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Abstract—This paper presents a higher order, linear theory of piezoelectric crystal bars as in
the same spirit as that of Mindlin. First, a power series representation in aerial coordinates is
employed for both the mechanical displacement and electric potential fields. Next, with the help
of a variational theorem deduced from Hamilton’s principle, together with these series, the
theory is established consistently. A hierarchy of 1-dimensional approximate equations of
motion, charge equations of electrostatics, initial and boundary conditions, strain-displacement
and electric field—electric potential relations, and macroscopic constitutive equations constitutes
the theory, and it governs all the types of motions of piezoelectric crystal bars of uniform cross-
section. Further, special cases of interest are pointed out. The solutions of the initial mixed
boundary-value problems defined by this theory are proven to be unique.

NOTATION

Throughout this paper we use Cartesian tensors in the Euclidean 3-space &. Einstein’s
summation convention is implied for all repeated Latin and Greek indices, unless they are
enclosed with parentheses. Latin indices range over 1-3, while Greek indices over 1 and 2.
A comma followed by an index stands for partial differentiation and a star for prescribed
quantities. A prime and a superposed dot are designated to denote partial differentiation
with respect to the axial coordinate x; and to time #, respectively.

The list of notation follows:

L length of bar

E4 cross-sectional area of bar

B, 0B entire volume of bar and its boundary surface

3 a Jordan curve which bounds cross-section &/

t time

Xy Cartesian coordinates (i=1, o; x =2, 3)

u,d mechanical displacement and electric displacement vectors
€y components of strain tensor

&gk permutation symbol

Tiy components of symmetric stress tensor

P mass density

Sy, Kronecker’s delta

UK, H internal energy, kinetic energy and electric enthalpy of bar
e electric field vector

@ electric potential

f, body force and traction vectors

n,v unit vectors normal to éB and to ¥

o surface charge

t Present address: Dokmeci Metal Ticaretevi, Bakircilar 63, Elazig, Turkey.
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Cijias Cigi, Ciy components of elastic stiffness, piezoelectric strain constants and dielectric permit-
tivity

T m, A ™, Di™™  components of stress, acceleration and electric displacement resultants defined in
equation (3.4)

F{mm T{mm pmm  components of body force, traction and surface charge resultants defined in equa-

tion (3.4)
LIim, ny moment of inertia of higher order defined in equation (3.4)
€T m, gfmm components of strain and electric field of order (m, n), defined-in equation (3.2)
@™, yfmm electric potential and components of mechanical displacement of order (i, n)
Sos Su surface parts of @B, where the (¢,, p) and the («,, o) are prescribed
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1. INTRODUCTION

Recent technological interest in piezoelectric crystals is well-known; a whole branch
of industry is, in fact, devoted to the development of piezoelectric devices as a result of their
extensive use for both military and non-military purposes. Consequently, a great deal of
investigations have been carried out both experimentally and theoretically. The reader is
referred to[1-6], and in particular, to a recent, excellent survey due to Mindlin[7] for the
review of the earlier works on piezoelectric crystals.

Previously, Mindlin and his students have studied various types of oscillations of piezo-
electric crystal plates, and their works have been recently elaborated by Tiersten{6] in a
comprehensive monograph. More recently, Dokmeci[8] has formulated a generalized varia-
tional theorem for linear piezoelectricity, and then, he used it in order to construct a theory
of piezoelectric crystal finite surfaces. Further, this theory is extended to include the effects
of the elastic stiffness and inertia of the electrodes in crystal surfaces completely coated
with electrodes on both faces[9]. A higher order theory of piezoelectric crystal bars is
first presented in this paper. The theory governs the extensional, flexural and torsional
oscillations of bars of uniform cross-section for both low and high frequencies.

Section 2 contains the fundamental equations of linear piezoelectricity and the vari-
ational theorem of [8]. This is followed by the 1-dimensional, approximate, macroscopic
equations of piezoelectric bars in Section 3. First, the mechanical displacement and electric
potential fields are represented by power series in terms of cross-sectional coordinates.
Next, with the aid of the variational theorem and these series, we consistently establish a
hierarchy of equations of motion, charge equations of electrostatics, initial and boundary
conditions, strain-displacement and electric field—electric potential relations and appro-
priate constitutive equations. Then in Section 4, we enumerate the conditions to ensure the
uniqueness for the solutions of the initial mixed boundary value problem described by the
governing equations of piezoelectric crystal bars. In the last Section, special cases of interest
are indicated and some conclusions concerning the theory are drawn.

