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FORCED VIBRATIONS OF PIEZOELECTRIC CRYSTAL PLATES*

BY
H. F. TIERSTEN anp R. D. MINDLIN
Columbia University

1. Introduction. In a previous paper [1] (referred to in the sequel as I), Cauchy’s
two-dimensional equations of coupled flexural and extensional motion of crystal plates
were extended to the next higher order of approximation so as to accommodate the
two lowest thickness-shear modes. In the present paper a further extension is made to
include the piezoelectric relations and the electric field equations. The equations obtained
are also extensions of previous equations [2] in which the thickness-shear modes, the
piezoelectric effect and the electric field equations were taken into account, but coupling
with extensional modes was omitted. The new equations are deduced from the three-
dimensional, linear, piezoelectric equations by a procedure based, as in I, on the series
expansion methods of Cauchy and Poisson and the variational method of Kirchhoff.
The theorems of uniqueness and orthogonality established in I for the approximate
equations are extended to include coupling with the electric field. The solution of prob-
lems of steady, forced vibration is considered and is reduced to the solution of the asso-
ciated free vibration problem plus some quadratures. The case of a plate driven by an
ac-voltage applied to electrodes on its faces is investigated and a formula is given for
the total surface charge. An application is made to the forced vibrations of rectangular,
rotated Y-cut quartz plates.

2. Three-dimensional equations. The three-dimensional equations, from which
the plate equations will be deduced, are: the variational forms of the equations of
motion and electrostatics; the strain-displacement and electric field-potential relations;
and the linear, piezoelectric constitutive relations. They may be written, respectively, as

f (Tiss — pt;.e0) u; dR = 0, f Di:d0dR = 0 @2.1)
R R

Sii = 3us; + u;.4), E, = —o, 2.2)

Tu = cfiklskl - elu’iEk ) D; = €S + G.-iEk ) (23)

where T;; , u; , D; , S;; , E; are the components of stress, mechanical displacement,
electric displacement, strain and electric field, respectively; p, R and ¢ are the mass
density, volume and electric potential, respectively; and ¢, , €x:; , €3 are the elastic,
piezoelectric and dielectric constants, respectively. We employ rectangular coordinates
z; ,1 = 1, 2, 3, and the summation convention for repeated tensor indices. A comma
followed by an index or ¢ denotes differentiation with respect to a space coordinate or
time, respectively. ‘

3. Expansion in power series. The faces of the plate are taken at z, = +h and
the remaining boundary is a cylindrical surface with generators perpendicular to the
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faces. We expand u; and D; in a series of powers of the thickness-coordinate:

u; = i(:)xé‘u,(-"), D, = Ugo z3 D + 8,25t DY, (3.1)
where g is a positive integer, §,; is the Kronecker delta and the variables u{™ , D{™ are

independent of z, . When the series expressions are substituted in (2.1) and the integra-
tions with respect to z, are performed, the result is

f b (TE??.- —aTE +F — p Y Hm,,u;:';:) su™ dA = 0, (3.2)
A n=0 m=0
fA S (DS + (0 4 1) D) 86™ dA = 0, (3.3)
n=0

where A is the area of the plate and

h h
(n _ (n h (n) _
T =f 22T;; d, F;» = [23T,;]%, , o =f 2 dzs
-h —-h

h
H, = f a2y dr, = 2B™/(m +n + 1), m +n even;j =0, m + n odd. (3.4
h

Since the variations su{™ and 6o™ are arbitrary, their coefficients in (3.2) and (3.3)

must vanish; and we have, as the two dimensional equations of motion and electro-
statics of order n,

TR, —aTS™ + F® = p X Huu™,, D&+ @m+1) DM =0. (3.5
m=0
If (3.1), is substituted in the three-dimensional equation of electrostatics, D;; = 0,
the result is

X @D+ (m + 1) DIV = 0,
n=0
which is satisfied identically by virtue of (3.5), . This was the motivation for the special
form of the expansion of D; in (3.1), .
Substituting (3.1), in (2.2); and rearranging terms, we obtain

