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Nonlinear electromechanical behavior of piezoelectric materials:

constitutive equations and numerical simulation
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ABSTRACT

Piezoelectric solids such as PZT and PLZT have been widely used as sensors or
actuators for various smart structural systems. The main problem occurring in
the applications is that a larger and larger actuation force is required to
maximize the function of the system. This naturally leads to local
concentrations of electric or stress fields near crack tips or geometric
irregularities and thereby results in a nonlinear behavior of the system.
Hence, it becomes more important to predict the nonlinear behavior of
piezoelectric solids. In this paper we investigate the micro-mechanism of
nonlinear behavior in piezoelectric materials and propose constitutive
equations. The calculation results obtained from an associated finite element
program are shown to be qualitatively consistent with experiments.

.M £

PZTw PLZT &2 st A& o8 712 F¥9 257 244719 A4z o33 sl
GHAE 2AF7lel S8t oM FAHL FAAE )47 AFs) AAHLR L 2
THE W eks Heldh F£3] 2 AU E Wol s Ae7)e A= AAE <HE
o e gdo] EAEAY FxA BAdEAde] ZAY o HAA R Aol &3 ol
AA H-9lol) F=dA AFHeh 2 At o FReA ABIL AR H ez AFHA = A
o] AzgAe] WA el 27le 5T A2 AF7)7F AFAA B = Ao

A7)-71AAH 2.2 dAde] B A Azbe g o dAZ ol AYA =e JAA F
of 24 wf Z|AH Wdol AxaA WASHA Ar|Ho2E F52 Wike] e 4L B
ol=dl o]& ¥Futd(polarization switching)oletx &}, E5AHo] 715 4AA

754 A (ferroelectrics) #tx #28rc}. PZT, PLZT 5 3T F4Y dAe) e A#A A=
o] A Aol AR xR ARl AUE AAlAE S v 42 AHIE o
£ ol FelA ArAH mE JAFH sFe] A& HE A TIYY VA ™ A%
e 6709 A2 & HAlel Fd 5 ek F JF AFe] fE A 6709 AR o8 ¥ 9

* A5 - ASANENRI AR RIS, By

-453 -



G MU 4 ook 9% Aol AL A% 6709 B3I oA S % A A o
S5he 2T WEe /PSS ool olFehl Hul 1 A% BAAAAAS BIWHe] Yy
Al Gk 2 AR Adel A" me AIAA el Agstel w30l Wbl He A

,//j ‘ ﬁ//ﬁ?
? o Ti +4
o o - fo ¢
el 2o |aredl
i P
Cubic Tetragonal
(a)
IR HfH
T_
1 - R
a IAREA

Fig. 1. Schematic diagram for polarization switching.
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Fig. 2. Schematic (a) electric field-electric displacement and (b) electric field-transverse strain

responses.
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tensor)E, H; = ¥3A =14 (piezoelectric tensor)& vehich = p.s9o S,°& 72 A
=4 H (spontaneous polarization vector)®t 1 W3 E €A (spontaneous strain
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& Jehlled 22k de] g A E g EA UM = WE Y-S S8
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2-2 w48 (Micromechanics)
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0< m <1, 2 m; = 1. (6)
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Aol Aasts AT AAsh WE $holdh. el HF AvNA ¢, BT BIUE . FT
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4= Nmds 2= 3 ma, S= 2 ms. ®)

AAE Wy BTRE LA R o4 I FoE o d&Ad H4E 7B gAAo R
229 WA (Coulomb’s law)3 71AA 32| F3o] &3} o] Foizlct.
div D = (, dv T =90. (9)
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Folalth. deist 2 g 3ol ¥ ndel A4F A% ohew 2L Aoz FAUGE A ual
-3
AA

fi omy = 0. (14)

A7 my = i—j EFUACAA ;O AR $99 Agke Z/14E e, ez g9

2 Aoz tH g7 g¥d F 9 F Hopd A Bdo] ;W
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) Ry (ftfe) for fS—fa,
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R; (fi—fo) for f32 /.
714 R; OO £, OO = i—; Bbds) A Aol myol i~ &F
g ez Gads] o EIWEY FE b o = —mgoleh, mek A 29
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Fig. 3. Finite element meshes.

