracted quasilongitudinal and quasishear waves. Their propagation direction and
polarization direction are determined by Egs.(5) and (6) to be mt, I' and m®. ¥ .
respectively Their amplitudes u, and ug are related to that of the incident wave u, through
the boundary conditions at the interface of x;=0:

uz(water)=u3(PZT)

Ti3=0

Tas(water)=T13(PZT) (7a-c)
The above equations may be re-written as

u,cosO+1tu, +1Bug =u,cos0

ru, +sug=0

Z,u, —pu, —qug =-Zu, (8a-c)



where Z, is acoustic impedance of water and

r=c,(mjy

IF +m,l}) +e, (A" +BYY)
s=c,, (mil} + m,13)+e, (A%} +B°I3)
p=c.ml’ +c,mil +e,mi (A" +BYY)

q=c,ml} +c, ml} +e,,m (A’ + B%LY)
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- LS .
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LS
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A LS B LS =

(9a-d)
Ls Ls
g m," +&;Mmy

From Eq.(8) the ratios of u/up, u/up and usfue, i.e., the reflection and refraction
coefficients can be determined. Using this procedure one can determine the amplitude and
propagation direction of the refractive waves.

In ultrasonic spectroscopy technique, however, one can use slightly different way to
solve the problem. As mentioned above, m;" is known for a given incident wave. i.e..

m" = n, _sind,

\% \%

w w

L sin®  sin®
From the Snell’s law it is given that m/*" = - = ‘

A% Vv

w P

, where 6, and v, (p= L or S)

are the refractive angle and velocity of longitudinal(L) or shear(S) wave. If the velocity v,

has been determined by spectroscopy method, one can simply calculate 8, through the

ZT

cos
Snell’s law. Obviously, m;" L.

can be found by the relation of mf*" =

Vp

Using Eq.(6) the longitudinal and shear velocities can be correlated to appropriate

elastic constants. In what follows we discuss three special cases to illustrate the procedure.

Case 1. Normal incidence
In this case m;***" = 0, therefore, m,"*"= 0, 6,=0 and
m} = — (10a)
or

m) = — (10b)



Substituting these results into Eq.(5) results in the following simple relations,

(10.c.d)

which are the velocity of the shear wave and the stiffened longitudinal wave, respectively.
From Eq.(6), two eigenvectors are obtained:
I° =[1,00] and 1"=[00,1] (11ab)
This means that one of the possible refracted waves is a pure shear wave with polarization
direction along the x-axis and another is a pure longitudinal wave. Substituting these

results into Egs.(8) and (9), one can obtain the reflection and refraction ratios:

R=Er_=_ZL_“§w_ (12a)
u, Z,+7Z,

T=u—= 2ZL (l2b)
u, Z, +Z,

u=0 (12¢)

Eq.(12c) implies that mode conversion does not exist in normal incidence, reflection
coefficient R and transmission coefficient T of the longitudinal wave are the same as for an
interface of water and an isotropic solid. In the expressions Eq.(12a,b), Z, is the acoustic

impedance of the longitudinal wave in PZT.

Case 2. Incidence at the critical angle of the longitudinal wave.

When a longitudinal wave is obliquely incident from water upon PZT_z, mode
conversion takes place. In PZT medium there are, in general, refractive quasilongitudinal
and quasishear waves. If the wave is incident at the critical angle of longitudinal wave, the
refractive longitudinal wave becomes an evanescent wave. This means that m;- equals to
zero (8; =critical angle) or complex (8;>critical angle). The vector m® representing the
propagation direction of the refractive quasishear wave can be determined by the following
expressions:

m’ = sin @, _sin 0 (130)

v Vg

w




m$ = 85 (13b)

Vs

If the velocity vs is determined from the ultrasonic spectroscopy method, s can be
calculated from Eq.(13a), therefore m® is totally determined. Knowing m®, the
polarization direction can be determined by Eq.(5) and the transmission coefficient cun be

calculated from Eq. (8). The velocity of the quasishear wave is related to a combination of

elastic constants of PZT by

VS = E—-— (]4)
p
where
2c* =c,, 8in’ B¢ +C,, 0s” B¢ +C,y + P, + P, +
{l(c,, "‘C44)Sin2 95 +(cy ”C33)C052 es TP _pz]2 +(Cp e, + P;)Z sin* 265}”:
(15a)
and
O +.e,75)2 sin” 6 cc>7s2 65 (15b)
g, sin” B + €,,cos” B
_ (205" B +eyqsin” 6)” (15¢)
- €,,8in" 65 + €, cos” B
- (€,,¢08” O +e,5sin” B5)(e,, +€,5) (15d)

. 2
g, sin’ O + &, cos” O

are terms associated with piezoelectric coupling. Os is the refractive angle of the

quasishear wave in PZT ceramic.

I1.2 Reflection/refraction of a longitudinal wave at the interface of water and PZT_x
Assuming the plate normal direction is along x-axis and the poling direction is parallel
to the z direction of the PZT plate as shown in Fig.(1b), the incident plane of the ultrasonic
wave has three independent orientations: 1)x-y plane; 2)y-z plane; and 3) incident in a
plane that rotates around y-axis at an arbitrary angle. Since the last case makes the

problem much complicated, it will not be discussed here. The second option is actually



equivalent to the Case 2 of Sec.IL1, therefore, we only need to discuss the first option
which we call it Case 3 as described below.

The plane perpendicular to the z-axis of PZT is an acoustically isotropic plane as
mentioned above. When an incident wave is in the x-y plane, as shown in Fig.(1b). the
reflection/refraction of a longitudinal wave at the interface of water and PZT ceramic is the
same as at the interface of water and an isotropic solid. In this case the particle
displacement u of the refractive waves has only components in the x and y directions.

When a wave is normally incident, the only refractive wave is a pure longitudinal wave

with the velocity given by

v, = Su (17a)
V p _

When a wave is obliquely incident, one of the two refractive waves is a pure longitudinal

wave with the same velocity as Eq.(17a), another refractive wave is a pure shear wave with

the velocity of

1 -
VS = Z(Cll CXZ) = Ei (17b)
V P u P

This shear wave polarizes in the x-y plane.

Other cases of reflection/refraction of a plane wave at the interface of PZT ceramic-
water can be discussed by using the same procedure. However, pure modes do not exist
for general cases. |

In summary, by using angular incidence of a longitudinal wave from water to two
PZT plates we can determine the elastic constants and their dispersion from dispersion of
velocity and attenuation in the following acoustic modes:

A). For a PZT_z sample:
1. Longitudinal wave propagating along the poling direction with the wave normal
incident upon the plate. From the velocity dispersion of this wave, the frequency

dependence of elastic constant c3, can be determined.

2. Quasishear wave propagating in the x-z plane with the wave obliquely incident at the
critical angle of the longitudinal wave. From its velocity dispersion one can
determine an elastic constant combination ¢” and its frequency dependence.

B). For a PZT_x sample:




1. Longitudinal wave propagating perpendicular to the poling direction. From its
velocity dispersion one can determine the elastic constant c,; and its frequency
dependence.

2. Shear wave with directions of propagation and polarization normal to the poling
direction when the wave is incident at the critical angle of the longitudinal wave.
From the velocity dispersion of this wave one can determine the elastic constant cgg

and its frequency dependence.

IIL. Principles of measurements

The basic principle of the ultrasonic spectroscopy method used to determine the
velocity and attenuation of materials is shown in Figure 2. A pair of aligned transmitting
and receiving transducers are immersed in water with an adjustable separation between
them. When the transmitting transducer is driven by an electric pulse signal, an acoustic
broadband signal is produced at x=0, noted as u(t). Its Fourier transform is a(f). For a
linear and causal acoustic system shown in Fig. (2a), the transfer function of the medium
for the wave to propagate can be expressed as:

H(f) = exp[-a., (f)Lexp[-j(2nfL/ v, (f))] (18)
where L is the distance between the transmitting and receiving transducers, v, and o, are
the wave velocity and attenuation of water, respectively. When the medium is considered
to be dispersive and dissipative, both a,, and v, are frequency dependent. The spectrum of
the output signal from the receiving transducer is

§, (f) = U(f) exp~c., (F)L]exp[-j(2afL/ v, (F)JF' (F) (19)
where U'(f) is the transfer function of the receiving transducer. Thus, the amplitude and

phase spectra of the output signal can be expressed as
A (f)=la(f))expl-a, (HLYa' (f) (20a)
@, () =2nfL/v,(f) + ¢u + ¢ (20b)

where ¢, and ¢, are the phase angles of the two transducers, respectively. They will not
enter the calculations below since the spectroscopic method depends only on the relative

phase shift.



When the sample to be measured is inserted between the transmitting and receiving

transducers, the transfer function of the system as shown in Fig.(2b) becomes

H,(f) = T(f) exp{~a, (F)[L -

4 _ d(ted—1g0,)sin 6. ] expl-ou(f) ——]
cos 6 ) cosO

o exp{—jl2nf (L S d(tgd—tgb,)sinB,) /v (f) +2nf d
cos®, cosO

Iv(E)]E(F)
2n
where d is the thickness of the sample, a and v are attenuation coefficient and phase
velocity in the sample, respectively, 0; and 0 are the incident and the refractive angles of
the wave at the interface, respectively, T is the total transmission coefficient which is equal
to the product of the transmission coefficients of the wave from water to sample and from
sample to water.
Thus, the amplitude and phase spectra of the output signal for the system shown in

Fig.(2b) can be written as:

d
cosd

A(F) =Tla(fexpl-a, ()L “cfé“ d(tg6 - 1g6,)sin 6,1 expl—a( f)——1]" (/)

(22a)
and

Q= 2nf[L——d-—d(tg9-tg6i)sin (-)i]/vw(f)+—%-nfi— + Oy + Gy (22b)
cos 6. v $s0

$Y, fHco

From Eqgs.(20) and (22) the phase velocity and attenuation coefficients in the sample are

given by
v= Vw (23)
\/sin2 0, + [_________((p—(pw)vw +c0s0, 1
2nfd
a=oa,cos(0-8,)+(In Tﬁ‘“ YcosO/d (24)

If the values of Ay, A, @u, and @ can be measured, the attenuation and phase velocity
dispersion of the sample can be determined.
When the wave is normally incident to the sample, 6; =0 =0, the above equations give

the velocity and attenuation of the longitudinal wave in the case discussed in Sec.II for the



longitudinal wave propagating in either x-z plane or x-y plane as shown in Fig.(la) and
Fig.(1b), respectively.

A%

W

v = (25)
I+ (p—9,)Vv,
2nfd
and
o, =a, + ln(TL%)/d (26)
where
T — 4povavL — 4szL . (27)

L (PoV. +va)2 - (z, +2,)°
po and p are mass density of water and sample. respectively, and v is longitudinal wave
velocity in the sample.

If the wave is obliquely incident at the critical angle of the longitudinal wave, shear

wave will be generated through mode convention effect. The velocity and attenuation of

the shear wave can be calculated by the following expressions:

vg = L (28)
\/sinz 0, + [M)V_w +c0s6,]’
2nfd
as =a, cos(Bs —0,) +(In %)cos 0, /d (29

where Ts and 65 are transmission coefficient and refractive angle of the shear wave. The
transmission coefficients for fluid- isotropic solid interface are simply given by
P 2z, sin(26;)

1= '—(—) 3 ) (30‘1)
p z,,c08 (205)+zg, sin"(205) +z,

_ tan§, |- Zin cos®(26,) -z, sin*(28,) + z,,,
P 2sin’@, z,,c0s?(26,) +zg, sin*(205) +z,,

(30b)

T, =TT, (30c)
where T)» and T, stand for the transmission coefficients of a wave from water to PZT and

. z yA .
from PZT to water, respectively; z,, = —= =%z, =—"5_ and vs is the

zZ, =
* L £ S
cos®, " cos®,  cos
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shear wave velocity in the sample. The refractive angles 8, and 65 are calculated from

Snell’s law,

sin®;, sin®  _ sinf

3D

v Vo Vg

w

where the incident angle 6; is controlled by a computerized rotating table in our

experiments. For the quasishear wave propagating in the x-z plane of a PZT ceramic, the

transmission coefficient can be calculated from Eq.(8).

IV. Experiment Results for PZT-5H and Discussions

The experimental setup is shown in Fig.3. A pair of transducers with a center
frequency of SOMHz and bandwidth of 80% were used. Without sample, the spectra of the
output signal from the receiving transducer are shown in Fig.4. Since the ultrasonic
attenuation of water is about 6 dB/cm at 50MHz, the high frequency components of the
Fourier spectrum are decayed when the distance between the transmitter and receiver
increases, as indicated in Fig.4. The interval between transmitter and receiver should be
selected in such a way that the high frequency components are preserved as much as
possible, and at the same time leaving enough room for the sample to be rotated. In our
experiments, the distance L is set at about 3 cm.

The output waveform was sampled by a digital oscilloscope (Tektronix TDS 460A) at
a sampling rate of 10Gs/sec. The data were transferred into computer via a GPIB‘
interface. The total recording length for a waveform was 2500 points. The amplitude Ay
and the phase spectra ¢, were obtained through FFT of the output signal from the
configuration in Fig.(2a). When the sample was put in place, the trigger delay time was
adjusted so that the shifting of the waveform caused by putting in the sample can be
compensated. Using the same procedure, the amplitude A and the phase ¢ of the output
signal from the configuration Fig.(2b) were obtained. Note: the velocity calculation must
take into account the trigger time delay, T,

v\V
I+ (-0, +2nfr)v,
2nfd

(32a)

Vi
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\Y

vg = . (32b)

\/sinz 0, + [((p —Pu +2OVY | o 8,7
2nfd

The attenuation of the longitudinal and shear waves can be calculated from Eqgs.(24)

and (26), respectively. Here the attenuation of water was given by 0.(00271f* (dB/mm),
(f in MHz). The measured velocity and attenuation for piezoceramic PZT-5H are given in
Fig.5-8. It was observed that velocity dispersion exists for both the longitudinal and shear
waves in the frequency range of the measurement and it is nearly linear, but the attenuation
exhibits nonlinear frequency dependence. The attenuation of the shear wave is an order of
magnitude higher than that of longitudinal wave.

Usually, the wavenumber of a decay wave is considered to be a complex number.
Therefore, if the frequency is taken as real, the velocity becomes complex and is associated

with the complex elastic modulus in the following fashion,

v:\/§= /Cﬂc (33)
p p

In general, it is true that IC’l/ICl<<1, we may write the above equation as

[c C
Ve [—(1+j— 34
v p( J2C) (34)

The complex wavenumber can be expressed as

-~

k=k-ja (35)
where k = w/v and a is the attenuation coefficient. Thus, the real and imaginary parts of
the elastic modulus can be derived from the phase velocity and attenuation measurements:

C=pv’ (36a)

tan & =g=%ﬂ (36b)

C o
If a medium in which an acoustic wave propagates can be considered as linear and
causal system, its attenuation, which is associated with the imaginary part of the elastic
modulus, and velocity dispersion, which is associated with the real part of elastic modulus,
are related by the Kramers-Kronig relations. The approximation forms of the nearly local

relationships can be expressed as [9,10]:



2v:(®,) Toc(co) do

v(w) = v(®,) + (37a)
() =22 __2@) (37b)
2 (@,) dw

where @ is the starting frequency at which v(wo) and o(wo) are known. In our experiment,
wo=27*20MHz.

The ultrasonic spectroscopy technique is inherently based on the assumption of
linearity. Thus, the velocity dispersion and attenuation obtained from the technique are
expected to satisfy the above Kramers-Kronig relations. To verify the validity of these
relations, the measured attenuation for the PZT-5H samples was fitted as a polynomial of
frequency and the phase velocity dispersion was derived by the first Kramers-Kronig
relation Eq.(37a), then these calculated results were compared to measured results. As
shown in Figs. 7 and 8 that the agreement is quite acceptable. The maximum deviation is
less than .6% and the trend is correct. We have also performed the reverse checking, i.ec..
using the measured velocity dispersion to calculate the dispersion of the attenuation based
on the local approximation Eq. (37b). We found that this relation is extremely sensitive to
the curvature of the velocity dispersion. Higher order polynomial fitting of the velocity
curve gives unreasonable results. Because the velocity dispersion is fairly small. we
decided to use linear approximation to these velocity data, which created error less than the
experimental uncertainty for the velocity fitting but gave good agreement to the measured
attenuation dispersion. The results are shown in Figs.8 and 9 for the two different cut PZT
samples. Owing to this sensitivity, one should be really careful when using the second
Kramers-Kronig relation Eq.(37b). One may have problems of using this relation if the
velocity dispersion has a downward curvature, such as the shear velocity measured in this
work, since it will lead to a decrease of the attenuation at higher frequencies. The measured
attenuation seems always increase with frequency. Our experience is that a linear fitting of
the velocity dispersion could provide much better prediction of the attenuation dispersion
using the Kramers-Kronig relations. This linear fitting of course must be piece-wised since

the relationship is not linear in general for all frequency ranges.




V. Conclusion

The dispersions of velocity and attenuation for piezoceramic PZT-5H were
investigated by using ultrasonic spectroscopy at the frequency range of 20-60 MHz. In the
investigated frequency range, velocity dispersion of 1-3m/s per MHz was observed. The
attenuation depends nonlinearly on frequency and the shear wave exhibited an order of
magnitude larger attenuation than the longitudinal wave.

We showed that the Kramers-Kronig relations between velocity dispersion and
attenuation dispersion are satisfied for the longitudinal waves. However, for the shear
waves, the agreement between experiments and theory was not satisfactory, indicating the
nonlinear origin of the shear wave attenuation. Based on these results we conclude that the
Kramers-Kronig relation may be safely applied to longitudinal waves, which provides us
with a convenient way to measure the velocity dispersion. Such measurement is difficult to
be accurate using other available techniques since the dispersion is quite small. By using
the Kramers-Kronig relations, one can derive the velocity dispersion from the velocity

measurement at one frequency plus the attenuation spectrum.
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Figure Captions:

Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.
' Figure 6.

. Figure 7.

Figure 8.

Figure 9.

(a) Incidence of a wave in the x-z plane of a PZT sample.

(b) Incidence of a wave in the x-y plane of a PZT sample.

Principle of ultrasonic spectroscopy technique. (a) without sample. (b) with

sample placed in a rotated position.

Experiment setup.

The variation of amplitude spectrum with propagation distance in water.
Dispersion relationship of the velocity and attenuation for water.

The phase velocity dispersion measured by experiment and derived by Kramers-
Kronig relationship for a wave propagating in the x-z plane of a PZT sample
and the corresponding elastic constants.

The phase velocity dispersion measured by experiment and derived by Kramers-
Kronig relationship for wave propagating in the x-y plane of a PZT sample and
the corresponding elastic constants. The longitudinal and shear velocities were
fitted to linear curves: v = 3744.4 + 1.00e-6*f (Hz) and vs = 1762.5 + 5.47e-
7*f (Hz).

The attenuation measured by experiment and derived by Kramers-Kronig
relationship for a wave propagating in the x-z plane of a PZT sample. The
longitudinal and shear velocities were fitted to linear curves: v =4156.8 +
1.44e-6*f (Hz) and vg = 1597 + 8.67e-7*f (Hz).

The attenuation measured by experiment and derived by Kramers-Kronig

relationship for a wave propagating in the x-y plane of a PZT sample.
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Characterization of piezoelectric materials using ultrasonic and resonant
techniques '

Shining Zhu, Bei Jiang and Wenwu Cao
Materials Research Laboratory
The Pennsylvania State University, University Park, PA 16802

ABSTRACT

Resonance technique for determining the physical properties of piezoelectric material can be difficult to implement for some
low symmetry systems. Inconstancy may be introduced because several samples are needed and the degree of poling
depends on sample geometry. The ultrasonic method on the other hand, allows the determination of a complete set of
elastic, piezoelectric, dielectric constants for materials of certain symmetries. However, some of these independent constants
can not be directly measured from the phase velocities of pure modes, they need to be derived by solving a complicated
coupled Christoffel equation, some relatively large errors may be introduced into these derivations. We found that if an
additional length-longitudinal vibrator is used to assist the measurements, the computation would be greatly simplified and
the final results became more accurate. As an example, the elastic, piezoeléclric, dielectric constants and electromechanical
coupling factors have been determined for a PZT-5H piezoelectric ceramic by using the combined method. This method can
also be extended to piezoelectric crystals with symmetry point group of 4mm and 3mm.

Keyword: Ultrasonic measurement, resonance, piezoelectric ceramic, PZT-SH, Christoffel equation, elastic constant,
piezoelectric constant, dielectric constant, electromechanical coupling factor.

