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Abstract
This paper concludes that the deterioration of the mechanical quality factor Qm

when operated under high power, can be recovered by externally applying positive

DC bias field. Material constants for piezoelectric ceramics are generally character-

ized under low-power conditions. However, high-power properties deviate signifi-

cantly from the ones measured under low-power conditions (Qm degrades by a

factor of ~2). DC Bias field helps to recover the properties of the ceramic under

high-power conditions. The DC bias field of 200 V/mm exhibits an almost equiva-

lent “opposite” change rate to the vibration velocity of 0.1 m/s. It is also notable

that the piezoelectric loss tan h’ can be decreased most effectively under positive

DC bias field (1.9% per 100 V/mm for the hard PZT and 3.1% per 100 V/mm for

the soft PZT), in comparison with the elastic or dielectric losses. This report pre-

sents a comprehensive analysis on the low- and high-power piezoelectric properties

of hard and soft Lead Zirconate Titanates (PZT’s) under externally applied DC bias

field in the k31 resonance mode (transverse extensional).

KEYWORD S

burst drive method, continuous admittance spectrum, DC bias field, high power, losses in

piezoelectrics, vibration velocity

1 | INTRODUCTION

Piezoelectric materials such as Lead-Zirconate Titanates
[Pb(ZrxTi1�x)O3, PZT’s] have been widely adopted for
many applications such as underwater sonars, motors, and
piezoelectric transformers.1-3 To miniaturize the piezoelec-
tric actuators and transducers, high-power-density piezo-
electric material developments are required to realize the
same level of mechanical vibration energy in a smaller
specimen, without temperature rise through internal losses.
High-power characterization of a piezoelectric element
under a high vibration velocity exhibits, in general, signifi-
cant nonlinearity in the dielectric, elastic and piezoelectric
performances, as well as the corresponding loss tangents
and heat generation4-6 Although material constants for
piezoelectric ceramics are generally characterized under

free or unloaded conditions, these measured properties are
not valid directly when devices work under externally
applied mechanical or electrical loads. Therefore, an impor-
tant topic of investigation currently is the behavior of the
loss mechanisms under different conditions. DC bias stress
and electric field are of particular importance for study
because the actuators and transducers are often used in
these circumstances to stabilize or enhance the operation
performance.7 So-called bolt-clamped Langevin transducers
provided enhancement in the transducer characteristics,
which is related to the external preload stress.8,9

Regarding the bias electric field effect, previous
reports10-12 clarified the stabilization mechanism of the
high-power performance in “Hard” Pb(Zr,Ti)O3 (PZT)-
based ceramics in terms of the “internal” bias field. As
shown in Figure 1A, the mechanical quality factor Qm in
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the hard PZT increases rather gradually after the electric
poling process (~2 hours) to reach to the value higher than
1000, whereas the soft PZT does not change the Qm value
with time lapse. Also, the polarization versus electric field
hysteresis curve change with the time lapse, where the
internal “positive” electric field is created in an “aged”
sample (Figure 1B).10 Accordingly, we proposed that the
high Qm is primarily triggered by the “internal” bias field,
which may be attributed to the defect dipoles originated
from a slow rate of oxygen ion diffusion after the poling.12

To further explore the loss mechanism in PZT’s, instead of
the “internal” bias field in hard PZT, we studied the “exter-
nal” bias field effect in both hard and soft PZT’s in this
paper. Although there are several papers already reported
including ours,13,14 the previous papers have not measured
detailed data in three loss behaviors separately.

This paper mainly focuses on the dependence of proper-
ties of the PZT k31-type plates under different vibration
velocity conditions as a function of external DC bias field,
by comparing the results among hard and soft PZT’s. The
goal of this paper is to clarify the DC bias field depen-
dence of three losses (dielectric, elastic and piezoelectric
losses), which are primarily caused by semimicroscopic
domain dynamics.