Sy = 2 287, 87 = 3wl +ul + (o + D(&u™ + sau™)].  (3.6)
n=0
Next, multiply (2.2), by 2} dz, and integrate over the thickness. With (3.4), and an
integration by parts, we find

h
BP = [ aBidm = = = 6,87 —ne™), 8% =lallhh. ()

At this stage we have converted (2.1) and (2.2) to two-dimensional form and there
remain the constitutive relations (2.3). We substitute (3.1), and (3.6), in (2.3), multiply
by 27 dz, and integrate over the thickness, with the result

g g ’
(m) E (n) (m) m )y _ S m)
T:7 = cimm Z H,.S:7 — ewiiE™, E H,.(D;” — e:.Sit’) = eaEr™. 3.8

n=0 n=0
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These may be written, in the abbreviated indicial notation, as

T = oy 3 HonlS = enB™, 3 Ho(DE = 0S5) = S5, (3.9)

n=0 n=0
where 7j or kKl = 11, 22, 33, 23 or 32, 31 or 13, 12 or 21 are replaced by por ¢ = 1, 2, 3,
4, 5, 6, respectively; and S{® = S ,7 = jand S{¥ = 28,7 = j.
Finally, we define two-dimensional kinetic energy, internal energy and electric enthalpy
[3] densities by, respectively,

h g g
% = f dous. g dos = 3o 2 3 Hat T (3.10)

m=0 n=0

h g
U= f_,. YT,;;8:;; + D.E)dxs = 2 D, (TP ST + E™ D) + LEF*" Dy*Y, (3.11)

n=0

_% Z (Tf:u)Sf;z) — Ef") D’('n)) — %Eé”l) Dé”l), (3.12)

n=0

h
se= [ TS, — DE)du,
Y

where (3.1), , (3.1)., (3.4), and (3.6), have been used, along with the definitions (3.4),
and (3.7), .

4. Truncation of series. In (3.9) we retain only T.”, T{", 8, SV, D!, D",
D®, E®, E and E{® whence, tentatively,
T = 2hep 8 — e, B, TV = 2’8" — e BN

)
3 DO = e SP + SEP,  (4.1)
2h D{® + 21° D = 2he;S” + eEL”,
20° D{” + 21° D{® = 318" + LB, (4.2)
Eqgs. (4.2) may be solved for D{” and D{® with the result, again tentative,
D = e:,8 + (9/8m)eREL” — (15/8K°)€xEs”,
D = (15/8h%)(Bh’eLESY — €S EX). (4.3)

The components S” and S} involve only the dlsplacements %, u and ! and
we neglect those of higher order. Then, following Cauchy, as in I, we neglect the velocity

us") in the kinetic energy and equations of motion and provide for the free development

of the thickness-strain S;” by setting T5” = 0 in (4.1), . The condition T{” = 0 permits
the elimination of S{® from (4.1), and (4.3), with the result, still tentative,

T = 2heh, SO — BB, D = S + PUGED — (15/8)EED,  (4.9)
where

E E E , E E ; E s E
c:a = Cpg — cp202q/022 ) e?p = €ip — eichz/czz ) f;'ki = (9/4)61'; + 3.’26;2/022 . (45)

The first order terms are treated as in I: all three velocities ;) are neglected and
free development of the three strains S;; is accommodated by setting 75 = 0 in
(4.1), . Then, upon elimination of the S;}’ , (4.1); and (4.1); become

T = 2h%,.8" — ¢.EP, D = ¢,8" + $h°¢,E®, (4.6)
where, with ¢, j = 1,2,3;r,s = 1,3, 5;v, w = 2, 4, 6:

.

Yrs = crc crwcva(cvw) \bir = 6ir — eivcrEw(cfw)_lx g-ii = 6?,‘ + eiveiw(cfw)_l' (47)
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At this stage, the electric enthalpy is
3C — %(T(O)S(O) + T(l)s(l) - E@) D{O) _ E{l) Dfl) _ E2(2) Dé”)
= 1[2hck SV 8" — 2e%8E® + 2h%,, 88 — 2y, EP S — LT ECE®
— 373 LEVEY + (15/9)h e B EY — (45/8)h P ES¥ESY], 4.8)

and an analogous expression may be written for the internal energy .

