Chapter 6

LINEAR EQUATIONS FOR SMALL FIELDS
SUPERPOSED ON FINITE BIASING FIELDS

The theory of linear piezoelectricity assumes infinitesimal deviations
from an ideal reference state of the material in which there are no pre-
existing mechanical and/or electrical fields (initial or biasing fields). The
presence of biasing fields makes a material apparently behave like a
different material, and renders the linear theory of piezoelectricity invalid.
The behavior of electroelastic bodies under biasing fields can be described
by the theory for infinitesimal incremental fields superposed on finite
biasing fields, which is a consequence of the nonlinear theory of
electroelasticity. Knowledge of the behavior of electroelastic bodies under
biasing fields is important in many applications including the buckling of
thin electroelastic structures, frequency stability of piezoelectric resonators,
acoustic wave sensors based on frequency shifts due to biasing fields,
characterization of nonlinear electroelastic materials by propagation of
small-amplitude waves in electroelastic bodies under biasing fields, and
electrostrictive ceramics which operate under a biasing electric field. This
chapter presents the theory for small fields superposed on biasing fields in
an electroelastic body and some of its applications.

1. A NONLINEAR SPRING

The basic concept of small fields superposed on finite biasing fields can
be well explained by a simple nonlinear spring. Consider the following
spring-mass system (see Figure 6.1-1). When the spring is stretched by x,
the force in the spring is kx+k%*, where k and k' are linear and
nonlinear spring constants.
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Figure 6.1-1. Reference, initial, and present states of a nonlinear spring-mass system.

The reference state in Figure 6.1-1 (a) is the natural state of the spring
when there is no force and stretch in it. Under an initial, constant force f; the
mass m is in equilibrium with an initial stretch xo in the spring (see Figure
6.1-1 (b)) such that

fy =hkx, +k'x;. (6.1-1)
Then a small, dynamic, incremental force Af is applied, and the mass is in
small amplitude motion around x, with position xo + Ax (see Figure 6.1-1
(c)). Since both Af and Ax are small, we want to derive a linear relation
between them. In the state in Figure 6.1-1 (c) the equation of motion for the

mass is
2

M%(xo +Ax) = (fy + AF) = [k(x, + Ax) + k'(x, + Ax)*]

= (f, + Af) ~[kx, + kAx + k'x] + k'2x,Ax + k'(Ax)*] (6.1-2)
= (f, —kxy — k') +[Af — kAx — k'2x,Ax — k'(Ax)*].
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Using (6.1-1) and the smallness of Ax,

2

m?(Ax) = Af — kAx — k'2x,Ax — k'(Ax)’

=Af —(k+k'2x,)Ax (6.1-3)
=Af —k°Ax,
where
k =k+2kx, (6.1-4)

is an effective linear spring constant at the initial stretch xo. Thus at the state
with an initial stretch, the nonlinear spring responds to small, incremental
changes like a linear spring with an effective linear spring constant &°. It is
important to note that &° depends on xo and the nonlinear spring constant &'.

2. LINEARIZATION ABOUT A BIAS
The concept in the previous section can be generalized to an

electroelastic body [35]. Consider the following three states of an
electroelastic body (see Figure 6.2-1):

Reference

W (Biasing)

3
4

1./
Figure 6.2-1. Reference, initial, and present configurations of an electroelastic body.

(1) The reference state: In this state the body is undeformed and free of
electric fields. A generic point at this state is denoted by X with Cartesian
coordinates Xx. The mass density is py.

(i1) The initial state: In this state the body is deformed finitely and
statically, and carries finite static electric fields. The body is under the action
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of body force £, body charge p@, prescribed surface position X, , surface

traction 7.0, surface potential ¢ ° and surface charge &, . The deformation

and fields at this configuration are the initial or biasing fields. The position
of the material point associated with X is given by x = x(X) or x, = x(X),

with strain s,ZL. Greek indices are used for the initial configuration. The

electric potential in this state is denoted by ¢°(X), with electric field 952 .

x(X) and #(X) satisfy the following static equations of nonlinear
electroelasticity:

0 0 0
SEL = (xa,Kxa,L -0x)/2, Eg = “¢,K’ E, = "¢,a’

0 0
TI?L =p0—al s (P(,)(= —Po 0;// s
Sk Sk ER K \sd, Ex
JO =det(x, ),
Klga = xa,LTlgL + Mlga! ®(])(: g()JOXK’aXL’aE(I)"i' @(I)f’

1
My, =J°X, ,e,(ESES ~ EE;’E,‘,’% ),

(6.2-1)

Kza,K + pofao =0, (‘D(I)<,K: ,Dg.