2 | EXPERIMENTAL PROCEDURES

We used PIC 144 and PIC 255 as hard and soft PZT’s,
respectively, in this study. These PZT ceramic plates were
prepared in the R&D Department, PI Ceramic GmbH
(Lindenstrasse, 07589 Lederhose, Germany). All the plate
samples (5 pieces for each with the smallest deviation in
properties especially losses) with the size of 40 mm
long 9 5 mm wide 9 0.5 mm thick were silver-elec-
troded on 40 mm 9 5 mm face, and electrically poled at
70°C for 7 hours and 1 hour, respectively, for hard and
soft PZT’s along the thickness direction. The ICAT exper-
imental setup, High Power Characterization System
(HiPoCS)15 was used to carry out the experiments.16,17

To escape from the temperature effect, high-power mea-
surements were performed using the burst method18-23

whereas, low-power measurements were performed by
continuous admittance spectrum method. Electrical spec-
troscopy method being a continuous drive method, better
represents the driving conditions of an actual device, and
therefore may provide the most significant data for trans-
ducer design. However, in high-power conditions signifi-
cant heat is generated, causing temperature rise and
temperature distribution in the sample. As a result, it is
not possible to separate the effects of temperature rise and
property changes in the continuous method using proce-
dures outlined in the literature. Therefore, the advantage
of the burst method is that temperature rise is not excited
due to low driving times (often less than 10 ms). This
allows for the characterization of the high-power behavior
as function of vibration and as a function of the tempera-
ture of the testing environment. It is noteworthy that
RMS edge vibration velocity is used in the discussion of
this paper. In parallel, the permittivity eT33 was measured
at 1 kHz (off-resonance) by an LCR meter [SR715, Stan-
ford Research Systems, Inc., Sunnyvale, CA]. Also, DC
bias field was applied using an external amplifier. In this
paper, the bias field direction is denoted “positive” when
the field is applied along the polarization direction. The
external DC bias field applied to the sample was varied
from �160 to +320 V/mm. The standard deviation is
indicated by a short vertical bar on each measured data
point in all figure, estimated from 5 samples and 5 cycli-
cal measurements.

Figure 2 shows the polarization versus electric field
hysteresis curves at 10 Hz for hard (PIC 144) and soft
(PIC 255) PZT’s (roughly 10 weeks aged). In comparison
with a symmetric curve for the soft PZT, we observed a
positively biased hysteresis (Ebias � 700 V/mm) curve in
the hard PZT sample which verified the earlier argument
about internal DC bias field already present in the hard
PZT piezoelectric ceramics. The derivative of the P-E
curve provides permittivity at a low frequency of 10 Hz,
which is inserted in Figure 4 and discussed later.

FIGURE 1 Qm as a function of time
for various hard and soft PZT’s, measured
after fresh electric poling; (B) Hysteresis
curve shape change with time, showing the
internal bias field generation in the hard
PZT. (Cited from Ref. 12)
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3 | LOSS CHARACTERIZATION
PHENOMENOLOGY

Losses in piezoelectric materials originate from three differ-
ent properties: dielectric, elastic, and piezoelectric. Intensive
dielectric, elastic, and piezoelectric losses are defined by

eT� ¼ eTð1� j tan d0Þ (1)

sE� ¼ sEð1� j tan/0Þ (2)

d� ¼ dð1� j tan h0Þ (3)

Here j is the imaginary notation, eT the dielectric constant
under constant stress (intensive parameter), sE the elastic
compliance under constant electric field (intensive parame-
ter), and d the piezoelectric constant. The loss tangent value
should be much smaller than 1 (less than 0.1 in practice) in
this complex parameter usage and means a phase/time lag of
the output parameter (such as P) from the input parameter
(such as E). It becomes very important here to have an under-
standing here of what do we mean by intensive properties.
The material property relationships that are governed by
externally controlled parameters are called intensive material
properties, and those properties that are governed by indi-
rectly controlled parameters are called extensive material
properties. The terms extensive and intensive were coined to
avoid confusion with intrinsic (unit cell) and extrinsic (do-
main wall related) contributions to piezoelectric properties.