The final step in the process of truncation is to introduce the usual shear—correctlon
factors by replacing S{” and S{”, in 3¢ and U, with «,S{” and x.S{*, where the values
of x, and «, are to be fixed so as to adjust the two thickness-shear frequencies to their
exact values. The correction factors may be inserted in the appropriate positions by
replacing c* and e* , in 3¢ and U, by

e = k%lek, e¥* = «k%¥* (nosum) (4.9)

where « and B are the powers o = cos’ (pr/2), 8 = cos’ (gr/2). Thus, «% (or «f) is

equal to ks , x¢ or 1 according as p (or ¢) in ¢* and eX is 4, 6 or neither, respectively.

The same definitions hold for ¢, , e¥% , k2, «}, if p and q are replaced by j and k.
To recapitulate, after the truncation and adjustments, we have the following*:
Electric enthalpy density: 3C is given by (4.8) with ¢ and eX replaced by c** and e**.
Internal energy density:

@ =3+ E” D{® + E D 4+ E® D® (4.10)
Kinetic energy density:
X = phu®ul) + 3n°ulud). (4.11)
Constitutive relations:
T, = 983¢/38,” = 2hck*S.” — eX*E.”,
T = 030/38," = 3h*y..8)" — ¥, B,
D{” = —03/0E;” = ex*S;” + 3hTIHE” — (15/8h%)eLESY, (4.12)
D” = —o5¢/oB" = ¥:.8," + $h7°¢uE;",
37 = —3C/AEY = (15/8h°)(BenEs” — RlenEy).

Equations of motion:
TP+ F® = 2phui®,,  TWa— T + FP = 2ph™)), . (4.13)
Equations of electrostatics:
D+ D" =0, DI +2D? =0 (4.14)
Strain-displacement relations:

( (
S,(?) — 2(u 0) __I_u(O) _I__ 62, (1) + 62, (1)), Sl)

1wl + wl)). (4.15)

*Here and in the sequel indices a, b, ¢, d range over 1, 3;r,soverl,3,5;1,7,k Lover1,2,3.
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Electric field-potential relations:
E® = =00 — 5,80, B = —o% + 80l — 87), E? = 20" — &, (4.16)

and we note that ®® = A*®”.

Egs. (4.12)—(4.16) comprise thirty-seven equations in the thirty-seven variables:
five each of 7" and S{”; three each of (", 8{’, D{®, E{®, D, E{" and u{”; two u.";
and D{?, E{?, 0 and ¢™. The thirty-seven equations may be reduced to seven in
seven variables by first substituting (4.15) and (4.16) in (4.12), with the result

TP = 2he¥%(w’) + Saui”) + elfoh + ef2e',
T(l) = Zh ‘Yabcauc.d - %ab‘ﬁ + 'Pfabsﬂ ¢t 'Pzab‘;’
D = eXx(u) + 8;,u,ﬁ”) — e — (15/4h3)es W — 17,0 | 417
D = Yiusl + 3h7%e® — $h7uel Y — 37000,
D? = (15/8h°) (W en'y) + Berpp™ — 2h%e5®”),
where ¢/, = 4e¢%X — 15¢5, ; and then substituting (4.17) into (4.13) and (4.14) to obtain
2he¥ () + Suul) + efro + FI¥ + efxe? = 2ohul®),
%ha’}’abcdug-ia zwcz(u(o) + 32ku§l)) - 6?‘2’290(?) + '//iab(ﬁo ia — O a‘?’fg))
4+ FV — 30 ” + ¢,,80) = Zoh’ui), , (4.18)
§h3‘/’2k1um zhselkl(ul(coit + duuill) — $herFoln — 3'2:'(40.:' - 52:“P(0))
— 5/2e0% — (1/12)R°e2® — (228" = 0,
' Viattanns — $ilelis — Supl?) + 5/2ai0 ) + 15k ™
— Be®®” — £,8% = 0.

These are seven second order difterential equations in the seven dependent variables
ul®, ul?, 0 and ¢ with seven non-homogeneous (forcing) terms: the five surface
tractions F{?, F{¥ and the two surface potentials &, .