(iii) The present state: In this state, time-dependent, small, incremental
deformations and electric fields are applied to the deformed body at the
initial state. The body is under the action of f, , py, ¥,, I, , ¢ and & .
The final position of X is given by y = y(X#), and the final electric potential
is gX,0) = £ X)+4'(X,0). y(X,0) and #X,¢) satisfy the dynamic equations of
nonlinear electroelasticity:

Sk = (yi,Kyi,L =0, )2, Ey= —¢,K= E = "¢,i

s oy oy
=po—| ., B=-
k= Po X :006E

Sk Ex K sy Ex
D = £,JC o E, + Py, (6.2-2)

1
MLj = ']XL,iEO(EiEj __2—EkEk5ij)’

E

Ky +pPof; =Pov;s D= Pr
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2.1 Linearization of Differential Equations

Let the incremental displacement be u(X,?) (see Figure 6.2-1). u and ¢'
are assumed to be infinitesimal. We write y and ¢ as

Yi(X,1) = 6, [x, (X,0) + Au, (X, 1)],
#(X.1)=¢°(X,0)+ 28" (X, 1),

where a dimensionless parameter A is introduced to indicate the smallness of
the incremental deformations and fields. In the following, terms quadratic in
or of higher order of 4 will be dropped. Substitution of (6.2-3) into (6.2-2)
yields

(6.2-3)

Sk =WixVir — k) /2= SIO(L +/15}(L,

i 1 (6.2-4)
EK foed '—¢,K = EK +/1£K’
where
Sl :(xa ua +xa uﬂ’ )/2’
sz 1J< LT Yartak (6.2-5)
EK = _¢,K9
and
TS =T° +AT) ,
KL I;L ch (6.2-6)
Py =P+ AP,
where
o’y 1 R !
T =Pogs 5] SPGB
aSKLaSMN Sl%bﬁlg afKLaEM 52,,_, I°<
2 ) (6.2-7)
o’y ) o'y 1
P = —py —— Suv = Po = ————] =
K= OExOSyy S ER o OEOE) Ski R :

To the first order of A,
Xij = Xa¥Xa; = Xio(Oiays —U,)
= X o010, — Aty ;)= Xy (8, — Atty 1 X, )
=Xgq [5ja - lua‘LXL‘ﬂ (5jﬂ - /Iuﬁ,MXM’j )] (6.2-8)
=Xy, l0,, —Au, X 46,,]
= 5jaXK,a - MK,aua,LXL,ﬂ5/j'
From (1.1-22),



172

1
JXK,j = EgKLnglmyl,Lym,M

= Joé'jaXKﬁ + A0 € 5y X p LUy i
=J%0 Xyt A6, (X (X, =X X U,
For the electric field
E =~¢, =~ Xx, = Ex Xy,
=8, Ey + A8, (Epy Xy o = Egig e X p0)-

Then the Maxwell stress tensor and JCj, &, can be expanded as
MKi = 5ia(M1(éa + ﬂ’Mllfa)’
JCLE, =(JCLE,)" + A(JCLE,),
where
M;m =8xa, ¥, — rLKafi:
(JC;LEL)I =V, U, 1 +lKL£;,’
and
Skay = goJo [E(SE; (XK,/}XL,}' - XK,yXL,ﬂ)
00
~E E Xy X, ,
+ EgE) (X o X, 53— X3 X10)

1
+§E2E2 (Xiy Ko =Xk aX1,))s

Fery = gOJO(Ea(z)XK,aXL,y - E;)XK,;/XL,Q - E;(/)XK,aXL,a )s
La =600 Xy o X 4
Then
KKi = yi,LTI'(SL + MKi = 5ia(K1(;a + ){‘K}(a)’

D=, JCHE +P =Dy+AD,
where
1 0 1 1
Kio =ty Tog + %5, Ty + My,

D= &,(JCiLE,) +@.

