2U8UUSULP @SN E3NPLLENP U22U3SPL UUUEURUSE St tulah,
W3BECTUS HAITMOHAJIBHOM AKAJIEMUM HAYK APMEHUA

Uthuwtthlju 73, Ne2, 2020 Mexannka
VIK 539.3 Doi- http://doi.org/10.33018/73.2.1

HYBRID OF RAYLEIGH AND GULYAEV-BLUESTEIN ELECTRO-
ACOUSTIC WAVES NEAR THE INNER SURFACE OF A LAYERED
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I'uépun 3exkTpoakycTuyeckux BoJiH Pastest Boutn I'yisieBa-BiiiocTeiiHa 0k0J10 BHYyTPeHHeili NOBepXHOCTH
CJI0MCTOr0 Mbe303JIeKTPUYeCKOro KOMIIO3UTA

KiroueBble ciioBa: THOpUI BOJH, IbE302JIEKTPHIECKAs CPEla, HEaKyCTHISCKUH KOHTAKT, JIEKTPOAKyCTHIECKas
riorepeyHas BOJIHA, IUIOCKas JeopMaliys, JIOKaIU3alus SHEPIu BOJIHBI, AUCIEPCHOHHOE ypaBHEHHE, (a3oBas
CKOPOCTb.

Hccenenyercst rubpuan3anus JIOKaIM30BaHHbBIX JIEKTPOAKycTHYeCKUX BOJH Panes u 'ynsesa-bitocreiina y
MOBEPXHOCTH HE aKyCTHYECKOr0 KOHTAKTa JBYX IIbE303JICKTPHKOB. IIpe/uioskeHa mpocrasi cxeMa ABYXCIOWHOTO
BOJIHOBOJIa, JOITyCKAroIias T'MOpUJ 3JIEKTPOAKTHBHBEIX JIOKAJIN30BAaHHBIX BOJH ['yiseBa-Biocreiina u Pames.
IToka3sbiBaeTcsl, 4TO MHAYLMPOBAHHAS, JIOKAJIN30BAHHAS Y CBOOOIHON MOBEPXHOCTH 3JIEKTPOYIPYyras CABHIOBas
BonHa ['ymseBa-bmiocTeliHa B OJHOM Cllo€, MOXET T€HEPHUPOBATh DIEKTPOYIPYTylo BONHY Pames mimockoit
nepopManuu B ApyroMm cioe M Haobopor. Iloka3aHo Takxke, YTO COOTBETCTBYIOIIMII BBIOOp MaTepHaoB
HPUIICTAIOMINX TOJTYIPOCTPAHCTB MOXKET HPHUBECTH K YCHJICHHIO WIIM OCJIAOJICHHIO JIOKAJIM3alUH SHEPruu
9NIEKTPOYIPYTUX BOIH BOM3U MOBEPXHOCTU HEMEXAHHIECKOTO KOHTAKTA IbE303IEKTPUKOB.

BrIsBIIeHO, 4TO MHAYIMPOBAaHHAas B OXHOM H3 CJIOEB BOJIHA C HEPE3OHAHCHOH YacTOTON MOXET BBI3BATH
BHYTPEHHHMII PE30HAHC MM 00pa30BaHME 30H 3aNPEIICHHBIX YaCTOT B BOJIHOBOAE AAHHOMN CTPYKTYPBI.

IIpoBeneH cpaBHUTENBHBIM aHAIW3 PE3yIbTATOB CO CIydasMU OTCYTCTBHS IIbe303JIEKTpHUecKoro dddexra B
OJIHOM M3 CJIOEB KOMITIO3HTA.
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PPThe hybridization of localized electro-acoustic Rayleigh and Gulyaev-Bluestein waves at the surface of non-
acoustic contact of two piezoelectrics is investigated. A simple scheme of a two-layer waveguide, which allows a
hybrid of electro active localized waves of Gulyaev-Bluestein and Rayleigh is proposed. It is shown that the
induced, localized near the free surface, Gulyaev-Bluestein shear wave in one layer can generate a Rayleigh
electro-elastic plane strain wave in another layer and vice versa. It is also shown that the corresponding choice of
materials of adjacent half-spaces can lead to an increase or decrease in the localization of the energy of
electroelastic waves near the surface of the non-mechanical contact of piezoelectrics. It was revealed that a wave
with a non-resonant frequency induced in one of the layers can cause internal resonance or the formation of bands
of forbidden frequencies in the waveguide of this structure.

A comparative analysis of the results with cases of the absence of a piezoelectric effect in one of the layers of the
composite is carried out.

Keywords: wave hybrid, piezoelectric medium, non-acoustic contact, electroacoustic shear wave, plane

deformation, wave energy localization, dispersion equation, phase velocity.

Introduction.

In modern electronics, heterogeneous composite (in particular layered, piecewise
homogeneous) waveguides made of piezoelectric crystals are widely used as converters,
filters, or resonators of an electro-acoustic high-frequency wave signal. Qualitatively
different interests are cases when the electro-acoustic signal overpasses through a
transversely inhomogeneous layered structure, and when the electro-acoustic signal flows
along the interface between the homogeneous layers of the structure.