1. INTRODUCTION

Piezoelectric crystals and ceramics have numerous applications including ultrasonic transducers, microphones, delay
lines, filters etc."> The qualities of these piezoelectric materials are described in terms of some basic parameters such as
piezoelectric, dielectric, elastic constants and electromechanical coupling factors. A number of methods, such as static and
quasi-static, resonance and pulse-echo ultrasonic techniques,®’ have been used to measure these constants. In the case of
piezoelectric ceramics, the symmetry is comm after poling, the independent property tensors are the same as those of point
group 6mm. The resonance methods for the measurement of ceramic sample are descried in IRE and IEEE standards.®’ In
the resonance method, some specific resonance modes may be excited by applying a variable frequency a.c. field to
piezoelectric samples of a specific shape, aspect ratio and specific polarization orientation. The resonance frequency f, and
anti-resonance frequency f, corresponding to every sample can be recorded from the frequency spectrum. All physical
parameters except dielectric constants, can be calculated from these resonance and anti-resonance frequencies according to
the dynamic equations for these piezoelectric vibrators.

The resonance method can also be used to measure piezoelectric single crystals. However, if the symmetry of the crystal
is lower than the poled ceramic, the measurement process will become complicated. We must prepare more samples because
more independent physical constants need to be measured. Moreover, the resonance method requires the measured sample
to have large aspect ratio to avoid the interference effects of different resonance modes. Because only small size crystals are
available for some new crystals, it is difficult to meet the large aspect ratio requirement, therefore, the resonance method is
not always preferred. For some cases, when the resonance method is no longer applicable, certain alternative or combined
method need to be considered to make the measurements more reliable. The measurement results obtained from the
alternative or combined method, under normal condition, should be self consistent and comparable to those obtained from
resonance method if one could perform such measurements. ,

The ultrasonic pulse-echo method is frequently used to determine the elastic constants of solid materials of different
symmetries.>” By sending shcar and longitudinal waves into several plates of specified orientations, all elastic stiffness
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constants of the material can be measured. It is often more accurate than other methods, such as the resonance method,
there are no mode interference effects, because the method is performed under non-resonance condition. However, the
method was not used very often to measure the piezoelectric and dielectric constants. The main reason is that the solution of
the Christoffel equation for materials with low symmetry is usually coupled, large errors may be introduced while extracting
these constants from mixed modes. In this paper, we analyze this in detail and show that if additional measurements of the

electromechanical coupling factor ks;; and the elastic compliance s;‘_; from a length longitudinal bar are included, the

computations will be greatly simplified and the final results become more accurate. As an example, the elastic, piezoclectric
and dielectric constants have been determined for 2 PZT-5H piezoelectric ceramic (Morgan Matroc. Inc.). These constants
were extracted from a combination of six measured ultrasonic phase-velocities, the measured resonant and anti-resonant
frequencics of a single length longitudinal bar and the measured low-frequency capacitance. The results are compared with
those obtained by using the IEEE resonance method.

2. GENERAL PRINCIPLE OF ULTRASONIC MEASUREMENT

Theoretically, a complete set constants for any materials with the point group symmetries 6mm, 4mm and 3mm can be
determined from- ultrasonic phase velocity measurements and low frequency capacitance measurement alone. The
propagation velocities of ultrasonic plane waves measured for various propagation and polarization direction produce a set
of effective elastic stiffness constants through the product of the density of material and square of the velocity. These
effective elastic stiffness constants are related to the fundamental elastic, piezoelectric and dielectric constants by the
general equations of motion for elastic plane wave propagation in a piezoelectric solid. '

The equation of motion for particle displacements u; associated with plane traveling waves may be written as'®
(T _6ikpvz)uk =0, M
where
T, =coun;n, : @
is the Christoffel stiffness tensor for an arbitrary propagation direction », and
e

Piieq'u'nrnq
ssn n

sr s

o =cE, + ©)
is the effective elastic stiffness tensor of a piezoelectric crystal. The symbol p and V denote density of the material and phase

velocity of the elastic plane wave, while C;u’ €, g;‘; represent the components of the constant field elastic stiffness

tensor, piezoelectric stress tensor, and dielectric tensor under constant strain, respectively. For nontrivial solutions, the
determinant of the coefficients of & must vanish, or

T ~8,pV*|=0. @

Eq.(4) yields three positive real eigenvalues pv}, Jj=1,2,3, for each specified propagation direction 7. As an example, we

introduce the general procedure of using ultrasonic pulse-echo method to get a full set of independent physical parameters
for a tetragonal crystal with point group 4mm.

There are a number of important piezoelectric materials, such as BaTiOs;, PZT (PT>48%), PZN-PT(PT>10%), belong to
point group 4mm at room temperature.!’ The elastic, piezoelectric and dielectric matrices for tetragonal point group 4mm
are listed, according to Voigt notation in Table 1. These matrices are written assuming that the axes are oriented according
the IRE convention as illustrated in Fig.1. A crystal with 4mm symmetry has two independent components of dielectric
constant: &, and &, six independent components of elastic stiffness: cf,cf,cE,c5,ck and cZ and three.independent

components of piezoelectric stress constant: es;, e3; and es.
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Table I: The elastic, piezoelectric, and dielectric matrices for tetragonal crystal with 4mm point group symmetry.

¢y €3 ¢35 0 0 O
€2 €y €3 0 0 O
ELASTIC MATRIX 6 INDEPENDENT CONSTANTS
€3 €3 €3 0 0 O
0 0 0 ¢, 0 O
0 0 0 0 ¢, O
0 0 0 0 0 ¢
0 0 0 0 ¢, 0
PIEZOELECTRIC MATRIX 0 0 0 e 0 0 3 INDEPENDENT CONSTANT -
Is
e €3 e3 0 0 O
g, 0 0O
DIELECTRIC MATRIX 0 g, ©0 2 INDEPENDENT CONSTANTS
0 0 &,
[100] [001] [110]
A z [ I f |
v 4 //
tp
),
l 7 >
ra

[101] x/ [111]

Fig.1. The orientation of test samples for ultrasonic pulse-echo measurement.
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Direct measurement of the clamped dielectric constants g5 and g at very high frequencies is difficult because of the

influence of the mechanical resonance and/or their high harmonics. Moreover, many piezoelectric ceramics and crystals
also have fairly large capacitance relaxation that also affects high frequency measurements. By contrast, the constant stress
dielectric constants g and g}, may be determined accurately from low-frequency capacitance measurements.

Equation (4) gives the general solution of the wave equation for plane elastic traveling wave propagating along an
arbitrary direction n in an infinite piezoelectric medium. For tetragonal crystal with point group 4mm, a complete set of
elastic and piezoelectric constants can, in principle, be extracted from ultrasonic phase velocity measurements along the two
principles crystallographic axes {100], [001] and three additional axes in [110], [101] and [111]. There exit two special -
types of crystallographic directions for propagation of elastic waves. The first allows propagation of one pure longitudinal
mode and two pure shear modes, and the second allows propagation of two mixed modes, one quasi-longitudinal and one
quasi-shear and one pure shear mode. In the above five crystallographic directions, [100], [001] and [1 10] belong to the first
kind, while [101] and [111] belong to the second kind. Table II lists the effective elastic constants obtained from various
modes in these five propagation directions according to Eq. (1), (2) and (3).

Table II: Effective elastic constants A, = pV 2 for class 4mm and 6mm (P = [0,0, P]), and measured ultrasonic phase

velocities V and ¢ for a piezoelectric ceramic PZT-5H

Sampie Phase Effective elastic
Mode thickness Propagation Polarization Wave c= pV 2 velocity  stiffness constant
No. (mm) direction displacement type (m/sec) (x10'° N/m?)

1 2.13 [100] (100} L ct 3922.7 113
2 [010] S L, 1767.6 2.30
3 {001} S E=+dle, 22095 3.56
4 3.13 [001] (100} s ce 1651.7 2.01
5 {001] L SE=E+dig, 42936 13.6
6 2.56 [110] 1o} S (¢t -cE)r2 1762.1 2.29
7 2.91 (101} (1013 Qs crs 1929.7 2.74
8 [101] QL <, 41335 12.6
9 5.30 [111] (111] QL cfl, 19813 12.3
10 1z QS. cls 4094.2 2.89

where L: longitudinal; S: shear; QL: quasi-longitudinal; QS: quasi-shear, and the new quantities in the table are given by
o = (cf +ck 4 2cEy1a 0 By + B el - chyrasEL — B3} + (el + chor2 2 By Es 1)
o8t = (cE +cf +2c5)4+EL + EL +{(cE —cEy1a+EL —ELY + [(cf +ch)i2+2-E, - Ey T}”
e =(C,, +Cp +Cpy +304 +20 )6+ E2 12+ E2/6+{(Cyy +€y =€y —Cou+ 260+ En 12—E) +8l(c;+cu)+E, -%/2]‘}12/6
e =(ck +ch+ch+3c, +20,)/6+E2 12+ E216~KcE 45 — & —cf + 2 + E2 12~ E2) +8(cf +cE)+E, -1,5;,/2]’}'2 /6

o = il'_?_f;_,_. = _ﬂS_iﬁS__. . _ _Gst2e, | _ &g tey
3’ - > R et ———— R el
4(g, +£,)'"? B4, +6)"? T (2g, +£,)? BT (2, +e)"?
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It is evident from Table II that the six independent elastic stiffness constants, c,.f, four independent piezoelectric

constants and two clamped dielectric constants must be extracted from the experimental data of phase velocities and the
dielectric constants ¢, and ¢7,. In the computational procedure, gland ¢, are preferred as input data, while g’ and g are

to be determined along with the elastic stiffness and the piezoelectric stress constants. Four elastic stiffness constants chs
ch» ¢k and ¢£ , one piezoclectric constants eys, and one clamped dielectric constant £; may be calculated directly from the

measurements of the phase velocities with pure modes along [100], [00!] and [110} crystallographic directions,
respectively, with the help the measurement of g7, . : .

The remaining five constants ¢}, c%,, e,,,e;; 2nd g3, in principle, may be evaluated from phase velocity measurements
along propagation directions of [001], {101] and [111] and the measurement of ¢7. We can construct a set of nonlinear
equation according to Table I and the relationship between gjand ¢l . These nonlinear equations may be solved

numerically using Newtons’s method.'? There are, however, numerical problems, particularly, if the piezoelectric constants
are small compared to the elastic properties. Also, the solutions of these equations may have multiple roots, addition
examinations are needed to guarantee the reliability of the ultimate results. In this case, piezoelectric constants will be
easier to be determined from the measurcments of electromechanical coupling factors and the resonance and anti-resonance
frequencies of piezoelectric vibrators. : '

3. THE COMBINED CHARACTERIZATION PROCEDURE

Direct determination of a length extension vibrator may eliminate the need for the ultrasonic measurement along [111]
or [101], because one can derive the transverse electromechanical coupling factor kj;, the constant electric field elastic

compliance constant s and the piezoelectric strain constant d3; from measured f;and f, &,

2
_’fzr_=_.’9_’«_m[£A£),

I-k5  2f, 2f,
£, =12(psH"* &)
kZ - d321 -
3
SheEs

where Af =f, - f;, and [ is the length of the vibrator. The constants st and dy; are regarded as independent parameters

" here. In the same manner, a length longitudinal bar can also be used to provide two independent measurements. The
longitudinal electromechanical coupling factor ki3, S:f; and ds; can be derived from the measured f; and f£; of the length

k2 —E.’—cot[i’_]

longitudinal bar according to the equations

»72f, \2f.
£, =12l(ps3)
sE =B /(1-k2, ©
k% =di Ishel;,
where s is an elastic compliance under constant electric displacement. In this case, s and di3 can serve as two
independent parameters instead of c£ and es; in the ultrasonic method. Thus nine independent components for point group
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4mm can be determined by the ultrasonic pulse-echo methods combining with the resonance measurements. Three choices
are listed below:

(1). The measurements of {100}, [001] and [110] oriented plates in pure longitudinal and pure shear modes determine five
independent constants: ¢, c;;,c5,cq and eis. The constants: s&,sZ,d,, and ds; can be determined by resonance
measurements of a length extension bar and a length longitudinal vibrator, respectively.

(2). The measurements of [100], [001], and [110] oriented plates in pure longitudinal and pure share modes determine the

independent constants ¢f,cZ,cE,cE and e, and the measurements of [101] oriented plate in quasi-longitudinal and quasi-

share modes determine two independent constants: cf, and ey In this case, an additional resonance measurement of a
length extension vibrator is need to provide another two independent constants st and dj, instead of the constants cf, and
e3) extracted from the ultrasonic measurement in [111] oriented plate.

(3). The measurements of [100], [001), and [110] oriented plates in pure longitudinal and pure shear modes determine the

independent constants cj;,cj,c5,cs, and e;s, and the measurements of [101] oriented plate in quasi-longitudinal and

c
-2
quasi-share modes determine two independent constants: ¢t and ey The remaining two independent constants s; and d;,

while 5% and dy; are determined from an additional resonance measurement of a length longitudinal vibrator.

4. EXPERIMENTAL METHOD AND MEASUREMENT RESULTS

Using the nine measured independent constants above and two dielectric constants erx and s; derived from the low

frequency capacitance values of [100] and {001] cut thin plates, a complete set of physical parameters can be derived for a
piezoelectric material with tetragonal point group 4mm. The electromechanical coupling factor kys, k3; and ks; can also be
calculated from these constants. Here we will give an example of the measurement on piezoelectric ceramic PZT-5H using
the above combined methods. A set of data obtained only from conventional resonance technique is also listed as
comparison. The physical property tensors matrix are the same for point groups 6mm and 4mm, however, there is one less
independent constant since the elastic component cg=(c1;-¢12)/2 and s¢6=2(s,;-512) in 6mm system. Although ce is not an
independent constant in the measurement of our ceramic sample, it has been included for completeness since it represents
one of the basic measured quantities.

Three kinds of physical quantities are involved in the measurements of these constants, i.e., ultrasonic phase velocity,
resonance and anti-resonance frequencies and capacitance, respectively. The most convenient method to measure the
ultrasonic phase velocity is the pulse-echo method in which a short pulse trains of plane-wave are sent into the sample with
a pair of parallel faces. A 15 MHz longitudinal and a 20 MHz shear transducer were used to measure the longitudinal and
transverse waves, respectively. The transducer was affixed to one face of the measured sample to act as a generator and
receiver. The phase velocity was computed from the delay time between echoes and the thickness of the sample.

The measurements of resonance and anti-resonance frequencies were performed using an HP-4194A Impedance/Gain-
phase analyzer. The resonance and anti-resonance frequencies, locating the minimum and maximum values of impedance,
can be found easily from the impedance spectrum. The length extension vibrator has the following dimensions: ! = 14.79
mm, w= 3.0 mm and ¢ = 0.45 mm, where /, w and ¢ are length, width and thickness, respectively. The sample was poled in
the thickness direction and the electric field applied is parallel to the thickness direction and perpendicular to the length.
The length longitudinal vibrator has the following dimensions: = 19.16mm, w = 2.50 mm and ¢ = 2.45 mm. Both poling
direction and electric field were parallel to the length direction of the sample in this case. :

The capacitance measurements were performed using the impedance analyzer, they could use the same sample that were
prepared for the ultrasonic measurement. The dielectric constants were calculated based on the parallel plate capacitance
formula ¢ = Cr/g,S, where C and S are the capacitance of sample and its electrode surface area, and & is the vacuum
permittivity. Three complete sets of physical constants of PZT-5H are listed in Table HI. The data of the first célumn (M-1)
in the table were derived from the independent constants cfl' ) ‘-‘xg -5 g‘ vl determined from three ultrasonic samples,
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Table III. The elastic, piezoelectric, dielectric constants and electromechanical coupling factors for poled
piezoelectric ceramic PZT-5H measured by the different methods ( the density p = 7.36 X 10° kg/m3 ).

M-1 M-2 Resonance M-1 M-2  Resonance
Constant electric field 10 2 Constant electric displacement i 2
Elastic stiffness (x107N./m") Elastic stiffness (x10"°N./m’)
ct 113 11.3 11.5 ch 15 11.5 11.7
ek 6.73 6.73 6.85 ch 6.91 6.88 7.02
<, 6.69 6.58 6.89 e 5.87 5.81 6.09
ck 9.39 9.79 10.15 cl 13.6 13.6 14.1
ek 2.01 2.01 2.03 ch 359 3.59 3.60
ce 230 230 - 233 )
Constant electric field (x10m¥/N) Constant electric displacement (x10"2m*/N)
Elastic compliance Elastic compliance
sk 164 16.3 163 5 14.0 14.0 13.9
E
52 -5.32 -5.43 -5.23 ] :
Si 45 31 A1) 5 269 -269 269
53 203 205 200 55 108 107 10.7
Se 498 498 493 Su 27.8 278 218
Se 435 435 87
Piezoelectric stress (C/md) Piezoelectric strain (x10%C/N)
constant constant
as 14.8 14.8 14.7 dis 735 735 726
€3 -5.26 -4.85 -5.01 dy -263 -253 -262
e 235 23.8 240 dy; 515 512 518
Piezoelcetric voltage x10°m2C™ Piezoelectric stiffness (x10°NC™)
constant constant
g5 29.9 29.9 29.5 hs 10.7 10.7 10.6
& -9.36 -9.02 9.31 b, -3.52 -3.24 -3.35
&3 184 18.3 18.4 k3 15.7 159 16.0
Constant stress Constant strain
Dielectric constant Dielectric constant
el 27718 2778 2778 £ fl 1550 1550 1567
£y 3170 3170 3170 &3, 1691 1691 1691
Electromechanical
Coupling factor
kis 0.664 0.664 0.660
k3t -0.387 -0374 -0.386
ks 0683 0683  0.683 -
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and the constants ;ﬁ,sgydﬂ,d”, were determined from resonance technique. The data of the second column (M-2) were

. . . . E
derived from the independent constants cf,cE,cE,cE,cE e, e,,» determined from four ultrasonic samples, and s,; and

ds3, determined from a length longitudinal vibrator, which is outlined in method (3) of Sec.3. The data in the third column
(M-3) were derived from a set of independent constant totally determined by standard resonance technique from four
resonance samples. These samples include a thickness-shear and a disk-extension vibrator in addition to a length-extension
and a length-longitudinal vibrator. The technique has been described in detail in many references, therefore, here we only
list the measured results as comparison with the results listed in the first and second columns. One can find that the values
of the samme constant listed in the three columns of Table.Ill agree well.

5. SUMMARY AND CONCLUSIONS

We have investigated thoroughly the characterization techniques for obtaining reliable material parameters for
piezoelectric materials. The results can be summarized bellow:

E

152
modes along the principle crystallographic axes. They may be indirectly extracted from some effective elastic stiffness
constants of mix modes by solving a coupled Christoffel equation, which may introduce relatively large errors in these
measured constants due to the loss of significance in numerical procedure.

(1). For materials with 6mm, 4mm symmetries, the constants ¢ cf3,e3, and e3; can not be directly measured using pure

(2). If an additional direct measurement of the constants sE and k;3 or dj; can be performed using a length-longitudinal

vibrator, it will simplify the calculations and eliminate the problematic quantities in the Christoffel equation and increase
the accuracy of the final results.

(3). The constants ck

and e;5 can be directly determined from the ultrasonic measurement on [100] and [001] oriental
plates, therefore, are more accurate than the measurements of a thickness-shear vibrator, since the interference effect of two
shear modes always exit in a thickness-shear vibrator'’. Ultrasonic technique is particularly appropriate for the

measurements of shear constants of materials.

Our results show that a complete set of fundamental material constant can be accurately determined by using ultrasonic

- technique assisted with resonance technique. Three option were given which could lead to accurate measurements. The data
obtained using this combined method for a PZT-5H is consistent with the data obtained by the IEEE resonance method. The -
advantage of using the ultrasonic technique is that the measured samples require only one set of precisely aligned faces and
no aspect ratio requirement. Moreover, the samples can be the same one as those used in resonance technique and dielectric
measurements. Fewer samples used would increase the self-consistency of the material parameters.
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Virtual Design of Medical Transducers
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ABSTRACT

Computer simulation has been used widely in medical ultrasonic transducer designs. One could now construct and test a
transducer entirely on a virtual basis. Such a virtual design and testing procedure not only can save us time and money, but -
also provide better understanding on design failures and allow us to modify designs more efficiently and economically. This
paper is intended to give a brief review on virtual transducer design procedure using a few examples and also list the
necessary precautions while using such advanced design tools.

1. INTRODUCTION ‘.

More and more transducer manufactures are using finite element tools to enhance the modeling capability for complex
transducer designs. This can substantially reduce the cost and time for innovative transducer research. It is very exciting to
see the fast development of this field, but one also must understand the limitations of simulation modeling. It is necessary
to follow certain procedure in order to make the simulation modeling more accurate and effective. Such limitations include
numerical error accumulation, model size constraints and incompatibility between different software.