(6.2-9)

(6.2-10)

(6.2-11)

(6.2-12)

(6.2-13)

(6.2-14)

(6.2-15)
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Equation (6.2-15) can be further written as
K;, =G putly s — Ruy, Erss
o et T (6.2-16)
Dr=Ry u,, +LyE],

which shows that the incremental stress tensor and electric displacement
vector depend linearly on the incremental displacement gradient and
potential gradient. In (6.2-16),

o’y
G =X, 0 Po———— X
Kaly M0 6SW65LN SIO(L’EIO( 7.N
+T1?L§ay +gKaLy = GLyKa’
oy (6.2-17)
Ry, =—po X,om ks
! OFExOSuy |0 g0 !
&y
L, =—p, ——— +1., =L,..
KL Po 0E O, Y KL LK

GKaLy, RKLy, and L, are called the effective or apparent elastic,

piezoelectric, and dielectric constants. They depend on the initial
deformation xX) and electric potential ¢°(X). Even when a material is
considered linear, i.e., only the second-order material constants need to be
considered, the effective material constants still show modifications by the
biasing fields. The effective material constants in general have lower
symmetry than the fundamental linear elastic, piezoelectric, and dielectric
constants. This is called induced anisotropy or symmetry breaking. There

can be as many as 45 independent components for G, , 27 independent
components for Ry;,, and 6 independent components for Ly, . Since the

fields in the present configuration satisfy (6.2-2) and the biasing fields
satisfy (6.2-1), we have

1 1 .
KKa,K + pofa = pOua’

) . (6.2-18)
Dk k= Pr>
where £, and p) are determined from
fi =8, + ), Pr=pi+Aps. (6.2-19)

In the above derivation, A can be setto 1 everywhere.
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The boundary value problem for the incremental fields u and ¢' consists
of the following equations and boundary conditions:

1 1 .. .
Kyax +Pofu = Poily, in V,
Dy = py, in V,
1 1 :
KLy = GL}Maua’M —RMMQEM, in vV,
1 _ 1 .
Dy=Ry u,, +LyE, in V, (6.2-20)
u,=u, on S,
¢'=¢' on S,
KéaNL = T_Tal on ST’

1 -1
DyN,=-0, on §,.

e

Because of the dependence of Gy, Ry, and Ly, on the initial

deformations and fields, (6.2-20) in general are equations with variable
coefficients.

2.2 A Variational Principle

The symmetries shown in (6.2-17) imply that the differential operators
in (6.2-20) are self-adjoint (see Section 6). It can be verified that the
stationary condition of the following variational functional under the
constraint of the boundary conditions on S, and Sy yields (6.2-18) and the
boundary conditions on S7 and Sp:

t 1 .. 1
H(“a¢l) = J:odt J;, (Epo”a”a _EGKaLyuK,auL,y

1
- RKL7¢,1KuL,y + ELKL¢1K¢IL + pOfo}ua - p2¢1)dV (6.2-21)

+ [ dt J, Tu.ds - _[Iodt f, ..

,U

2.3 Linearization Using the Total Stress Formulation

With the total stress formulation in Section 7 of Chapter 1, the
derivation for the equations of the incremental fields can be written in a
more compact form as
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N oy 1) 1
=p =T +AT,,,
KL 0 89S, KL KL
oy 0 1
=—p, —— =P +AD .,
k= P oE, K K
s 8%y | o’y !
T = P E,, .
KL OaSKLaSMN 5%, EY e 08 O Ey Sk ER !
1 62'/7 E! 52‘/9 1 (6.2-22)
k= "Fo MmN~ Po A Eps s
OE 08\ 50, 0 OELOE,, s
Ky ':yi,LfKL = 5ia(K10<a +’1K;<a)a
K}(a = ua,LflgL +xa,Lf'IiL’
K;,}/ =G aMan _RMLylew
Dy= Ry, + Ly},
where
62‘/; Al
G =X, 4y Py ————— X, v + T 0,, =G kus
Kaly M Po 05,005, o N T Lk Oy LK
52g/7
Ry, =—po—a = X, (6.2-23)
4 OE 0S| 0 o 4
%y
L, =—p, ————— = )
KL pO aEKaEL SO ]0< LK
Problem

6.2-1. Show (6.2-9).