Piezoelectric crystals are essentially anisotropic materials. Depending on the
crystallographic symmetry of the piezoelectric, it is possible to excite a purely electroactive
wave of pure shear or an electroactive wave of plane deformation in it. In the articles by
Avetisyan A.S. [1,2] issues of separate excitation and propagation of electroelastic plane or
electroelastic antiplane stress-strain states in homogeneous piezoelectric crystals are
investigated. Necessary and sufficient conditions for the texture of piezoelectric crystals
that allow separate excitation and propagation of an electroelastic wave signal of a specific
type are determined. Material relations and quasistatic equations are derived for all
piezoelectric textures in the corresponding sagittal planes.

If we also take into account the possibility of localizing wave energy under different
boundary conditions near the surfaces of the composite elements of the composite
waveguide, then these waves will be heterogeneous not only in the composition of the
components, but also in the physicomechanical characteristics.

In 1968 Bleustein J.L. [3], and in 1969 Gulyaev Yu.V. [4] showed that it is possible to
localize the energy of an electroelastic shear wave near the mechanically free surface of a
piezoelectric medium of certain symmetry, under different boundary conditions on
accompanying electric field. The features of the localization of wave energy of purely shear
electro-elastic wave of Gulyaev-Bluestein type are still being studied. Thousands of works
are known, in parts of which the patterns of propagation of electroelastic shear waves in
composite structures, or in media with complicated properties, are studied.

In particular, Yang J.S. [S] investigated the propagation of waves of the Gulyaev —
Bluestein type in materials with complicated piezoelectric properties.

The propagation of waves of the Gulyaev-Bluestein type in a prestressed layered
piezoelectric structure was considered by Liu H., Kuang Z.B. & Cai Z.M. [6].

Vashishth A.K., Dahiya A., & Gupta V. [7] studied the propagation of a Bluestein-
Gulyaev wave in a structure consisting of several layers and a half-space of porous
piezoelectric materials. The specific form of waves that can propagate only in the layer
above the half-space is investigated.



The propagation of transverse surface waves in a functionally graduated substrate carrying
a layer of piezoelectric material of hexagonal symmetry 6mm was studied by Li P. & Jin
F. [8].

Avetisyan A.S., & Kamalyan A.A. [9] considered the propagation of an electro-elastic
monochromatic wave signal in an inhomogeneous piezoelectric of hexagonal symmetry
class 6mm.

The propagation of the Bluestein — Gulyaev waves in an unbounded piezoelectric half-
space loaded with a layer of viscous fluid of finite thickness was considered in the
framework of linear elasticity theories in [10] Qian Z.-H., Jin F., Li P., Hirose S. ..

By solving the equilibrium equations of piezoelectric materials and the diffusion equations
of viscous fluid, exact solutions of the phase velocity equations are obtained both in the
case of electrically open and in the case of electrically closed boundaries.

Although the localization of wave energy for plane deformation waves in the isotropic half-
space Rayleigh J.W. [11] was discovered earlier than others, electroactive waves of
Rayleigh type are relatively little studied.

In particular, Singh B. & Singh R. [12] examined the propagation of Rayleigh wave in a
rotating initially strained piezoelectric half-space.

In the article by Chaudhary S., Sahu S.A., Singhal A. [13], the authors proposed an
analytical model for studying the propagation of Rayleigh waves in an orthotropic half-
space with a piezoelectric layer.

The propagation of bound Rayleigh waves in a piezoelectric layer of the material of
rhombic symmetry class 2mm over a porous piezo-thermoelastic half-space is investigated
by Vashishth, A.K., Sukhija, H. [13].

In the work by Avetisyan A.S., Mkrtchyan S.H. [14] the patterns of propagation of an
electro-acoustic wave of plane deformation in a piezoelectric half-space are investigated.
The problem of propagation of high-frequency electro-acoustic waves of plane deformation
(electro-acoustic waves of Rayleigh type) under different electric boundary conditions on
the mechanically free surface of a piezoelectric half-space is solved.

These electro-acoustic waves, which are heterogeneous in the composition of their
components and physicomechanical characteristics, have different applications in
technology. But the question of the possible hybrid of these dissimilar electro-acoustic
waves is also obvious.

In [15] Kuznetsova L.E., Zaitsev B.D., Borodina I.A., Teplykh A.A., conditions of
hybridization of zero and high order acoustic radiation in a piezoelectric crystal plate are
studied. It was found that hybridization occurs when the conductivity of the sheet exceeds a
certain value, which can vary widely depending on the plate material and orientation.

The scheme of organization of a hybrid medium in a layered hydro-elastic waveguide is
proposed in [16] Choi H.K., Kim B.H. et al. In this study, a hybrid of surface acoustic and
electrohydrodynamic (SAW-EHDA) waves was introduced.

In [17], Chow D.M., Beugnot J.-C., et al the presence of surface and hybrid acoustic
waves at various locations of conical fibers is experimentally confirmed and the first
measurement of the distribution of surface acoustic waves is shown.