For the current modeling capability, a virtual design procedure refers to three basic steps: (1) Model construction; (2)
Vibrational analysis of the transducer structure; (3) Radiation field study. The information from vibrational analysis and
virtual testing can provide feedback for modification of the model design so that a better performance can be achieved. In
other words, these three steps can form a design loop for optimization. It is similar to real experimental procedure for
manufacture a transducer except no real transducers need to be built until the simulated design reaches the optimum
configuration. While such simulation design has been realized in many fields, it is only in recent years that such methods
begin to gain popularity in transducer industry. One of the reasons is that the equivalent circuit models, such as the KLM
model.! have been working well, particularly for designing single element transducers. There was no real motivatiop to
spend the effort to develop more fancy modeling scheme. Another reason is that the simulated results cften not goed
enough to compare to the experimental results in the past. Such inaccuracy was due to the influence of many factors, for
example, inaccurate input material parameters, oversimplified model design, and improper calculation mechanism which
leads to large error propagation. With the improvement of computation methodologies and the ever increasing demand for
better and higher frequency transducers which are beyond the capability of equivalent circuit models, there is an urgent need
to push simulation design. A very important aspect of medical ultrasonic imaging is the lateral resolution which requires
the knowledge of 2- and 3-dimensional information. Nonuniform surface vibration is also an area that the equivalent circuit
and other 1-D models can not give a proper description. :

A lot of progress were made on finite element analysis (FEA) of transducer designs.>* Over the past a few years, we
have been concentrated to integrate individual analysis into 2 more complete virtual design and testing procedure."’ Through
experimental verifications, we found that many simulation results can be as reliable as experiments if proper modeling
procedure is followed. There are, of course, still some limitations in the simulation procedure, some are intrinsic to the
numerical methods and some are created by improper model simplification and wrong input parameters. It is easy to detect
catastrophic errors, but if the errors do not lead to instability of the solution, they become very difficult to detect. Focusing
on this kind of problems, we have performed many experimental verifications on the simulation results and have obtained

" some first hand experience in performing such simulations. In this review, a brief description will be given for of all the

three steps mentioned above. In addition, a summary of the important error sources that must be treated carefully in
perforuing the simulation, will be listed.
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2. MODEL CONSTRUCTION

The first important step in simulation is to construct a realistic model which requires the minimum computation time.
The main factors that can help this aspect are symmetry and dimensionality. Symmetry could reduce the model size usually
by a factor of 2-8. For an axial symmetry system, the system may be simplified from a 3-D to 2-D model, which can save
us orders of magnitude in computation time. Reducing the number of computational steps has two effects, one is to make
the computation time realistic and the other is to reduce the amount of error accumulation. For this reason, one should try
to avoid long time or large dimensions with a very small step size. Although some of the modemn algorithms have better
convergence and stability, it is always advisable to be frugal in model construction to reduce error accumulation. On the
other hand, one should not oversimplify the model so that the fundamental characteristics are lost from the original design.

Showing in Fig. 1(a) is the commonly used 2-D axial symmetry model for a simple single element transducer illustrated
in Fig. 1(b). While such approximation can greatly reduce the computation time, one must understand that the
simplification has eliminated all nonaxial symmetric modes that exist in the 3-D structure. As a consequence, the spectrum
analysis using the model of 1(a) will contain fewer peaks than the situation in 1(b). Such approximation is good enough to
analyze a single element transducer since the nonaxial symmetric modes are not relevant. However, if the materials in each
of the layers are nonuniform, such as composites transducers, the 2-D mode! would not be accurate to describe the situation.

Maiching

Backing —|

@ ' ®) ©

Fig. 1 Modeling scheme for a single element transducer. (a) Axial symmetry 2-D model; (b) Outline of a simple
single element 3-D transducer structure and (c) 1/4 3-d model. '

It is of course a better approximation to use a partial 3-D model if one could find certain symmetry of the structure to be
simulated. For example, 2 1/4 of the cylindrical structure shown in Fig. I(c) would certainly be a reasonable choice for
cal-ulating beampattern if the computational size is not excessive. For a square 1-3 composite transducer, one could use 1/8
of the 3-D model as shown in Fig. 2(a). Although a unit cell 3-D modeling shown in Fig. 2(b) could be another good
cheice, it could not take into account the edge effects in a finite size transducer. Such edge effects are important for
calculating the near field beampattern but may not be as important to calculate the fundamental resonance and impedance
spectrum. The price to pay for 3-D modeling is the computation time, which could be increased orders of magnitude
compared to a 2-D model. Therefore, depending on the objective of the modeling, certain simplification could be ideal while
others may not give the correct answer due to over simplification. :

The next important item is to apply appropriate boundary conditions to the simplified (idealized) finite element model.
The three most commonly used boundary conditions are:

(1) Free boundary condition. This is a default boundary condition, which is appropriate for study a finite system and
boundary effects. There will be severe wave reflection at the boundaries and the energy is pretty much trapped in the
structure.
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(2) Fixed boundary condition. The idea is to fixed one or more degrees of freedom in the model at certain boundaries. A rule
of thutub is to have at least one side in each degree of freedom to be fixed so that the translation mode can be eliminated.
This is particularly important for the frequency domain algorithm since the translational degree of freedom will confuse the
definition of the displacement if not causing any divergence.

(3) Buffer layer boundary condition. This condition is used to simulate semi-fixed boundary conditions, for example the
bounding material, which is much softer than the ceramics or metals. The buffer layer is also needed for connecting
materials having different degrees of freedom, for example solid-liquid interface, as we know that liquid has no shear
restoriug forces. The buffer layer is necessary to consolidate the difference in terms of the degrees of freedom.

Symmetric

/ boundaries
|

Transducer LF. Water

/

Polymer
@ ' @

FIG. 2. Finite element models for 1-3 composite transducer. (a) 1/8 of the 36 element transducer, three unseen
surfaces are prescribed symmetric; (b) 1/4 of 2 unite cell; only the top surface is free all other faces are prescribed
symmetric.

Sometimes, symmetry boundary condition is specified in certain commercial packages, which plays similar role as the
fixed houndary condition (2) mentioned above in the direction normal to the surface. Symmetry boundary condition defines
a fixed line or plane which can eliminate one translational degree of freedom. One important point needs to be mentioned is
that symmetry is only for mechanical boundary conditions, the electrical boundary conditions are not affected by the
symmetry command. '

3. VIBRATIONAL ANALYSIS

After the basic model being constructed and appropriate boundary conditions applied, one can perform several kinds of
analyscs using finite element methods by solving the coupled dynamical equations. In transducer design, the most useful
analysis is the vibrational characteristics of the structure, including the mechanical resonance and the dynamical response to
external electric and acoustic fields.

3.1 Pesonance frequencies o

The purpose of this analysis is to find all the resonance frequencies and the corresponding deformation shape. This
includes the fundamental resonance and other mechanical resonance that may affect the operation of this mode. One could



also calculate the amplitude distribution for these modes. Showing in Fig. 3 is the calculated resonance frequency for a 2-2
composite transducer with different aspect ratio.® One can see that the finite element calculation is the only one that can
accurately describe the aspect ratio dependence.

We found that the simulation results are quite different for transducer in air and in water. Without loading, the polymer
has higher amplitude than the ceramic due to the trapped energy in the structure. While in the case of water loading, the
amplitude of the polymer becomes smaller than the ceramic since the energy is transmitted to the medium more efficiently
from the polymer than from the ceramics, and only the piezoceramic elements get direct energy supply from the electric
source.
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6000 ~ O - Eflective Medium P - 3
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Fig. 3. Comparison of modeling and experimental results for the change of resonance frequency with the aspect ratio
of the ceramic element, where L and a are the height and width of the ceramic plates in 2 40% ceramic 2-2 composite
transducer.

3.2 Harmonic analysis

This analysis is to see how the transducers respond to an external drive, for example, electric AC field. From this
analysis, we can obtain information about the modal shape and the electrical impedance spectrum. The electrical impedance
curve is one of the better modeled quantity which can be compared fairly well with experiments as shown in Fig. 4. After
knowing the resonance frequency from the procedure described in  Sec. 3.1, one can drive the transducer at this particular
frequency and calculate the nonuniform displacement and velocity distributions at the transducer surface. The merit of the
simulation is that it can take into account all the modes affecting the transducer operation and pinpoint at any spot of
interest. :

105vv T T Y17 ' 71 T 1 v
F Experiment 1
_ 1 b — FEM ,g
I ]
s [ ]
$ o) -
2 3 3
g [ ]
0.01 4
0.001 Lottt ettt
0 2 4 6 8 10 12 14 16
Frequency (MHz)

Fig. 4. Calculated and measured electrical impedance of a 80% ceramic 2-2 composite transducer.
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3.3 Transient Analysis

This is to simulate the pulse response of a transducer. Experimentally, one can measure the collective pulse response
using the test transducer for both sending and receiving acoustic signals. While in simulation, it is not convenient to allow
the acoustic pulse to travel long time in the medium (size limitation), however, one could pinpoint the response of any
component at any given position in the transducer structure.

The transient analysis under a single pulse driven condition is the most important measure for the performance of a
broadband transducer, which can tell us the bandwidth, sensitivity and ringdown characteristics. However, this function in
simulation is still limited to relative unit due to the lack of precise input material parameters for the frequency dependent
attenuation. We found that the most convenient way to study the element cross-talk is to directly calculate the electrical
response of the neighbors and then use the ratio of the neighbor response to the element response as the measure. Such a
definition and procedure has been used to study the dicing effects of matching layers in a 1-D array design and provided
satis{actory explanation to the commonly used design strategy.” There are some differences between the transient analysis
and experimental methods used to characterize pulse response, because the simulation can not duplicate the effects of
frequency response of the electrical circuits in the test set-up. In order to directly compare to the experimental measured
pulse response, one need to construct frequency filters in the simulation routine to address this problem.

4. RADIATION FIELD

Virtual testing refers to the simulated performance for an FEA model transducer, such as the impedance spectrum and the
pulse response mentioned above. More importantly, one needs to know the radiation beampattern, both in the nearfield and
in the farfield. Such beampattern calculations are based on the information provided by the vibrational analysis mentioned
above. Experimentally, the transducer beampattern characterization is one of the most time consuming tasks, and is often
limited in the nearfield because of the probe interference. Such interference problem can be easily overcome in simulation
since no physical probe is needed. We have used two different ways to perform this computation: (1) finite element method
and (2) boundary element method. The latter is the best choice for a homogeneous medium.

From our experience, the best way to calculate the beampattern is to use 2 combined finite element and boundary element
method. Showing in Fig. 5 is the calculated beam pattern for a 1-3 composite single element transducer using this
combined method. The beampattern can give us information about the directivity, focusing capability and sidelobe
information, which are important parameters to evaluate the resolution of a transducer. We have evaluated a series of
aperiodic 2-2 composite transducers and found out that the vanishing of lateral resonance peaks in the impedance spectrum
does not guarantee a good performance of a transducer. The irregularity introduced into the structure, although can
suppréssed the lateral modes, may also destroy the focusing capability of the transducer.”

Fig. 5. The radiation beampattern of a 1-3 composite transducer in water calculated by the combined method.



5. ERROR ANALYSIS

There are still many limitations in numerical methods and one must understand them well in order to make a meaningful
virtual design model for transducers. As we have emphasized that catastrophic failure is easy to detect since it will lead to
divergence of the solutions, however, if the solution exists but erroneous, it is very difficult to detect. One has to use some
basic knowledge to evaluate the solutions. Showing in Fig. 6 is a transducer beampattern caiculated using a 3-D 1/4 model
{(ANSYS®). The near field pressure is accurate while the far filed pattern becomes erroneous since it produced a secondary
fucal point which should not appear in a linear medium. Tow main contributions to this problem is error accumulation for
large size model and incomplete absorbing boundary conditions at the liquid boundary.

erroneous far
field solution

~——Water medium

Transducer
with backing

Fig. 6. A 3-D beampattern of a single element transducer calculated using finite element 1/4 model. The near field
solution is good while the far field solution is erroneous.

From our experience, attentions need to be paid to the following few points while performing the simulation in order to
minimize the errors in simulation design: :
1). Boundary conditions. Specified boundary conditions may not be executed accurately during computations, for
example, absorbing boundary condition represents non-reflection only in the case of normal incidence waves. If the wave
vector has a dominant tangential component in certain region of the boundaries, the solution will contain strong influence
from the boundary reflections. For transducer beampattern calculation, one should try to build a larger size fluid in the
model to avoid tangential incidence condition. It is also important to eliminate the translational degree of freedom, which
may not be so easy if there is no symmetry in the structure. In this case, one must define a fixed point, or a fixed line, or a
fixed plane so that all the displacement will be relative to the fixed reference coordinates associated with the fixed point.

2). Limit the size of the model. There are two major purposes for limiting the size of the model. One is to reduce
the computation time and the other is to reduce error accumulation. As a common knowledge, numerical variables have
tiuncation errors which are intrinsic to numerical methods. There are also errors in all numerical algorithms which are a
function of step size in time and space. Both types of errors will propagate and accumulate with the increase of the number
of computation steps. Therefore, the fundamental policy is that the model size should be as small as possible while the
siep size as big as it allows. For example, 10-15 nodes per wavelength for time domain FEA and 3-5 nodes per wavelength
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for a frequency domain FEA should be a reasonable choice in dynamical simulations. More advanced finite element methods
can use even lesser nodes per wavelength to get accurate results. The errors propagate with wavefront, therefore, far field
would become unreliable as shown in Fig. 6.

3). Define good aspect ratio. As stated in the theory of finite element method that the most accurate mesh shape is a
cube in 3-D and square in 2-D. However, in many cases, one of the dimensions in the simulated structure is much smaller
than the others, for example, the matching layer in a high frequency transducer, making the requirement of aspect ratio one
very difficult to be satisfied. In such a case, one must to balance the accuracy and computation time. However, one must
remember to mesh at least three nodes in any given dimension if there is a change of material property across the boundary.
Nodes at the interface do not represent any of the materials in contact. Less than three nodes means no representation for the
material in the computation. , .

4). Using correct material constants. This has been one of the most difficult issues in 3-D simulation modeling.
Many of the published results are either inconsistent or incomplete. Numerical solution could be very sensitive to certain
input parameters, in some cases, inaccurate material constants could totally distort the solution. Another important point is
that material properties change with frequency and loading. For example, piezoelectric materials can be partially depoled
during transducer fabrication and under stress. Using the room temperature ambient pressure measurement data will not give
satisfactory simulation results. We found that some of the resonance techniques are also not accurate. Some strategies have
been worked out to get more reliable data for piezoelectric materials. o '

5). Damping of materials. The amplitude of impedance spectrum and displacement are strongly dependent on the
material damping. The 3-D simulation requires more parameters than the 1-D equivalent circuit models because it takes into
account the anisotropy, while such data are often not available in the literature. Damping is frequency dependent but the
eqquations have constant parameter input therefore can not cover the entire frequency range of interest. A damping constant
masured at a given frequency can not guarantee its validity at other frequencies, which makes the modeling of broadband
transducer very challenging. What we have been doing is to derive the proper damping constant from one set of measured
values, for example, the impedance spectrum, then use it to calculate the other quantities.

6. CONCLUSION AND FUTURE WORKS

The advance of computer speed and algorithm efficiency make it realistic and attractive to perform virtual design of
complex transducers. One could simulate many aspects of transducer design and obtain fairly good agreement with
experiments. Several examples were given in this review which outlined some of the basic analyses in transducer designs.
Through direct visualization one can gain much better understanding on some the problems pertinent to the 3D
nonuniform nature of vibration. For example, 3-d simulation can reveal some of the nonpiezoelectric modes which dq not
show up in the impedance spectrum measurements but could be excitéd due to nonsymmetric boundary constraints. More
importantly, the 3-D simulation gives us an effective way to obtain the transducer beampattern, both for the near-field and
for the far-filed. The study on the beampattern distortion versus randomization showed the advantage of the 3-D modsling

over 1-D circuit modeling: the disappearance of the lateral modes in the frequency spectrum does not guarantee the quality of
transducer.”

Because of the size limitation, it may be necessary to perform layered simulation from coarse mesh to fine mesh using
submodels. Such procedure has already been used in many simulation designs to find more detailed local changes without
having to use fine mesh in the whole structure. In calculating the beampattern, we found that the combination of finite

element and boundary element methods is a good solution to overcome error accumulation problem in large size finite
element models if the medium is homogeneous.

"I here are still many challenges in this exciting arena in terms of more stable and efficient numerical algorithms. There is
also an urgent need to characterize more accurately all the material properties including damping, and their frequency
dey:endence.

FFor very high frequency transducer modeling, the current virtual design procedure needs to be fnrthex; extended to integrate
the 3-D Maxwell equation since the quasi-static approximation of uniform electric field will not hold. There is also a need

to study nonlinear effects since many transducers, particularly very high frequency ones and therapeutic ultrasound
transducers, are being driven out of the linear regime.
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ELASTIC PROPERTY CHARACTERIZATION
IN THIN SAMPLES OF SUB-WAVELENGTH
IN THICKNESS

WENWU CAO

Department of Mathematics and Materials Research Laboratory, The Pennsylvania
State University, University Park, PA 16802
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A conflict exists in ultrasonic measurements between the resolution which requires higher
frequency, and the penetration depth which requires long waveiength. Traditional pulse-echo
method for elastic property measurements fails when the sample becomes too thin to allow the
separation of repeated echoes. A data processing technique is described here which may provide
a solution to this conflict. Elastic properties were successfully measured in samples as thin as
5% of the wavelength A.

Keywords: Ultrasonic; thin layers: sub-wavelength; high resolution: penetration depth

INTRODUCTION

One of the most powerful techniques for elastic property characterization is
ultrasonic method. The pulse-echo technique '~ has been well developed
and widely used in characterizing solid materials. Sound velocity, which
directly reflect the elastic property, can be measured through the time delay
between consecutive echoes. Ultrasound is also a major tool in medical
diagnosis in which the elastic properties are known-and the pulse-echo
pattern is used to form the imaging of an object inside a body. Because
pulse-echo technique is to send a tone-burst ultrasonic signal into the
structure and measure the time lagging between consecutive echoes, its
resolution is limited by the pulse-width. Using a good broadband short
ringdown transducer, one can achieve an axial resolution of 1-2, where A
is the wavelength. Both transmission and reflection mode operations in
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ultrasonic measurements will produce similar echo patterns but different
amplitudes depending on the acoustic impedance matching between the
medium and the sample. A pair of parallel surfaces of the sample will serve
as the reflection planes so that a series of echoes will be generated as shown
in Figure 1. The time delay between the adjacent echoes is the time for an
acoustic pulse to go through the sample one round trip.

It is hard to achieve sub-wavelength resolution as one can imagine from
Figure 1. The pulse separation reflects the sample thickness. If the sample is
too thin, these consecutive echoes will overlap to produce a global profile. As
demonstrated in Figure 2, when the delay time of two consecutive echoes is
less than the ringdown time of the transducer, they cannot be distinguished.
The overlapping problem becomes worse for materials with low attenuation
because the third echo, the fourth echo, and so on, will all contribute to the
measured echo profile, making the measurement impossible.

Although the resolution of ultrasonic technique can be increased through
increasing operating frequency, the attenuation increases even faster with
frequency. Generally speaking, the attenuation is proportional to f*, with
1<B<2 for ordinary materials and 3 > 2 for lossy materials. In other
words, higher frequency ultrasonic waves would have much shallower
penetration depth, which makes the detection of bonding layer or any
imbedded thin object almost impossible using ultrasonic technique, because
low frequency waves do not see it while high frequency signals cannot
penetrate the structure.

0.6
0.4

0.2

LA BN LA B 2 LB

1l a
0 {

N

First Through Echo =

-0.2

Amplitude (Vohs)

0.4

-0.6

TTIT Ty TrrrTYyTs

-0.8 PR | SR SN BTSSP | T

25 30 35 - 40
Time (K )

N
o

FIGURE 1 The echoes caused by the repeated reflections inside the sample. The signal is
obtained from a through mode operation using a 2 MHz center frequency broadband trans-
ducer.
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FIGURE 2 Echo overlapping in a thin sample. (a) The two consecutive echoes if not interfere
with each other. (b) The actually observed overlapped signal.

The challenge is how to achieve high resolution and deep penetration at
the same time. Obviously, the only way to address this problem is to use low
frequency signal and achieve sub-wavelength resolution. A method is
described in this paper which can be used to measure samples as thin as 5%
of A.

DATA PROCESSING SCHEME

For a thin sample, the received signal from transmission ultrasonic
measurement will be a mixture of consecutive transmitted signals due to
the multiple reflections within the sample. If we do not consider the
attenuation of the sample, the received signal, x(r, £), can be written in terms
of the input signal function s(r, 7) in the following form:

x(r, 1) = Tu T2 in{s(t_(rV—l)_(Zi—;l)l) (1)
=0 m ’

where T,; and T, are the transmission coefficients from the medium to the
sample and from the sample to the medium, respectively, R, is the reflection
coefficient from sample to the medium, /is the thickness of the sample, ¥,
- and V; are the sound velocities of the medium and the sample, respectively.

Although the multi-reflections within the sample are not desired in the
traditional ultrasonic measurement, such multi-reflections do actually carry
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strong signature of the sample. One can obtain the desired information
using more elaborate signal processing schemes.

A simple and direct way to abstract the time of flight inside the sample is
to find the response function, A(z), so that the transmitted singal x(r)
becomes the convolution of the input singal s(¢) and A(z),

x(t) = conv[A(t), s(t)] = / h(7)s(t — 7)dr | (2)
—oC
For simplicity, we have shifted the time reference and set the space variable
to be zero at the exit surface of the sample.