Intensive loss components of these three can be
obtained from the resonance and anti-resonance mechanical
quality factors QA and QB in the k31 mode from the follow-
ing equations (Equations 4-8) proposed in our previous
papers.13,18

QA;31 ¼ 1
tan/11

0 (4)

1
QB;31

¼ 1
QA;31

þ 2

1þ 1
k31

� k31
� �2

X2
B;31

ðtan d033 þ tan/0
11 � 2 tan h031Þ

(5)

Here k31 is the electromechanical coupling factor,
tan d033, tan/

0
11, tan h

0
31’ are intensive loss factors for e33

T,
s11

E, d31, respectively. The parameter ΩB,31 is proportional
to the antiresonance frequency xB (Equation 6):

XB;31 ¼ xBL
2vE11

(6)

where v11
E is the sound velocity of the material in the

direction of length L and q is the density and is given by
vE11 ¼ 1

1
ffiffiffiffiffiffiffiffiffiffi
qsE11ð Þp .

The elastic compliance sE11 can be calculated from the
resonance frequency as

sE11 ¼
1

ð2LfAÞ2q
(7)

The electromechanical coupling factor k31 is defined by
the following equation:

k312 ¼ d312

sE11ðe33Xe0Þ
(8)

where d31 is the piezoelectric constant, s11
E is the elastic

compliance at a constant electric field, e33
T is the free (un-

clamped) permittivity, e0 is the permittivity under vacuum.
Electromechanical coupling factor k31 can be calculated
from the resonance and antiresonance frequencies as

k231 ¼
P
2
fB
fA
� tan P

2
fB�fA
fA

� �
1þ P

2
fB
fA
� tan P

2
fB�fA
fA

� � (9)

Now, to obtain tan φ’, QA is measured, and inverse
value gives elastic loss. Then, knowing tan d’ from the
LCR meter at the off-resonance frequency, evaluating QB,

we can calculate tan h’ using Equations (5) and (6).

4 | HIGH-POWER MEASUREMENTS
WITHOUT APPLYING EXTERNAL DC
BIAS FIELD

Initially, high-power measurements were conducted without
applying external DC bias field. The material’s parameters
were obtained using the burst/transient method.15 In the burst
mode, the ceramic is electrically driven at its resonance (or
antiresonance) frequency for a small number of cycles to
excite the mechanical vibration with the desired vibration
velocity. Because of the short period excitation (less than

FIGURE 2 P-E hysteresis loop for hard and soft PZT’s
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1 ms), practical temperature rise does not occur in the sam-
ple (less than 0.02°C) even under a high vibration excitation.
Then, either a short or open circuit condition is imposed after
removing or isolating the excitation electric power. When
the sample oscillates at the resonance frequency and the
short-circuit condition is imposed, rendered current is pro-
portional to the vibration velocity (i.e., the ratio provides
Force Factor A). Whereas, when an open-circuit condition is
imposed, generated voltage is proportional to the vibration
displacement (the ratio provides Voltage Factor B), and the
oscillation frequency is the antiresonance frequency.

By measuring the rate of signal decay, the quality factor
can be measured using the relative rate of decay of vibra-
tion amplitude for a damped linear system oscillating at its
natural frequency using Equation (10)

Q ¼ 2pf
2lnðv1=v2Þ
ðt2�t1Þ

(10)

where f is the natural mechanical resonance frequency (i.e.,
resonance or antiresonance frequency, depending on the
electrical boundary condition). Here v1 and v2 are vibration
velocity at two different decay time, t1 and t2 (typically
with t2 - t1 = difference between two measured vibration
cycles after removing or isolating the excitation power to
obtain Q at an excited vibration velocity). Very short mea-
suring time (~5 seconds) required for obtaining full physi-
cal parameters (via LabView software) as a function of
vibration velocity under the short- or open-circuit condition
is an additional attractive point in the burst mode method.