5. Uniqueness of solution. To establish a theorem of uniqueness of solution of the
thirty-seven equations (4.12)—(4.16) we consider two sets of the thirty-seven variables,
each set satisfying the equations, and form a system comprising the thirty-seven differ-
ences between corresponding variables in the two sets. In terms of variables in the
difference-system, we form the equation

t .

[ at [ (@9 + 0 = 2om®ul + (T2, = T + B = foful i a4 =
to

which can be transformed, by a process analogous to that employed in I, to

[t aa= | at § w510+ T = o DI = o DI

+f dtf (O)u’(OZ (l)ugl) _ (0)(D(0) + h2 D(Z) — (1) D(l)] dA (5'1)

in which the line integral is around the edge, C, of the plate and the », are the components



112 H. F. TIERSTEN AND R. D. MINDLIN [Vol. XX, No. 2

of the outward normal in the plane of the plate. From (5.1), by the usual argument,
there are seven conditions to be specified at each point of the interior and at each point
on the edge of the plate in addition to the initial values of u{®, u{", ¢, ¢V, u{) and

u") . Referred to orthogonal coordinates n, s, . , the edge conditions are one member
of each of the seven products

(0) (0) (0),,(0) (0),,(0) 1), 1) (1), (1) (0) (0) (1) (1)
T n ) Tnaua 9 Tn2u2 ) Tfmun ) Tna u’c ) (4 Dn ] (4 Dn .

In terms of orthogonal coordinates «, 8, z, , the interior conditions are one member of
each of the seven products

(0) (0) (0),, (0) (0),,(0) (1), (1) (1), (1) (0) (0) 2 (2) 1) (1)
F Ue Fgu,g,quz, Faua, Fgup, q’(Dz +hD2), (>} Dz.

The terms D{® + h* D{® and D{", in the interior conditions, can be interpreted by
recalling that, to our approximation,

D, = D{® + z, DIV + 2 D, 5.2)
Hence

D;” + 1* D;® = 3[Dy(h) + Di(—h)] and D;” = 3h7'[Dy(h) — Do(—h)].
6. Orthogonal functions. Consider two solutions
(um) u;l)) (0(0)) ¢(l)) = (uy('o“) ulsl)l‘: ¢(0)“1 ‘o(l)")e‘w“‘}

(0) (1) (0) 1)y __ 0)» 1)» (0)1 (l)v iwt
(u7 YU 0,0 )_’(u yUp ", @ )e ’

of the equations of motion (4.13) and electrostatics (4.14) with (F“” F{"®) = 0.Bya
process similar to that employed in I, we find

2ph(ws — w)f @O + WP D) dA

= f [@(O)F(Déo)' + h2 ;Z)v) — Q(O)Y(Dém“-l-hz D;2)u) + ‘P(l)“ D;l)v _ (I)(l)v D;l)“] dA
A
+ %na(T:?)ru,(_O)u - T‘f?)"ufo” + Tﬂ"u,ﬁ”“ —- T:;)“’Lt;l)v) ds
c

+ f(;na(Dio)r‘o(O)u — D:O)“go(o)’ + Dil)vv(l)u — D‘(Il)u‘P(l)r) ds. (61)

The surface integral in (6.1) vanishes for either zero electric potential or zero electric
displacement on both faces of the plate; and the line integrals vanish for homogeneous
boundary conditions on the edge. Thus, for homogeneous conditions on the faces and
edge, (6.1) becomes

f (u(O)"u(o)' + lhzuu)n (m) dA =N, 6, , (6.2)

where N ,, is a normalization factor and §,, is the Kronecker delta.

7. Steady forced vibrations. A problem of technological interest is that of steady
vibrations forced by an ac-voltage applied to electrodes on the faces of a plate with
its edge free. This case is included in solutions of (4.18) with prescribed tractions F{”, F§V
and potentials ®”, & on the faces and with boundary conditions