3. VARIATIONAL APPROACH

The equations for the small incremental fields can also be obtained by
making power series expansions in terms of the small incremental fields in
the variational functional of nonlinear electroelasticity [36]. Consider the
dynamic form of the total energy formulation in (1.8-5). Let
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y,=0,,(x,+u,). (6.3-1)

Other quantities of the present state can then be written as

p=¢" +Ag' + 1297,

fi =0 )+ M+ X [ ),

Pi =P APy + A P,

¥, =0,(&, +Au,), (6.3-2)

T =0,,T+AT) + X'T] ),

b=0"+Ad" + 229,

G,=0.+Ac. + 5],
where, due to nonlinearity, higher powers of A may arise. Note that in (6.3-
2) the superscripts 0, 1, 2 are for orders of expansions, not for powers except

in A%~ We want to derive equations governing u and ¢'. From (6.3-1) and
(6.3-2), we can further write

Sk =S8 + A8k + AT S,

(6.3-3)
E, =Ep +AEy + A E} -,
where
SI%L =(§a,K§a,L "5KL)/2a
Sk = (&, xthy, +E, U, )12,
k= Gl + st 634

2
Sk =ua,Kua,L/2,

0 _ 0 1 _ 1 2 2
£K - _¢,K9 ‘EK - _¢,K9 (EK “_¢,K-

Substituting (6.3-1)-(6.3-4) into the dynamic form of the IT in (1.8-5), we
obtain

I1=11° + AIT' + A°T1% -, (6.3-5)

where
‘ 1 . N
e = .[odt _[V [—2—p0xaxa — P (S - Ep)
+ pofu %, — pre°ldV (6.3-6)
! 70 ! —0 40
+ ’odtLT Tx dS - Ldt jSD 5°¢°4S,
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, . oy oy
' = | dr X, U, — Py Ey — ]
-[to J.V [pO a”a pO aSKL SI%L,Q'O( KL pOaEK SI()(L"EIO( K
+ Loty ¥ PofaX, — Pr#' = pr0° 1V (6.3-7)
o [, o+ i
t —0 41, =140
~[af, @' +5i0"as,
and
t 1 .. al/; 2 6'/; 2
m>=\{d{ [-p,u 1 —p,—— S — &
J:o -[V [2p0 o poaSKL L) K panK O g0 "
1 62gf/ - 621/7 1 pl
vV st et g —T E,,F
2p0 08,08y SkeEx e poa@MaSKL Sk ER o
0%y
1 —V 1 gl (6.3-8)
2" 0€,08, |, .

+ PoSate + PofdXa = Pi8’ — ppd' — pp#°ldV
! 71 72
+ Ldr LT (Tlu, +Tx,)dS
- :dt [ @92 +5l4" +52")as.
Comparing (6.3-6) to (1.7-1), we recognize (6.3-6) to be simply the
variational functional for the initial deformation which may be dynamic.

Since the initial deformation here satisfies the dynamic form of (6.2-1), IT'
in (6.3-7) can be written into the following much simpler form:

' = [t |, (pofux, ~pp#")aV

+[dt| Tlxds-[di| lg'ds (€

to s 2 F o Sp ¢ ’
which does not depend on u and ¢' anymore. If £, o3, T., and & are
held constant, or, in other words, f. ;= p,lY = Y_’al = Eel= 0, then IT* = 0 which

simply shows that T1° is the variational functional for the initial deformation.
Since we are interested in equations for the first-order incremental fields u
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and ¢', we drop all second-order quantities involving ¢*>, f2, pi, T}

and &, in [T* and obtain

‘ | |
1% (u,¢') = _[Odtj;/ [Epouaua _EGKaL;/uK,auL,y — Ry, P,

1
+ ELKL¢,‘K¢L + pofatt, — Pp#' 1AV (6.3-10)

+ ;dz J, Tu,ds - j;dtjsb 5l9'ds,

where
oy
G =X,y Lo x
e M as k08 1y S ER "
oy
+p0_—_ 50{7 :GLyKa’
0S| gp, ey
) (6.3-11)
0%y
RKL ==—Po T XM
’ aEKaSML Sl(&’ﬁg g
oy
L, =-p, ———] = .
KL Po afKaEL o LK

Equation (6.3-11) are the same as (6.2-23). When (1.8-1) is introduced into
(6.3-11), with the use of (1.8-2) and (1.8-6)-(1.8-8), (6.2-17) will result.