For an ideal case. the response function of the sample is simply a series of
é-functions:

h(t) = iAfé(t - A1), (3)
j=0

where

19
T

A =TyTnRp At=

|
=

In principle, if one can derive the response function A(f) from the
measured signals, the round trip time At for wave to travel inside the sample
can be easily obtained from the peak separation of the é-function series.
Unfortunately, there is no easy way to get “clean” data in practical -
measurements. All the signals are convoluted by instrumental response
functions and being added to certain level of noises. both acoustically and
electronically.

In transmission mode operation, the input signal s(r) and the transmitted
signal x(7) can be obtained by removing and placing the sample in the
acoustic pathway, respectively. The experiementally observed signals
(quantities with an over-bar) are not clean and may be written in the
following forms:

a) Observed input signal:
s(r) = conv [g(1), s(1)] + ns(1) (3)
b) Observed transmitted signal:

x(2) = conv|g(z),conv [ h(2), () ]] + nx(2) (6)
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where g(1) is the response function of the experimental set-up, ny(¢) and
n,(?) represent the noises that are being added to the true signals.

In order to develop a universal method, we like to avoid the task of
having to characterize each instrument for its response function g(f). This
can be done by defining a new function k(¢) to be the modified signal input,

k() = conv [g(1), (1) ], (7
and utilizing the property of convolution integral:
conv [g(?).conv[A(z),s(r)]] = conv[h(t),conv [g(0),s(®)]] =~ ®8)

Hence, the input and transmitted signals become

s(0) = k(1) + (1) ©)

X(t) = conv [A(t),k(t)] + ny (1) (10)

The response function can be formally written in the frequency domain as "

X(/) (f)_X(f)K*(f)

B =%y o) = |K()

o(f) (11)

where ¢( f) is a Weiner optimal filtering factor ! which can be written in
terms of the power spectra of x(z) and n,(z).

In order to derive the power spectrum of the noise n.(f), we can perform
multiple sampling, i.e., taking the average of m; times measurements of the
transmitted signgl_(m)m1 and then taking another average of m, times
measurements ( x(z) ),,,, with m;>m,. It can be shown that the noise power .
spectrum may be replaced by these averages and the Weiner optimal filtering
factor ¢( f) can be written as the following [,

o(f) =

_ nymj
(my — ma) XN

From Egs. (11) and (12), the spectrum of the sample response function A(t)
is given by

XN S ()
IK(f)P

Then the response function of the specimen, 4(¢), can be obtained from
H( f) using inverse Fourier Transform. We have implemented the FFT

H(f) = ¢(f) (13)
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algorithm in the data processing program so that the analysis is almost real
time.

RESULTS

This signal processing scheme described above has been applied to a set of
brass shims purchased from Precision Brand, Downers Grove, Illinois. The
thickness of the shims ranges from 0.004” —0.025". Figures 3 and 4 show the
measurement results on a 0.004” and a 0.008” thick brass shims, respectively.
Figures 3(a) and 4(a) are the input and transmitted signals, which were
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FIGURE 3 (a) The input signal to the sample and the received signal after the pulse went
through the sample and (b) The response function derived from (a). The sample thickness is
0.004".
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FIGURE 4 (a) The input signal to the sample and the received signal after the pulse went
through the sample and (b) The response function derived from (a). The sample thickness is
0.008".

observed independently. The time shift between the input and the
transmitted signals cannot be measured directly because the time difference
is too small. Figures 3(b) and 4(b) are the calculated corresponding response
functions for the two cases. The separation between the peaks of the response
function is the time lagging between consecutive reflections inside the sample.

The sound velocity calculated using time difference between the peaks of
the response function is given in Table I. One can see that the measurements
are very consistent and accurate. The average sound velocity is 4480.4 m/s
which gives a value for the elastic constant ¢;; = 17.0x10'® N/m2 No
obvious change of the elastic property with size was observed in this
thickness range as shown in Table I.
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TABLE I Longitudinal velocity and elastic constant ¢, for brass shims. (70% Brass, 30%
Zinc; p=8.4697 g/cm®)

Sample Thickness (inch) Longitudinal Velocity (m/s) c”(IOwN/M 2)
0.004" 4431.8 16.635
0.005" 4519.6 17.301
0.006" 4456.1 16.818
0.008" : 4490.6 17.080
0.015” 4526.7 17.355
0.025" 4457.7 16.830

During measurements, the number of observations used for noise
spectrum calculation are: m; =5 and m,=10. Minor changes were found
when the averages were taken at different m; and m, number of observations
but is well within the experimental error. Using the center frequency of the
transducer as a measure, the 0.004” thick sample is less than 5% of the
wavelength A =2.24 mm.

As shown in Figures 3 and 4 the response function is far from a é-function
series, however. one can clearly distinguish the peak positions. It is found
that the response function becomes less sensitive as the thickness decreases.
The peaks of the response function are sharper in the case of the 0.008"” thick
sample than in that of the 0.004" thick sample as shown in Figures 3 and 4.
Using the 2 MHz transducer, the method reaches its limit at 0.003". All the
peaks got smeared out when the sample becomes thinner than 0.002".

SUMMARY AND CONCLUSIONS

A data processing scheme is introduced here to extend the resolution of the
ultrasonic pulse-echo method. Using the filtered response function and a 2
MHz broadband transducer, the sound velocity was measured for a set of
brass samples and the thinnest sample is less than 5% X of the center fre-
quency. This result is very encouraging since the sub-wavelength resolution is
the only way to resolve the intrinsic conflict of high resolution and deep
penetration in ultrasonic technology. This technique may be used to study the
bonding layer in composite structures and interfaces. Further extension of the
method to higher frequencies and multi-layer structure is under investigation.
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A shear piezoelectric vibrator has been analyzed in detail. There are two types of shear motion
associated with the same shear stain deformation. It is found experimentally that the lower
frequency mode among the two has lower strength and its vibration amplitude continuously
decreases as the long dimension of the vibrator increases. A nearly pure shear mode may be
obtained with the aspect ratio greater than 20, but the influence of the other low frequency mode
could not be totally eliminated even at such a large aspect ratio. We found that such phenomena can
be understood by the conservation of angular momentum and the shared origin of these two types
of shear motion, The ratio of the driving forces for these two types of shear motion is related directly
to the aspect ratio of the vibrator. Formulas for calculating ks from the resonant and antiresonant
frequencies using both type of shear modes are given. © 1998 American Institute of Physics.

[S0021-8979(98)02908-9]

1. INTRODUCTION

Piezoelectric materials have been widely used in various
ultrasonic devices. One of the basic parameters used to de-
scribe the quality of piezoelectric materials is the electrome-
chanical coupling factor, which is a measure of the effective-
ness of electromechanical energy conversion. Accurately
determining the shear coupling coefficient k5 is of practical
importance for making shear transducers and for parameter
input in theoretical modeling. It can also affect the accuracy
of many derived material properties for a piezoelectric ma-
terial.

In piezoceramics, such as lead zirconate-titanate (PZT).
the symmetry is m after poling, the shear coupling coeffi-
cient ks can be related to the following material constants:

& =€l (1K), (1a)
dis=ksVe€ySss (1b)
cE=cB(1-kl9), (1c)

where ef ; and e{l are the clamped and free dielectric permit-
tivities perpendicular to the poling direction. respectively,
d,s is the shear piezoelectric constant, cfs and c?s are shear
elastic stiffness constants under constant electric field and
constant electric displacement. respectively.

This shear coupling coefficient ks is usuaily measured
using the thickness-shear resonance following the Institute of
Electrical and Electronic Engineers (IEEE) standards.'?
However, the measurement cannot be easily made with high
" accuracy due to the coupling of the thickness-shear mode
with other unwanted modes. The coupling effect is usuaily
more pronounced for the antiresonant frequency. For this
reason, the method of using electrical resonance and the an-
tiresonance to determine ks is not recommended by the IRE

dElectronic mail: wcao@sun0l.mri.psu.edu
Ypermanent address: Physics Department, Nanjing University, Nan-
jing 210093, P. R. China.

0021-8979/98/83(8)/4415/6/$15.00
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and IEEE standards.'® Instead, a dielectric measurement
method was given according to Eq. (1a).** It is easy to ob-
tain the free permittivity €, value by measuring the capaci-
tance at a low frequency (<1 kHz) which is well below the
fundamental resonance, however. the clamped permittivity
€;; at very high frequencies is not easily accessible because
of the influence of those mechanical resonances and/or their
higher harmonics. Moreover, many piezoelectric ceramics
also have fairly large capacitance relaxation which affects
high frequency measurements.

An alternative method to determine ks is to measure
values of the fundamental and overtone resonant frequencies
instead of the fundamental resonant and antiresonant
ﬁ-equencies.6‘7 The idea is that the unwanted modes have
lower frequencies so that the influence becomes smaller for
the overtones at high frequencies. Although this method is
more convenient. experiments show that it gives lower val-
ues than those obtained by other techniques. In addition, if
the aspect ratio of the vibrator is not large enough, the cou-
pling effect will be extended to the overtones of the
thickness-shear mode making this method invalid. Up to
now, the reason for this shear mode to have such an unusual
strong coupling was not fully understood.

More interestingly, the thickness-shear is not the lowest
resonance of the structure recommended for the resonance
technique, yet has the largest amplitude, which itself is a
puzzie. Generally speaking, in most resonance structures, the
lowest resonance usuaily has the largest amplitude. Our goal,
here is to find out the nature of this puzzle and to define
quantitatively the required dimensions of the vibrator to per- .
form a dependable measurement. .

It is well known that the impedance-frequency charac-
teristic of a vibrator used for determining ks strongly de-
pends on its geometry. However, the recommended ratios
among the length [, width w, and thickness  are inconsistent
in the literature. Experimentally, we could not obtain
satisfactory results using some of those recommended
dimensions.

© 1998 American Institute of Physics
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FIG. 1. (a) Thickness-shear vibrator. (b) Length-shear vibrator. The shaded
areas are the electrodes and the dashed amrows represent the direction of
displacement at given points. The polarization direction is indicated by an
arrow on the front face of the sample.

Through detailed analysis, we have established the opt-
mized dimensions for which the ks value can be accurately
determined using the resonance technique. More impor-
tantly, we have given an explanation to the cause of this
strong mode coupling and the explained the amplitude rela-
tionship.

. EXPERIMENTAL ANALYSIS OF THICKNESS-
SHEAR VIBRATOR

For a thickness-shear mode piezoelectric ceramic vibra-
tor under free boundary conditions, the following equation"'9
holds,

E=—, @
15
where = = mf, /P is a normalized frequency, fy is the
resonant frequency of the nth mode, ¢ is the thickness of the
vibrator, vP=\cZs/p is the stiffened shear velocity of the
elastic wave. The ratio of an overtone to fundamental fre-
quency fo/f, versus value of kys was tabulated in Ref. 6
according to Eq. (2). In principle, one could directly obtain
the values of ks for any given f,./f, ratio using this table.
For a pure mode, Eq. (2) can also be converted to

k ='\/;—f{cotﬁ=\/z‘?—'tanf—A—f (3)
BTN, T 2fe V2fa o 2fa
where f,.f, are the fundamental resonant and antiresonant
frequencies, Af=f,— f, is the resonance bandwidth. There-
fore, k;s may also be evaluated by measuring the fundamen-
tal resonant and antiresonant frequencies from the impedance
spectrum if the mode can be decoupled from others.

In our experiments, the thickness-shear mode samples
are made of PZT-5H piezoelectric ceramic purchased from
Morgan Matroc Inc. The typical shape of the vibrators is a
rectangular bar as shown in Fig. 1(a). For a thickness-shear
mode vibrator, the polarization direction is along the longest
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FIG. 2. Impedance-frequency spectrum of a typical thickness-shear vibrator.

dimension represented by I. The two major surfaces (top and
bottom), which are parallel to each other and to the direction
of polarization, were coated with gold or silver electrodes.
When an AC voltage is applied across the electrodes, shear
mechanical vibration can be excited in the vibrator through
piezoelectric effect. Several samples with different dimen-
sions were designed and fabricated. Considering that the di-
mensions, ! and w, of the electrode surface are sufficiently
larger than the thickness ¢ and the relatively large permittiv-
ity of PZT-5H, edge effects of the parallel plate capacitor can
be neglected in the computation of the internal electric field.

A HP-4194A impedance/gain-phase analyzer with com-
puter interface was used for the impedance-frequency spec-
trum measurements. The electric field used was relatively
low, typically in the range of 0.05-0.2 V/mm. The PZT
samples are perfectly linear in this field range.

The impedance amplitude and phase spectra for'a typical
thickness-shear mode vibrator are shown in Fig. 2. This vi-
brator has the following dimensions: /=88 mm, w
=3.0mm. and r=0.32 mm. The frequencies of the funda-
mental resonance and antiresonance are 2.70 MHz and 3.41
MHz, respectively. Using Eq. (3), one can easily calculate
the shear electromechanical coupling coefficient to be: ks
=0.650.

In all other vibrators used for measuring material param-
eters, such as the plates and bars for the measurement of k,,
ki3, etc., mode coupling could be eliminated as long as the
dimension corresponding to the desired fundamental mode is
larger than four times of the other dimensions. It is very
difficult, however, to obtain a clean thickness-shear mode.
We found that the thickness-shear mode suffers mode cou-
pling even when the aspect ratio I/ is more than 10. In order
to find the origin of such an unusual behavior, a series of
samples with the same thickness but different length were
made and measured. Figure 3 shows the comparison of the
impedance-frequency spectra of these samples near the
thickness-shear resonance. The same spectra with wider fre-
quency region are shown in Fig. 4 to demonstrate the over-
tone frequencies. Based on these measurements, kys was cal-
culated and the results are summarized in Table 1.

Figures 3 and 4 show that the impedance-frequency
spectra of the thickness-shear mode depends strongly on the
ratio of I/t but nearly independent of the ratio //w. Since
these measured vibrator samples have identical thickness, the
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FIG. 3. Impedance-frequency characteristics near the fundamental reso-
nance and antiresonance for thickness-shear vibrators of different aspect
ratio.

above resuits imply that the interference mode is related to
vibrator’s length only. For a length to thickness ratio I/t
>20, although the mode is still not pure, the resonance and
antiresonance frequencies can be accurately defined without
any ambiguity. For the aspect rato !/r=10-20, coupling
effects appear on the spectrum of the thickness-shear mode
(see curve 4 in Fig. 3). However, the peaks are recognizable
and k;s may still be determined from the minimum and
maximum of the impedance curve without too much error.
The mode coupling gets stronger as the ratio I/t decreases,
no clearly defined thickness-shear mode can be found when
the ratio I/r<5. Apparently, this shear vibrator is much more
demanding compared to the other types of vibrators for mea-
suring k, and ki3, for which an aspect ratio of 4 is already
sufficient to separate the modes.

In Fig. 3, curves 5-7 are for samples with identical
length  and thickness ¢, but different width w. The three
curves show that the width of the vibrator has little influence
on the resonant and antiresonant frequencies if the /¢ ratio is
large enough. Once again, our experimental results point to
the origin of the interference mode to be solely related to the
sample length.

From Eq. (lc) the shear coupling coefficient ks may
also be determined from the ratio of the shear elastic con-
stants under constant electric field and constant electric dis-
placement, respectively. These elastic constants could be
measured by using ultrasonic technique.'° ! Using the same
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FIG. 4. Overtones for thickness-shear vibrators of different aspect ratio.

set of samples, we have measured the shear velocity with the
displacement along and perpendicular to the poling direction
(the wave vector is always perpendicular to the polarization),
which give rise to the values for c§5 and c2;, respectively.
Since the ultrasonic measurements were performed at non-
resonance conditions, there are no mode interference prob-
lems. The ks value so obtained is geometry independent as
long as the sample dimensions are not too small compared to’

. the wavelength of the ultrasonic signal and the degree of

poling is maintained the same. We have also developed a
signal processing technique for measuring subwavelength
thick samples so that accurate measurements on the elastic
stiffness constants can be performed even for very small and
thin samples.'? The k5 value obtained by ultrasonic method ,
is used as the standard to analyze the other results listed in
Table I It is found that for large I/t ratio samples, the ks
values obtained from the resonant and antiresonant frequen-
cies are very close to the one obtained from the ultrasonic
measurement. However, the ks values calculated by using
the ratio of overtone to fundamental frequencies are slightly
smaller, which may due to the effects of frequency d;sper
sion of the materials properties.

ll. LENGTH-SHEAR MODE

From the above experimental analysis, the mode inter-
ference is related to the length dimension /. Looking more
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TABLE L. Comparison of measured k;s values from different samples and different techniques.

Length { Width w Thickness ¢ Resonance Anti-resonance kys ks
Sample (mm) (mm) (mm) Lt Lw f. (MH2) fo (MH2) frife) (Overtone)

1 1.43 20.17 0.84 1.70 0.07 1.54300 1.6880 0.441

2 1.98 20.17 0.84 236 0.10 1.18300 1.4090 0.582 0.492

3 3.30 20.17 0.84 3.92 0.16 1.10790 1.3770 0.633 0.541

4 472 4.63 0.84 5.62 1.02 1.06780 1.2756 0.587 0.626

5 6.16 20.17 0.84 7.33 031 1.05210 1.2330 0.560 0.640

6 6.67 4.64 0.84 7.94 144 1.02550 1.2985 0.651 . 0.621

7 12.65 1.75 0.84 15.06 723 1.03157 13240 0.665 0.635

8 19.02 6.96 0.84 26 273 1.03530 13278 0.664 0.650

9 19.02 3.50 0.84 26 5.43 1.02875 13213 0.656 0.646

10 19.02 237 0.84 26 8.02 1.02875 13115 0.659 0.649

11 19.02 1.75 0.84 26 109 1.02875 13278 0.670 0.642

12 19.02 1.05 0.84 226 18.1 1.02963 1.3089 0.656 0.629
Ultrasonic 6.62 6.42 6.35 0.665

carefully, one can find that another type of shear motion is
also excited. which we call it the length-shear in contrast to
the thickness-shear. In this mode. the displacement is per-
pendicular to the poling direction while in the thickness-
shear, the displacement is parallel to the poling direction.

For a piezoelectric material. the origin of the driving
force for the shear motion is an electric field induced shear
strain, S5, which is related to the displacement components.
u, and u;. in the following form:

_ ' 6u1 8u3)

Ss= W + -"i-; .

For the thickness-shear motion. the displacement u3 is
assumed to be zero for a long-bar shaped vibrator as shown
in Fig. (12). In this case. the shear strain is given by the first
term of Eq. (4) only, and the resonance could be derived to
have the form given by Egs. (2) and (3). On the other hand,
the length-shear mode. which gives rise to the same shear
strain was ignored in the derivation of the formula. Due to
the symmetric nature of the two shear displacement deriva-
tives in Eq. (4), we could imagine a situation in which the
thickness-shear mode may be ignored if the dimensions are
designed properly. The impedance formula for this mode can
be easily derived if we assume the displacement uy=0.In
this case, the shear strain is only related to the second term of
Eq. (4). Using the dynamical equation and the following con-
stitutive relations:

@

Ss=sssTs+disEys (5a)
D1=d15T5+ E{}Eh (Sb)

one can derive another relationship parailel to Eq. (2) for the
length-shear mode:

©

where =’ =(af.,[)/+F is a normalized frequency, f, is the
antiresonant frequency in the nth mode.  is the length of the
vibrator, v = 1/+/psCs is the compliance velocity of the elas-
tic wave. In Eq. (5), s; is the shear elastic compliance at

constant electric field. d,s is the piezoelectric strain constant,
and e, is the dielectric permittivity at constant stress.

Using Eq. (6) and considering the fundamental reso-
nance and antiresonance, we can get another k5 formula for
the length-shear mode:

™

kys=

where f,, f. are the fundamental resonant and antiresonant
frequencies of the length-shear mode. :

In order to verify this analysis we have made a sequence
of samples with the /it ratio from 1:22 to 22:1. Here [ is
always the dimension along the poling direction although it
may become the shorter one. Figure 5 shows the dependence
of the impedance on frequency for two different aspect ratio
vibrators. A nearly pure length-shear mode can be obtained
when 1/t< 1/20, which is analogous to the thickness-shear
case of I/t>20. The curves in Fig. 5(b) correspond to the
ratio of #/1=27. The shear coupling coefficient ks
(=0.650) can be obtained using Eg. (7), which is the same
as the k5 values measured by the nearly pure thickness-shear
mode and ultrasonic method (see Table I). From this study,
we concluded that the tangled modes in the shear vibrator are
the thickness-shear and the length-shear modes. The funda-
mental reason of why it is so difficult to get rid of the mode
coupling in the shear resonator is because the two shear
modes share the same electric filed induced shear strain. The
higher harmonics of the lower frequency mode appear to
decorate the higher frequency mode on the impedance spec-
trum. o

IV. CONSERVATION OF ANGULAR MOMENTUM

For the recommended geometry in the literature, the
shear vibrator is usually made with the //r>1. Therefore, the



J. Appl. Phys., Vol. 83, No. 8, 15 April 1998

1w0sE - T - T 100
@) romm — - Phaseange
wa it am e (TDOCENCE | cn
3 )
2wt ° é
| :
g s &
104
«100
o 02 0.4 O.LG 08 1.0

3 P
FA 2
g g
5 :
e <
E g
10
4 3 8 10 12 14
Frequency (MHz)

FIG. 5. Impedance spectrum of a length-shear vibrator with different geom-
erry. (2) The ratio of [/¢=0.2. (b) The ratio of I/r=0.04.

length-shear mode shouid be the lowest frequency mode ac-
cording to the analysis above. However, experimental results
show that the shear mode in the long dimension is much
weaker than the shear mode in the shorter dimension. This
fact is also true for the case of [/¢<1 as shown in Fig. 5. In
other words, the higher frequency mode is much stronger
than the lower frequency mode in the shear vibrator. This
result is unusual since in most of the cases, lower frequency
mode is stronger than higher frequency ones. There is no
explanation in the literature for this unusual phenomenon.