Obviously, with mechanical contact of piezoelectric and other elements of structure that
allow heterogeneous electromechanical fields, lacking components of elastic displacements
will appear in adjacent bodies. Foreign wave fields in adjacent bodies mix. In this case, the
simultaneous localization of electro-acoustic waves of pure shear and waves of plane
deformation, or the joint propagation of these foreign waves in one composite, becomes
impossible.



In [18] Avetisyan A.S., Khachatryan V.M. the existence of a hybrid of one-dimensional
electro-acoustic waves of pure shear and waves of pure dilatation in a composite,
periodically transversely inhomogeneous piezoelectric medium from piezocrystals of
hexagonal symmetry class 6mm (or tetragonal symmetry class 4mm ) and hexagonal

symmetry class 6m2 is proved. It is shown that there are two groups of permissible
discrete frequencies. Permissible discrete frequencies are resonant if the ratios of the widths
of the bands and the velocities of the elastic waves in the bands are inverse.

A simple two-layer waveguide scheme is proposed here, allowing hybridization of
localized waves of electroactive anti-plane deformation and electroactive plane
deformation.

1. Problem modeling. Formulation of the mathematical boundary value problem.
We consider the propagation of high-frequency electroelastic waves in a two-layer
piezoelectric body assigned to the Cartesian coordinate systemOxyz. Composite

piezoelectric waveguide Q(x, y,z) = Q,(x, y,z) UQ,(x,y,z) , where
Q(x,»,2) £ {|x|< w; 0y <h |z| < oo} , Q,(x,,2) E {|x|< w;, —h<y<0; |z| < oo} ,(1.1)
are designed so that the piezoelectric layers border the surface y =0 without acoustic

contact (Fig. 1).
The crystallographic sections and orientations of the crystallographic axes of the strip
materials are compared with the Cartesian coordinate system 0xyz so that in the coordinate

plane x0y of the adjacent layers €, (x,y,z) and Q,(x,y,z) there are separate
electroactive waves of antiplane and plane deformations, respectively.
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Fig. 1 Propagation pattern of a normal electroelastic wave signal in adjacent piezoelectric half-spaces
without acoustic contact

Without disturbing the generality of reasoning, it is assumed that the material of the layer
Q,(x,y,z) belongs to hexagonal symmetry class 6mm, or tetragonal symmetry class 4mm_

The axis of symmetry of the sixth order p, of the hexagonal piezocrystal, or, respectively,
the axis of symmetry of the fourth order p, of the tetragonal piezocrystal are aligned with

the coordinate axis 0z .



Then, the isotropic sagittal plane x,0x, of the piezoelectric crystals is aligned with the
coordinate plane x0y . In the case of antiplane deformation, for the above piezoelectric

crystals, nonzero components of the tensor of mechanical stresses and the electric
displacement vector on the coordinate plane x0y are represented similarly [2]
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The quasistatic equations of the electroactive antiplane stress-strain state describing the
separate excitation and propagation of electro-elastic shear waves of type SH in this band
are written as
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where C,, =+/&)/p, is the velocity of the electroelastic shear wave, &) = ¢l (1+ x2) is

reduced shear stiffness, c{) is shear stiffness, z =(e?)’ / (cﬂ)gl(”)ls the coefficient of

electro-mechanical coupling, e 1 5 ) is the piezoelectric module, 511 is the relative dielectric
constant, p, is the density of the piezoelectric crystal.

For clarity, it is also assumed that the material of the layer Q,(x,y,z) belongs to
hexagonal symmetry class 6m2 . An electroactive plane stress-strain state is possible in the
sagittal plane x,0x, of the piezocrystal, combined with the coordinate plane x0y . The
sixth-order inversion axis p. of symmetry of the hexagonal piezocrystal is directed along
the coordinate axis 0y .

In the case of the plane stress-strain state, for the above piezoelectric crystals, nonzero
components of the tensor of mechanical stresses and the vector of electric displacement in
the coordinate plane x0y of the strips Q,(x,y,z) of a piezoelectric of hexagonal

symmetry class 6m2 are presented in the form [2]
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Taking into account the compatibility conditions for the axial stress GZ(ZZ (x, »,t)=0 and the

third component of the displacement of the electric field Diz) (x,v,t) =0 in the formulation

of two-dimensional problem of electro elasticity [2], in the plane x0yp leads to the

relationship between the characteristics of the electro-acoustic field

c® ou, (x,¥) +c? ov,(x,») e 09,(x,y) -0 (1.6)
ox 0 Ox

The quasistatic equations of the electroactive plane stress-strain state, with respect to elastic
displacements u,(x,y,?), v,(x,y,t) and the potential of the electric field ¢,(x,y,t) are

written in the simplified form

o’u o’u o) o’u
(e - 0e2) St ey S e (149) 5= O 7
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In relations (1.7)+(1.9) c](,z) , e, ), ¢ and ¢ are the elastic stiffnesses, e is the

piezoelectric modulus, & and 6‘(2) are the relative permittivities, and p, is the density
of the piezoelectric crystal. The introduced dimensionless coefficients

4 = c,(f) +cfj> /cfzz) and 4, = c,(f) +cfj) / c?’  characterize the anisotropy of the

piezoelectric of the class 6m2 in the plane x0y .
From equations (1.7)+(1.9) it can be seen that according to the model of the generalized
stress-strain state [2], the reduced elastic tensile stiffnesses decrease with respect to the
natural axial stiffnesses ¢, and c;, , accordingly,