4. SMALL BIASING FIELDS

In some applications, the biasing deformations and fields are also
infinitesimal. In this case, usually only their first-order effects on the
incremental fields need to be considered. Then the following energy density
of a cubic polynomial is sufficient:

1 1
PW(Ey ,Ex) = ECABCDSABSCD —€5cE4Spe — EZABEAEB

1
+ gCABCDEFSABSCDSEF + EkABCDI:‘EASBCSDE (6.4-1)

1 1
- EbABCDEAEBS(‘D - EZABCEAEBQC s
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where the subscripts indicating the orders of the material constants have
been dropped. For small biasing fields it is convenient to introduce the small
displacement vector w of the initial deformation (see Figure 6.2-1), given as
X, =0, Xp+W,. (6.4-2)
Then, neglecting terms quadratic in the gradients of w and ¢, the effective
material constants take the following form [35]:
Grory = Ckary ¥ Cxoy> Rigy, =€, vey,s Ly =6 +Ey, (64-3)
where
~ 0
Craly = TKL6a7 F CxunWyn Y Cxni, Wan

+ cKaLyABS,gB + kAKaL/Eg >
éKLy =ClrmWor — kKLyABS?IB + bAKLy£?4

+ &, (ExS,, —E} Ok, — EyyOrr,Oxz)s (6.4-4)
Ex = biapSan + XkiaFa + & (SpnOxs ~ 28)»
533 =(Wyp+Wp4)/2,

0 0
Ey =—Px-
It is important to note that the third-order material constants are necessary
for a complete description of the lowest order effects of the biasing fields.

S. THEORY OF INITIAL STRESS

In certain applications, e.g., buckling of thin structures, consideration of
initial stresses without initial deformations is sufficient. Such a theory is
called the initial stress theory in elasticity. It can be obtained from the theory
for incremental fields derived in Section 2. We set x = X in the equations for
small fields superposed on finite biasing fields. Furthermore, for buckling
analysis, a quadratic expression of y with second-order material constants
only and the corresponding linear constitutive relations are sufficient. The
biasing fields can be treated as infinitesimal fields. Then the effective
material constants sufficient for describing the buckling phenomenon take
the following simple form:

- 0
Grory = Ckary T Tx104, -

Ry, =ey, + eo(f,(}é” - 752510 ~Ey, 81y O )s (6.5-1)
L

kL~ €k
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where T, is the initial stress and €y is the initial electric field.

Results obtained in buckling analyses of a few thin piezoelectric beams,
plates, and shells show that the buckling load of a piezoelectric structure is
often related to the corresponding elastic buckling load obtained from an
analysis neglecting the piezoelectric coupling in the following manner

PPiezoelectnc (1+ﬂk )PElastlc (65_2)

Cr

where A is a small, positive number. 4 may depend on the material and
geometry of the structure. k* = e*/c£ > 0 is an electromechanical coupling
factor. When (6.5-2) is true the electromechanical coupling tends to increase
the buckling load. In such a case an elastic analysis ignoring the
piezoelectric coupling yields a conservative estimate of the buckling load.
This is not surprising in view of the piezoelectric stiffening effect. Specific
results on buckling of thin piezoelectric structures can be found in the
references in a review article [37].

6. FREQUENCY PERTURBATION

Many piezoelectric devices are resonant devices for which frequency
consideration is of fundamental importance in design. Analysis based on
linear piezoelectricity can provide understanding of the operating principles
and basic design tools. This type of analysis is represented by Mindlin’s
early work on the eigenvalue problem of Section 6 of Chapter 4 [38].
However, devices designed based on linear piezoelectricity are deficient in
certain applications. Knowledge of the frequency stability due to
environmental effects (e.g., temperature change, force, and acceleration)
which cause biasing deformations and frequency shifts is often required for
a successful design. For the lowest order effect of the biasing fields, we need
to study the eigenvalue problem of an electroelastic body vibrating with the
presence of a small bias. From (6.4-4) we have

—[(cLyMa +55Lma)ua,M +(eyy, t+ géML;/ )¢§w 1. = poiu,, in V,

[—(ex, + géKLy W, + (&g + E€y )¢]L]1< =0, in V,

u,=0, on §,,

szNL =[CLpa + wAL;d\/Ia Wy + (eMLy + géMLy )¢5\4 N, =0, on S,

1 _

¢ =0, on S,

DNy =[(ey, + &, —(6x +E )P N =0, on S,
(6.6-1)
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where A = w?, w and {u,¢'}=U are the resonance frequency and the

corresponding mode, respectively, when the biasing fields are present and
may be called a perturbed frequency and mode. ¢ is an artificially introduced
dimensionless number to show the smallness of the biasing fields. In terms
of the abstract notation in Section 6 of Chapter 4, Equation (6.6-1) can be
written as [39]