A 7R FelA FARAHAL 7o sho] Adtel H4E Fes BAYA AF FEAA
2 Kim and Jiang(9)& #&zs}r] it 2 AFodE AFE £33 $A2 A& 93 A9
AR OB o]FoAd Sy ozE Ky <L, FIARTFLZE 0<x Ly ol AAT 224
Aeiee 2 mde) dgdes Adsd. Fig. 30l 2l ule} o] 2 AAYE H gAY
2 ojarstElm 12 sfe] UAHHYE A4y 4 42 FAH . ALz Qs A A
gtu)e] 439 1o} sl AL £t ZAAL AARAE g 2ok x,=0 o =
dxe] & wWaezel West x=00 = PN xS PFo Wyt FEHA

0= L3 xy=L, e sh5o] 248tz derh ANHLRZE x,=0 49 ZE FAAMY
A7l HYAL 0 ol xy=L, e ZE A A ¢(¢) 7} Folzlel. x=0,L; M=

-458 -



st 248 et

3. A&k X A

71 2 Al AAL 712 FAYAHAE 722 ste] 234 BaTiO; 7R Al digt
29 $& AArIR o). BaTios ol i AZAFEL Jaffe et al.(6)o4 F8AY
Az e ZAHLR fiatglon, Eaubd S22 vldAde R = do2 -3}
Aot = E250A 2AANA Y AT fua T SEH AL AN f, 2 Zoa A EA
ot ArtE e ALY AFL 1.5 MV/m, AE5FE 40 Hz o2 A7kl we} Aoz Fris

Ak gagieh 2719 AR 2 aaelA) peEe APlE 242 0.25 olof deba] 27] A
e 2IUEE ( ot
15 100 /
1 A I | //
L / %

\

Applied Field (MV/m)

Applied Stress (MPa)
&
\\
N

—

/ )
_ NIy
N

/
[ N

&
\

3
-

bt
(4]

2 201 0 01 02 0.3 ) 02 01 ) 01 02 03
Bectric Displacerrent (C/m*2) Longitudina Strain (%)
Fig. 4 The electric displacement-electric Fig. 5 The longitudinal strain-applied
field response to an applied stress response to an applied
electric field stress

Fig. 4% AAZ 7 o a9z 7Eg-"AA $94U=F 2o F9 Jonast
Shirane(1), Hwang 5(2], Jaffe S(6) o 2 A¥ AAEd HAH22 dx T}, Fig.
5 & A% 100 MPa olx AS47F 20 Hzal x, & vbsk(5AEk) o] $3o] 283 of 4, 2
urere] Wy go] WEg 2o £} Fig. 40lA 83 =279 Ao A4 o »E ZA
Hollxe] EFo] wpekd £2uldto) sl e R AfEv] w2 o] 24y A RE B
Fo] $Ho £ wgo g FUsA FxdA Hed 2 A3 Z1AH - 23 23ulA
HollHe Fd E3U57l 42493k Fig. 4 o 22 A4 23 Lynch(7)Y Schaufele
Hardtl (8] A At} AAAH ez dx]gc},

-459 -



¥ wdolde stdAe udd Age] R A vlAE ESudel e AE 4
Bata w5l el diF FRsa 2dE AAY F oRde g Arste o e
A4 2% & AUdeh 9A ArlsAM LR A" ARolMe) Aol Bubd A A
42 5 sle TAEEAE ANl AR FAAAL AR elviA] dest B 23
A" Exez T4 . 2 F AAD FAEAHAE Jltez 24 ZHRA Alzby el
F8: AL FAse] e $He Fohalch A4 Ave £ mdo] A 2w
Z kA Ay AFE dlFshed )48 & gloke Ae 2o FAC

s
2 o7& ADD-01-5-1 7]2d+ FA9 A& wol 3= 5,

Jona and G. Shirane, 1962, Ferroelectric Crystals, Pergamon Press.

2. S. C. Hwang, C. S. Lynch, and R. M. McMeeking, 1995, “Ferroelectric/Ferroelastic
Interactions and a Polarization Switching Model”, Acta Metallurgica Materialia, 43, pp. 207
3~2084.

3. Y. Huo and Q. Jiang, 1998, "Modeling of Domain Switching in Ferroelectric ceramics: an
Example”, International Journal of Solids and Structures, 35, pp. 1339~ 1353.

4. S. J. Kim, 2000, "A One-Dimensional Continuum Model for Thermoelectric Phase
Transformations in Ferroelectrics”, International Journal of Solids and Structures, 37, pp.
1145~1164.

5. AT, 1998, “ZRHAe @AAFTA A 129 dE&A BE”, gigriAgy FAgENI =
23 A, pp. 493~498.

6. B. Jaffe, W. R. Cook, and W. R. Jaffe, 1971, Piezoelectric Ceramics, Academic Press.

7. C. S. Lynch, 1996, "The effect of uniaxial stress on the electromechanical response of
8/65/35 PLZT”, Acta Materialia, 44, pp. 4137~4148.

8. A. Schaufele and K. H. Hardtl , 1996, "Ferroelastic properties of lead zirconate titanate
ceramics”, Journal of the American Ceramic Society, 79, pp. 2637~ 2640.

9. S. J. Kim and Q. Jiang, 2002, "A finite element model for rate-dependent behavior of ferroelectric

ceramics”, International Journal of Solids and Structures, 39, pp. 1015-1030.

- 460 -