We summarize here how to determine the “real” parame-
ters, dielectric permittivity, elastic compliance and piezoelec-
tric constant from the burst method in the case of a k31 plate
as illustrated in Figure 3. Here, L is the length, b, the width
and a is the height of the PZT ceramic plate. The force factor
A31 is calculated as the ratio of the short-circuit current i0
over the vibration velocity v0 at the plate length edge in the
resonance, and is given by Equation (11).

A31 ¼ i0
v0

¼ �2b
d31
sE11

(11)

It is notable that (d31sE11
) is not equal to the off-resonance

piezoelectric stress coefficient e31, but e31* in our previous
paper because of only longitudinally excited resonance
(X2 = X3 = 0).15

While, the voltage factor B31 is the relationship between
the open-circuit voltage and displacement at the plate length
edge at the antiresonance, expressed by Equation (12).

B31 ¼ V0

u0
¼ 2a

L
d31

sE11e0e
x
33

(12)

On similar lines, d31
sE11e0e

x
33
is not exactly equal to the con-

verse piezoelectric coefficient h31.
15

It is important to note that we can obtain longitudinally
clamped permittivity ex33e0 (longitudinally clamped or effec-
tive damped permittivity) even at the resonance-antireso-
nance frequency range from the ratio of the force factor
A31 over the voltage factor B31 in the following formula:

e0e
X
33 1� k312
� � ¼ e0e

x
33 ¼

jA31j
B31

a
Lb

(13)

Thus, free permittivity eX33 can be calculated from the
relationship with the electromechanical coupling factor k31.
The determination of the permittivity at the resonance fre-
quency is another attractive point of the burst method. Note
that the burst mode measurement is not associated with
heat generation (temperature rise can be estimated less than
0.02°C) even under very high vibration velocity.

5 | ELASTIC COMPLIANCE

Figure 4A shows the elastic compliance change with the
vibration velocity calculated from the resonance frequency
(from Equation (7)), measured for the hard (PIC 144) and
soft (PIC 255) PZT’s. Both samples exhibit a nearly linear
compliance increase, where the change rate (3% per 0.1 m/
s) for the hard PZT is less than the rate (5% per 0.1 m/s)
for the soft PZT.

Taking the inverse value of QA (Figure S1), the elastic
loss tan φ’ change is plotted in Figure 5A, where the vertical
axis scale differs 100 times between the hard and soft PZT’s.
Although both samples exhibit the elastic loss increase, the
change rate of the soft PZT is rather monotonous (75% per
0.1 m/s). On the contrary, the change in the hard PZT seems
to be a two-step process: almost constant up to 0.13 m/s,
and followed by the rate of 75% per 0.1 m/s, a similar rate
to the soft PZT. There appears to be a threshold vibration
velocity in the hard PZT, below which the subcoercive
domain wall switching may not happen significantly.

6 | DIELECTRIC PERMITTIVITY

The dielectric permittivity at high-power conditions was
determined from Equations (12) and (13). Figure 4B shows
longitudinally clamped (or effective damped) permittivity
ex33 and free permittivity eT33 (calculated from the relation

FIGURE 3 A rectangular PZT plate with all the dimensions
marked (L: length, b: width, a: thickness)
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ex33 ¼ eT33 = (1 - k31
2) with the k31 value obtained in the

next section) as a function of vibration velocity for the
both soft and hard PZT’s. For comparison, eT33 measured at
1 kHz (off-resonance) by LCR meter is also plotted. It was
observed that the calculated permittivity eT33 at the reso-
nance (high frequency) is slightly lower than the one at the
off-resonance 1 kHz, which is probably related to the gen-
eral frequency dependence of the permittivity, supported by
the eT33 values of 1230 (Hard) and 1610 (Soft) at 10 Hz in
Figure 7. It is noteworthy that the clamped permittivity ex33
also shows the increase with an increase in vibration veloc-
ity, which may be explained by the fact that this “clamp”
does not mean complete clamp, but just 1D longitudinal
clamp. However, since we have not established the method
yet for obtaining the dielectric loss at the resonance fre-
quency, this paper adopts tan d’ = 0.002 and 0.027 at the
off-resonance (1 kHz) for the hard and soft PZT’s, respec-
tively, for the loss analysis described below.