A part of this paper is based on a talk presented at the 84th meeting of the Acoustical
Society of America, Miami Beach, Florida, December 1972.

2. BASIC EQUATIONS OF LINEAR PIEZOELECTRICITY

A complete description of the linear theory of piezoelectricity is given, for instance, in [2],
(6], [7] and [10]. The latter also includes the coupling between mechanical, electrical and
thermal fields. For ease of reference, the following brief account is recorded.

In the Euclidean 3-space &, let B stand for a regular region of space [11], occupied by the
piezoelectric medium, with its closure B and boundary 8B at time ¢ = t,, n for the unit
outward vector normal to 0B, and S, and S, for the complementary regular subsurfaces
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of 0B such that S, U S, =B and S, n S, = 0. Further, let B x [t,, t,) be the domain of
definitions for the functions of (x, t), where x; being a fixed system of Cartesian coordinates
and ¢, > ¢, may be infinity.

Now, we state the equations of local balance of momenta:

7, +fi—pi;=0 on Bxt,t) (2.1
sijk Tjk = 0 on B X [to, tl)' (2'2)

Here, t;; is the components of symmetric stress tensor, f the body force vector per unit
volume, u the displacement vector, p the mass density, and ¢, the usual permutation symbol.
The stress vector t can be expressed:

T =Ty (2.3)

Maxwell’s equations for the quasi-static electric field are given by
d; ;=0 on Bxl|t,,t) 2.9
e, =—¢@,; on BXxI|t,1t) (2.5)

in which d is the electric displacement vector, e the electric field vector, and ¢ the electric
potential. The surface charge o can be expressed in terms of the components of the electric
displacement :

g = nidi . (2.6)

The linear constitutive equations of uncoupled piezoelectricity are:
7= Cijutn — Crijex, on B x [ty, 1) (2.7
di = Cijkejk + C”e] on B X [to, tl) (2.8)

along with the symmetry conditions

Cijkl = Cjikl = Cklij = Cijlk! Cijk = Cikj’ Cj= Cji on BX[ty,t) (2.9)
where C;j,, C;;x and C;; denote the components of elastic stiffness (e; = const.), piezoelectric
strain constants and dielectric permittivity (¢;; = const.), respectively. The piezoelectric
strain constants C;; play the coupling role between elastic and dielectric phenomena. The

components of the strain tensor are defined through
€;=%w;;+u;;) on Bx|t,t) (2.10)

The boundary conditions are written in a general form:
*

T —n

;=0 on S, x[ty,ty), @x—@=0 on S,x[t,,1) (2.11)

uf —u;=0 on S, x[te, 1), 64—nd;=0 on S, x[ty,1) (2.12)

with S;, §, and S,, S, being the complementary portions of 0B. Here, the 7, is prescribed
on S, the u; on §,, the 6 on S,, and the ¢ on S,. For the sake of simplicity,

S,=S5,, S,=85, 2.13)
is taken in the analysis.
Lastly, a set of the initial conditions, namely

U(x;, fo) =v¥(xy), u(x;, t5) = w*(x)

e(x;, o) = e*(x)) on  B(to) (2.14)
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completes the fundamental equations of the linear uncoupled theory of piezoelectricity.
Here, the symbol B(t) refers to B at time #. Furthermore, we should note that in the funda-
mental equations ue C"?, ¢, e C* 97, e C 9, fe €9, de C*?, e C*? and
pe CM® are assumed, where C™ ™ represents the functions with derivatives of order
up to and including m and n with respect to x; and ¢, respectively, provided that the functions
and their derivatives exist and are continuous on B x [f,, 1;).

In closing this section, we recall the variational theorem (8, 12]:

6T =0 (2.15a)

with 7, and t;, denoting two arbitrary instants of time, and
191
0T v = dt [ [wyi+ 1, — pii;) ou, + (d, ) gl dV
to B
t
0T 2= [ dt | [} = nizy) 6u; + (¢ — 94) 601 dS (2.15b)
to Se

t1
0T =] dt L [(u; — u¥) 61, + (04 — n;d;) 5] dS.
to u

This variational theorem is directly deduced from Hamilton’s principle, and it leads to
equations (2.1), (2.4), (2.11) and (2.12) as the appropriate Euler equations. The theorem,
is, in fact, slightly different than the one due to the author. Here, by the suggestion of R. D.
Mindlin, the traction together with electric potential (or displacement with charge) in lieu
of the traction with surface charge (or displacement with potential) is prescribed ; the former
is the most commonly encountered in practice.

