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The relationship between piezoelectric high power

property and linear property
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1. Introduction

For the high power ulatrasonic applications
using piezoelectric materials, nonlinear piezoelectric
vibration is significant problem because it comes
down to the limitation of the vibration velocity. It is
originated from the mechanical nonlinearity rather
than the dielectric and piezoelectric nonlinearities!!.
It indicates that large strain magnifies the influence
of the higher order elasticity. Therefore, the higher
order elastic constant is suitable for evaluating the
piezoelectric nonlinear vibration.

Our research group has already improved the
piezoelectric LCR equivalent circuit for describing
the nonlinear vibration"l. The nonlinear resistance
and the nonlinear capacitor were introduced. Using
this model, the higher order elastic constant of the
piezoelectric material can be obtained by admittance
curve fitting. This method requires only admittance
curve measurement; therefore, it enables to evaluate
piezoelectric high power characteristics effectively.

In this study, the higher order elastic constants
of  Pb(Zr,Ti)Os ceramics, (1-x)Ba(Zr,Ti)Os-
x(Ba,Ca)TiOs ceramics, (K, Na)NbOs ceramics and
LiNbOs single crystal were evaluated and compared.

2. Nonlinear model

2.1 Higher order elasticity

Piezoelectric equation of 31 effect with higher

order elasticity is expressed as equations (1)-(2)2):

Ty =cf; S + Cf1(3)513 + e31E3 (1)

D3 =315, + €33E;3 (2)
where T;, S;, E;, D3 are strain, stress, electric
field and electric flux density; cf;, ¢fy(s), €31, €33
are linear elastic constant, cubic elastic constant,
piezoelectric constant and dielectric constant. The
higher term cf, ;) S7 is considered. Other higher
terms are omitted because the even-ordered term
doesn’t affect the signal with driving frequency and
the influence of more than 5% order terms is
negligible. In this research, cubic elastic constant
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cfisy was measured and utilized for evaluating

piezoelectric high power characteristics. cf ;) was
treated as complex number as equation (3):

C1E1(3) = Re(C1E1(3)) +jIm(Cf1(3)) (3)

2.2 Equivalent circuit model!!!

The relationship between voltage V and
current i,, in the mechanical part of piezoelectric
LCR equivalent circuit is given as equation (4):

LLZ—;”+R0im+Cl0fimdt=V 4)
where L, Rpand C, are equivalent mass, dumping
and compliance. Under high power condition, the

relationship is expressed as equation (5):
di

1
L== 4 Ryipm + i3, +—f imdt
3 ®)
+Ew3(fimdt> =V

where w is driving angular frequency; ¢ and 7
are nonlinear coefficients which represent nonlinear
elasticity. These nonlinear coefficients can be
obtained by the curve fitting to the measured
admittance curve using equation (5).

The relationship between cubic elastic constant
cfis @and nonlinear coefficient ¢ and 7 is

expressed as equations (6)-(7):

16 ¢, A2
Re(cty(s) = S ol (6)
—2
16 cE A2
() - L o

where A, p, w, are force factor, density and
angular resonance frequency.

3. Measurement

In this research, we investigated high power
characteristics of following piezoelectric materials.
(1) Pb(Zr,Ti)Os3 ceramics
(2) (1-x)Ba(Zr,Ti)Os3-x(Ba,Ca)TiOs ceramics
(3) (K, Na)NbOs ceramics
(4) LiNbO:s single crystal



Proceedings of Symposium on Ultrasonic Electronics, Vol. 38 (2017)

25-28 October, 2017

Table 1 Parameters of measured piezoelectric transdcers
No. Material 0 Width Thickness Length No. Material 0 Width Thickness Length
m [mm] [mm] [mm] m [mm] [mm] [mm]
1 2100 6.0 2.0 24.0 14 60 33 1.5 11.0
2 2010 6.0 2.0 24.0 15 150 32 15 11.9
3 1860 6.0 2.0 24.0 16 410 27 1.0 11.9
4 - 890 27 1.0 16.0 17 450 35 14 11.1
5 1370 27 1.0 15.9 18 210 3.1 1.2 122
6 830 27 1.0 15.9 19 KNN 90 33 1.0 12.0
7 930 27 1.0 16.0 20 60 3.0 1.0 12.0
8 100 6.0 2.0 24.0 21 60 3.0 1.0 12.0
9 150 3.0 1.0 12.0 22 60 3.0 1.0 12.0
10 | BZT-BCT | 420 3.0 1.0 12.0 23 100 33 14 113
11 1320 3.0 1.0 12.0 24 70 238 11 15.9
12 70 32 1.5 11.2 25 LN 11300 7.0 0.5 44.0
13 KNI 70 3.4 1.1 11.1
We prepared plate type transducers of these z
piezoelectric materials with various mechanical £
quality factor ¢, as shown in Table 1. Measuring the X
longitudinal vibration of plate type transducer by 31 g
effect, cfj5 Wwas obtained. Measurement of z
piezoelectric ceramics (1)-(3) were conducted with - T T
. . E 10 2
admittance curve measurement with frequency e [107 Nim'] _
. . . . E
response analyzer (NF FRA5097) and curve fitting ~ Fig. 1 The relationship between 1/Im(cf;)) and cr;
using equivalent circuit model"). Measurement of
(4) LiNbOs single crystal was conducted with Z whl
electrical transient response measurement?®. It is ok
because the transducer was corrupted due to the long Ot
excitation of admittance measurement. o
The relationship between 1/Im(cf;5)) and : R
— . . . . . = 1 EEAAT N WY S n
¢k, d3; of piezoelectric ceramics are shown in Fig. S W w w w0 w1
1-2. Im(cF, ;) decreased as c£ increased and d ST
: ® 11 31 Fi N _
IR . . . ig. 2 The relationship between 1/Im(c and d
decreased. It indicates that hardening of piezoelectric 8 P (chia) 3
ceramics reduces the influence of nonlinear elasticity. , e —
It is also evident from the relationship between cf % W EP=
and MnCO; content of BZT-BCT ceramics, which is % o EP=
shown in Fig. 3. However, c¢f; and d3; of PZT are g A LRIICT. 32
saturated but BZT-BCT’s and KNN’s doesn’t saturated Zafb 3 :f
in Fig.1-2. These results verified that the lead-free CR S— Tt e £
. 1 tr . ld b 1m I d th iI‘ = 00 ot 02 03 04 05 [
piezoelectric ceramics could be improved the MnCO, content [wt%]
nonlinear effect by modifying their__linear Fig. 3 The relationship between cf 5y of BZT-BCT

coefficients like PZT. Measured minimum cf 5, of
each piezoelectric material are shown in Table 2.
Absolute value of ?(3) of LN single crystal is
outstanding compared to PZT, BZT-BCT and KNN.
It is because of the structure of single crystal; namely,
grain boundary has great influence to nonlinear
elasticity.

4. Conclusion

In this research, high power characteristics of
piezoelectric materials are evaluated with higher
order elastic constant. It reveals the hardening of
piezoelectric materials reduces the piezoelectric
nonlinear vibration.

and MnCOj; content

Table 2 Measured minimum cf; 5, of each material

Re(cfy(s) [N/m?] Im(cfyz) [N/m?]
PZT —9.6 x 105 1.2 x 1015
BZT-BCT —1.0 x 1077 2.1% 105
KNN —3.3 x 106 9.9 x 105
LN 6.6 x 1013 41x 103
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