7 | PIEZOELECTRIC CONSTANT
AND ELECTROMECHANICAL
COUPLING FACTOR

Figure 4C,D shows the electromechanical coupling factor k31
and piezoelectric constant d31 change with vibration velocity
for the hard and soft PZT’s using Equation s (8) and (9). The
electromechanical coupling factor for both samples increased,
the change rate (3.5% per 0.1 m/s) for the hard PZT is less
than the rate (5.3% per 0.1 m/s) for the soft PZT. Also, the
piezoelectric constant increased with increasing vibration
velocity. The change rate was lower for the hard PZT (2.7%
per 0.1 m/s) than the soft PZT (5.1% per 0.1 m/s).

The intensive piezoelectric loss was determined from the
mechanical quality factors QA and QB with the help of Equa-
tion (5) and plotted in Figure 5B. Note the vertical scale dif-
ference of 10 times between the hard and soft PZT’s. The
piezoelectric loss increases in general with vibration velocity.

FIGURE 4 Real parameters under zero
DC bias (A) Elastic compliance (B)
Relative Permittivity (C) Electromechanical
coupling factor (D) Piezoelectric constant
for PIC 144 (hard PZT) and PIC 255 (soft
PZT). The real parameters increased as a
function of vibration velocity

FIGURE 5 Losses under zero DC bias
(A) Elastic loss (B) Piezoelectric loss for
PIC 144 (hard PZT) and PIC 255 (soft
PZT). The losses increased as a function of
vibration velocity indicating heat generation
in the ceramic under high-power conditions
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However, the change ratio is different. The piezoelectric loss
increased by a very small factor for the hard PZT (20% per
0.1 m/s) than the soft PZT (70% per 0.1 m/s), which is one
order of magnitude larger than the dielectric and elastic loss
variation rates. It is important to note that the piezoelectric
loss tan h’ increases almost linearly with vibration velocity,
but there seems to be two steps in the change in mechanical
loss tan φ’ in the case of hard PZT: almost constant up to
0.13 m/s, and followed by the rate of 75% per 0.1 m/s, simi-
lar rate to the soft PZT. This reason is under consideration
from the domain dynamics viewpoint.

8 | HIGH-POWER MEASUREMENT
UNDER DC BIAS FIELD

High-power measurements were conducted under externally
applied DC bias field using the burst mode. Because the

open-circuit burst drive was not available (external DC bias
effect cannot be measured), only the short-circuit (under a
constant Ebias) burst drive could be achieved. The elastic
compliance, as well as the elastic loss for both samples
were measured as a function of vibration velocities at
various levels of externally applied DC bias field. Figure 6
shows respective graphs demonstrating the variation in the
elastic properties and the elastic loss tan φ’ for the hard
and soft PZT’s. Positive DC bias field provided a decrease
in both elastic compliance and loss. The % elastic loss
decrease per 100 V/mm was noted to be �2.5% for
the hard PZT, whereas �3.0% for the soft PZT under
0.03 m/s, which significantly increased �3.5% for the hard
and �4.2% for the soft under 0.3 m/s. More precisely, the
decrease rate is enhanced as the vibration velocity is
increased for both the hard and soft PZT’s. The elastic
compliance increased with the rate of 2.9% for the hard
PZT and 4.8% per 0.1 m/s for the soft PZT at a small DC

FIGURE 6 Elastic properties for PZT’s at high-power conditions under DC bias (A) Elastic compliance for PIC 144 (hard PZT) (B) Elastic
compliance for PIC 255 (soft PZT) (C) Elastic loss for PIC 144 (hard PZT) (D) Elastic loss for PIC 255 (soft PZT)
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bias field of 50 V/mm., whereas, as the DC bias field was
increased to 300 V/mm, the % decrease in elastic compli-
ance per 0.1 m/s was �0.7% for the hard PZT and �1.7%
for the soft PZT. The % elastic loss decrease per 100 V/
mm was noted to be �2.5% for the hard PZT, whereas
�3.0% for the soft PZT under 0.03 m/s, which are signifi-
cantly enhanced to �3.5% for the hard and �4.2% for the
soft under 0.3 m/s.

