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Abstract

The propagation of shear horizontal (SH) guided waves in a coupled plate consisting of a piezoelectric layer and a piezomagnetic layer
is studied. Both the layers are transversely isotropic and perfectly bonded along the interface. The upper and the lower surfaces of the
plate are assumed to be mechanically free, electrically open and magnetically closed. Two different cases are considered. One is that the
bulk shear wave velocity of piezoelectric material is larger than that of piezomagnetic material. The other is that the bulk shear wave
velocity of piezomagnetic material is larger than that of piezoelectric material. The dispersion relation is obtained while the phase velocity
is among the bulk shear wave velocity of two different layers. The numerical results show that the phase velocity approaches the smaller
bulk shear wave velocity of the material in the system with the increase in the wave number for different modes. The thickness ratio and
the properties of the piezoelectric material have great effect on the dispersion behaviors. The results of this paper can offer some funda-
mental theory to the application of piezoelectric/piezomagnetic composites or structures.
© 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

In recent years, non-destructive detection (NDT) using
guide wave propagation in solid medium is widely applied.
So signal processing, interaction of elastic waves with
cracks, inhomogeneities and other defects in elastic media
have been studied extensively [1-3]. The early research on
the magnetoelectric effect of such composites was carried
out by Van Suchtelen [4]. The result showed that the mag-
netoelectric coefficient in the BaTiO3-CoFe,0,4 composite
is two orders larger than that of Cr,Os;. Since their original
works, especially in the last decades, the magnetoelectric
effect of piezoelectric/piezomagnetic composites has been
studied by many researchers [5—10].

Shear horizontal (SH) wave propagation in a layered
system consisting of a layer bonded to a different semi-infi-
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nite substrate is of intensive research interest in recent
years. Wang et al. [11] studied the Love wave propagation
in a piezoelectric lamina bonded onto a semi-infinite metal
medium and found that the phase velocities initiated at the
shear wave velocity of the host medium tended towards the
B-G surface wave velocity for the piezoelectric layer at high
wave numbers for the first mode. Fan and Yang [12] ana-
lyzed the propagation behaviors of SH surface waves in a
layered system consisting of a piezoelectric half-space and
a metal or elastic dielectric layer with an imperfect interface
and found that the dispersion characteristic of the wave
was sensitive to the interface property. Du et al. [13] stud-
ied the Love wave propagation in a piezomagnetic layer
bonded onto a piezoelectric half-space with initial stress,
and the effects of the initial stress on the phase velocity
and the magneto-electromechanical coupling factor are
also discussed in detail. However, to the authors’ knowl-
edge, the substrate is assumed to be semi-infinite media
in the published works, and the influence of the thickness
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of the substrate is not taken into consideration. The objec-
tive of this work is to present an exact solution for the SH-
guided wave propagation in layered piezoelectric/piezo-
magnetic plates. The thickness ratio of the piezoelectric
layer to the piezomagnetic layer is considered. The influ-
ences of piezoelectric material properties are also discussed.

2. Formulation of the problem

The geometry of the problem is shown in Fig. 1. The
thicknesses of the piezoelectric layer and the piezomagnetic
layer are d° and d”, respectively. Both the layers are trans-
versely isotropic with the basal plane x;—x, and perfectly
bonded along the interface x, = 0.

For a SH-guided wave propagating in the x;—x, plane,
the anti-plane acoustic mode and the in-plane electromag-
netic mode are coupled. The constitutive equations of the
piezomagnetic layer and the piezoelectric layer can be
expressed as follows [14]:
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for the piezoelectric layer.

In Egs. (1) and (2), u3 and o3, are the components of dis-
placement and stress, D, and ¢ are the electric displace-
ment and electric potential, B, and  are the magnetic
flux density and magnetic potential, c44, €15, and /15 are
the elastic, piezoelectric and piezomagnetic constants, €;;
and y;, are the dielectric permittivity and magnetic perme-
ability, respectively. The superscripts “e” and “m” denote
the quantities of piezoelectric and piezomagnetlc materials,
respectively.

In the usual quasi-static electromagnetic approximation,
the governing equations of the piezomagnetic layer and the
piezoelectric layer are given by
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Fig. 1. Geometry of two-layered magnetoelectric plate.