3. GOVERNING EQUATIONS OF PIEZOELECTRIC
CRYSTAL BARS

In general, the direct method, the asymptotic method and the method of series expansion
are the most suitable methods in order to establish continuum theories in 1- and 2-dimensions
(see, e.g. [13-17] and references therein), of which the latter has been developed by Cauchy
and Poisson, and it has been recapitulated by Mindlin[16, 18], who has extensively employed
it in constructing beam and plate theories, and has shown its consistency [19]. This method
of series expansion is used for the present study as well.

Electric potential and displacement fields

Consider a slender, cylindrical, piezoelectric crystal bar with no singularities of any type
in & (Fig. 1). The bar is referred to a system of right-handed Cartesian coordinates x; in this
space. The coordinate axes are located at the centroid of the initial cross-section of the bar.

N\ %

Fig. 1. Geometry of bar.
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The x;-axis is the centroidal bar axis; the x,- and x;-axes are chosen as the principal axes
of cross-section. The mechanical displacement and electric potential of the bar are con-
sistently approximated by the power series in aerial coordinates x, (cf. [20, 21]), that is,

M, N
u(x;, )= Y xyxju™n(x,,1) (3.1a)
m,n=0
and
M, N
e, )= Y x5x3e™"(x,, 1). (3.1b)
m,n=0

Here, it is assumed that u™™ and ¢‘™™ exist, and they are unknown a priori and inde-
pendent functions to be determined.

Electyic field and strain distributions
Substituting equation (3.1) into equations (2.5) and (2.10), we readily obtain the strain
distributions:

M, N
{e(x, 1), eix, 1)} = Y ox'i' xB{el™ M (xq, 1), €™ M (xy, 1)} (3.2a)

m,n=

where

6™ = 3(m + D" + 85U P) - (1 4+ D3tV + S3pu™ V)]
€0 = Ju™ " (1) 8" 4 (1 + 1) Sy Y]
5(1"1 n) _ u’l(""") (3.2b)

and
e = —[(m + 1) 52, 0" + (1 + 1) 83, 0™ V], €W = —p! ™ (3.2¢)

Equations of motion and of electrostatics

If the power series expansions (3.1) are inserted into the volume integral of equations
(2.15), and then the integrations over the cross-sectional area of bar are carried out, we
arrive at the equation:

ty L M,N .
67 1= [t [ S (TmD = m T — T 4 P p ) Gulm
to m,n=0

+(D{™" — mD§"~ 1M — pDYnmY 4 D) G dx,  (3.3)

where L is the length of bar, and the quantities:

(T, D™} = Lx'; X3ty di} d4

{Tmm, D™y =§ X7 X3t di} v, ds
@ 3.4)

Pi(,,,,,,) = Fimm 4 Tmn Efmn) =fdx'5‘x'3'f,» d4

M,N

A" = Y Lpapnsat® D Timy = [ xx3dA
p,q=0 s

are defined. ¥ is a simply-connected Jordan curve which bounds &/ ; ds is the line element
of % and v the unit exterior normal vector on . It is noteworthy that

A =1y, 0> 1(0,1)=I(1,0)=1(1,1)=0’ I;,00=1 Lo, 2 =1, (3.5)

x3x3° X2X2

1JSS—VOL. 10/4—B
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in the notation of equations (3.4), since the principal axes x, are located at the centroid of
cross-section.

The variations du{™™ and 6¢‘™™ in equation (3.3) are independently and arbitrarily
taken. Hence we obtain the hierarchy of i-dimensional, approximate equations of motion
and of electrostatics as follows:

Ti™™ — mTgr ™ — a4 P — pd™™ =0 on Lx[tg, 1) (3.6)
Dy™™ —mDy 1M — p DYV 4+ DM =0 on L x [ty 1)) 3.7

Natural boundary conditions

The surface integrals in equation (2.15) are evaluated using the series expansion (3.1) as in
the volume integral, and they are found to be

ulmm _ grmm — D¥mm _pimm — 0 on S, x [t,, tl)} (3.8)
Trmm _ Tmm ™™ — p*m™ — 0 on S, x [1,, ) '
and
MEmD —T(m =0, @mm — y*mm =0 on o, x [1o, n)} 39)
ulmm _yxmm — g @*mm 4 pimm =0 on o, x[ty, ) )

for independent and arbitrary variations indicated. Here, v*™™ and ™™ are given func-
tions. Also we have introduced:

(M0, @%memy = [ xpxsfet, %) dd, (T2, DX} =§ x7xy(el, %) ds. (3.10)
£ €
and considered:
S;US, =8B, S§;=S,US,, S,=S;,ud, S,=8ud, S,=d 0, (3.11)

In this equation, S;, S,, &/, and &, are the lateral, edge, left face and right face boundary
surfaces of bar, respectively. The u and ¢ are prescribed on the portion S; of S; and on
&, while the 1 and ¢ are prescribed on the remaining portion S, of S, and on &, . In the
coordinate system used, the exterior normal vector n takes the values n, = 1 on &, and
n=-1ond4,.