Likewise, it turns out to be essential to consider that
negative DC bias field gives very nearly an equivalent and
inverse change in the change in properties. It means that
both elastic compliance and loss decreases with positive
DC bias field which is just exactly opposite to the effect of
negative DC Bias field. In conclusion, the external DC bias
field stabilizes the high-power vibration excitation in the
case of a positive bias field and destabilizes in the case of
a negative bias field. Regarding the antiresonance measure-
ment for determining the piezoelectric and dielectric losses,
we will report an alternative way in successive papers.

9 | LOW-POWER MEASUREMENTS
UNDER EXTERNAL DC BIAS FIELD

Although the low-power measurements under external DC
bias field have been reported by several researchers,14,20 we
performed similar experiments on the hard and soft PZT’s to
perform a comparative study between low- and high-power
measurements. The experiments were performed using con-
tinuous admittance spectrum method. Since the vibration
velocity was less than 0.030 m/s, we did not observe the heat
generation more than 1°C even at the resonance frequency
range for both hard and soft PZT’s.

10 | DIELECTRIC PERMITTIVITY
AND DIELECTRIC LOSS

Figure 7A,B show the dielectric permittivity and dielectric
loss measured with the LCR meter at an off-resonance fre-
quency of 1 kHz (much lower than the resonance fre-
quency ~40 kHz). Note that we reported earlier in the

paper that the dielectric permittivity at the resonance was
slightly lower than the off-resonance. As it can be seen
from Figure 7, the dielectric constant change was �0.8%
for the hard PZT and �1.7% per 100 V/mm for the soft
PZT for a positive bias field and 0.5% for hard PZT and
1.2% for soft PZT in the case of a negative bias field. As a
reference, permittivity at 10 Hz as a function of DC bias
field is plotted, calculated from the derivative of the P-E
hysteresis curve shown in Figure 2. The dielectric permit-
tivity at 10 Hz is larger than that at 1 kHz in both the hard
and soft PZT’s, which mainly caused by the different mea-
suring methods, but a frequency dependency of the permit-
tivity cannot be excluded now. In this low-frequency
permittivity, however, a steeper bend seems to happen
around 200 and 100 V/mm for the hard and soft PZT’s in
the case of positive bias field, which may indicate a sort of
threshold of the domain wall dynamics, suggesting a two-
step mechanism. The intensive dielectric loss tan d’ (note
one order of magnitude difference between the hard and
soft PZT’s) shows a decreasing tendency with a positive
DC bias field with a similar bend around 200 V/mm and
an increasing tendency with a negative DC bias field.
Although both samples did not exhibit significant dielectric
loss change, the change rate (�0.4% per 100 V/mm) of the
hard PZT is less than the rate (�1.5% per 100 V/mm) of
the soft PZT for a positive DC bias field.

11 | ELASTIC COMPLIANCE AND
ELASTIC LOSS

Admittance spectrum method was adopted for measuring
low-power properties under an external electric field. The
% change in elastic compliance was �0.7% per 100 V/mm
for the hard PZT, in comparison to �1.7% for the soft PZT
for positive bias field and 0.5% for hard PZT and 1.4% for
soft PZT in the case of negative bias field. The elastic
compliance decrease with the positive DC bias field indi-
cates that the PZT ceramics gets hardened as the DC Bias
field is applied, whereas effect of negative DC bias field is
completely opposite. The elastic loss (inverse of the
mechanical quality factor as shown in Figure S4) showed a

FIGURE 7 Dielectric permittivity and
the corresponding loss at 1 kHz frequency
for (A) PIC 144 (hard PZT) (B) PIC 255
(soft PZT). Dielectric permittivity and loss
decreases with applied DC bias field
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shift of �1.1% per 100 V/mm for the hard PZT and
�2.4% for soft PZT with increasing positive DC Bias field.
Also, it showed a shift of 0.8% per 100 V/mm for the hard
PZT and 1.9% for the soft PZT under negative DC bias
field as inserted in Figure 8.