¢, =c? =92, Cy =P =9 (1.10)
The reduced coefficients of the direct piezoelectric effect increase accordingly
e =e;(1+9,), e, = 9el. (1.11)

When the piezoelectric layers in the composite are in non-acoustic contact, the conditions
of the mechanically free surface for both piezoelectric half-spaces are satisfied on the
surface y =0

e ow, (x, y,1) e 0¢,(x,7,1)| -0 (1.12)
6)/ ay |»v:0
(1956‘4(;42;) 8u2(x’y’t)+el(12) a%(%)’ﬁ)) =0 (113)
ox ox =0
ou,(x, 3,0) v, (1.14)
oy Ox y=0

Condition (1.13), in which the notation J; = [(cg)) cf§>c;§>] / (cPc?) is introduced, is

obtained taking into account the second equation of material relations (1.5) and the
compatibility condition for mechanical stresses (1.6).
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The conditions for the conjugation of the electric field on the surfaces of the crack y =0
between adjacent half-spaces, taking into account the zero gap width, can be written as

[¢1(x>y5t)_¢2(x’y5t):||y:0 :O, (115)
el(;) an(X,y,l) _51(}) 5(pl(x,y,t) +€;§) a(pz(x,y,t) =0 (116)
oy oy oy o

Due to the conjugation of the electric field on the surfaces of the crack, the oscillations of
the electric field, accompanying the wave signal of one type in the first medium, leak
through the vacuum gap into another piezoelectric medium. In the second medium, another
type of electroelastic wave is already generated (and vice versa)

105 05 wy(x, 2,05 @ (x5, p, )} 2 {u, (6, 1,0 v, (x, 1,005 05 9, (x,1,0)} -

Hybridization of elastic heterogeneous waves, associated with the accompanying
oscillations of the electric field, occurs.

In case of the propagation of high-frequency electromechanical waves (the propagation of
ultrashort waves in thick layers, when the wavelength is much less than the thicknesses of
adjacent layers A < min{#;4,} ), the above equations (1.4) and (1.7) + (1.9) together with
the boundary conditions (1.12) + (1.16) and the damping conditions deep into half-spaces
from the common surface of non-acoustic contact y =0

limw,(x, y,)=0, limg,(x,y,6)=0 (1.17)
yo® yo®

lim u,(x, y,¢) =0; lim v, (x, y,t) =0, lim @, (x,y,6) =0 (1.18)
P Y0 y—>—0

constitute the complete boundary-value problem of the two-layer piezoelectric composite.
2. Solution of the boundary value problem of electro elasticity.

From the formulated mixed boundary-value problem, it is obvious that the induced normal
electroelastic waves of elastic shear

bl SZ

{Wl(x Y )}:{WO(y )}-exp[i(kx—wt)] 2.1)
@, (x,y,1) @, (»)

in the half-plane Q(x,y)= {|x| <o, 0<y< oo} as solutions of the system of equations

(1.4), due to the conjugation of electric fields at the interface between half-spaces (1.15)
and (1.16), can generate an electroelastic wave of plane deformation

u, (X, y,1) Uy (1)
Vo (X, 3,0) ¢ = Va0 (V) - explihx — wr)]. 2.2)
@, (x,p,1) Py (¥)
in the half plane Q,,(x,y) = {|x| <oy —o<y< O} .
Taking into account the attenuation conditions (1.17), the solutions (2.1), damping deep
into the half-space Q,,(x,y), are written in the known form
W, (x, 1) = 4 exp(—ka, (@,k) - v) - expliChe - )] 2.3)

(%, 3,1) =[ G exp(—ky) + (ely [£)) 4, exp(—ka,, (,k) - y) |- expli(r — o1)] (2.4)



In relations (2.3) and (2.4), the well-known notations are used: «;, :\/1—(02/ kzéf, -

damping coefficient of elastic transverse vibrations in an antiplane deformation wave,
=&Y /p)) - velocity of the electroelastic shear wave.

The permissible values of the phase velocity, as in the case of Gulyaev-Bluestein wave,

have the form 7(w,k) = w/k < C, .

Taking into account the decay conditions (1.18), solutions (2.2), which decay deep into the

half-plane Q,;(x,y), can be written as

u, (x, y.1) = 4, explhqs, (@.K) - Y]+ a,,C, explkgs, (@.k) - y]]-explihe - wn)] (2.5)

B, explkg,, (@,k)- y] +

+b,,4, explkgy, (@.k) - Y1+ b,,C, explg,, (@,k) - y]

0, (x,3,0) =[ C, explkq,, (@, k) ¥1+ ¢, 4, explkqy, (@,k) - 1 |- explike - o1)] 2.7

The coefficients of the formation of an electroelastic wave of Rayleigh type g, (®,k),

v, (x, 3,1) Z{ ]exp[i(kx—a)t)] (2.6)

q,,(w,k) and qw(a),k) are obtained from the characteristic equation of the system

(1.7)=(1.9)