(A+£A)U=ABU, in V,
u,=0, on S,
[(K+eK)U], N, =0, on S, (6.6-2)
¢' =0, on Sy»
[(D+&D)UI, N, =0, on S,
where
AU = {~(C pralors *+ €, Pu) 1> (€t + £ 9) 3

AU = {—(éLWaua,M + éMLy¢,]1\4 ),L 9(_51@7 u,, + éKL¢1L ),K }’
BU = {p,u, .0},

(KU),, =CpamMors + €y, B> (6.6-3)
(KU),, =€, ppallops +8p, Bres
(PU), = i My — SKL¢,1L’
(ﬁU)K = éKLyuy,L - ‘g‘KL¢lL
We make the following expansions:

A=A+

0) @ -
U= {”a = e Ly da Lo yo 4 gyo, (664
@' 3O e

Substituting (6.6-4) into (6.6-2), collecting terms of equal powers of &, the

following perturbation problems of successive orders can be obtained. Zero-
order:
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AU = J9BUO, in V,
u® =0, on S,
(KU®), N, =0, on §,,
¢$” =0, on S,
(DU®), N, =0, on S,

(6.6-5)

which we recognize to be the eigenvalue problem for vibrations of a linear
piezoelectric body without biasing fields, treated in Section 6 of Chapter 4.
The solution to the zero-order problem, A9 and U, is assumed known and

the first-order problem below is to be solved:
AU® + AU = 29BU® + A"BU®, in V,
u;” =0, on S§,,
(KUY +KU®), N, =0, on S,
¢ =0, on S,
(DU +DU®), N, =0, on S,.
The equations for the first-order problem can be written as

AU® = JOBU® + AOBU© - AU .
Multiply both sides of (6.6-7) by U?
< AU U9 >

= A9 <BUY;U? > +17 <BU®; U >

~< AU U >,
Similar to (4.6-7), it can be shown that

< AU U >
= L [(KU®), N, u® +(DU?), N p1dS
+ [, (KUY, Nyul® +(DUD), N, ¢ 1ds
+<UPAUY >,

With (6.6-5) and (6.6-6), Equation (6.6-9) becomes
<AUOU® >=—[ (KU, N, uldS

- L (DU), N, ¢VdS+ < U AU >.

(6.6-6)

(6.6-7)

(6.6-8)

(6.6-9)

(6.6-10)
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Substitute (6.6-10) into (6.6-8):
L, KUD), N, u0ds
+ jSD (DUD), N,4dS+ < AU?;UD > 6611
=19 <UY;BU@ > +1Y < BU?;, U@ >
-<AU;U© >,
which can be further written as
< AU(O) —l(O)BU(O);U(l) >
+ | T (KU®),, N, ulds + | ! (DU®), N, p0dS  (6.6-12)
=1 <BUP; U > - < AU(O);U(O) >.
With Equation (6.6-5);, from (6.6-12)

20 = 1
<BU; U >

x [< AU U0 >+ [ (KU, N, udS (6.6-13)

+f (ﬁU‘O’)LNL¢(°)dS].

The above expressions are for the eigenvalue A =a”. For @ we make the
following expansion:

0=+ 0. (6.6-14)
Then
=0’ = (09 + 0"y’
=~ {(0)(2) © (1) ~ (0 " (6.6-15)
= (@) 4260 Q0 = A© + AV,
Hence
o
7] 1
© = ) A
® 2(0®)
_ 1 1
20y <BUTLUT > (6.6-16)

x [< cAUOUO > 1 [ (6RU®),,, N, udS

+f (sﬁU<°>)LNL¢<°>dS],
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or
w-0® 1 1
o  2A0®)? IV pttPuPav
A 0 A
X {J;/ [_ (ch}'I\/Iauz(z bt 8eML;/¢(0)) Lu(O)
+(~géy ul) + €, 0) ]dV (6.6-17)

4 0) ©
+LT (£€ pratigrs + €€y, 80 YN udS

+ [, (e égq,u) —egKL¢(L°))NK¢‘°)dS}}.

With integration by parts, we can write (6.6-17) further as

o-0® 1 1
o 20V [ puPulav (6.6-18)

4 (0) 0) 5 (0),.(0) A 0) +(0)
x J;, (EC patlopty; + 253ML7¢,M u,; - EEwP, By AV

When ¢is set to 1, (6.6-18) becomes the well-known first-order perturbation
integral for frequency shifts [40].