82 y

C44V2M —|—h15V l// 8[2
v2 m_ (3)
IVl — WV =0

. Ous
5, V2§ + eV = p° 8t2
e1sVus — €(, V2 =0 “)
Vi =0
where V? = 0°/x? +9*/x}, ¢ is the time, p is the mass
density.

The surfaces of piezoelectric/piezomagnetic layers are
assumed to be mechanically free, electrically open and
magnetically shorted, i.e.,

0y =Dy =By =0 (5)
at x, = —d" and
0y, =D;=B,=0 (6)

at x, = d°. The continuity conditions at the interface of the
layers are

ugl = ug» (Pm = (Pea lpm = We (7)
0y =03, Dy =D By =B

3. Exact solution

Consider the SH-guided wave propagating in the xi-
direction. The solutions to Egs. (3) and (4) can be
expressed as [15]:

ul (x1,x2,1) = U (xy) cos[k(x; — ct)]

o (x1,%,,1) = O (x,) cos[k(x; — ct)] (8)
WP (x1,x2,1) = WP (x,) cos[k(x; — ct)]

where k is the wave number, c is the phase velocity, U f (x2),
®”(x,), and W#(x,) are undetermined functions, ff =m, e.
Substituting Eq. (8) into Egs. (3) and (4), we can obtain
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where ¢¢, = \/¢5,/p¢ and ¢% = \/cy,/p™ are the bulk shear

wave velocities of piezoelectric and piezomagnetic media,
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respectively. ¢, = ¢, + e>5/€$, and ¢}, = ¢, + his/ul, are
the stiffened elastic constants with the piezoelectric and
piezomagnetic effects, respectively.

For the present problem, we consider two cases, i.e.,
¢, <c<cland ¢ <c<c. By solving Egs. (9) and
(10), the component of displacement, the electric potential
and the magnetic potential are obtained by

uy (x1,x2,1) = [4; cosh(kA"x,) + A, sinh(kA"x,)] cos[k(x; — ct)]

when ¢, < c¢ <,
uy (x1,X2, 1) = [A) cos(kA"xy) + Aa sin(kA"x,)] cos[k(x; — ct)]
when ¢ < c¢ <c,
@"(x1,x2,1) = [A;3 cosh(kxy) 4+ A4 sinh(kx,)] cos[k(x; — ct)]
" (x1,x2,1) = [As cosh(kx,) + Ag sinh(kxy)] cos[k(x; — ct))
+ (s / iy )us (xr, x2,2)
(11)

u§(x1,x2, 1) = [A7 cos(kAxy) + As sin(kAx,)] cos[k(x; — ct)]
whenc), <c <cj,

u§(x1,x2,1) = [A7 cosh(k/’x;) + Ag sinh(k2°x,)] cos[k(x; — ct)]
whenc), <c <,

©°(x1,%2,1) = [dg cosh(kxy) + Ajo sinh(kx,)] cos[k(x; — ct)]
+ (ers/€1)us (1, %2, 7)

W (x1,x2, 1) = [411 cosh(kx,) + A1z sinh(kx, )] cos[k(x; — ct))

(12)

where /" = /|1 — (¢/c™)*|, 26 = \/|(c/c5,)” — 1.

Substituting Egs. (11) and (12) into Egs. (1) and (2), we
can obtain
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(13)
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for ¢¢, < c < ¢l and
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+ eys5[dg sinh(kx,) + 4,0 cosh(kxy)]} cos[k(x; — ct)]
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BS = —ku [A11 sinh(kxy) + Ay cosh(kx,)] cos[k(x; — ct)]
(16)

m €
for ¢ <c <,
4. Dispersion relation

In this section, we make use of the solutions derived in
the previous section and also the boundary conditions
(5), (6) and the continuity conditions (7) to obtain the dis-
persion relation. Substituting Eqgs. (11)—(16) into Egs. (5)—
(7), we can obtain
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Table 1
Material properties used in the computation.

CoFe,04 BaTiOs PZT-4
cas(x10°N/m?) 45.3 44 25.6
p(x10°kg/m?) 5.3 5.7 7.5
e11(x107C?*/Nm?) 0.08 9.86 6.45
1 (x107Ns? /C?) 157 5 5
e15(C/m?) - 11.4 12.7
hys(N/Am) 550 - -
Cy(m/s) 2985.08 3167.28 2597.59

for ¢ <c <,

Both are twelve homogeneous linear algebraic equations
for the undetermined coefficients A4;(i = 1,2,---,12). By
letting the determinants of the coefficient matrices in Eqgs.
(17) and (18) be zero, ie., |4, =0(,j=1,2,---,12), the
dispersion relation is obtained.