12 | PIEZOELECTRIC CONSTANT
AND PIEZOELECTRIC LOSS

In addition to the quality factor QA at the resonance condi-
tion, mechanical quality factor QB was also measured at the
anti-resonance condition under DC bias field (as shown in
Figure S4). Thus, the piezoelectric constant and loss were
determined from Equation (5) as a function of the DC bias
field (Figure 9). The piezoelectric constant decrease for the
hard PZT (�1% per 100 V/mm) was less than for the soft
PZT (�1.5% per 100 V/mm) under a positive DC bias field.
Also, apart from the real parameter, piezoelectric loss change
in the hard PZT was again smaller (�1.9% per 100 V/mm)
for the hard PZT as compared with the soft PZT (�3.1%).
For negative DC bias field, the piezoelectric constant
increase for the hard PZT (0.7% per 100 V/mm) was less
than for the soft PZT (1.2% per 100 V/mm). Apart from that,
piezoelectric loss change in the hard PZT was again smaller
(1.5% per 100 V/mm) as compared with the soft PZT (2.8%
per 100 V/mm). Also, it has been shown here that piezoelec-
tric constant as well as piezoelectric loss decreases with posi-
tive DC bias field which is just exactly opposite to the effect
of negative DC Bias field.

13 | SUMMARY

In this paper, we provided the dependency of dielectric, elas-
tic and piezoelectric coefficients (real parameters and imagi-
nary losses) on the vibration velocity and DC bias field
comprehensively. Note that as we drive the piezoelectric
ceramic at a high vibration velocity, we are introducing AC
stress in the material. Table 1 summarizes the material’s

coefficients change with the vibration velocity and DC elec-
tric field. Note that our results are not associated with any
temperature rise during the measurements. It has been found
that with the vibration velocity increase, the dielectric con-
stant, elastic compliance, piezoelectric coefficient, and their
corresponding losses increase for both the hard and soft
PZT’s. However, the change is more pronounced in the soft
PZT as compared with the hard PZT. To the contrary the
influence of a DC bias field depends strongly of the direction
of the field with respect to the original poling field. A net
decrease in the dielectric constant, elastic compliance, piezo-
electric coefficient and their corresponding losses is observed
when a positive DC Bias field is applied, whereas a negative
DC bias field affects in a completely opposite way. The
decrease rate of these physical parameters under small vibra-
tion level is enhanced under large vibration level, as shown
in the third column in Table 1. This situation can be visual-
ized in the 3D plot in Figure 10, showing the dependence of
elastic loss tan φ’ on the externally applied DC bias field and
the vibration velocity at the k31 sample length edge in the
hard (PIC 144) and soft (PIC 255) PZT. In comparison with
a relatively smooth plane contour for the soft PZT, a clear
bend on the contour plane is observed for the hard PZT. We
can find the intensive elastic loss tan φ’ shows two different
trends under vibration velocity and DC bias field; increasing
with the vibration velocity (domain wall destabilization) and
decreasing with positive DC bias field (domain wall stabi-
lization). Roughly speaking, the vibration velocity 0.1 m/s
(+3% and 5% change in s11

E for the hard and soft PZT’s)
exhibits the almost equivalent “opposite” change rate
(�1.7% 9 2 and �2.3% 9 2 changes in s11

E for the hard
and soft PZT’s) of 200 V/mm DC electric field.