[ =(a2/8) [ (47 -, )[ @~ (a3 /9.)]- 2 (1+.8,) | = 0 2.8)
2t/ V3 20 2| Yy

where 9 = (cgg) 191(:1(32) / ¢ and 9, =c / 01(12) Scl(;) are the dimensionless

anisotropy characteristics, and 7 (eff) ) / el and

7 ( f)/g(z)) : ((2)) /cﬁ)gg) are the reduced electromechanical coupling

coefﬁ01ents in the second medium

. J(az,*/&)% ) J[(az,*/&)-az,,,] e o)

2 4

s (@,k) = a3 (0. k)9, , (2.10)
qzq)(a),k) _ \/(azl*/94)+ a5, _\/((azl*/194)_052¢) i ;222 (1+ 32) ) 2.11)

2 4
In solutions (2.5)+(2.7), notations of amplitude coefficients are introduced, which
characterize the connection of the components of the electromechanical field in the second
piezoelectric

( (z)/c<2> )(91/33) . %q,(a), k)

b, (@,k)=i (2.12)
? qZ(p(a)9k)_q§V(a)9k)
2. (3 /9 . Lk
ooy =i 2B (@) (2.13)
92, (@, k) — g, (0,k) a5, —q,,(0,k)
1+3)(e®/c® 2) /o)
a,,(o,k) = 2( CHC : ¢ (@,k) = (e“—”) L (2.14)
(a3 (@.0)/8,) - g3, (. k) ol — 4, (.k)
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In the expressions (2.9)+(2.11) of the attenuation coefficients of the components of the
electro-acoustic wave and the amplitude coefficients (2.12)+(2.13), the attenuation

coefficients of elastic dilatation a,, =/l-@’C,./k* , the attenuation coefficient of the
transverse displacement a,, =/l - @’C,’ [k , the attenuation coefficient of the electric

field oscillations a,, = /&’ /&!} , are written without taking into account the piezoelectric

effect of the second medium. In these notations, Cz,*=1[(cf12)—320f22))/p2 and

C,, =+Jc?/p, are the velocities of purely elastic waves of dilatation and shear in the

second medium.
From solutions (2.5)+(2.7) it follows that in the second piezoelectric, the induced
electroactive wave of dilatation u,(x, y,#) and the oscillations of the accompanying electric

field ¢,(x,y,t) coincide in the propagation phase. The induced electroactive shear wave
v,(x, y,t) (second and third terms) is shifted from them by the propagation phase 7/2.

From the solutions (2.5)+(2.7) it is also obvious that the components of the induced
electroelastic wave in the second piezoelectric are damped along the depth of the half-space
in the zone of permissible phase velocities, when

n(@.k)< min{cz,/ 8 C.1-4 (1+92)34} if 9,50 (2.15)
or

Coy 1= <n(@,k) < Cyu-J1- 15 (1+ %) 8, if  9,<0 (2.16)
The existence of the second variant of conditions (2.16), when in an elastic medium 4, <0

, 1s associated with the choice of the model of a plane stress-strain state in the statements of
two-dimensional problems of electroacoustic in homogeneous piezoelectric crystals [2]. For

the isotropic medium & =1, and the longitudinal wave velocity will be C,, =+/c?/p, -

From the conditions for the existence of electroactive waves of the Rayleigh type (2.15) and
(2.16) it follows that such waves in a medium can exist only in the case of a small value of
the piezoelectric effect

2 < (e = 9el) [ (14 9,) (2.17)
In elastic media (taking into account the piezoelectric effect or not) of the class 6m2 with
anisotropy cl(lz) - 1926‘1(; ) <0, Rayleigh waves do not exist.

In elasticity problems, when the piezoelectric effect in the medium is not taken into account
)222 =0, and the existing pressure of the selected coordinate surface on neighboring
surfaces is not taken into account (condition (1.6)), the zone of permissible phase velocities
(2.15) turns into the known relation 7 (@, k) < min {\/ciﬁ)/pz ; \/c,(,z)/pz }.

Substituting the decaying solutions (2.3)+(2.7) into the boundary conditions (1.12)+(1.16),
we obtain the dispersion equation of electroelastic hybrid R&GB waves in the following
form

a, — 7! - Cp, 1 TouCon by
l-a—lw L= (Ef}’/eéf))[(,gﬁeﬁ)cw) (el@+gsau¢)J/((n95+eff)cW) (61(12)+n95a,,¢)} (2.18)
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If the piezoelectric effect is not taken into account in the second piezoelectric, i.e. when
el(lz) =0, ;(22 =0 and ;{22* =0, all amplitude coefficients (2.12)+(2.14) are zero. The

expressions of the shaping coefficients (2.9)+(2.11) of the electro-elastic Rayleigh wave
G, (0, k) = o, (@, k)/\/IST4 and q,,(@,k)=a,, = 81(12)/83(? are also simplified.

