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ABSTRACT

Electromechanical characteristics of piezoelectric ceramics (PZT) under a resonant mode
with a high level of vibration stress were theoretically and experimentally studied. Though
the vibration is nonlinear (non-sinusoidal), it is found that the behavior of the vibration can
be approximated by the fundamental harmonic vibration (sinusoidal). Elastic compliance
suE and mechanical loss factor Qu? are quadratic function of vibration stress for hard PZT
and a linear function for soft PZT, respectively. Piezoelectric constant dsi, however, is a
linear function of vibration stress both for hard and soft PZTs. ‘
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1. INTRODUCTION

Piezoelectric responses of ferroelectric ceramics
consist of intrinsic and extrinsic parts [1]. The
intrinsic part refers to the lattice deformation
within every individual ferroelectric domain.
The extrinsic part represents the elastic
deformation which largely originates from the
motions of non-180° domain walls [2). In many
ferroelectric piezoelectric ceramics, such as
barium  titanate BaTiOs (BT)  and

lead-zirconate-titanate Pb(Zr,TDOs (PZT) , the.

extrinsic effect contributes to 60-70% of the
experimentally observed piezomoduli [3]. The
electromechanical characteristics of piezoelectric
ceramics show nonlinear behavior when the
ceramic is subjected to a strong electric field or
high stress [4-6]. They are functions of both
electric field and stress [7]. It is believed that
irreversible wall motions occurring above this
threshold cause the significant nonlinearity.

In recent years, intensive development
efforts have been devoted to new high-power
piezoelectric ceramic devices, such as ultrasonic
motors and  piezoelectric  transformers.
Piezoelectric ceramics used in these devices are
usually driven with a large vibration amplitude
in a resonant mode. It is important to
understand the above-mentioned nonlinear
behavior which appears in the relatively
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high-power or large amplitude range. However,
this effect has not yet been thoroughly studied.

In this report, the nonlinear effect of
piezoelectric ceramics is discussed both
theoretically and experimentally.

As specimens for this.study, we employed soft
and hard PZT transducers. The transducers
were driven in a longitudinal mode of
piezoelectric transverse-effect under electric
field-free (E=0) boundary condition. The
measurement was carried out using the electrical
transient response method [8].

2. THEORETICAL ANALYSIS OF

NONLINEAR EFFECT

We used the piezoelectric ceramic transducer
illustrated in Fig. 1 for this analysis. The
transducer, which is polarized in the thickness
direction, has dimensions of length 1, width b and
thickness t. For the mechanical resonance with
electric field E=0, the strain S:1 and electric flux
Ds are expressed by a function of stress T; as
follows [9]:
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where To and o are the amplitude of stress and
the angular resonant frequency, respectively.
The suf, siif, and suu® are the 2nd, the 3rd,
and the 4th elastic compliance, da1, dsn and dsiu
are the 2nd, the 3rd and the 4th piezoelectric
constants, respectively.
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Fig. 1. Piezoelectric ceramic transducer polarized
in the thickness direction.

When the spectral analysis are applied to
formulas (1) and (2), each harmonic without the
DC term is represented by formulas (4) to (9).
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In the case that we can neglect the 2nd and
higher order harmonic terms, the amplitudes
of strain So and electric flux Do are respectively
represented by formulas (10) and (11).

Soz=sP= sﬁ(l + ang)To,
_ 3le;” (10)
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If we express the current amplitude of each
harmeonic as iV, 10® and 0@,
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When the vibration velocity amplitude of each
harmonic on the edge of the transducer (+x=1/2)

is expressed as vo®, v and vo®@,
!
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While, the force factor of each harmonic AW,
Ao®, and A¢® can be expressed using the
formulas (12) to (17).

(1) Zbd

A(l) = .é.. = £7an ) (18)
v b S]E]

4D =_iﬁ)_5 2bday ’ (19)
v sk

o= 2| (20)
W s

In above theoretical formulas, we assume that
there is no hysteresis in the behaviors in S(T)
and D(T). If the hysteresis exists, then,

So= 5O =sE(+ay To)To » 21)
Do= D= du(l + ﬂgTo)To , (22)

where az2and B2 are coefficients, respectively

7.
3. EXPERIMENTAL

The measurement was carried out using the
electrical transient response method [8]. Five
kinds of lead-zirconate-titanate (PZT) ceramics
were used as transducer material: N10, N21, N6,
N8, and N81 (Tokin Products). The N10 and
N21 are typical soft PZT, N6 and N8 are typical
hard PZT, and N81 is a hard PZT newly
developed for use in high-power piezoelectric
transformers [10].

These transducers, which are polarized in the
thickness direction, operate in a longitudinal
vibration mode of the piezoelectric
transverse-effect.
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Fig. 2. Spectrum of vibration velocity v.

£ l’=31.kaz £®=95.00kHz

£P=63.50kHz

-40 | v

i (dB)

- 100 T SN NS N SN N SN SO SN SSNT T SR SHN UUN UUY TS S S TR N S S S 1
0 20 40 60 80 100
f (kHz)

Fig. 3. Spectruin of current i.