Constitutive equations

With the aid of equations (2.7-2.9) and equations (3.2), the linear macroscopic constitutive
equations of piezoelectric crystal bars are obtained:

M,N
T "(x, ) =Y Iimspnrp(Cijir €5 D — CpjeP?) on L x[ty, 1) (3.12)
P q

M,N
D™ (xy, 1) = 3 imsp, n+q)(Cijk e}’i"" + C;;éP?) on L x[t, ) (3.13)
p.a

Initial conditions

Now, we make use of equations (2.5), (2.14) and (3.1), and read the initial conditions,
namely
u(m,n)(xl’ to) — a*("‘-")(xl), ﬂ(m’")(xl’ to) = B*(m,n)(xl); (P(m'”)(xp fo) — ,Y*(m,n)(xl)

on L(t,) (314
where a*, B* and y* are given functions.
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Linear theory of piezoelectric crystal bars

The union of the electric potential and displacement fields (3.1), the electric field and strain
distributions (3.2), the equations of motion (3.6) and of electrostatics (3.7), the natural
boundary conditions (3.8-3.9), the constitutive relations (3.12-3.13), and the initial con-
ditions (3.14) constitutes the governing equations of the linear theory of piezoelectric crystal
bars.

4. UNIQUENESS OF SOLUTION

In this section, we establish a theorem of uniqueness for the solutions of the governing
equations formulated previously. Of the several arguments used to construct uniqueness
theorems of elastodynamics, it is the classical energy argument due to Neumann[22, 23],
upon which the present theorem of uniqueness is based. To begin with, we state the following
theorem.

Theorem. There exists, at most, one solution to the initial mixed boundary-value problem
defined by the aforementioned governing equations for the finite bar space B + 0B with
boundary ¢B(0B=S,v S,,S,nS,=0)in&.

To prove the theorem, we consider, as usual, two sets of solutions. Since all the governing
equations are linear, the difference set of the two solutions is a solution of the homogeneous
governing equations. Consequently, it is enough to show that these homogeneous equations
have only the trivial solution.

Now, we express the rates of the kinetic energy K, internal energy U, and electric enthalpy
H of bar as

K=fpa,.ai do, H=[(yéy—dié)do, U=H+[(edyd. @1
B B B

Here, we should note that both the kinetic and internal energies are positive-definite, and
this is enough to yield a unique solution. On using equations (3.1), (3.2) and (3.4), we obtain
these rates in the form:

L M,N

K=[ % pdmmimn s,

0 m,n=0

. L M,N ) 4.2)
0= "% i+ onrgmt g — Bl

0O m,n=0
" _ (mbgm—l,n) + anm,n—l))(p(m,n)] dxl.

With the help of equation (3.6), we form the homogeneous equation:

) L M,N u
[ae[ Y (@ — mT i — a4 T~ p Ay dx, = 0.
to 0 mn=0
(4.3)

In view of the total energy rates (4.2), this equation may be written:

151 . . L M,N
[[af|—+Ry+ [ 3 (T 4 (gomn 4 Ty

to 0O mn=0

_ D(1m,n)(pl(m,n) _ (mD'(zm—l,n) + nD(sm,n—l))(p(m,n)], dx1 =0 (44)
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which, after performing the pertinent integrations and using equation (3.7), becomes:

M,N ty L .
U(tl) + K(tl) = U(to) + K(to) + Z f dt{J- [Ti(m,n)ugm,n) - (D(m,n)(p(m,n)] dxl
0

m,n=0 to
. L
+ (Ti(lm,n)a(im,n) _ D(l'"’")(p("""))

}. (4.5)

x1=0

To ensure a unique solution, the terms under the integral sign in this equation should
vanish. Evidently, the conditions (3.8-3.9) and (3.14) as well as to specify any member of
each terms under the integral sign assure the uniqueness. In fact, the vanishing integrals
in equation (4.5) together with the positive-definiteness of the U and K lead to

U(l1) + K(t1) = U(to) + K(’o)

which implies a trivial solution for the displacement and electric potential fields, and com-
pletes the proof of the theorem.