Through careful analysis. we conclude that the origin of
such a behavior comes from the fact that the shear deforma-
tion involves rotation but the electric drive does not provide
angular moment since it is due to self-induced shear strain.
Therefore, both shear motions should be involved to balance
the angular momentum of the whole vibrator.

Let us look at the two special situations shown in Figs.

6(a) and 6(b) assuming only one of the modes is being ex-
cited. Figure 6(a) represents the thickness-shear mode for
which the center plane along the thickness direction remains
still according to symmetry. Therefore, we may analyze the
upper haif of the vibrator and assume a fixed boundary at the
bottom. Similarly, we can analyze the length-shear mode as
shown in Fig. 6(b). According to Eq. (4), the two shear dis-
placements are connected to the same shear deformation S
which was driven by the external electric field through pi-
ezoelectric effect. It is clear that both types of shear motions
involve rotation and hence, the angular momentum will not
be conserved if only one type of shear motion is excited.
This is the intrinsic reason for the strong mode coupling
observed in the shear vibrators.

According to the symmetry of the vibrator, to conserve
the angular momentum of the system, the shear deformation
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FIG. 6. Nlustration of the two shear modes: (a) Thickness shear: (b) length
shear. The angular momentum is not conserved in either case.

should proceed to expand along one of the diagonal direction
and contract along the other as shown in Fig. 7. Therefore,
the ratio of the maximum displacements for the two types of
shear motion can be easily found to be '

Uy max

l
=-. ®
Uzmax ¢
Equation (8) can also be used to derive the ratio of the me-
chanical driving force for the two types of shear motion.
There are three conclusions that can be drawn from the
above analysis.

(1) The mode corresponding to the shear motion along the
longer dimension is always stronger than the one along
the shorter dimension. The amplitude ratio between the
displacements in the two directions is proportional to the
ratio of their corresponding dimensions. -

(2) The two types of shear displacements will always occur
in a paired fashion to conserve the angular momentum.
However, the lower frequency mode can be weakened
through the increase of the longer dimension.

(3) These two shear motions are equivalent, their relative
strength can be adjusted by the aspect ratio of the two
relevant dimensions. Either mode could be used to mea-
sure the material properties by proper design of the vi-
brator dimensions to suppress the other one. »

7

» z

)
FIG. 7. The shear deformation which conserves the angular momentum. The

two diagonal lines have no rotation during the shear deformation and the
ratio of the two shear displacements is I/z.
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The first conclusion explains the experimentally ob-
served phenomena of weaker lower frequency mode and
stronger high frequency mode because the amplitude of mo-
tion refiects the strength of the driving force. while the sec-
ond conclusion can be verified from the results shown in
Figs. 3 and 5. The frequency spectrum is still not smooth in
the vicinity of the desired resonance even for an aspect ratio
of larger than 22. The third conclusion has been verified
experimentally as shown in Fig. 5(b) and Table L.

V. CONCLUSION

Our experimental results and theoretical analysis proved
that the interference in the thickness-shear vibrator comes
from the length-shear mode. The frequency of the length-
shear mode depends on the length while its intensity is con-
trolled by the length to thickness ratio I/t With the increase
of the I/t ratio, the length-shear mode can be weakened but
could not be eliminated. Experimentally, we found that when
1/t=20, a relatively clean thickness-shear mode may be ob-
tained. Therefore. this ratio should be used to define the di-
mensions if one wants to use the resonance technique to
measure k,s. In the aspect ratio range of 10<1/:<20. the
impedance-frequency spectrum near the thickness-shear
mode is slightly obscured by the length-shear mode. How-
ever, the resonant and antiresonant frequencies of the
thickness-shear mode are still clearly shown on the spectrum
and the ks value calculated from the minimum and the
maximum frequencies is still acceptable. When the ratio [/t
< 10, the resonance method is not valid to determine k5 (see
Table I).

From our experimental results, the width variation of the
vibrator has no obvious influence to the spectrum of the
thickness-shear mode. The effect of changing the width is
only on the total capacitance which may have some influence
on the precision of the effective digit in the measured values.
It is recommended that the width should be at least twice as
much as the thickness to reduce the edge effect of the plate
capacitor.

The length-shear mode is a “‘twin™ of the thickness-
shear mode since they both share the same shear strain. We

Cao, Zhu, and Jiang

found that ks may also be measured accurately using this
mode if the aspect ratio #/1>20, which mirrors the situation
for the thickness-shear mode. However, owing to the fact
that the electrodes of the length-shear vibrator are coated on
a pair of minor surfaces and the relatively large distance
between the two electrodes, the measurement is more diffi-
cult than using the thickness-shear mode. The plate capaci-
tance approximation is less accurate for the length-shear vi-
brator due to some degree of edge effects. This, however.
was not a problem for the PZT ceramic samples we ‘1sed in
our experiment since the relative dielectric constant is over
1300.

Using the idea of angular momentum conservation, we
have shown that the ratio of the driving forces for the
thickness-shear and the length-shear is roughly proportional
to I/z. This explains the fact that the lower frequency mode
has much smaller amplitude than that of the high frequency
one. One could arbitrarily reduce the mode interference by
increasing the aspect ratio, but the influence of the lower
frequency mode will always exist due to the same excitation
source and the conservation of angular momentum.
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VARIABLE STRUCTURAL ORDERING IN
LEAD SCANDIUM TANTALATE-LEAD
TITANATE MATERIALS
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A phase region of variable order-disorder [VOD] has been identified in this study for
compositions in the range {x =0.0~-0.075] (x: mole fraction PbTiO;). Materials from this region
retain some degree of long-range ordering of 3-site cations as evidenced by x-ray and electron
diffraction which is enhanced with post-sinzaring annealing. Annealed ceramics exhibit sharp
dielectric responses [K(T)] and near-normal first-order ferroelectric behavior while as-fired
specimens with lesser degrees of long-range ordering show the more diffuse and dispersive
characteristics of a relaxor ferroelectric.

Keywords: Lead Scandium Tantalate: relaxors: ferroelectric properties

1. INTRODUCTION

The compound Pb(Sc;;;Ta;2)Os is a complex perovskite of the type
[Az*‘(Bi‘l?z sz)Og. The difference in the ionic radii of the B ions [0.105 A]
and the charge difference between the two are sufficient to allow for an
ordered structure and Pb(Sc,;;Ta; 2)O; may exist in ordered states ranging
from a nearly complete random distribution of B ions to nearly perfect
ordering of B’ and B” in alternating planes along (111). The ordered
structure has a double unit cell of the (NH.,);FeF¢-type pictured in Figure 1
which consists of eight basic perovskite units. The unit cell of the
superstructure is face-centered with space group Fm3m in the cubic

(paraclectric) phase. The ordered low-temperature (ferroelectric) phase has

*Corresponding author.
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FIGURE 1 The ordered (NH:):F2F, Structure.

been determined to be rhombohedral with a subcell lattice parameter of °
4.072A and o=89.82°1"! The order ‘disorder temperature of Pb(Sc; :Ta )

O; has been reported to be Top =~ 1470°C -3 and specimens with various

degrees of long-range order may be produced either by quenching from

temperatures above or near Top, to generate disorder in the compounds, or

by annealing at elevated temperatures below Top so as to induce ordering of

the B-site cations. The optimum annealing temperature range for Pb(Sc,/

Tay;2)O; ceramics has been determined to be [1000-1100°C] and , with the

maintenance of the proper PbO atmosphere. a high degree of long-range

ordering is attained in relatively short annealing periods.”!
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The dielectric response in the radio frequency range of Pb(Scy 2Ta;2)O3
materials is observed to varv sigmificantly with the degree of long-range
order/" 3 The temperature of the dielectric permittivity maximum ranges
from & —5°C to 25°C depending upon the degree of order, with the higher
transition temperatures occuring for the more highly ordered compounds.
(1.3 1 particular, there is observed a marked increase in the magnitude of
K(max) and an overall broadening of K(T) in the vicinity of the transition as
shown in Figuré 2b. A clear trend towards more diffuse and dispersive

_relaxor-type behavior occurs with decreasing long-range ordering [Figs.

3(a,b)]. The pyroelectric response of Pb(Scy2Ta 12)O;3 further reflects the
effect long-range ordering has on the temperature dependence of the
spontaneous polarization. The pyroelectric coefficients for two Pb(Sc;2Ta1/2)
O; specimens are pictured in Figures Ha. b). The pyroelectric coefficient
peak for the highly ordered sample [Figure 4(b)] is observed to be relatively
sharp while the pyroelectric peak for the more disordered sample pictured in
Figure 4(a) exhibits double pyroelectric coefficient peaks. The occurrence of
double pyroelectric peaks has besn observed for some partally ordered
Pb(Sc; -Ta,2)03 materials.”~ " A pyroelectric doublet was reported for a
partially ordered single crystal specimen:™ 51 transmission eiectron micro-
scopy [TEM] of this specimen revealed a bimodal distribution of ordered
domains consisting of ordered regions =1500 A in diameter and consider-
ably larger ordered areas 100— 1000 times the size of the smaller regions. !

Highly ordered Pb(Sc, 2Ta; 2)Os has been shown to be a first -order
ferroelectric by means of both dielectric and thermal measurements.> ¥ A
latent heat effect is observed for all partially ordered and highly ordered
Pb(Sc, -Ta;)O; materials which is enhanced as the degree of order is
increased I3 This is manifested in a marked increase in the magnitude and
an overall narrowing of the specific heat anomaly at the transition.

A variety of versatile and interesting materials may be derived from the
(1-x)Pb(Sc;/2Ta;2)03—~(x)PbTiOs solid solution system. Previous investi-
gation of this system®™ %! has shown that complete solid solution occurs
across the entire compositional range and a morphotropic phase boundary
[MPB] has been identified between rhombohedral and tetragonal phase
regions over the composition range [x= 0.4-0.45]. It is anticipated for this
systemn that some variable structural ordering: such as occurs for pure
Pb(Sc,,2Ta,2)O; will persist for compositions of low x. Assuming that the
introduction of Ti*" into the structure serves largely to disrupt the
coherence length of long-range ordering” rather than leading to a situation

*The coherence length is defined in terms of the size of order domains as determined by TEM.
UM Short coberence length long-range order: (20-800 A). Long coherence length long-range
order: (> 1000A).
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FIGURE 2 As-Fired {1] and Annealed (2] Pb(Sc, aTa,;;)O; ceramics. (a) The 311/222 x-ray
diffraction pair and (b) the dielectric constant as a function of temperature at | KHz.

where the Ti ion incorporates itself into some new ordered phase, it is
expected that at some concentration of x the variable long-range ordering
will disappear. Materials which do possess this particular structural
characteristic are, therefore, expected to respond to high-temperature
annealing in a manner similar to that of pure Pb(Sc,,;Ta;,»)O; materials.
The existence and nature of the positional ordering in these materials will be
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FIGURE 4 The pyroelectric coefficient for Pb(Sc; »Ta, 2)O; (a) As-Fired and (b) Annealed
ceramics.

manifested. as for unmodified Pb(Sc; ;Ta, 5)O;, in the X-ray diffraction
patterns. the dielectric and pyroelectric responses, and the specific heat
characteristics of the specimens. The compositional range between these
*“orderable™ compositions, which may possess varying degrees of long-range
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order, and those which likely have an invariable, short coherence length
long-range order” essentially constitute a second structural phase boundary.
Examination of this variable order.disorder [VOD] region was carried out
by means of x-ray diffraction, dielectric and pyroelectric measurements, and
thermal analysis.

2. SAMPLE PREPARATION

The (1-x)Pb(Sc;/2Ta;/2)03—(x)PbTiO; ceramics were producsd by a
conventional mixed-oxide method involving the use of high-purity starting
compounds, a precursor-phase formulation. and controlled lead atmosphere
sintering. The compositions of interest were initially prepared as powders
employing a wolframite [ScTaO.] & precursor method ¥ in order to
reduce the occurrence of undesirable pyrochlore phases. Starting oxides
Sc»0:” and Ta,0s' were batched and caicined at 1400°C for 6-8 aours to
form the ScTaO, precursor. Compositions in the range [x <0.1] were then
formulated from PbO', TiO.", and the precursor phase. Each composition
was caicined at 900°C for 4 hours and at 1000°C for 1 hour with an
intermediate comminution step. Compacted specimens of compositions
were then subjected to firing at 1400°C for 1 hour within sealed alumina
crucibles containing Pb(Sc,;,2Ta; 2)O:,P5ZrO; source powders. The speci-
mens were then subjected to a second higher temperature sintering {1500—
1560°C.:20 minutes] which was conductzd in a molybdenum tube furnace
with a relatively rapid heating and cooling schedule to avoid excessive lead-
loss. The samples were 90—95% theorstical density following this second-
stage sintering step. Specimens of each composition were annezled at
1000°C for 10 hours in a sealed system with a controlled lead atmosphere in
order to induce structural ordering. '

Specimens for X-ray diffraction. dielectric, and pyroelectric investigation
were cut as plates from the sintered disks typically [0.4 cm] on edge and
[0.025~0.03 cm] in thickness. The electrode surfaces were ground with 12
pm Al:O;, cleaned, and sputtered with gold. Silver contact points were
subsequently applied to the gold sputtered surfaces.

*See foommote on Page 283.

tSc,0; {Boulder Scientific Co. -99.99%]; Ta;O: {Hermann C. Starck (Berlin) -Siand. Opt.
Grade]: PbO {Johnson Matthey-Materials Technology UK-Grade Al]; TiO» [Aesar (Johnson
Matthey Inc.) -99.999%].
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The samples prepared for thermal analvsis were all sintered at 1400°C for
1 hour and ground to 2 powder for measurement. The powder samples,
typically 80100 mg in size, were sealed in aluminum pans.

3. EXPERIMENTAL PROCEDURE

- The degree of long-range order in the (1-x)Pb(Scy/2Ta}2)03—(x)PbTiO4
specimens was determined by x-ray diffraction using a Scintag [PADV]
automated diffractometer. CuKer radiation was employed. The degree of
structural ordering was evaluated by means of the long-range order
parameter, S, which is defined in terms of the relative intensities of the
superlattice and normal lattice reflections as:

Sz _ [ Isuper ] i’I.\'or::z.i
INormat J os & Jsuver _carc

(1)

where the superlattice/normal reflection pairs employed are 111/200 and
311/222.%-3-% The long-range order parameter, S. describes of B’ and B"
ions on the B-site of Pb(B P B'[’/z)O; as expressed by:

_n—Fg

S—I—Fg

)

where Fp is the fraction of B’ ions in the compound and 7 is the fraction of
the B’ sites actually occupied by a B’ ion. This expression reduces to:

S=21-1 3)

for a 1:1 arrangement of B-site cations. A completely ordered arrangement
of ions has S=1 while a completely disordered arrangement is denoted by
§'=0. The calculated ratio in Equation (1) has been determined for the
completely ordered condition {S=1] and has, for Pb(Sc, 121212)03, values
1.33 and 0.59 for the 111/200 and 311,222 pairs respectively.!!! The 311/222
pair (Fig. 2a) was used in this investigation to evaluate the degree of long-
range order present for the (1—x) Pb(Sc; ;Ta; 3)O3—(x)PbTiO; materials.
Assuming that the ordering that occurs for these specimens is essentially a
1:1 ordering of Sc**and Ta’*on the B-site interrupted by the presence of
Ti**, the long-range order parameter as defined above may still be applied
to evaluate the degree of long-range ordering present. The result of the
present study tend to support this assumption: however, it is acknowledged
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that a more thorough investigation is required to verify the actual position
of the Ti ions in the structure and, in the event that some type of ordering
occurs in which the Ti ion itself is incorporated, that the long-range order
parameter must be redefined in order to accurately quantify the degree of
long-range ordering that exists. In the light of these considerations,
however, it should still be feasible to monitor the devolution of the variable
structural ordering with composition in terms of the long-range order
parameter, S, as defined so as to provide some gauge by which to assess the
relative degree of ordering present throughout the compositional range of
interest. ’ ‘

The dielectric constant, X, and dissipation factor, D, were measurad as a
function of temperature and frequency using an automated system
consisting of an oven [Model 2300, Delta Design, Inc.], an LCR meter
[Model 4274A, Hewlett Packard, Inc.], and a digital multimeter interfaced
with 2 desk top computer [Model 9816, Hewlett Packard, Inc.]. Dielectric
runs were made at 1 KHz over a temperarture range of [-150-260°C].

The pyroelectric response was measured by a modified Byer-Roundy!'4
method. The specimens were initially poled in air within a temperature
chamber [Model 2300, Delta Design, Inc.] in the vicinity of the transition
temperature under a poling field of [20 (KV/cm)] for 15 minutes and cooled
with the field applied to ~ —100°C. The poling field was then removed. A
desk top computer [Model 9816, Hewlett Packard, Inc.] was used to record
the pyroelectric current data coilected by the picoammeter [Mode! 4140B,
Hewlett Packard, Inc.]. The pyroelectric coefficients were subsequently
calculated from the pyroelectric current data.

Thermal analysis was conducted by means of differential scanning
calorimetry [Model DSC-2, Perkin Elmer]. The specific heat, C,(T), was
determined by referring the thermal curve of the specimen to that of a
similarly contained sapphire standard. :

4. RESULTS AND DISCUSSION

A series of sample was assembled comprised of as-fired and annealed
specimens of compositions [x=0.025, 0.05, 0.075 and 0.1]. The x-ray
diffraction peaks appearing in the 26 range [34—42°] are pictured in Figure
5(a-d). The as-fired specimens [1], for all compositions, exhibit only the
fundamental reflection 222, with, at most, only a very subtle increase in
intensity in the vicinity of the 26 range over which the superlattice reflection,
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FIGURE 5 The 311/222 X-ray diffraction pair and 1 KHz X(T) response of As-Fired
{1] and Annealed {2] (1-x)Pb(Sc; 2 Ta; 2)O;—(x)PbTiO5 ceramics: (a) x=0.023. (b) x=0.05,

(c) x=0.075. and (d)x=0.1.



LEAD SCANDIUM TANT. ALATE-LEAD TITANATE MATERIALS 291

311, should appear. The 311 reflection does appear for annealed specimens
[2], however, decreasing in magnitude with increasing x up to [x=0.1] for
which no superlattice reflection is observed. The S parameters evaluated for
the annealed specimens are plotted as a function of composition over the
range [x=0-0.1]in Figure 6. The degree of long-range ordering present for
these specimens is seen to decrease steadily up to [x=0.1] where long-range
ordering is no longer detectable by x-ray diffraction.

Dielectric data collected at 1 KHz are given in Table I and the dielectric
constant is shown as a function of temperature [I KHz] in Figure 5(a~d)
for as-fired [1] and annealed [2] specimens. A marked sharpening of the
dielectric constant peak with annealing is observed for all compositions
[x <0.075] similar to what is typically observed for pure Pb(Sc;,2Ta; 7)Os,
where a very sharp peak indicates a highly ordered state and the normal

ferroelectric behavior generally associated with such a specimen. The
development of a more normal ferroelectric response upon annealing is also
evident for the [x<0.075] specimens in the marked decrease of the
temperature interval between the dieléctric constant and the dielectric loss

LO T 1 T 1 T 1 T | T
o.8f | | ~
0 6; .

— @ -
’ °
5§ | .
0.4} -
0.2~ -
®
0.0 1 1 1 { 1 ! i * ] 1 Py
Q00 002 004 006 008 0lI0
‘ X

FIGURE 6 The S parameters evaluated for annealed specimens [x=0-0.1}.



292 ' J. R. GINIEWICZ er al.

TABLE [ Dielectric data for As-Fired (1] and Annealed [2] VOD compositions [x=0-0.1]

x i K(max) T°C D/max) rc 6°C  AT/max)
0.0 1 17700 5 0.08 -12 35 17
0.0 2 . 6400 20 0.05 9 ' 11
0.025 1 11000 18 0.07 =25 40 2
0.025 2 7400 18 0.05 4 14
0.05 1 14600 25 0.06 -20 35 42
0.05 2 11300 25 0.07 10 14
0.075 1 26300 35 0.07 15 35 16
0.075 2 27600 35 0.06 25 11
-0.1 1 22900 - 38 0.07 25 .35 13

: 1. As-Fired 2: Anneajed
6: Defined according to the refationship*: (/5 -1, Konae)] = (T - r,.,)z/(zxmaz)
ATNmax): difference between the temperatures of the dielectric constant and dielectric loss maxima

maxima [AT (max)] (Tab. I). A strong frequency dependence of both the
dielectric constant and the dielectric loss for all as-fired specimens, similar to
that pictured in Figure 3b for the pure Pb(Sc; -Ta; -)O; material with a low
degree of structural ordering, was observed over the frequency range
considered in this study.