To maintain solutions (2.3) and (2.4) in the first piezoelectric half-space, and the
accompanying oscillations of the electric field in the second piezoelectric half-space

o, (x, y,1) = Cz(/; exp[kaz(/, - y]-expli(hx—ar)], (2.19)

from the dispersion equation (2.17) of the hybrid wave, the dispersion equation of the

Gulyaev — Bluestein problem remains [3],

@)
‘933

~2
alt = Zl : (2) ) (2.20)
833 + gll

with the difference in the dielectric constant of the media &3’ &= &' =0.885x10™"" F/m .
If the piezoelectric effect is not taken into account in the first piezoelectric half-space
el(? =0 and }212 =0, the dispersion equation (2.17) is simplified, taking the form of the
dispersion equation of the electro-acoustic Rayleigh problem

(@2 (@,0)+ 3 (1+3,) | g (@,0) = ¢ (@, 5) + & (1+ %) 0 |- 45, (@, k) -
~9 (14 9,)(0-1)(e /) =0

in order to maintain the solutions (2.5) and (2.7) in the second piezoelectric half-space, and
associated electrical vibrations in the first piezoelectric half-space

@ (x, .0 = G, exp[—kay,, - y]- expli(kx — or)] (2.22)

From the form of dispersion equation (2.17) it follows that it has a solution in the case of
permissible wave signal frequencies at which the dispersion function in the second
piezoelectric takes on values

Cou 1 92.Con 9 -
[(lgerel(lz)cw) (81(12)+'95au(p)J/[(195+el(12)c(/m> (el(]n+lgsam)]3(53?/51(}))'(1_)(12) (2.23)

Relation (2.22) determines the zone of permissible phase velocities Qo(a)/k(a))). The

(2.21)

phase velocity of the formed electro-acoustic hybrid wave is determined by solving the
dispersion equation of the hybrid of waves R&GB (2.17), taking into account the function
(2.18).

From the form of solutions (2.3)+(2.7) it follows that the wave electroacoustic signal of the

type {0; 0; w,(x,»,8); @ (x,, t)} in the first piezoelectric of the class 6mm induces an
electro-acoustic wave of dilatation of the type {uz(x, »,1); 0; 0; ¢, (x, y,t)} in the second

piezoelectric of the class 6m2 , followed by a shear component v, (x, y,t), with the phase
shift /2.

3. Numerical comparative analysis of the results.

The determination of the zones of permissible phase velocities and phase function of the
resulting electro-acoustic hybrid wave is carried out by selecting neighboring materials with
different physicomechanical constants (Table 1). Choosing the following material
constants, we calculate the dimensionless parameters of the anisotropy and wave velocity in

12



these materials for piezoelectrics of the class 6m2, P,: 9 =1.4297, 4 =1.2679,
% =1.3819, 9,=0.6808, 0=04305, C, =2.3358x10’m/s C, =6.0938x10° m/s,
C,. =39118x10°m/s m P,: 4 =3.4306, 9, =2.0756, 9, =-0.6269, 9, =0.6131,
0=0.4465, C, =2.6644x10°m/s, C, =5.8498x10’m/s, C,. =5.0924%10° m/s

respectively.

Table 1. The different physicomechanical constants for piezoelectric materials

Physico Piezoelectric materials
mechanical P,,, class 6mm P, , class 6mm P, , class 6m2 P,,, class 6m2
constants
e (N/m?) 8.682x10'° 6.17x10"
¢, (N/m?) 4.0258x10" 0.72x10"
¢y (N/m?) 4.762x10" 1.19%10"
53 (N/m?) 8.571x10" 3.28x10'°
cyy(N/m?) | 1.639x10" 14.330x10" 1.2756x10'° 1.28x10"
plkg/m*) 5.302x10° 4.820x10° 2.338x10° 1.803x10°
&y, (F/m) 8,786x107"! 9.312x107" 9.312x107" 49.8938x10™"!
&33(F/m) 19.293x107"" 14.5081x10™""
as(C/m*) | 0.534 2.723
e”(C/mz) 0.576 1.225
77 0.1980 0.5556
7 0.6120 0.2349

For piezoelectric class:  6mm  andP,: C, =2.1063x10°m/s and P,:

C, =8.4822x10° m/s .

From the expressions (2.3) and (2.4) it is obvious that when choosing different
piezoelectrics of the class 6mm , the coefficients of the Gulyaev-Bluestein wave
components differ only quantitatively.

When choosing different piezoelectrics from a class 6m2 outside the hybrid, the
coefficients of the components of a Rayleigh wave type differ both quantitatively and
qualitatively.

The forming coefficients of the components of the constituents of the hybrid of Gulyaev-
Bluestein type waves ¢, (@,k) from (2.3), (2.4) and Rayleigh type waves gq,, (@,k),

q,,(®,k) and qz(p(a), k) from (2.9), (2.10) and (2.11), are functions of the phase velocity

o/k(®) . From their expressions, it is obvious that when choosing different piezoelectrics
of the class 6mm , the coefficients of the components of the constituents of the wave of
Gulyaev-Bluestein type outside the hybrid, change only quantitatively. When choosing
different piezoelectrics of the class 6m2 , the coefficients of constituents the components of
Rayleigh type wave outside the hybrid change both quantitatively and qualitatively.