5. DISCUSSION

In this study a systematic development of higher order, 1-dimensional, linear theory of
piezoelectric crystal bars is presented. Also, a theorem of uniqueness in this theory is
established and the sufficient conditions for a unique solution are obtained. On the basis
of the 3-dimensional field equations of piezoelectricity, the theory is consistently formulated
by the use of a variational theorem together with a method of series expansion, and it governs
all the types of motions of nonpolar bars of constant cross-section, for low as well as high
frequencies.

Clearly, the variational theorem (2.15) well serves only in constructing the macroscopic
equations of motion, charge equations of electrostatics and natural boundary conditions
of piezoelectric crystal bars. A complete variational derivation of the governing equations
can be possible by means of a variational theorem developed recently by Dokmeci[24].
This theorem may generate all the governing equations of linear piezoelectricity, including
the most general form of the boundary conditions as well as the initial and jump conditions
(cf. [25] in classical elastodynamics).

The method of series expansion adopted here might be successfully employed for other
field quantities such as electric potential in lieu of electric displacements (this has been
illustrated for piezoelectric crystal plates in [6]) as a starting point. Nevertheless, the present
choice, i.e. mechanical displacement and electric potential, is, in general, more tractable
than any others in deriving approximate continuum theories. Further, by applying this
method, the theory can be extended, in a straightforward manner, to obtain that of crystal
bars, coated with electrodes (cf. [9]).

When the terms of higher than zero and one are discarded, we respectively obtain the
Bernoulli and Timoshenko theories of piezoelectric crystal bars (cf. [17, 19]). Moreover, on
account of the macroscopic constitutive equations (3.12, 3.13), the equations of motion (3.6)
are coupled to the charge equations of electrostatics (3.7). If, however, the terms involved
with piezoelectricity are dropped out, the theory recovers the isothermal linear beam theories
due to Mindlin[19], Warner[26], Bleustein and Stanley[27], and Dékmeci[17].

Lastly, a large class of applications based on this theory will form the subject of forth-
coming studies.
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AGcTpakT — B pabote mpencraBnseTcs NMMHEHHAs TEOPHs BHICIIErO NOpAAKA IJIA IbE3O-
ITEKTPHUUECKAX KPUCTAJUIMYECKMX OPYCOB, B TAKOM € CAMOM CMbICJIE KaK 10 TeOpuH MuHI-
nMHA. BriepBrie, IpUMEHSIETCH BOCOPOK3BeJeHHE B CTENEHHLIX PANAaX AJIS MpOCTPAHCTBEHHBIX
KOOpAMHAT, KaK IS MOJIeH MEXaHUYECKUX IepeMeIueHHi, TaK H IUIS [OJieH 3JIEKTPHYECKOTO
noTeHuMana. 3aTeM ¢ HOMOLUBIO BApUALIMOHHON TEOpEMbl, BbIBEASHHOM W3 pHHUMNa ['aMu/ib-
TOHa, BMECTE C 3TUMH pANaMHM, CO3IAaBaeTCs JIOTHYHO TeopHsa. Mepapxs OOHOMEPHEIX
NPUGIMKEHHBIX YPABHEHHM ABMXKEHHS, YpaBHEHMH 3apsa 3J€KTPOCTATHKH, HAYAJILHBIX M
TPaHHYHBIX YCIOBHI, COOTHOIIEHHH MEXOY OTHOCHTENBHOH dehopMalMeii M CMeELIeHUEM M
MEXAY 3JICKTPAYECKHM TIOJIEM H MIEKTPHYECKHM NOTEHUMAIOM, H MAaKPOCKOIIMYECKHX YPaBHe-
HHUH COCTOSHUA YYPEXOAeT TEOPHIO M, Aaliee, ONpEHeaseT BCe THIb! OBMXKEHMH IS Nbe3o-
IMEKTPHYECKHX KPHCTAJUTHYECKHX GPyCOB, PABHOMEPHOTO [IONEPEYHOTro ceyenusi. Kpome Toro,
oOpaiaeTcs BHHMaHHE Ha CHELHAIbHbIE MHTEPECHbIE Cay4yad. JJ0oKa3bIBAa€TCs, YTO PEIICHHA
3azmay 4715 HaYaJbHbIX CMEIUQHHBIX KPaeBbIX 3a0a4 €HHCTBEHHI.