naT;?) = naT(l) = N, Dim = N Dz(;l) =0 (7.1)
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on the edge. Although (7.1) appear to be homogeneous boundary conditions, they are
actually inhomogeneous due to the presence of the prescribed potentials ® and &
in (4.17). A general solution will be obtained by an adaptation of the classical device [4]
of introducing an auxiliary function which transfers the boundary inhomogeneity to
the differential equations, leaving a residual problem of inhomogeneous differential
equations and homogeneous boundary conditions. In our case, the eqautions of motion,
(4.18), and (4.18), , and electrostatics, (4.18); and (4.18), , are initially inhomogeneous.
We shall choose the auxiliary function so that it removes the inhomogeneity not only
from the boundary conditions but also from the electrostatic equations, leaving a re-
siduai problem of inhomogeneous equations of motion, homogeneous electrostatic
equations and homogeneous boundary conditions. Let

w® D O DY (04 (DA (@4 (D)4 et (MR , (DR _(OR (DR iwt
Ui "y Uy "y )—(ui yUs ™, X4 )e' +(u: YU 0 ¥ )e ’ (7'2)

where the superscript A identifies the auxiliary functions and R the residual solution.
Inserting (7.2) in (4.17) and cancelling the factor ¢*“*, we obtain expressions of the type

T =T + T + ek, (7.3)
where
T:(‘?)R = ”“(u(o)R + 621u(1)R) +ek”¢(0)R,
TP4 = 2he¥%, i)t 4+ Su?) + efxe R4,
With resolutions like (7.3) for all of (4.17), Eqgs. (4.8) become
Tf?)fi + 2 hw2 (O)R _|_ Tf?)f + 2ph(02 04 + F(O) +62n¢(0) — O
TPE — TR + doaul™® + TS — T
+ 2ph%" w4 + FyV — efsd® + ¥ 2®3 =0,
D% 4+ DiPF + DI + D — h7eLe — §hTd " = 0,
D" 42 D" 4 DI 4 2 DV — (15/217)6n®@® — $h7%0®00 = 0, (7.4)
and the boundary conditions (7.1) become
2T 4+ 0T 4+ nefhd® = 0, nT3" + T + nagn, @ = 0,
ne DOF +n, DO — b6, = 0, n, DVF 41, DV — 307,80 " = 0. (7.5)

(A )4

@4 DA 04 ,M4 ¢ be particular solu-

We now choose the auxiliary functions u;
tions of the differential equations

DO + D4 = P + e,
DO 4+ 2 DPA = (15/2h7°e5d” + 3h7% .0,  (7.6)
and to satisfy the boundary conditions
T4 + nerkd® =0,  nT3* + naond®” =0,
ng D4 — 3h7n.el,®® =0,  n, DQ* — 307nu$.3 Y = 0.

(7.7)

Then, inserting (7.6) and (7.7) in (7.4) and (7.5), respectively, we find the residual
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problem governed by the differential equations

TOE + 20hau®* + 20ha’u®* + G = 0, (7.8)
Tad — Tw'® + 3oh'’u”" + 3ohe’u” + 3G = 0, (7.9)
DO 4+ DPF =0, DR +2DPF =0, (7.10)

and the boundary conditions
nTIF = n, T3 % =n, D% = n, DVF =0,
where
G = TP+ P + erxa?,
G;l) —_ 3h—2(T£;T: T(O)A + F(l) e22b¢(0) + ¢ ab@(l))
The solution of the residual problem may be expressed as an infinite series

OF JWF (om oVF) = ZA,,(’u(O)" Du OB w (7.11)

(u;

where u(”*, u"*, % ©™* are the orthogonal solutions of the homogeneous (F{® =

F®P = 39 = 8" = 0) system

T4+ 2phafu®™ = 0,  TH% — TR + 3ph’oiu™ = 0 (7.12)
DO* + DM+ = 0, DY* 4+ 2 DP* = 0, (7.13)
n TP = n,TH* = n, D% = n, DV* = 0. (7.14)

Noting that, from (7.11) and (4.17), with * = & = 0,
(T(O)R T(I)R D(-O)R D(_I)R D;”R) — Z A (T{Q)u T(;l,)” D(_O)u D(_l)n ;2):1) (7 15)
LY t b * H " Lx] H a ) i ) % b b M
M
we see, from (7.13), that the electrostatic equations (7.10) are satisfied identically by
the solution (7.11). To find the A, which will make (7.11) satisfy the equation of motions

(7.8) and (7.9), we must first express the known inhomogeneous terms, in the latter, in
series form: -