13



From the numerical data it follows that conditions (2.16) and (2.17) are fulfilled for a

piezoelectric P,, , and conditions (2.17) are not fulfilled for a piezoelectric P,, of hexagonal

symmetry class 6m2. Consequently, the induced electro-acoustic wave in the second
piezoelectric P,; will not decrease in depth of half-space.

acm — | 9u(@,k)
20| e o (@.K)
1.0 i E - 2 — | o, (@,k)
v\ |

25 - — 3.0 L 3.5 a0 M

Fig. 2 Forming coefficients of the components of the hybrid wave and the zone of permissible phase velocities
[77, (w); 1, (co)] in a composite of pairs of piezoelectrics - P, of the class 6mm and P,, - of hexagonal symmetry

class 6m2

Although in a composite of a pair of piezoelectrics P,; of the class 6mm and P, of

hexagonal symmetry class 6m2 , wave forms decaying along the depth of half-spaces are
formed, but the zones of permissible phase velocities for them are different. In a composite
of a pair of piezoelectrics P,, of the class 6mm and P,, of hexagonal symmetry class 6m2 ,
electroactive wave forms that decay along the depth of half-spaces have a common zone of
permissible phase velocities (Fig. 2).

From Figure 2 it follows that in a piezoelectric P,, of the class 6m2, the second decaying

form of elastic shear with the coefficient ¢q,,(@,k) is formed, starting from a certain value
of the wave propagation velocity 77,(@,) = C,, = 2.6644x10° m/s . Highlighted by vertical
lines in Figure 2, the zone of permissible phase velocity values 7(w) €[, (®); 17,(®)] is

determined by condition (2.16).
From Figure 2 it also follows that the corresponding frequency @, , when

q,, (@, k) =, (@,,k,) for the limiting phase velocity 77,(@,,), will be resonant in the
second piezoelectric P,, .

The formation of the electro-acoustic hybrid R&GB (a combination of electro-acoustic
waves of the Rayleigh type and the Gulyaev-Bluestein type) is determined by the solution
of dispersion equation (2.18) in the zone of permissible values of the phase velocity of the
decaying components of the hybrid wave (2.16) and relation (2.23). Consequently, for
different duets of adjacent piezoelectric materials, the zones of permissible frequencies of
the electro-acoustic wave hybrid are determined differently.
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The numerical solution of dispersion equation (2.18) in the case of a pair of
piezoelectrics P, of the class 6mm and P,, of hexagonal symmetry class 6m2 is shown

in Figure 3. The figure shows that in the case of the selected pair of media, we have the
solution of the dispersion equation in the zone of permissible phase velocities

(@) €[1,(@); 7,(0)].
The phase velocity of the hybrid 7,(@, k), which satisfies the conditions for localization of

electro-acoustic components (2.16), leads to the joint propagation of electroactive waves of
Gulyaev-Bluestein type in piezoelectrics P, of the class 6mm and electroactive waves of

Rayleigh type in piezoelectrics P,, of the class 6m2 .

Fin)

Fig. 3 Numerical solution of the dispersion equation of an electro-acoustic
hybrid wave 1,(o,k) =3.074x10° m/s

In the piezoelectric P, of the class 6mm, electroactive shear waves of length
A <8.4822(27/w) will propagate. In the piezoelectric P,, of the class 6m2 electroactive

waves of plane deformation of length 3.3984-(27/w)<A<4.5103-(27/w) will
propagate.

(] | ) ) Q.64
-3 -2 -1 [} 1 2 3 -3 -2 -1 ] 1 2 3
a) in the case of the free surface of the piezoelectric | b) in the composition of the hybrid wave in the
composite

Fig. 4 Type of localization of accompanying oscillations of the electric field
in piezoelectric P, of the class 6mm
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Taking into account the obtained numerical values of the forming coefficients of the
components of the hybrid electro-acoustic wave, the figures below show the comparative
analysis of the changes in the distribution of wave components.

When propagating, the electro-acoustic wave signal of Gulyaev-Bluestein type strongly
changes the form of localization near the non-acoustic contact between piezoelectrics (Fig.
4.a), 4.b) and Fig. 6.a), 6.b)).

Near the surface of the piezoelectric P, of the class 6mm , the oscillations of the electric
field, accompanying the elastic shear signal in the hybrid, are localized at shallow depth
and with a smaller amplitude (Fig. 4.b) than in the case of the free surface of the
piezoelectric (Fig. 4.a).

o5 T T T T

a) in the case of the free surface of the piezoelectric b) in the composition of the hybrid wave in the
composite

Fig. 5 Localization of accompanying oscillations of the electric field in a piezoelectric P,, of the class 6m?2

Along with this, in the piezoelectric P, of the class 6m2, the localization of the
accompanying electric field oscillations in the case of the free surface of the piezoelectric
occurs at a depth of approximately 3.5-4 (Fig. 5.a)), and in the composition of the hybrid,
the localization of the accompanying electric field oscillation occurs quickly, already at a
depth of approximately 0.75- 4 (Fig. 5Db).

In the composition of the hybrid, the localization of both components of displacements
occurs near the non-acoustic contact of piezoelectrics (Fig. 7.a) and Fig. 7.b)).