Typical of pure Pb(Sc, 2Ta12)O3 is 2 decrease in the dielectric constant
maximum upon ordering [Fig. 2b]. This tendency is also observed for the
modified compositions with the difference between the maxima of as-fired
and annealed specimens at a given composition showing a steady decrease
on approaching the [x=0.075] composition. Some grain-growth upon
annealing for compositions [x > 0.05] was apparent in this study which is
expected to contribute, at least in part. to the enhanced response of the
annealed specimens in this composition range.

The pyroelectric coefficients for as-fired (1] and annealed [2] specimens are
shown as a function of temperature in Figure 7(a-d). Distinctive double
peaks were observed for all of the as-fired compositions [x<0.1]. A
maximum separation of the two peaks occurs at [x=0.025] followed by a
steady decrease in the separation up to [x=0.1]. The existence of a second
peak is barely discernible for the as-fired [x=0.075] composition, appearing
more as an asymmetry in the peak response in the form of a “shoulder” on
the high-temperature side of the peak. Pyroelectric doublets such as these
have been observed for partially ordered Pb(Sc;,2Ta,/3)O3 material which
have been associated with the existence of bimodal size distribution of well-
defined ordered regions within the specimen as evidenced by TEM images.™!
Assuming that this type of response may be associated with the variable
nature of the structural ordering that is evident for these compositions, the
occurrence of a doublet and the disappearance of such a feature in the
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FIGURE7 The pyroelectric coefficient for As-Fired (1} and Annealed [2] (1-x) Pb{Sc;2Tay;2)
0;—(x)PbTiO; ceramics: (a) x=0.025, (b) x=0.05, (cj x=0.075, (d) x= 0.1.

response may be correlated with the existence of a variable long-range
ordering and the compositional limit to which such ordering can be
retained. Such an assumption is further supported by the consistent change
in the pyroelectric coefficient doublet to a single peak response with
annealing. which has already been shown to enhance the degree of long-
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range ordering in specimens with compositions in this range. Further, the
comparative sharpness and intensity of the peaks associated with the
annealed samples with respect to the as-fired ceramics suggests that a nearly
optimum and reasonably homogeneous state of ordering is achieved for
these specimens.

The specific heat, Cy(T), of as-fired and annealed samples are shown in
Figure 8(a—d) and the omset temperatures, T,, and enthalpies, AH, are
recorded in Table II. These powdered specimens were all fired only under
the first-stage sintering conditions previously described and, hence, the as-
fired specimens were already partially ordered with the S parameter values
indicated in Table II. The degrees of long-range ordering of the annealed
powders were thus somewhat higher than what was achieved for samples
which had been densified at higher temperatures and annealed as solids
under the same conditions. In all cases. there is observed an enhancement in
the maximum specific heat with annealing for a given composition, similar
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FIGURE 8 The specific heat, C(T’), of As-Fired [1] and Annealed [2] (1-x)Pb(Scy 1 Ta; )
O3-(x)PbTiO; ceramics: (a) x=0.0, (b) x=0.05, (c) x=0.075, (d) x=0.1.
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TABLE II The enthalpies {[AH] and onset temperatures {7,] of selected As-Fired [1] and
Annealed [2] VOD compositions

X t s - T°C AH
(caiimole)
0.0 1 0.80 16 0
0.0 2 0.96 18 8
0.025 1 0.60 3 n
0.025 2 0.77 3 29
0.05 1 0.50 10 7
0.05 2 0.70 8 18

-t I: As-Fired 2: Annealed.

to that occurring for pure Pb(Sc,,»Ta, )O3, and a general decrease for both
as-fired and annealed specimens with increasing x approaching [x=0.1]. The
onset temperatures, T;, (Tab. II) are generally observed to increase with
increasing Ti-content while the enthalpies follow an overall decreasing trend
with increasing x.

The general trends observed in the thermal properties of the VOD
compositions with differing degrees of long-range order are in accord with
those occurring in the dielectric and pyroelectric responses of these
materials. In all cases, the more ordered specimens at a given composition
show a more pronounced thermal effect which becomes steadily more diffuse
with increasing x.

5. SUMMARY

A preliminary depiction of the (1—x) Pb(Scy;;Ta,/2)O3—(x)PbTiO; solid
solution. based on the data that are currently available for ceramic
specimens from this system ! is shown in Figure 9 in which the VOD phase
region [V] as determined for this particular series of samples is identified.
The boundary between these compositions of variable order/disorder [VOD]
and rhombohedral compositions, which on the basis of x-ray diffraction
are evidently unaffected structurally by the post-sintering heat-treatment
conditions applied in this study, was determined to be in the composition
range [x=0.075~0.1]. The proposed high-temperature Mixed Cubic [XRD]
region depicted in Figure 9 over this composition range represents the
coexistence of ordered and disordered phases which may be detected by
means of x-ray diffraction. Further definition of the VOD phase region and
a thorough refinement of the exact structural nature of the materials within
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FIGURE 9 A preliminary depiction of the (1 —x)Pb(Sc; ~Ta;;2)0;—(x)PbTiO; solid solution
system. {x: mole fraction PbTiO;].

it will require a systematic survey of these compositions over a broad range
of annealing temperatures and periods. Such an investigation may yield
results which indicate that, under different annealing conditions. the
compositional range of variable order/disorder [VOD] is extended some-
what bevond the boundary determined in this study.

Also indicated in Figure 9 is a range of compositions [x=0.1-0.3] for
which. on the basis of electron diffraction, it has been determined that some
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short coherence length long-range ordering does exist as evidenced by the F-
type superlattice spots appearing in the electron diffraction patterns. It is
suggested in this initial depiction of the system that this coexistence of
ordered and disordered phases. similar to what is shown for the fx=0-0.1]
compositions, likely extends well into the high-temperature cubic phase
region (Mixed Cubic [ED]). Materials with compositions [x > 0.4} show
_ mo evidence of any long or short coherence length long-range ordering
by means of x-ray or electron diffraction and, hence, on the basis of these
observations, are regarded as completely disordered. The structural
characteristics and associated ferroelectric behaviors of these compositions
beyond the VOD region are presented in greater detail elsewhere, (6]
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Quantitative Comparison of Transmission Electron Microscopy
Techniques for the Study of Localized Ordering on a Nanoscale
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Different transmission electron microscopy techniques

have been compared for the detection and size measure-

ments of ordered regions on a nanometer scale in a disor-
dered matrix phase. As a model system, the perovskite lead

" magnesiuam niobate doped with varying amounts of La has
been chosen for the present study. While selected area elec-
tron diffraction can reveal the existence of ordered struc-
tures, dark-field contrast micrographs are usually used to

- reveal the spatial distribution and the size of ordered re-
gions. However, for small ordered regions, a few nanom-
eters in diameter, the measurements are no longer accurate
because of superposition in projection. High-resolution
transmission electron microscopy (HRTEM) combined
with image processing is shown to be a suitable technique to
provide a quantitative measurement of such localized or-
dering. The detection limit of this method is discussed in
detail, using the experimental results and HRTEM image
simulations.

I. Introduction

IN RECENT years much interest has centered on ferroelectric
compounds with diffuse phase transitions. With these so-
called relaxor materials, the transition does not occur at a2 well-
.defined temperature (the Curie point), but over a temperature
span which is referred to as a Curie range. Within the Curie
range there exists a temperature for which the electrical per-
mittivity is a maximum. The maximum in relaxors is, however,
frequency dependent (within the radiofrequency spectrum),
with the maximum displacing to higher temperatures as the
applied frequency is increased. This behavior gives rise to a
dispersion in the curve relating permittivity and temperature.
Since relaxor materials have broad ferroelectric transitions
- coupled with high permittivity, they are very attractive for use
In capacitors.

Oxide compounds with the perovskite structure are the. best-
known relaxors. The broad or diffuse transition exhibited
by relaxors is artributed to the existence of fluctuations in
composition, as well as to the polar microregions in the mate-
rials.'~3 Previous studies revealed the existence of phase
scparation on a nanometer scale due to localized chemical
ordering in relaxor materials, such as Pb(Sc,;Ta,2)O; (PST), Pb-
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(Mg, sNb,,;)O; (PMN), and their solid solutions.*-'® To
understand the properties of relaxor materials, it is important to
know the size and distribution of such ordered nanoregions.
Transmission electron microscopy (TEM) provides a useful
tool to resolve these questions.*>1%-'3 The superstructure
resulting from chemical ordering can be revealed by selected
area electron diffraction (SAED). The nanosized ordered re-
gions can be observed directly by dark-field (DF) contrast im-
aging and by high-resolution transmission electron microscopy

The model system chosen for the present study was perov-
skite lead magnesium niobate (PMN), which is a typical ex-
ample of a relaxor from the complex lead perovskite family
with the general formula Pb(B;B]_)Os. The disordered phase

®

Fig. 1. (a) Schematic model for the atomic structure of disordered
PMN, which is a simple perovskite structure. (b) Proposed model for
the structure of ordered PMN.'* Oxygen atoms are not shown in (b).
Note that the nearest neighbors on the B-sublattice are unlike and the
next-nearest neighbors are similar, which results in an F-centered lat-
tice. .
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Fig. 2. SAED patterns recorded from the PMN samples doped with (a) 5 at.% La, (b) 3 at% La, and (c) 1 at% La. Note that the intensity o
superlattice reflections relative to disordered reflections decreases with a decrease in La concentration. .

of the relaxor PMN has a simple cubic perovskite structure. In
the ideal perovskite structure A-cations occupy the corner po-
sitions of the lattice, B-cations occupy the body-center posi-
tion, and oxygen anions are situated at the face-centered posi-
tions. In the disordered PMN phase the B-sites are randomly
occupied by Mg and Nb ions, as shown in Fig. 1(a). Since two
types of ions (Mg?* and Nb>*) with different valences and jonic
radii occupy the same crystallographic position (B-site),
chemical ordering can occur, which has been directly revealed
by TEM investigations.®-* In the ordered structure the nearest
neighbors on the B-sublattice are unlike and the next-nearest
neighbors are similar, which results in a distinct F-centered
2a, X 24, X 2a, superlattice (where gy is the lattice parameter
in the disordered perovskite structure), as shown in Fig. 1(b).
The diffuse, but distinct, superlattice F-spots were revealed by
SAED, and ordered regions of 2-5 nm in diameter were also
observed in DF images formed by superlattice reflections.’® In
order to understand the ordering characteristics in PMN, La-
and Na-doped PMN and solid solutions of Pb(Mg, aNDy3 )O3~
PbTiO; (PMN-PT) were investigated by use of conventional

DF microscopy.”!41% They found that the size of the ordered
regions increases with increasing La concentration, but de-
creases with an increasing content of Na or PT, and based on
these observations concluded that the ordering in PMN re-
sults in a deviation from stoichiometry to Pb(Mg,,Nb,)O;
(Mg:Nb = 1:1). However, most of the samples studied were
doped with high La concentrations (5-30 at.%) where imhomo-
geneity of the La causes large variations in the sizewof the
ordered regions.!* PMN doped with lower amounts of.La (0
and 2 wt% La,0,),' but their DF microscopy does not allow
for quantitative size measurements, only a qualitative cempari-
son. Thus, a quantitative comparison of the size of the ordered
regions as a systematic function of La doping is still required.

As mentioned above, the accuracy to which the size of the
nano-ordered regions can be measured from DF micrographs is
Limited, probably because of the superposition of ordered re-
gions in the direction of the electron beam. It is the purpose of
this paper to present a systematic comparison of different TEM
techniques (SAED, DF, HRTEM) for the size determination of
nanosized ordered regions. It will be shown that HRTEM lat-
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Fig. 3. DF contrast micrographs corresponding to the SAED patterns in Figs. 2(a~), using the superlamice reflection (333). Regions of high

intensity (bright) correspond to the ordered regions.

tice images in combination with image processing provide an
accurate measurement of nanosized ordered regions, while DF
microscopy does not.

II. Experimental Methods

Bulk samples were produced by mixing stoichiometric mix-
tures of PbCO3, LazO3, MgCO;, ﬁOZ, and szOs by ball-
milling in distilled water for 12 h. After drying, the mixture
was calcined for 4 h at 700°C and again ball-milled for 12 h
The milled powders were then pressed into 13 mm diameter
disks under 140 MPa, sintered between 1100° and 1200°C for
2-4 h, and then annealed at 900°C for 4-6 h.'*"!8

Thin disks with a diameter of 3 mm were cut from the bulk
PMN ceramic materials. The disks were mechanically ground
to a thickness of 100 wm and further thinned to ~20 wm by
mechanical dimpling, followed by ion-milling (at 6 kV and 4°,
BalTek) until perforation. In order to minimize charging under
the electron beam, the TEM specimens were coated with a thin
layer of carbon, and glued to a copper ring using a conducting
silver paste.

Conventional TEM studies by SAED and DF micrograph

were conducted with a JEOL 200CX electron microscope
equipped with a side-entry double-tilting specimen holder. The
smallest objective aperture (~5 wm) was used for selecting a
superlattice reflection to form DF images. HRTEM investiga-
tions were conducted using 2 JEM-4000EX microscope with 2
point resolution of 0.17 nm. HRTEM micrographs were re-
corded through a Gatan Slow Scan CCD camera (1024 x 1024
pixels). Image filtering and processing were conducted using
the software package DigitalMicrograph (Gatan), and the size
of ordered nanoregions was determined using the computer
program NIH-Image (Wayne Rasband).

III. Experimental Results and Discussion

(1) Electron diffraction
. SAED patterns along the (220) zone axes* were obtained
from the studied samples. Figures 2(a—) show three examples,

$[n the following. an index system corresponding to the F-centered ordered struc-
aure with a lattice parameter 24, (@ = 0.404 nm) is used.
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[20nm
———— |

Fig. 4. (a) Digitized micrograph of a.DF contrast image formed by
using the superlattice refiection (333). (b) Black/white image obtained
after computer processing of micrograph (a).

which were recorded from the PMN samples doped with (a) 5
at.% La, (b) 3 at.% La, and (c) 1 at% La. All of the diffraction
patterns show the existence of {111} superlattice reflections.
resulting from F-centered ordering. The intensity of superlat-
tice reflections relative to disordered reflections decreases with
a decrease in La concentration. Furthermore, the superlattice
reflections become more diffuse (but still distinct) from Fig.
2(a) to (c). These results show that ordering in the samples
becomes weak, and/or the size of ordered regions becomes
smaller as a function of dopant concentration. Since the degree
of ordering within the ordered regions is ot known, SAED
cannot be used to unambiguously discern between the degree
of ordering and the size of ordered regions.

(2) Dark-Field Imaging Using a Superlattice Reflection

DF images were recorded by selecting a superlattice reflec-
tiond The micrographs in Figs. 3(a—c) present DF contrast
micrographs corresponding to the SAED patterns in Figs. 2(a—
¢), using the superlattice reflection (333). Bright regions of
high intensity correspond to the ordered regions. Qualitative
inspection of these micrographs does not show an unambigu-
ous increase in ordered region size with an increase in La
content.

In order to determine the size of nanosized ordered regions,

YAl of the DF micrographs were obtained by tilting the incident beam such that the
{111} reflection remained on the opticaxis, creating a centered dark-field image.
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Fig. 5. Measured size and first standard deviation of the nanosized
ordered regions plotted as a function of La concentration for the vari-
ous specimens (determined from DF micrographs). ‘

the DF micrographs were digitized and processed using a com-
puter program. First, the mean intensity of the disordered ma-
trix (the threshold intensity) was measured. This intensity value
was used to distinguish between the disordered and ordered
regions in the image analysis process, where the ordered re-
gions were redefined as black, and the disordered matrix as
white. Figure 4(a) shows a digitized micrograph, and Fig. 4(b)
shows a black/white image after computer processing. The size
of the ordered regions were determined using this method. In
Fig. 5 the measured size and first standard deviation are pre-
sented as a function of La concentration for the various speci-
mens. ™t

Because of the varying threshold intensities across the origi-
nal micrograph in Fig. 4(2), some ordered regions are not in-
cluded in the processed image in Fig. 4(b). Furthermore, the
superposition of ordered regions in the beam direction results
in large black regions in the processed image, which also in-
troduces a large error in the size measurement. Thus no quan-
titative conclusion can be made from DF micrographs concern-
ing the relationship between domain size and La concentration,
because the standard deviation is too large. Such errors will
always exist in measurements taken from DF micrographs, due
to the large specimen thickness (~100 nm) relative to. the
ordered region size, and the varying background intensity.
The source and magnitude of these errors will be compared to
HRTEM results in the next section.

(3) HRTEM Observations and Image Processing

Tt is well known that the periodicity and contrast in HRTEM
lattice images depend not only on the specimen crystal struc-
ture, but also on the microscope contrast transfer function
(CTF), the objective aperture size, the value of objective lens
underfocus, and the specimen thickness.'® In order to detect the
ordered regions, the microscope operating conditions must be
such that the intensities of the superlattice reflections are maxi--
mum in the real-space lattice image. Assuming a weak-phase
object (thin specimen), this condition can be reached by analy-
sis of the CTF following the technique developed by Hutchin-
son er al.?° As shown in Fig. 2, chemical ordering results in
{hkl} superlattice reflections with &l all odd. For the objective
aperture used in this work (6.7 nm~'), most of the intensities of
the diffracted beams contributing to the [110] lattice image are
from {202}, {222}, and {004} planes. The intensities of the

**For both DF and HRTEM nﬁmgnphs(nexxsecﬁon)themamdvahmofﬂw
sizzofmeorderedregionsareavmgevaluesmkenﬁommorethanzmordemd
regions in at least four different grains, for each La concentration.
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Fig. 6. Two CTFs at a defocus of (a) 50 nm (Scherzer defocus) and (b) —65 nm for the JEM-4000EX. Note that the intensity of lattice planes
in the real-space image strongly depends on the defocus value of the objective lens.

superlattice reflections {111} and {113} are much lower than
that of other reflections. Figure 6 shows two CTFs at a defocus
of —50 nm (Scherzer defocus) and —65 nm, respectively, for the
JEM-4000EX. It is clear that the intensity of lattice planes in
the real-space image will strongly depend on the- defocus value
of the objective lens. At Scherzer defocus (Fig. 6(a)), optimal
resolution can be obtained. However, both the disordered ma-
wix reflections and the superiattice reflections strongly contrib-
ute to the image. To obtain optimal contrast to detect the or-

dered regions in the disordered matrix, a defocus value which
will reduce the intensity of disordered lattice planes should be
obtained. Figure 6(b) shows the CTF at a defocus of ~65 nm,
where the strong {202} reflection is reduced to zero and the
superiattice reflection {111} has an intensity maximum. There-
fore, at this defocus the ordered regions in PMN should be
distinguished from the disordered matrix.

This optimal defocus value is correct only for a weak-phase
object (a very thin specimen). The objective lens defocus can
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Fig. 7. Demonstration of the process used to automatically differentiate between the nanosized ordered regions and the disordered matrix: (a) A
HRTEM micrograph recorded from the PMN spécimen doped with 5 at.% La. (b) A Fourier transformation of image (a), where superlattice {111}
reflections are evident. (c) A Fourier-filtered image using a periodic (Bragg) filter to include intensities from both ordered and disordered reflections.
(d) A Fourier-filtered image, where only superiattice {111} reflections were included in the Bragg filter. (¢) Intensity slice of image (d), which

clearly shows the ordered regions.
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be optimized for a nonidealized specimen (non-weak-phase
object) in two ways. First, the intensity of lattice planes in
simulated images can be evaluated as a function of defocus and
specimen thickness (see Section I (4)). Second, on-line Fou-
rier twansformations of experimental images can be used to
experimentally obtain relative ordered/disordered reflection in-
tensities from HRTEM lattice images. Quantification of
{111}/{002} intensity ratios as a function of objective lens
defocus can then be used to find the optimal defocus for a
specific region of the specimen (constant thickness). The sec-
ond method was applied during acquisition of the images pre-
sented in this work, and a defocus range of —65 to —70 nm was
found to be optimal for the specimen thickness obtained after
conventional ion-milling. .