6P = TBu,  ut = X ou @10
- EB ol w4 = Z C ", (7.17)

Multiplying (7.16) by »{®’, (7.17) by 3A*u{"’, adding, integrating over the area of the
plate and using (6.2), we find

B, = N3 [ (GPu® + W6 ui™) da,
A
C, = N2, f @O0 + 3PP dA. (7.18)
A
Then, substituting (7.11), (7.15), (7.16) and (7.17) in (7.8) and (7.9), using (7.12),

multiplying (7.8) by »!®” and (7.9) by u{"’, adding, integrating over the area and
then using (6.2), we find

v = (B, + 2phe’C,)/2ph(w, — o) (7.19)
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Thus we have

(0) (1) (0) 1)y __ (0)4 (1)A
(ui yUs 0 T, @ )_(u Uy (4

0)4 (1)A\ ‘wt
i ) ) @ )e

+ E AM(“EO)”y u;l)u’ ¢(0)“y 90(”")6‘“ (7'20)
M

as the complete, steady state solution of (4.18) with boundary conditions (7.1).
8. Surface charge. If the ac-voltage is applied uniformly over traction-free faces,
by means of a thin, perfectly conducting film, we have

F;O) — F;l) — Q(l) = O, Q(O) = Ven‘ut, (8.1)

where V is the constant voltage drop across the thickness. The current through the
plate is proportional to the integrated surface charge, @, over the whole area of a face,
where

Q =LD’],,--» dA. (8.2)‘

Inserting (5.2) in (8.2) and using (4.14), the divergence theorem and boundary condi-
tions (7.1), we find

Q = | D dA. (8.3)
A

Then, substituting (7.20) in the third of (4.17) and the resulting expression for D in
(8.3) we have, for the total surface charge,

Q = V(L - %h_lfézA + E AnYu)’ (84)
where A is the area of the plate, A, is given by (7.19) and

Y, = f (XA + 5u*) — et — (15/4h) S0 ¥ dA,  (8.5)
A

L= f [exx ) + douV?) — LR ek VA — (15/4h ) e 4] dA, (8.6)
A

with the constant V factored out. The formula (8.4), for surface charge, takes account
of the action of the crystal both as a capacitor, in the terms outside the summation
sign, and as a charge generator; including, in both cases, the distortion of the field due
to the finite dimensions of the plate.

9. Application to rectangular, rotated- Y-cut, quartz plates. Quartz is a trigonal
crystal and a rotated-Y-cut is a plate which contains a digonal axis and whose normal
makes an angle, say 6, with the trigonal axis [3]. When referred to rectangular axes in
and normal to the plane of the plate, the constitutive relations exhibit monoclinic
symmetry. We take z, as the digonal axis in the plane of the plate. A solution [5] of the
equations in I for modes independent of x; has given a frequency spectrum of coupled
thickness-shear, flexure and face-shear modes, for rectangular A7T-cut plates (0 =
35°15'), very close to that determined experimentally by Koga and Fukuyo [6]. We
shall obtain the analogous solution of the present equations for the general rotated-Y-cut
and give the formula for the integrated surface charge.
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With (8.1), monoclinic symmetry and independence of z; , we may separate, from
(4.18), the four equations

Coska(Us 11 + u]) + CsereUsir + pwus” = 0,
cssxe(u2 u+ u(l)) + Cssua 11 + pw2 0 = 0,
§h3Y11u1 n 2hKﬁc86(u(0) + ul(l)) - 2thCseu3 1
+ 2h¢“¢m 2h3 "u (1) — kee2sV = 0,
3R Ynuih — fnelll + 168 e — bV = 0, (9.1

in the four variables u{”, us®, u{® and ¢{* while u{”, u{" and ¢‘® may be taken as zero.

If the piezoelectric constants e,s and y,; were absent, the first three of (9.1) would be
the equations which were solved in reference [5] for the coupled thickness-shear, flexure
and face-shear modes. The constant e,; couples the thickness-shear deformation with
the applied voltage; and ¢,, couples the flexural deformation with the induced electric
field.