Figures 6.a) and 6.b) show the types of localization of the electro-acoustic displacement of
the shear in the piezoelectric P,, of the class 6mm and the electro-acoustic dilatation in the

piezoelectric P,, of the class 6m2 in the case of the free surface of the piezoelectrics.

i Fig. 6.a Localization of the electro-

acoustic displacement of the shear in
\ the piezoelectric P, of the class 6mm
al ]

| T

o
(7
o
L

in the case of the free surface of the
Ppiezoelectric

o
—8
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Fig. 6.b Localization of electro-
acoustic dilatation in the piezoelectric
P,, of the class 6m2 in the case of

the free surface of the piezoelectric

If the electro-acoustic displacement of the shear in the piezoelectric P,, has a canonical

localization form, then the electro-acoustic displacement of the dilatation in the
piezoelectric P,, has localization both near the free surface of the piezoelectric and in the

depth of about 54 of the half-spaces.

Fig. 7.a Localization of the electro-
acoustic displacement of the shear as part
of the hybrid wave in the piezoelectric
P, of the class 6mm in the composition

of the hybrid wave

Fig. 7.b Localization of electro-acoustic
dilatation as part of the hybrid wave in
the piezoelectric P,, of the class 6m?2 in

the composition of the hybrid wave

Moreover, the localization of the electro-acoustic shift in the composition of the hybrid is
located approximately at the depth 1.25-4 of the first half-space, and the localization of
the electro-acoustic dilation in the composition of the hybrid is located approximately at the
depth 4.0- 4 of the second half-space.

The phase velocity of the hybrid wave is about 2.5 times less than the speed of the
Gulyaev-Bluestein wave in the first piezoelectric with the free surface.

From Figure 7.b) it can be seen that in the piezoelectric P,, of the class 6m2 the form of
electro-acoustic dilatation in the composition of the hybrid qualitatively changes compared
to the form of electro-acoustic dilatation in the composition of the Rayleigh electro-acoustic
wave (Fig. 6.b)).
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The phase velocity of the hybrid wave is approximately 1.5 times lower than the dilatation
velocity in the Rayleigh electro-acoustic wave in the piezoelectric P,, with the free surface.
In the piezoelectric P,, of the class 6m2 , two electroactive forms of shear propagate in the
composition of the hybrid. One term propagates simultaneously with dilatation, and the
second term propagates with a phase shift 7/2 (Fig. 7). Moreover, the amplitude of the late
form is greater than the amplitude of the synchronous form about 20 times.

The phase velocity of the hybrid wave is approximately 13.3% higher than the velocity of

the shear component in the Rayleigh electro-acoustic wave in the piezoelectric P,, with the
free surface. In the absence of the piezoelectric effect in the medium of the second half-
space, when e}’ =0, the elastic plane deformation and the electric field in this medium are

separated.

a) the form propagates with a phase shift 7/2 b). the form is propagates simultaneously with the

Fig. 8 Localization of the electro-acoustic displacement of shear in the piezoelectric P,, of the class 6m2 , in

the composition of the electro-acoustic hybrid wave

With this in mind, the formation coefficients of the electro-elastic Rayleigh wave ¢, (@, k)

and q,,(@,k) are simplified.

Fig. 9.a Localization of accompanying
oscillations of the electric field in the

piezoelectric P, of the class 6mm , in the

case of the presence of a dielectric near the
free surface of the piezoelectric

18




"1 | Fig. 9.b Localization of the accompanying
oscillations of the electric field in the
piezoelectric P,, of the class 6m2 , in the

case of the presence of a dielectric near the
free surface of the piezoelectric

In this case, in the first half-space of the piezoelectric P, of the class 6mm, a two-

component electro-elastic Gulyaev-Bluestein wave (2.3) and (2.4) propagates and the
accompanying oscillations of the electric field in the second layer

(%, 3,0) = Cy, explk (17 [ £1) - ¥1- explihoe — 1)) (2.24)
The phase velocity of this wave is determined from the dispersion equation
1-(V5/Ch) =22 -&2 (e + ) (2.25)

The distributions of the accompanying electroactive shear w,(x, y) of electrical vibrations

@, (x,y) and ¢,(x,y) are shown in Figures 9.a) and 9.b), respectively.

Conclusion.

In a layered piezoelectric composite, by choosing pairs of different piezoelectrics with a
non-acoustic contact, a hybrid of localized electro-acoustic waves of the Rayleigh and
Gulyaev-Bluestein types can be obtained at the surface of the non-acoustic contact.

It is shown that the localized electroelastic shear wave signal of the Gulyaev-Bluestein
wave type near the surface of the non-acoustic contact in one medium can generate an
electroelastic plane deformation wave of the Rayleigh wave type in another medium and
vice versa.

It is also shown that the corresponding choice of materials of adjacent half-spaces can lead
to an increase or decrease of the localization of the energy of electroelastic waves in the
vicinity of the no mechanical contact surface of two piezoelectrics.

It was revealed that an electro-acoustic wave signal induced with the non-resonant
frequency in one of the media can cause internal resonance, or the formation of forbidden
frequency bands in the waveguide of given structure.

This work was supported by the RA MES State Committee of Science, in the frames of
the research project Ne 18T-2C195
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