Figure 7 demonstrates the process used to automatically dif-
ferentiate between the nanosized ordered regions and the dis-
ordered matrix. The HRTEM micrograph in Fig. 7(a) was re-
corded from the PMN specimen doped with 5 at.% La.
Nanosized ordered regions can be distinguished from the dis-
ordered matrix. Figure 7(b) shows a Fourier transformation of
this image. Superlattice {111} reflections are evident. Figure
7(c) is a Fourier-filtered image of Fig. 7(a). The filtering pro-
cess included the use of a periodic (Bragg) filter to include
intensities from both ordered and disordered reflections. At the
same time a *‘difference’” image was obtained using the same
Bragg filter to discriminate against all periodic reflections. The
accuracy of the filter process was then carefully checked in
order to ensure no loss of information by searching for residual
periodic contrast in the ‘‘difference’” image.?' The shape and
size of the Bragg filter were adjusted such that no loss of
informarion occurred. Figure 7(d) is also a filtered image.
where only superlattice {111} reflections were included in the
Bragg filter. This process resuits in an image where the contrast
resuiting from the ordered regions is clearly distinguishable
from the backeround intensity (the disordered matrix).

The intensity of the disordered matrix (the threshold inten-
sity) was then measured from the filtered images (Fig. 7(d)). In
this way an intensity slice was defined where the minimum was
the threshold intensity, and the maximum was the intensity
from the ordered regions. Application of the intensity slice to
Fig. 7(d) resulted in Fig. 7(e), which is then ready for auto-
mated computer measurements of the ordered regions.

Figure 8 demonstrates the final step in automated measure-
ments of the ordered regions. Figure 8(a) is a micrograph
showing the configuration of nanosized ordered regions, ob-
tained using the image processing described above. Figure 8(a)
was then converted to a black/white image as shown in Fig.
8(b), where the perimeter of the ordered regions is distin-
guished using the background intensity. Figure 9 shows the
measured size of the ordered regions from HRTEM micro-
graphs plotted as a function of La concentration. The standard
deviations are also shown by error bars in the figure.

The main source of error in the measurements conducted on
the HRTEM micrographs is overlap of ordered regions in the
electron beam direction. This can be concluded from the in-
crease in error with an increase in ordered region size (an
increase in La concentration). Also, a larger distribution of
ordered region size may exist for higher La concentrations.
which in turn should increase the measurement errors. These
two sources of error cannot be separated by a simple histogram
analysis. ‘

Overlap of the ordered regions will cause a larger error in the
analysis of DF images due to the larger specimen thickness,
and thus the higher probability of superposition of ordered
regions. as compared to HRTEM images which are recorded
from very thin regions. HRTEM micrographs are always re-

corded at higher magnifications than DF images. Thus the’

specimen thickness is HRTEM images varies less than in DF
images. This is the reason for the varying background intensity
of the DF images, which does not exist to the same degree in
the application of HRTEM images. and is a clear advantage of
HRTEM for size measurements of ordered nanoregions.
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Fig. 8. Demonstration of the automated computer measurements of
the ordered regions from HRTEM images: (a) A micrograph showing
the configuration of nanosized ordered regions, obtained using the
image processing shown in Fig. 7. (b) A black/white image converted
from the image in (a) was used for the size determination of ordered
nanoregions.

(4) Detection of the Ordered Regions by HRTEM

Based on the experimental results just presented, one can
conclude that for the size determination of nanosized ordered
regions in PMN, the combination of HRTEM lattice images
and related image processing provides a higher accuracy than
DF microscopy. However, it should be noted that the measured
regions in the HRTEM micrographs may not be the same area
as the projection of the domains in the electron beam direction,
because the detectability depends on the relative thickness of
the ordered region to the total specimen thickness (in the elec- -
tron beam direction). Assuming a spherical shape of the or-
dered region, the edge of the ordered region, where its thick-
ness in the beam direction is less than the center of the ordered
region, may be undetectable in the lattice image. In other
words, the area measured from the HRTEM micrograph may
be less than the real projected area of the ordered domain. This
will give an additional error in the measured size. To under-
stand the importance of this error, HRTEM image simulations
were conducted using the computer program EMS.Z

Figure 10 shows a schematic representation of how the simu-
lated images in Fig. 11 were calculated. Simulated images were
calculated for a PMN specimen with an ordered region of vary-
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Fig. 9. Measured size of the ordered regions from HRTEM micro-
graphs plotted as a function of La concentration. The standard devia-
tions are shown by error bars'in the figure.

ing thickness embedded in a disordered matrix, using different
objective lens defocus values. The ordered slice is located in
the middle of the model specimen. In the simulation the total
thickness of the specimen remained the same (10 nm). How-
ever, the thickness of the ordered region increases from zero
for the completely disordered simulation (a), to 10 cells for the
completely ordered simulation (f). Each cell is 1.1 nm thick,
which is the thickness of the ordered unit cell in the [110]
direction. According to this simulated image map,** one finds
that the ordered structure can be distinguished from the disor-
dered matrix even in Fig. 11(b), where the thickness of an
ordered slice is only 2 nm (see Fig. 10(b)). In fact, from the
image simulations this holds true even when the thickness of an
ordered region is as thin as 1 nm (not shown in Fig. 10).
However, a direct quantitative assessment of the detection limit
(the minimum detectable thickness of the ordered region) can-

=The simulated image map in Fig. 11 was produced using invariant contrast: Le.,

dnﬂngpxinﬁngnochangswmmademtheoonmstoflhesepmhnaga.swd

the maximum or minimum intensity between the different images be normalized, then

g:an contrast would change and the apparent detectability of the ordered region would
ge.

Ordered Cell
Disordered Cell

Fig. 10. Schematic representation of the structural model] used for
the image simulation of a PMN specimen with an ordered region of
varying thickness embedded in a disordered matrix, at different ob-
jective lens defocus values. In the simulation the total thickness of the
specimen remained the same (10 nm). The thickness of the ordeved
region increases from 0 for the completely disordered simulation (a),
to 10 cells for the completely ordered simulation (f). Each cell is 1.1
nm thick, which is the thickness of the ordered unit cell in the [1 10]
direction.

not be determined because experimental values of inelastic
electron scattering are not known. One would assume that this
detection limit would become worse as a function of increasing
specimen thickness. For the limiting case of a very thin speci-
men, which applies to the images recorded from the edge of the
specimen perforation, the detection limit from HRTEM does
pot seem to be a limiting factor, and is certainly less than the
errors introduced from overlap of the ordered regions. Theses
errors result in the standard deviation in Fig. 9. From the image
map in Fig. 11 one can also conclude that the detectability of
the ordered structure at defocus values between ~60 and ~70
nm is much higher than at other defocus values. This is in
agreement with the calculated CTFs mentioned previously.
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Fig. 11. Computer simulated image using the structural model presented in Fig. 10.
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(5) Role of La in Ordering

Previous investigations'*!5 have suggested that ordering in
PMN includes a change in the Mg:Nb ratio from 1:2 to 1:1. The
deviation from stoichiometry results in a charge imbalance in
the ordered regions, which has been postulated as the main
limit to the size of the ordered regions. If La is introduced into
PMN as a substitutional ion on the A-sites (Pb-sites), the
charge imbalance in the ordered region will be reduced.

The driving force for ordering is a reduction in free energy.
In the case of PMN, ordering is assumed to result in a charge
imbalance due to the deviation from stoichiometry, thus limit-
ing the size of the ordered regions. While doping with La
should cause an increase in elastic energy due to the difference
in cation radii between La and Pb, it will also reduce the charge
imbalance in the ordered regions. The present results show a
systematic increase in the size of the ordered nanoregions with
an increase in La concentration. Thus one can conclude that the
reduction in free energy due to charge reduction is larger than
the increase in free energy due to elastic strain. This interpre-
tation is based on the assumption that the degree of ordering in
the ordered regions is 1.0. HRTEM observations by Park et
al.23 combined with image simulations have concluded that the
long-range order parameter for the ordered regions ranges be-
tween 0.2 and 0.8. However, even if the ordered regions do not
have a long-range order parameter of 1.0, some charge imbal-
ance would exist, and La would still serve to reduce this effect,
and allow for larger ordered nanoregions.

IV. Conclusions

Different transmission electron microscopy techniques have
been compared for the detection and size measurements of
ordered nanoregions in disordered PMN. SAED can reveal the
existence of ordered structure. However, the intensity of dif-
fracted electron beams varies with the change of both ordering
parameter and the size of the ordered regions. DF microscopy
directly shows the presence of the ordered regions, but does not
provide accurate size measurement for ordered nanoregions,
because of the overlap of the ordered regions in projection.
HRTEM combined with image processing is a more suitable
technique in providing a quantitative measurement of the size
of ordered nanoregions. Thus HRTEM was applied to measure
the size of ordered nanoregions in PMN as a function of LA
concentrations. Jt was found that La increases the average size
of the ordered regions in agreement with previous models
where La is assumed to counter the charge imbalance caused
by deviation from stoichiometry during ordering.
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Change in electromechanical properties of 0.9PMN:0.1PT relaxor
ferroelectric induced by uniaxial compressive stress dnrected

perpendicular to the electric field
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It was shown that the uniaxial compressive stress applied perpendicular to the electric field strongly
changes the dielectric and electromechanical properties of relaxor ferroelectric 0.9PMN:0.1PT at
temperatures around its dielectric constant maximum, T,,. This includes: (i) a shift of the
temperature of the electric field induced phase transition into the ferroelectric state and a depoling
temperature to higher values which brings a large hysteresis in the material response to the electric
field, and (ii) the symmetry breaking in the plane perpendicular to the direction of the electric field
(3-axis). Using this symmetry breaking, from the ratio of the effective piezoelectric coefficients in
the field biased state, d3;/d3;, the size of the micropolar regions at temperatures near T,, was
estimated. © 1999 American Institute of Physics. [S0003-6951(99)04503-9]

In recent years, the electrostrictive properties of relaxor
ferroelectrics (relaxors) have been the focus of intensive
studies in view of their application in actuators and transduc-
ers. This is because at temperatures around the dielectric
constant maximum, T, relaxors exhibit large electrostric-
tive strain, the strain-field relationship is practically free of
hysteresis,! and the effective piezoelectric coefficient can be
tuned by changing the magnitude of the dc bias field.> These
features are highly desirable for actuators used in precise
micropositioning and for applications in smart structures.

The material selected for this study was solid solution
(1-x)PMN:xPT, with x=0.10, because it exhibits the high-
est strain around room temperature among other relaxor
compositions. The goal was to characterize the change in its
electromechanical properties with external stress, since in
most actuator and transducer applications, the material is of-
ten subjected to high external mechanical load. In addition to
these purely practical issues, we also demonstrate results
which are of interest from a fundamental point of view. It is
shown that by using the stress dependence of the piezoelec-
tric coefficients of 0.9PMN:0.1PT one can deduce the size of
the micropolar regions.

The ceramic samples were fabricated using a route de-
scribed in Ref. 3. The uniaxial stress was applied to the
specimen using an apparatus developed recently.® In the
studied temperature range around T,,, the electric field in-
duced strain of 0.9PMN:0.IPT is electrostrictive,'? and
therefore, a direct current (dc) electric bias field was applied
in order to characterize the stress depéndence of the effective
piezoelectric coefficients of this material.

During the experiments, the induccd strain was mea-
sured using a strain gauge (“KYOWA™").% In the dc electric
field biased state, the longitudinal, S5, and transverse, S;(j
=1,2), strain responses of the material can be described by5

S3=d33,E3+S§]0'1 and Sj=d3jE3+SIEjU'1, (1)

dCorresponding anthor; electronic mail: qxz!@psu.edu

0003-6951/99/74(3)/436/3/$15.00

where d;; is the effective piezoelectric coefficient, .s is the
elastic compliance, and the coordinate system is chosen such
that the 3-axis is parallel to the applied electric field, the
1-axis is along the compressive stress, and the 2-axis is per-
pendicular to the 1- and 3-axes, respectively. Under the con-
stant stress condition, we apply a weak alternating current
(ac) electric field £,(<100V/cm) to induce ac strains Ss,
S;, and S,, parallel and perpendicular to E,., from which
the effective piezoelectric coefficients d3(=S3/E,) and
d3j(=S;/E,., j=1,2) can be determined. In order to ensure
that o; was uniformly applied to the specimen, two strain
gauges attached to opposite faces of the specimen were uti-
lized. Adjustments were made before acquiring the data so
that the strain readings from the two strain gauges were the
same within 5%. The dielectric constant, €, was measured by
using a calibrated small resistor connected in series with the
specimen, and monitoring the voltage drop across the resis-
tor, which is related with the current flowing through the
specimen. The polarization level at each. electric bias field
and constant stress state was measured by a Sawyer—Tower
circuit. All the measurements of d;;, € and the polarization
were performed using a frequency of 10 Hz.

Since the material is operated at temperatures near the
dielectric constant maximum, where there is a large change
in material properties with temperature, it is necessary to
characterize them over the temperature range around 7,,. In
stress-free conditions and without a dc bias 0.9PMN:0.1PT
has T,,=~35°C at 10 Hz. Thus to have a systematic picture,
three points were chosen: 25 °C (below T,,), 50 °C (slightly
above T,,), and 80 °C (above T,,).

Unlike normal ferroelectrics, in relaxors the maximum in
&(T) at T, does not correspond to the spontaneous structural
phase transition to the polar stateS’ In the (1
—x)PMN:xPT system, with x<<0.3, the phase transition oc-
curs at lower temperatures and only under a large electric
field,>"® which is represented by the electric field-
temperature phase diagram.® Once induced, the macropolar
state will remain stable at temperatures below T,, above

© 1998 American Institute of Physics -
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FIG. 1. Polarization and dielectric data measured at 25 °C at frequency 10
Hz. (2) Change in the polarization-electric field hysteresis loop with the
compressive stress o, from slim loop (micropolar state) to square loop
characteristic of regular ferroelectric state. The axis scale is 1.5 kV/cm per
division for electric field and 0.14 C/m? per division for polarization. (b)
Stress dependence of small-signal dielectric constant measured at different
dc bias field. Symbols show experimental data and the lines are drawn to
guide the eye.

which the thermal depoling of the material occurs. Accord-
ing to the phase diagram, the depoling temperature, T,,
shifts to higher values under the dc bias field. The thermal
depoling of the material above T, manifests itself, for ex-
ample, in the change of the shape of the polarization-field
dependence from a rectangular loop below T, to the so-
called slim loop without hysteresis around T, .57 On a mi-
croscopic level, the depoling is described as breaking of the
macropolar state into small, nanometer scale size, regions
with the Iocal spontaneous polarization (micropolar state).’

In a normal ferroelectric the electrostrictive coupling in
the material shifts the Curie temperature, T, under the ex-
ternal stress according to>'!

AT=26,CQy 105 and AT=2€,C0,0,, o))

where AT=T(0;)—T.(0), €,=8.854X 10" 12F/m, C is the
Curie—~Weiss constant, 0,; and O, are the longitudinal and
transverse electrostrictive coefficients, respectively, and we
use a conventional sign notation that the compressive stress
is of negative sign. The trend should be the same for relaxor
0.9PMN:0.1PT, where one should expect that the depoling
temperature will be shifted by the external stress. For ex-
ample, a compressive ¢ stress should shift T, to higher
values, since in 0.9PMN:0.1PT Q,,<0.!!

Indeed, as shown in Fig. 1(a), at 25°C, there is a trans-
formation of the polarization-field dependence from a slim
loop under the stress free condition to a nearly square hys-
teresis loop under a high compressive stress, o). This im-
plies that the macropolar state induced by the electric field
becomes stable at room temperature after the field is turned
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FIG. 2. Effective piezoelectric coefficients, dj;, dj;, and dj,, of
0.9PMN:0.1PT in the electric field biased state measured as a function of
compressive stress, o, and dc bias at two temperatures: 25 °C (left. column)
and 50 °C (right column). The frequency of small ac probing field is 10 Hz.
Symbols show experimental data. and the lines are drawn to guide the eye.

off. In other words, the compressive stress shifted the depol-
ing temperature from T,~10°C, Ref. 2, to higher values so
that now T4(0)>25°C. : _

The stress dependence of the dielectric constant mea-
sured at different dc bias fields at 25°C also presents evi-
dence that the external stress, o), moves the depoling tem-
perature to higher values, only that now T, is a function of
both the dc bias field, E,, and 0. In the plot in Fig. 1(b),
the anomalous change in € measured at E,= 1 kV/cm around
o3 =80MPa can be explained in terms of the phase transi-
tion from the micropolar state to the macropolar state. This
corresponds to the shift in the depoling temperature from
T;~15°C at the stress free condition,'? to 25°C at o
=80MPa, at the same value of the dc bias, E,=1 kV/cm.
Furthermore, since T, increases with increasing dc bias,® one
should expect that at larger E,, a lower stress level will be
required to induce the macropolar state. Indeed, this can be
seen in Fig. 1(b), where at E;=3 and 5 kV/cm, the gradual
decrease in €(o,;) indicates that the material is in the
macropolar state already at oy =0. Similar gradual change is
also observed in €(o;) measured at 1 kV/cm at high stress
levels, Fig. 1(b).

For the effective piezoelectric coefficients, the phase
transition to macropolar state manifests itself in the form of
the maximum in d;j(c;), as shown in Fig. 2 at 25°C at E,
=]1kV/cm. Using the equation for the effective piezoelectric
coefficients of the electrostrictive material, for example,?
d33=20;,6€P(E;), the maximum can be explained as a
result of competition between the increase in the macro-
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FIG. 3. Stess, oy, dependence of In(ds;/dy) calculated from the data
measured at 50 °C at dc bias field of 1 kV/em. In these conditions, the
effective piezoelectric coefficients represent the strain response of the ma-
terial due to reorientation of the micro-polar regions. Closed circles show
the experimental data, and the solid line corresponds to the fit of Eq. (3) to
the dara

scopic polarization, P(E,), during the phase transformation

and the drop of the dielectric constant, shown in Fig. 1(b). -

Besides the fundamental interest that an external stress
can affect the electric field-temperature phase diagram of
relaxors,'® the results presented in Fig. 1(a) raise an impor-
tant issue for practical application of these materials.
Namely, even though at zero stress the material does not
exhibit hysteresis in the polarization-field and strain-field re-
lationships, application of high mechanical load can trans-
form it into a state with a large hysteresis, which will sig-
nificantly affect the performance of the device.

Another interesting issue revealed by this study is a large
difference between ds; and d;,, which means that the exter-
nal stress o} breaks the symmetry between the 1- and 2-axes.
The difference includes numerical values and even the shape
of the stress dependence (at 50 °C) of both coefficients, Fig.
2. For the piezoelectric response from the intrinsic contribu-
tion, ie., from the induced lattice strain, based on the phe-
nomenology and known experiment data, one would not ex-
pect such a large difference between d3, and d3;. On the
other hand, for extrinsic contributions, such as domain wall
motion or reorientation of the micropolar regions, which are
thermally activated processes, the stress o, can induce a
large difference between d3, and d;,. '

We can demonstrate that using the data measured at E b
=1kV/em at 50°C. At 1 kV/cm, no evidence for the phase
transition to the macropolar state was observed within the
whole studied range of stress o . Therefore, the material can
be described as an ensemble of the micropolar regions, and
for temperatures near T, its response to small ac field is
dominated by their reorientation.! Since these regions are
also ferroelastic and generate strain response, the measured
d3; and d3; represent the strain related with the reorientation
of the polar regions in the direction of ac probing field, ie.,
along 3-axis. In (1 ~x)PMN:xPT family, the micropolar re-
gions have a rhombohedral structure,’® and therefore, the
measured strain is related with the polar vector reorientation
on 71° and 109°. For a ceramic specimen consisting of ran-
domly oriented crystallites, the largest contribution to the
strain S; and S, will be from the polar regions whose polar
axis is initially close to 1- and 2-axes, respectively.

‘When an external static stress is applied to the specimen,

Zhao, Glazounov, and Zhang

the initial orientation of individual micropolar region will
depend also upon extra energy term 015V, resulting from
the coupling of stress o) to the local strain S 1 in the polar
region (V, is the volume of the polar region). Thus, the dif-
ference between the population of the polar regions oriented
along 1- and 2-axes will depend upon the elastic energy dif-
ference between these two orientation states. Therefore, one
can write

©)

where kp is the Boltzmann constant, and AS, is the differ-
ence in the strain S, for polar region oriented along 1-axis
and 2-axis, respectively. We stress again that we assume that
all the strain response of 0.9PMN:0.1PT is from the micro-
polar region reorientation, which is a good approximation for
the relaxor ferroelectric at temperatures near T 14 ’

Indeed, as shown in Fig. 3, the plot of In(ds;/d3;) vs oy
yields nearly a straight line, as predicted by Eq.'(3). From the
average slope of the line, we evaluated the volume V,of a
single micropolar region, using AS,;=0.1% based on the lat-
tice constant data of the rhombohedral polar phase for close
composition, PMN, which were obtained using a high-
resolution neutron powder diffraction.!s The estimate yielded
V,~100X 10* A%, which corresponds to the size of the polar
region approximately equal to 46 A, assuming that the region
has a spherical shape. This estimate is consistent with the
value of 100 A derived using other experimental
techniques,’>'? indicating that the polar regions existing in
the material indeed have a nanometer scale size.