This equivalency can be understood roughly as follows.
Like the off-resonance analysis in Ref. 20, the external
stress X1 is roughly estimated with the external electric
field E3 by

X1 ¼ ðd31=sE11ÞE3 (14)

Conversely, the electric field induced by the stress is
estimated by

FIGURE 8 Elastic compliance and the
corresponding loss for (A) PIC 144 (hard
PZT) (B) PIC 255 (soft PZT)
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E3 ¼ ðd31=e0eX33ÞX1: ðor X1 ¼ ðe0eX33=d31ÞE3Þ (15)

Since the electromechanical coupling factor d31ffiffiffiffiffiffiffiffiffiffiffi
e0eX33s

E
11

p
is not equal to 1, d31=sE11 6¼ e0e33X=d31. Thus, we
adopt a geometric average relationship for evaluating
X1:

X1 ¼ �
ffiffiffiffiffiffiffiffiffiffi
e0eX33
sE11

s
E3 (16)

The sign “‒” stands for the opposite effect owing to the
transversal piezoelectric effect (i.e., d31 < 0). We may
extend this relationship at the resonance by multiplying the
mechanical quality factor Qm:

jX1j ¼ Qm

ffiffiffiffiffiffiffiffiffiffi
e0eX33
sE11

s
jE3j (17)

Using practical values for the hard PZT
((sE11 = 12 9 10�12, eX33 = 1100 and Qm = 1200) and
E3 = 200 V/mm, X1 becomes 6.8 9 106 N/m2. On the
other hand, the relation between the maximum X1,rms (at
the k31 plate sample center) and vibration velocity v1,rms (at
the sample edge) is given by19

X1;rms ¼
ffiffiffiffiffiffi
q
sE11

r
v1;rms (18)

Using practical values for the hard PZT (q = 7.5 9 103

and sE11 = 12 9 10�12) again, v1,rms = 0.1 m/s provides X1,

FIGURE 9 Piezoelectric constant and
the corresponding loss for (A) PIC 144
(hard PZT) (B) PIC 255 (soft PZT)

TABLE 1 Table showing net change in material properties with applied positive DC bias field and vibration velocity

% Change in material properties

Vibration velocity
(per 0.1 m/s)

Electric field (per 100
V/mm at 0.01 m/s)

Electric field (per
100 V/mm at 0.3 m/s)

Hard PZT (%) Soft PZT(%) Hard PZT (%) Soft PZT (%) Hard PZT (%) Soft PZT (%)

Dielectric constant (eT33) +2.9 +5 �0.8 �1.7 – –

tan d033 – – �0.4 �1.5 – –

Elastic compliance (sE11) +3 +5 �0.7 �1.7 �1.7 �2.3

tan φ11
0

+75 (+)~0 & 75 �1.1 �2.4 �3.5 �4.2

Piezoelectric constant (d31) +2.7 +5.1 �1 �1.5 – –

tan h031 +70 +20 �1.9 �3.1 – –

Electromechanical coupling factor (k3l) +3.5 +5.3 Change within
error limits

Change within
error limits

– –

FIGURE 10 3D plot showing the
variation of elastic loss for PZT’s as a
function of DC Bias field and vibration
velocity for (A) PIC 144 (hard PZT) (B)
PIC 255 (soft PZT)
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rms = 2.5 9 106 N/m2 or X1,peak = 4.0 9 106 N/m2, which
shows a reasonable agreement (in the same order) with the
value estimated by Equation (16).

Another noteworthy point is the two-step mechanism
observed in Figures 5, 7 and 10 in the hard PZT: a change
in gradient can be observed in the elastic loss tan φ’ on the
vibration velocity change, whereas a change in the gradient
of dielectric constant eX33 and dielectric loss tan d’ is
observed on the DC bias field change. This may suggest a
sort of threshold value in terms of mechanical stress or
electrical field in the hard PZT for stabilizing/destabilizing
the domain wall motions. This could be related to domain
stabilization threshold, and the detailed analysis of the
results will be reported in future papers.
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