5. Numerical results

Using the derived dispersion relations in the previous
section, SH-guided wave propagations in BaTiO3/CoFe,Oy4
and PZT-4/CoFe,0,4 coupled plates are discussed. And the
phase velocities are plotted to illustrate the dispersion
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Fig. 2. Dispersion curves of the first three modes for the piezoelectric/
piezomagnetic plate. (a) BaTiO;/CoFe,O4 plate; (b) PZT-4/CoFe 0,
plate.
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Fig. 3. Comparison of the first mode for the piezoelectric/piezomagnetic
plate with different thickness ratios. (a) BaTiOs/CoFe,Oy plate; (b) PZT-
4/CoFe,0, plate.

behaviors. The materials used in the numerical calculation
are listed in Table 1 [16]. For the convenience of the follow-
ing discussions, the bulk shear wave velocities of piezoelec-
tric material and piezomagnetic material are also listed in
Table 1. In the following figures, the horizontal axis repre-
sents the non-dimensional wave number K = kd" /2x, and
the vertical axis represents the phase velocity.

The dispersion curves of the first three modes for
BaTiOs/CoFe,0,4 and PZT-4/CoFe,04 coupled plates are
shown in Fig. 2(a and b), respectively. And the thickness
ratio of piezoelectric/piezomagnetic layers is taken as 1.
It can be seen from Fig. 2(a and b) that the phase velocity
approaches the bulk shear wave velocity of the piezoelec-
tric material with the increase in the wave number for dif-
ferent modes. It means that the phase velocity approaches
the smaller bulk shear wave velocity of the material in the
system.

The comparison of the first mode for different thick-
ness ratios of BaTiO3;/CoFe,O4 and PZT-4/CoFe,O, cou-
pled plates is shown in Fig. 3(a and b). And the
comparison of the second mode is shown in Fig. 4(a
and b). It can be seen from Fig. 3(a) and Fig. 4(a) that
the phase velocity decreases with the decrease in the thick-
ness ratios for the first mode. The states of the second
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Fig. 4. Comparison of the second mode for the piezoelectric/piezomag-
netic plate with different thickness ratios. (a) BaTiO;/CoFe,0y4 plate; (b)
PZT-4/CoFe,0y, plate.
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Fig. 5. Comparison of the first two modes for the plates with different
piezoelectric layers.

mode are contrary to the first mode shown in Fig. 3(b)
and Fig. 4(b). It is observed that the phase velocity has
great discrepancy for the smaller wave number, and when
the wave number becomes larger, the discrepancy will
decrease, which is due to the fact that the bulk shear wave
velocity of BaTiOs; is larger than that of CoFe,O4, and
the bulk shear wave velocity of PZT-4 is smaller than that
of CoFe,0y,.

The influence of different piezoelectric material proper-
ties on the first and second modes is shown in Fig. 5, where

the thickness ratio of piezoelectric/piezomagnetic material
is taken as 1. From Fig. 5, it can be seen that the phase
velocities have the relation: cpatio,/coFe,0, > CPZT—4/CoFe,0,
for a given wave number. It means that the larger the bulk
shear wave velocity of a piezoelectric layer, the larger is the
phase velocity.

6. Conclusions

The propagation of the SH-guided wave in the piezo-
electric/piezomagnetic-layered plates is studied in this
paper. The exact solution of the problem is derived. The
numerical results show that the phase velocity approaches
the smaller bulk shear wave velocity of the material in
the system with the increase in the wave number for differ-
ent modes. The thickness ratios have a great effect on the
dispersion behavior when the wave number is smaller,
and with the increase of wave number, the discrepancy will
decrease. The properties of the piezoelectric material have
evident effect on the dispersion curves, and the larger the
bulk shear wave velocity of a piezoelectric layer, the larger
is the phase velocity. The results of this paper can offer
some fundamental theory to the application of piezoelec-
tric/piezomagnetic composites or structures.
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