TableI Electromechanical properties at low vibration level

Ceramics N1o0 N6 N8 N81
Density o (X102 kg/m?) 7.95 7.92 793 801
Elastic compliance  sn® 14.8 12.7 118 8.7

(X 10-12 m2/N)
Dielectric constant & 33T 5440 1450 1010 480
Piezoelectric constant ds: -278 ‘133 ‘122 59
(x10-2 C/N)
‘Mechanical quality factor Qm 70 1400 1450 1650
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Table I lists density o, elastic compliance siE,
dielectric constant ¢ asT, piezoelectric constant
ds1, and mechanical quality factor Qm of each
material. Electromechanical characteristics
were evaluated at a low level of vibration stress.

3.1 Spectral analysis [11]

The frequency spectra for the vibration
velocity v and current i were analyzed using the
transducer composed of N8 with 1=52 mm, b=5
mm, and t=1 mm.

The frequency spectra of v and i just after the
electrical terminals are shunted are shown in
Figs. 2 and 3. Three peaks are observed at the
frequencies f0=31.756 kHz, f@(2f1)=63.5 kHz,
and f@(3fW)=95 kHz. These spectra indicate
that the vibration is not linear but nonlinear.
The peaks at f0, f?, and f& are, respectively, the
fundamental, the 2nd, and the 3rd harmonic
vibration due to nonlinear effects.

Figures 4 and 5 represent the amplitudes of
vibration velocity in the 2nd harmonic vo® and
the 3rd harmonic vo® as a function of the
fundamental harmonic voD. Since the values of
vo® and vo® are much smaller than that of vo®,
the 2nd and higher harmonics are approximately
negligible. The relations vo® oc{vo®}2 and vo®
<c{vW]3 can also be seen. These results give
fairly good agreement with the theoretical
formulas (16) and (17).

The amplitudes of current in each harmonic
io®, i0®, and i@ are plotted against vo®®, vo®,
and vo® in Figs. 6, 7, and 8, respectively. The
results i ooy | 9@ cov®, and @ oo @
are also in accord with the theoretical formulas
(18), (19), and (20).

3.2 Dependence of electromechanical
characteristics on vibration stress
In this section, we focus on the fundamental
harmonic because the higher order terms are
negligible.

We evaluated the dependence of elastic
compliance syE, piezoelectric constant dsi, and
mechanical loss factor Qm! on vibration stress.
The transducers with 1=42 mm, b=5 mm, and
t=1.0 mm were used in this experiment.

The fractional changes of A suE /snF,

A dsifdsi@, A QuY/Qu@y! against maximum
amplitude of vibration stress Ty are respectively
shown in Figs. 9, 10, and 11. Here, the su©E,
ds1(0), and Qu)! are the values measured at a low
level of vibration. The results for the hard PZT
give empirical formulas which show the same
proportion like formula (10).

sti= lel(O) (1 +a;sT 3) s (23)

100 F
F
F v (2)x[V0(1)12
107
3 i
-2
ggm E
EY £
3
[
107¢
10.‘ -AIAIIIIA i dedad L 4L i fom bk L 844
107 107 10° 10'

v (m/s)

Fig. 4. Amplitude of vibration velocity in
the 2nd harmonics vo®® vs. amplitude of
vibration velocity in the fundamental
harmonics vo.
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Fig. 5. Amplitude of vibration velocity in
the 3rd harmonics vo® vs. the amplitude of
vibration velocity in the fundamental
harmonics vo'?,
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Fig. 6. Amplitude of current in the
fundamental i® vs. amplitude of
vibration velocity in the fundamental
harmonics vo(V.
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This suggests that the S(T) for hard PZT behaves 1072 i
with the small hysteresis. @ The empirical 3
formulas for soft PZT are obtained as follows: s . ”
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This explains the
reason that S(T) for the soft PZT shows large
hysteresis.

On the other hand, ds: for both soft and hard
PZT is represented by the following of formula,

dn 2 duoy{l+ 2 To) - @7

This result suggests that D(T) for both soft

and hard PZT has large hysteresis.
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Fig. 7. Amplitude of current in the 2nd
0@ vs. amplitude of vibration velocity in

the 2nd harmonic vo®.

Fig. 8. Amplitude of current in the 3rd
i0® vs. amplitude of vibration velocity in
the 3rd harmonic vo®.
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Fig. 9. Fractional change in elastic
compliance Asu® /snu@F vs. amplitude
of vibration stress To.
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Fig.11.- Fractional change in piezoelectric
constant A dsi/dsie) of vs. amplitude of
vibration stress Ta.

4. SUMMARY
Nonlinear behavior of PZT, operating in the
longitudinal mode of piezoelectric

transverse-effect under an electric field-free
(E=0) boundary condition, was evaluated from
both sides of the theory and from experimental
results. The results obtained clearly show that
the elastic compliance suf and the mechanical
loss factor Qm! are quadratic functions of
vibration stress To for hard PZT, and that the
piezoelectric constant ds: is a linear function of T,,
where suf, Qul, and ds; for the soft PZT are
approximated by linear functions of To.

In light of experimental results and
theoretical formulas produced to date, a further
important point is that S(T) and D(T) for soft
PZT have hysteresis, while, the hysterisis of S(T)
is negligible but that of D(T) is not negligible for
hard PZT.
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