The authors wish to thank the Office of Naval Research
for the financial support of this work.
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The influence of the external stress on the electromechanical
response of electrostrictive 0.9Pb(Vg1/3Nb2/3)03-0.1PbTiO3
in the dc electrical field biased state
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The influence of uniaxial compressive stress. 7. applied parallel to the electrical field,
on the electromechanical parameters of 0.9Pb(Mg,3Nb=s3)O5~0.1PbTiO; ceramics in the
dc electrical field biased state and at temperatures near the dielectric constant maximum
T, was investigated. It was found that T; reduces both the dielectric constant and
polarization level, which results in a reduction of the piezoelectric coefficient with stress.
However, the compliance of the material does not show much change with stress. As

a consequence, the coupling factor k3; is also reduced with stress. On the other hand,
the existence of the local micropolar region in the material causes anomalous changes

in the aforementioned properties when the material is subjected to a high electic field,
which induced 2 macropolar state. The transformation of this macropolar state back to a
micropolar state under stress involves a large volume strain and results in an enhancement

of the hydrostatic piezoelectric response.

I. INTRODUCTION

Lead magnesium niobate-lead titanate (PMN-PT)
based electrostrictive marterials exhibit many atractive
features such as high dielectric constant, high electrical
and elastic energy density. and low hysteresis, for actua-
tor and transducer applications. In these applications, the
materials are often subjected to high external stresses due
to a prestress or high external load. In order to properly
use the materials under different external conditions. it
is necessary to understand how the electromechanical
properties are influenced by those conditions.

In PMN-PT used in the electrostrictive regions (at
temperatures near or above the dielectric constant max-
imum 7,,). the material is composed of two phases:
micropolar regions embedded in a nonpolar matrix.}2
And as has been demonstrated in a recent study, the
polarization response, and hence the dielectric and elec-
tric field induced strain behaviors. at temperatures near
T.. are mainly controlled by the response of the mi-
cropolar regions, rather than by the so-called “intrinsic™
contribution from the change of the unit cell dimen-
sion and polarization level.>® This is somewhat simi-
lar to another widely used electromechanical material,
the piezoceramic lead zirconate titanate (PZT), where
the material properties are largely controlled by the
macrodomain configuration and the movements of the
domain boundaries.* One difference between the two
systems is that in PMN-PT the response of the micro-

¥Address correspondence to this author.
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polar region exhibits only weak hysteresis while in PZT,
large irreversibility occurs when external fields cause
depoling of the piezoceramic.’ The influence of external
stresses on the response of micropolar region is still
unclear at this stage.

In this paper, we report the results of an experimen-
tal investigation on the effect of uniaxial compressive
stress (73), which is parallel to the applied electric
field direction (defined as the 3-direction)., on vari-
ous electromechanical parameters of PMN-PT with the
compositon of 10% PT (0.9MN-0.1PT). As has been
demonstrated by many early studies, for electrostrictive
applications at near room temperature, the composition
of PMN-PT is near 0.9PMN-0.1PT whose weak field
dielectric constant is presented in Fig. 1.5% In addition,
by applying a dc bias electric field to the material, an
effective piezoelectric state can be induced, as shown
schematically in Fig. 2. For an electrostrictive material
such as the one investigated here, the material is often
operated in the field biased state. In this investigation,
therefore. all the parameters are also characterized under -
different dc electric bias fields to simulate this opera-
tion mode. :

iI. EXPERIMENTAL

All the specimens used in this investigation were
made using conventional mixed oxides processing fol-
lowing the columbite B-site precursor method.” Most of
the specimens were sintered at a temperature of 1250 °C
for 2-6 h followed by annealing in an oxygen-rich

© 1999 Materials Research Society 1
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FIG. 1. The dielectric constant X and dielectric loss D as a function
of temperamure for 0.9PMN-0.1PT ceramics without external stress.
The measuring frequency is 0.1, 1, and 10 kHz.

atmosphere at 900 °C for 6-24 h. The typical dielectric
constant of the specimens is shown in Fig. 1.

In this investigation, the uniaxial stress applied to
the specimens is provided by an apparatus developed re-
cently which has been described in an early publication.’
Making use of this apparatus, the effective piezoelectric
coefficient. the elastic compliance, and the dielectric
constant in the dc elecrric field biased state can be
characterized under well-defined boundary conditons.

In this apparatus. the strain response was measured
by a strain gauge (KYOWA KFR-02-120-C1-11). In the
dc electric field biased state, the strain response of the
specimen is described by

S; = dszE; + Sf-;T; ‘and § =d5E; + SlEsrs.

Hence, in the dc electric field biased state, a weak ac
electric field E,. (< 100 V/cm) induces ac strains S5 and
S1 (under constant stress condition), parallel and perpen-
dicular to E,., respectively, from which the piezoelectric
coefficients d33 (= S3/E,¢) and d31 (= Sl/Eac)can be
determined (see Fig. 2). In analogy, by measuring the
strains S5 and S; induced by a weak ac stress field T
(about 0.1 MPa) under constant electric field condition,
the elastic compliance s%; and s5; can be determined. In
this investigation, the strain was acquired at a frequency
of 10 Hz. In order to improve the signal-to-noise ratio,
the voltage signal from the strain gauge amplifier was
measured by a lock-in amplifier. Furthermore, to ensure
that T3 was uniformly applied to the specimen, two
strain gauges attached to opposite faces of the specimen
were utilized. Adjustment was made before the data
acquisition so that the strain readings from the two
strain gauges were the same within 5%. From repeated
measurements, it was found that this adjustment was
not very crucial to the determination of piezoelectric
coefficients. However, for the elastic compliance, any
nonuniformity in T3 can result in a large error. Hence, the
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FIG. 2. Schematic drawing of (a) the polarization P and (b) strain
S responses of 0.9PMN-0.1PT in the dc electric field-biased state
where the effective dielectric constant is defined as P,./E,. and the
effective piezoelectric coefficient as Sy/E,., respectively. S,c can be
S) and S3 and E is the elecric field.

error in the piezoelectric coefficient determined is within
5% while error in the elastic compliance is about 10%.

The dielectric constant was determined using either
a multifrequency LCR meter (HP model 4192A), or a
calibrated small resistor in series with the specimen.
In the later method, the voltage across the resistor,
which is directly proportional to the current flowing
through the specimen, was measured using a lock-in
amplifier. From the data, the complex dielectric constant
can be determined. The frequency range for the dielectric
constant measurement is from 10 Hz to 1 MHz. The
polarization level at each electric bias field and dc stress
state was measured by a Saywer-Tower circuit.

2 : ) J. Mater. Res., Vol. 14, No. 3, Mar 1999
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Since the material is operated at a temperature near
the dielectric constant maximum 7T, where there is
a large change in the dielectric constant (see Fig. 1)
and the polarization level in the field biased state.
it is necessary to characterize the electromechanical
parameters over a temperature region about 7,,. In this
investigaton. three temperatures were chosen: 25 °C
(< Tpm). 50 °C (near above T,,), and 80 °C (> T,).

lll. THE DIELECTRIC RESPONSES

Presented in Fig. 3 is the dielectric constant acquired
at 25 °C. which is below the dielectric constant maxi-
mum (7,, = 37 °C at 1 kHz). Without dc electric bias
fields, the data in Fig. 3 show that the dielectric constant
decreases as the compressive stress T3 increases, a
trend generally expected for a dielectric material with a
positive electrostrictive coefficient Qy;.!"'> On the other
hand, at high dc bias fields, for instance, at 5 kV/cm, an
increase of the dielectric constant with the compressive
stress was observed. For the pressure range investigated.
a dielectric maximum was observed near 60 MPa, which
seems to be inconsistent with conventional electrostric-
tve behavior. This could be understood from the fact
that because of the existence of micropolar regions.
a high dc bias fieid can induce a macropolar stars
in the material. As the compressive stress increases.
which tends to reduce the macropolarization level in the
material. 2 “transformation” of the macropolar domain

tate to micropolar state occurs, resulting in the observed
broad dielectric constant anomaly.'¥

It is well known that for a dielectric material. the
change of the dielectric constant X with external stress
can be a result of the electrostrictive coupling in the
material. In fact, for many nonferroelectric materials,
the electrostrictive coefficient can be determined conve-
nientdy from the slope of 1/K versus the applied stress
T.1112 However, for a ferroelectric based electrostrictive
material such as PMN-PT, the change in the dielectric
constant can also be a result of the changes in the local
polarization state as has been pointed out in an early
publication (shifting of the local Curie temperatures),’>
Moreover. the polarization response near T, is mainly
from the reorientation process of the micropolar regions
to the external electric field. These so-called “extrinsic™
contributions to the dielectric response can be affected
by external stress. As a consequence, the 1/K versus
T; relation even for the data without dc electric field
exhibits a strong nonlinear behavior and the slope of
the curve is far below Q,; measured directly from the
strain-polarization relationship.

For the data at temperatures above the dielectric
constant maximum, the dielectric constants all show
monotonic decrease with the compressive stress for the
dc bias fields investigated (up to 5 kV/cm), although at
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FIG. 3. The dielectric constant X and dielectric loss D as a function of
the compressive stress T3 measured at 25 °C and different dc bias elec-
tric fields: (a) E, = 0, () £, = 1 kV/em, (¢) E, = 3 kV/cm, and -

-(d) E» = 5 kV/cm, The measuring frequency of the data: 10 Hz (A),

0.1 kHz (O), 1 kHz (»), 10 kHz (x), 100 kHz (A), and 1 MHz (+).

50 °C, the dielectric constant under 5 kV/cm dc electric
bias field exhibits a plateau at T3 < 50 MPa, which
is presented in Fig. 4. The existence of this plateau is
reminiscent of the transformation of the material from
a macropolar state to a micropolar state, analogous to -
that observed at 25 °C. Because of the existence of the
micropolar regions, even for the data at 80 °C (shown in

J. Mater. Res., Vol. 14, No. 3, Mar 1999 . 3
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Fig. 5). the slope of the dielectric stiffness versus stress
is still far below that determined by the electrostricive
coefficient despite the curve of 1/K versus T3 exhibiting
a nearly linear relationship in the stress range inves-
tigated. ‘In addition, the slope of the curve decreases
as the dc bias field increases. a signature of increased
ferroelectric activity in the material when subjected to
high electric fields.
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FIG. 5. The dielectric constant as a function of the compressive T3 )
at 80 °C. I kHz, and under different dc bias fields. The dielectric
constant at this temperamre exhibits very linle dispersion.

At 25 and 50 °C. the dielectric data exhibit strong
frequency dispersion. For that reason the data were
collected at frequencies from 10 Hz to above 100 kHz
to probe the influence of this dispersion by the applied
swess T;. Apparently, the external stress T3 reduces
the dielectric dispersion significandy. and accompanying
this reduction in the dispersion the dielectric loss is also
reduced. The results reveal thar the compressive stress
75 reducss the response of the micro-polar regions and
hence the degree of the relaxor behavior in the material.
The data at 80 °C was acquired at a single frequency of
1 kHz because of a very weak frequency dispersion at
the temperature.

IV. THE ELASTIC COMPLIANCE AS A
FUNCTION OF THE COMPRESSIVE STRESS
AT DIFFERENT BIAS FIELDS

Elastc compliances s3£3 and sf; were characterized as
a function of compressive stress at different electric bias
fields and temperatures are presented in Figs. 6 and 7,
respectively. The general features revealed from the data
are as follows: (i) the elastic compliance increases with
dc bias fields and, hence, the polarization level in the ma-
terial; (ii) the compliance exhibits a slight decrease with
the compressive stress; (iii) the compliance decreases
with temperature for the three temperatures measured.
For the data at 25 °C under 5kV/cm, an anomaly
is observed which is apparently related to the phase
transformation from a macropolar state to a micropolar
state as has been discussed in the dielectric data. In the
temperature and stress range investigated, the ratio of
—s&,/s% remains near 1/3.

In an early investigation by Cao and Evans,'* it was
found that in soft PZT, Poisson’s ratio can reach near 0.5 -
when there is a stress depoling of the samples which is
a direct consequence of the domain reorientation during
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FIG. 6. The elastic compliance s5; as a function of the compressive
T35 at different temperatures: (2) 80 °C, (b) 50 °C, and (c) 25 °C; and
dc elecric bias fields: 1 kV/em (), 3 kV/em (O), and 5 kV/cm (s).

the depoling process. If there is a significant contribution
from the reorientation of the micropolar regions to the
elastic process in the material, one would expect similar
results, since this process will not generate volume strain.
Therefore, the relatively small ratio of ~s5/s5 implies
that the reorientation process of micropolar regions,
which is responsible for the large dielectric constant near
T, is not contributing significantly to the elastic process.
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FIG. 7. The elastic compliance 5% as a function of the compressive
T3 at different temperanures: (a) 80 *C, (b) 50 °C, and (¢) 25 °C, and
dc electric bias fields: zero bias (X), 1 kV/em (O), 3 kV/em (O),
and 5 kV/cm (o).

Indeed. there is only a very weak elastic compliance peak
at temperatures near T,,.*

V. THE EFFECTIVE PIEZOELECTRIC
RESPONSES IN DC FIELD BIASED STATES

The effective piezoelectric coefficients ds; and d3, in
the electric field biased state were characterized and are
presented in Figs. 8 and 9. Analogous to the dielectric
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FIG. 8. The effective piezoelectric coefficient d3; at the de
field-biased states as a function of the compressive T3 at different
temperatures: (a) 80 °C, (b) 50 °C, and (c) 25 °C; and dc¢ electric
bias fields: 1 kV/cm (e), 3 kV/am (X), and 5 kV/cm (O).

constant and elastic compliance data, a broad peak of
ds; at the bias field of 5 kV/cm data was observed.
In addition. there is also a weak peak at 3 kV/cm,
while at 1 kV/cm di; decreases monotonically with the
stress. As pointed out earlier, this anomalous behavior
observed at 3 and 5 kV/cm bias fields is associated with
the phase transformation in the material in the dc field
biased state from a macropolar state to a micropolar
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FIG. 9. The effective piczoelectric coefficient ds; at the dc
ficld-biased states as a function of the compressive T3 at different
temperarures: (a) 80 °C, (b) 50 °C, and {(c) 25 °C; and dc electric
bias fields: 1 kV/cm (e), 3 kV/em (X), and 5 kV/em (O).

state. The peak is much less pronounced in the data of
ds;. At higher temperatures, both d3; and dj; exhibit
a monotonic decrease with the compressive stress. The
decrease of di; and dj; with the compressive stress at
higher temperatures is a result of the reduction of the
polarization level P; and the dielectric constant X at the
dc field biased state with the stress. In fact, the ratio of
ds3 (or ds;) to P3K, which is directly proportional to
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the effective electrostrictive coefficients of the ceramic
sample. does not show marked change with stress.
Based on dj3; and dj; data, the hydrostatic piezo-
electric coefficient d;, (d, = d33 + 2d3;) in the dc field
biased state is evaluated and presented in Fig. 10. One
of the interesting features of the data in Fig. 10 is that a
very pronounced peak in d,, is observed at 25 °C under a
5 kV/cm bias field. For the data at higher temperatures.
a weaker but clear peak is observed under 5 kV/cm bias
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FIG. 10. The effective hydrostatic piezoelectric coefficient dy at the
dc field-biased states as a function of the compressive T3 at different
temperatures: (2) 80 °C, (b) 50 °C, and (¢) 25 °C; and dc electric bias
fields: 1 kV/cm (e), 3 kV/em (X), and 5 kV/em (O).

field. This is in sharp contrast to the dielectric, elastic
compliance. and piezoelectric ds3 and ds; coefficients
where the peak associated with the anomaly is much
weaker. As has been pointed out. the anomaly i§ due
to the transformation from -2 macropolar state to a
micropolar state due to the applied stress. The resuit
reveals that this transformation involves a large volume
change which yields a large change in dj, in the broad
transition region.

In a recent study of the electrostrictive coefficients
of prototype cubic phase of PMN, it was found that the
hydrostatic electrostrictive coefficient is about 0.08 m?/
C*3 This value is more than 10 times higher than
that determined directly from a field-induced strain
measurement.’> The difference between the two results -
lies in the fact that at temperatures near T,,, the material
has a high population of micropolar regions and the
reorientation of these polar regions does not generate
volume change. Consequently, the 0, measured from the
volume strain-polarization relationship at temperatures
near T,, has a much smaller value than the intrinsic
QO value of the material. (Q; for the prototype cubic
phase of 0.9PMN-0.IPT is nearly the same as that of
PMN.) In this paper, this low value of 0, measured from
field-induced volume strain S, at temperatures near T,
is named as the apparent 0, (QfF) of the material 0
distinguish it from the intrinsic @; which is determined
from the change in the lattice constant of the unit cell
due to the change in polarization.

For 0.9PMN-0.1PT, Q7 = 0.006 m*/C*> at room
temperature without external field. From the electrostric-
tive relation S, = Qf P*, where P is the total polariza-
tion response in the sample, and also S, = Q,PZ, where
P, is the polarization response which generates volume
strain. the ratio P,/P = /03/Q, can be determined.
For PMN-PT near T, this ratio is about 0.27. which
implies that about 70% of the weak field polarization
response in 0.9PMN-0.1PT at temperatures near T, is
due to the reorientation of the micropolar regions, which
does not generate the volume change of the material.

This observation raises an interesting issue on how
to improve the hydrostatic response of the material,
which is important for many underwater applications. By
reducing the polarization response related to the microp-
olar region reorientation, even if this may not increase dj
in the case that P, in the material does not change (from
the electrostrictive relation, d, = 20, P, AP, in the field
biased state), the reduction of the dielectric constant will
improve the hydrostatic figure of merit d, g, since g is
equal to d,,/K. The d,g, for the samples investigated is
presented in Fig. 11. As can be seen from the figure, in
spite of the fact that the material possesses a relatively
high d; (> 400 pm/V, about 10 tmes higher than"that -
of PZT piezoceramics), the relatively high dielectric con-
stant due to the micropolar region reorientation results
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FIG. 11. The hydrostatic figure of merit dyg, at the dc field-biased
states as a function of the compressive T; at different temperatures:
(2) 80 °C, (b) 50 °C, and (c) 25 °C: and dc electric bias fields:
1 kV/cm (e), 3 kV/em (X), and 5 kV/cm (O).

in a figure of merit which is only about 20 times higher
than that of PZT piezoceramics and is nearly the same
as that of the piezopolymer PVDF.!¢

V1. THE ELECTROMECHANICAL COUPLING
FACTOR ki3 UNDER UNIAXIAL STRESS T;

From the data presented in the preceding sections,
the electromechanical coupling factor k33, defined as
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FIG. 12. The electromechanical coupling factor k33 (calculated at
10 Hz) as a function of the compressive T; at different temperatures:
(a) 80 °C, (b) 50 °C, and (¢) 25 *C; and dc electric bias fields:
1 kV/cm (e), 3 kV/em (%), and 5 kV/em (O).

k3 = d3/(K eo55;), where g is the vacuum permittiv-
ity, can be derived.!® The coupling factor as a function
of T3 is presented in Fig. 12. Apparently, at high dc
bias electric fields and without external stress, k33 of
0.9PMN-0.1PT at temperatures near 7, is near that
of soft PZT, i.e., above 0.7. A disappointing feature
of this material is that k3 drops quite significantly as -
the material is subjected to external compressive stress.
This seems inevitable from the data presented in the
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preceding sections since the reduction of the piezoelec-
wric coefficients with stress is due to the reduction in
both the dielectric constant and the polarization level
in the field-biased state while the elastic compliance
does not show a marked reduction with stress. As a
result. k3; is reduced with stress. In order to improve
the material performance with stress, one may need to
develop materials with a broader dielectric peak so that
the reduction of the polarization and dielectric constant
with stress can be reduced.

VIl. SUMMARY

The influence of uniaxial compressive stress on the
electromechanical behavior of 0.9PMN-0.1PT ceramics
under dc bias electric fields at temperatures near T,
was investigated. The compressive stress T reduces the
responses of the micropolar regions, which results in a
decrease in the dielectric constant. dielectric dispersion.
dielectric loss, and effective piezoelectric coefficients.
Our results also show that the response of the micro-
polar regions contributes far less to the elastic process
compared with the dielectric process. Hence, the elastic
compliance does not exhibit a marked change with stress
and the ratio of —s%/s% remains near 1/3. By combin-
ing the data of the piezoelectric coefficient. the dielec-
wic constant. and elastic compliance, the longitudinal
electromechanical coupling factor k;; was derived and

- was shown to decrease with the compressive stress Ts.

For electrostrictive PMN-PT at temperatures near
T,. the material can be converted into a macropolar
state by applying a high dc electric field. Compressive
stress will force the material back into a micropolar state.
and the experimental results reveals that there is a broad
transformation region between the two states instead of a
smooth process. This transformation involves a change
in part of the material between a rhombohedral phase
and a cubic phase which involves a large volume strain
as revealed by a pronounced peak in the hydrostatic
piezoelectric coefficient dj. This phenomenon could be

J. Mater. Res., Vol. 14, No. 3, Mar 1999

used to enhance the hydrostatic piezoelectric response
of the material if the bias stress level is properly ad-
Jjusted. Furthermore, for a given external prestress level,
the material composition may be adjusted so that this
transformation will occur at the given stress.
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