The plate is bounded by z, = =, x; = zw. The appropriate boundary conditions
on z; = [ are

1)

o) __ (0)
12 13

1)
11

=D =0 (9.2)

and we ignore the boundary conditions on z, = =w. Substitution of (4.17) in (9.2)
converts the latter to: on z, = =+I,

2thCee(u(0) + ux(l)) + 2h056u3 1 eV =0, %ha’)’nuﬁ: + ¢11‘Pf:) =0,
2hKﬁc56(u(0) + u®) + 2hessus + eV = 0, 3Ryl — fuen’ = 0.

A set of auxiliary functions which may be used to remove the inhomogeneous terms,
V, from the electrostatic equation (9.1), and the boundary conditions (9.3), is

uz()O)A = %h'lVszl ) u;O)A = %h_IVPsxl ) ul(l)A =0, ¢(l)A = %th) (94)

where

(9.3)

P, = (ex5Cs56 — €26C55)/ Ko(C55Ce6 — Cga), P; = (e26Cs56 — €25Ce6)/(Cs5Cos — C:a)
Then G{” = G{" = 0 and the residual inhomogeneous differential equations are
Cse"ﬁ(uzsoif + u(lm) + CseKsua 11 + "u (O)R + szh_IVszx =0,
CseKe(uzo)R + u(”R) + 055K6u3 1:2 + Pw (O)R + szh_ VP, = 0
%hs')’uu:fn - 2hKecae(u(0)R + u“m) - 2thsCsau3.1
+ 2h!//11<p(1m %phswzu:lm =0,
%ha'l/llu;f;l i'uso(ﬁn + 15h_2€52¢(1m = 0. (9.5)

In this case, we see that (9.1); has also become homogeneous.
The boundary conditions to be satisfied by the residual solution are

2hK6€66(u(0)R (I)R) + 2h056u(0)R = 0, 3h3711u(1)R + ‘//11(0“ B = 0,

2hKeCss(u(0)R “)R) + 2}16551'('(0)1z = O) §h3¢11u(l) - g-ll¢f:)k = 0.

(9.6)
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We must now find the orthogonal functions for the series solution of the residual
problem; i.e., we must find the solutions of (9.1) and (9.3) with V = 0. Consider

(us”,us”) = (A,B)singr, , (", ™) = (C, D) cos &z, . (9.7
These satisfy (9.1), with V = 0, if
A(Kicest” — pw’) + Brecset® + Cricest = 0,
AkeCsef® + Blesst® — pw’) + CreCset = 0,
Axgeest + Brocset + Clkacos + 3h'vuE’ — 3ph’’) + D37y = 0,
C¥nt® — D3L°(15h7%, + d?) = 0, (9.8)

For a non-trivial solution, the determinant of the coefficients of A, B, C, D must vanish,
leading to a quartic equation in £ as against a cubic when the piezoelectric constant,
Y11 , is zero. The additional root is imaginary for all v, i.e., it produces a non-propagating
mode. Thus, there will be no additional resonances due to the piezoelectric effect. The
remaining three roots are almost the same as those with ¢;; = 0, due to the fact that
Y2, is small in comparison with {;,v:; and e5,y:, . Hence there will be little effect on the
wave numbers ¢ by computing all four roots from the determinant of (9.8) with ¢,, = 0.
Thus we have &, , n = 1, 2, 3, as functions of «’° from the first three of (9.8) and

E: = _15552/.(11’7'2, (9°9)

independent of w, from the fourth. Corresponding to ¢, , n = 1, 2, 3, we may compute
amplitude ratios

p. = 4./C., 2. = B./C., (9.10)
from the first two of (9.8) and '
r, = fész D,/ynC. = %hafészsrzz/(l'sffzh_z + g'uE:); (9-11)

from the fourth. To the approximation (9.9), A, = B, = C, = 0. Consequently, we
may write (9.7), with £, = 4, , as

3 3
@, u®) = 3 (pu, ¢)Casinga, ,  w = Y C,costuty ,
n=1

n=1

3
0" = D, cosh &z, + (Yu/es) D 7.Cs COS £, (9.12)