7. ELECTROSTRICTIVE CERAMICS

As the linear coupling between mechanical and electric fields,
piezoelectricity cannot exist in isotropic materials. Mathematically this is the
consequence of the fact that a third-rank isotropic tensor with a pair of
symmetric indices has to vanish. Electrostriction is a nonlinear electroelastic
coupling effect that exists in all dielectrics, isotropic or anisotropic. In the
simplest description, electrostriction can be described by the term

b 1ocpE4EpSep in the energy density (6.4-1).

7.1 Nonlinear Theory

Electrostrictive ceramics are macroscopically isotropic due to their
polycrystalline structure. For isotropic materials, there are not many
independent components of the material tensors, linear or nonlinear. Instead
of (6.4-1), it is more convenient to use representations based on tensor

invariants of the strain tensor § with components S, and the material
electric field vector € with components &, . The invariant representation
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automatically yields three-dimensional constitutive relations with a few
independent material parameters. With the integrity bases for isotropic
functions of a symmetric tensor and a vector, it can be determined that for
isotropic electroelastic ceramics the energy density function w can be
written as

y=y(l,,1,,15,1,,15,1), (6.7-1)
where the six invariants /; through /s are given by [1 ]
L =ti(s), I,=tx(s?), I, =tr(s?),

, (6.7-2)
I,=€-€ I,=€-SE I =-S5
In (6.7-2), S? stands for §-S. Equations (6.7-1) and (6.7-2) imply the
following constitutive relations for the symmetric stress tensor and the
polarization vector:
T’ =32—1+26—25+36—252 o
ol, ol, ol, ol

o (6.7-3)
+—[E®(S-E)+(S-E)RE]
ol
@:—26—2£—29§—5-£~2a—252-£, (6.7-4)
al, ol ol

where 1 is the unit tensor of rank two, and ® represents tensor or dyadic
product. Equation (6.7-3) and (6.7-4) are the most general constitutive
relations of isotropic, nonlinear electroelastic materials. Although seemingly

simple, they can be complicated functions of S, and E,. Under the

inversion of € - —E, we have ® > —@ and T° > T, indicating that @
is odd and T® is even in €. Therefore linear dependence of T on E
(piezoelectricity) is not allowed, but higher order couplings are possible. In

particular, electrostrictive effect can be seen from, e.g., the fourth term on
the right-hand side of (6.7-3), which is due to Zs.

7.2 Effects of a Small, Electrical Bias

Electrostrictive ceramics operate under a biasing electric field. If a small
biasing electric field &° is applied, the small biasing fields are purely
electrical because there is no linear electromechanical coupling in the
material. In such a case, the effective material constants under the electrical
bias are
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Kaly = CKaIN»
0 0 0 0
Ry, =by, By +E(ERS,, — Sy, —Ep Sy, 64 )s  (6.7-5)
Ly, =¢4.
Thus electrostrictive ceramics appear to be piezoelectric under a biasing

electric field, and the effective piezoelectric constants Rg;, are tunable by

the biasing electric field E°.

For the simplest model of electrostrictive ceramics, consider the case of
infinitesimal deformation. We construct an energy density function as
follows:

oo =cI} +e, I, —e,xl, 12+b11, +b,1,, (6.7-6)

where c;and c; are elastic constants, yis the relative dielectric permittivity,
b, and b, are electrostrictive constants. The constitutive relations generated
by (6.7-4) are

T[fL =21, +b,1,)5y, +2¢,8y, +b,ELE,,

(6.7-7)
Py = (80 —2b,1))Ex —2b,5 E, .

Under a biasing electric field E" in the x; direction, from (6.7-5), the
effective piezoelectric constants can be obtained as

R =Ry =Ry =Ry, = “E;)bz - 5of£a
Ry, =Ry, = _2£§b1 + gofg,

Ry = _2£30 (b, +b,)- 5()@;)5

All other RKM =0.

(6.7-8)

Note that since there are only two electrostrictive material constants, the
following relation exists

2Rm + R311 = Ry;;. (6.7-9)

The nonzero tensor components of the electrostrictive constants are related
to the material constants in (6.7-6) by

b3113 = b3131 = b3223 = b3232 = _bza
byyyy = byyyy =26y, (6.7-10)
b3333 = *2(b1 + bz )-