We now insert (9.12) in the boundary conditions (9.3), with V = 0, and find

Z Cn[K:cse(ann + 1) + KGCSGQnEn] cos Enl = 0’

n=1

3
E Cn["ecss(pnsn + 1) + 655qm§n] CcOS E»l = O)

3
D4'Pu€2s2£4'= sinh &l — Z Cn(% 3711552 + l//fm.)&. sin £l = 0;

n=1

3
Dd‘ué;'za sinh &1 + ¥, Z Cn(%‘hsfész - Surnésin &1 = 0. (9.13)
n=1
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Elimination of C, and D, from (9.13) results in a transcendental frequency equation
relating I/h to the frequency. For a given I/h, the frequency equation has an infinity of
roots, w, , to each of which there correspond amplitude ratios pi, , ¢4 , r4 , from (9.10) and
(9.11), and amplitude ratios

B. = C./Cs , n=1,2; B; = 1; Bs = D,/C;s (9.14)

obtained from (9.13). Inserting these results in (9.12), we obtain the expressions for
the orthogonal functions: ’

@®*, u = 2 (", Bisin gz, , uP* = Z B cos £z,

3
™" = B4 cosh &z, + (Yui/e2) Z; riBh cos £z, 9.15)

in which the common factor C; has been set equal to unity.

Little error in a computation of frequencies and amplitude ratios will result if the
frequency equation is obtained from the first three of (9.13) with D, = 0. The frequency
equation would then have the same form as that in reference [5] but the material con-
stants in the coefficients of the transcendental functions would have slightly different
values due to the presence of the piezoelectric constants. In such an approximation the
amplitude ratios 8% and 84 would be obtained from the first two of (9.13) and g from
the fourth.

The normalization factor is found by inserting (9.15) in (6.2), remembering that
u®* = yV* = 0, with the result

3 3
N(ll) = éA Zl = Bmﬁ:[(pmpn an + %hz)smn (pmpn + q}"nq‘r: - %hz)s;:n y (9-16)
where 85, = (£ + £1)7' sin (¢4 =+ £0). Then, from (7.18), , we have B, = 0 since
G® = @& = 0; and, from (7.18), , noting that u{”4, u{"* and u;"* are also zero,
3
C. = 34N, }'_‘1 (Paps + Pagh)(Ba/&h) (D) " sin £ — cos £11]. (9.17)

Finally, from (7.19),
A, = O /() — o). (9.18)

When (9.18), (9.15) and (9.4) are substituted in (7.20) the solution is completed
except for a formula for the correction factor s . This is found by equating the frequency
of free thickness-shear vibrations, from (9.1); , with Lawson’s analogous solution [7]
of the three-dimensional equations. The result, as obtained previously [2], is

ks = 3ai(l + ebs/eriCss), (9.19)
where «, is the lowest, non-zero root of
tana = o(1 + Gzzcee/eze) (9.20)

The formula (8.4) for surface charge requires expressions for Y, and L, in addition



1962] FORCED VIBRATIONS OF PIEZOELECTRIC CRYSTAL PLATES 119

to A, . These are obtained by substituting (9.15) and (9.4) in (8.5) and (8.6), respectively,
with the results:

Y,=4 E [kee6(pitn + 1) + ex5qhtn — (15/. 4h3) Yurs)(8a/€0) sin &1

— A(15/4h%)exBi(EiD) ™" sinh £1,
L = %Ah_l(Keezspg + 325P3 - [5/2]652), (9.21)

The expression (9.18) for A, has, of course, the term w? — «° in the denominator.
Hence, near a resonance only one term of the infinite series in the formula (8.4), for the
surface charge @, need be computed. We have suggested that, in computing the roots
of the equations obtained by setting the determinants of the coefficients of (9.8) and
(9.13) equal to zero, certain of the terms having ¥y, as a factor be neglected. One would
thereby take into account the coupling between the applied voltage and the strain,
through e,s , and the generation of the induced electric field by the curvature, through
the amplitude ratios 7, ; but a part of the small counter effect of the induced electric
field on the strain would be neglected. This approximation need not be made if adequate
facilities are available for computing the roots of the quartic equation obtained from
(9.8) and the complete 4 X 4 transcendental determinantal equation which would be
obtained from the equations which would replace (9.13).
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