\%/‘ = I Er A International Information and

Engineering Technology Association

Mathematical Modelling of Engineering Problems
Vol. 11, No. 2, February, 2024, pp. 464-476

Journal homepage: http://iieta.org/journals/mmep

SH-Wave Propagation in Functionally Graded Magneto-Electro-Elastic Substrate at N

Irregular Boundaries

Hemalatha Kulandhaivel

, Santosh Kumar”

Check for
updates

Department of Mathematics, College of Engineering and Technology, SRM Institute of Science and Technology,

Kattankulathur 603203, India

Corresponding Author Email: santoshh@srmist.edu.in

Copyright: ©2024 The authors. This article is published by IIETA and is licensed under the CC BY 4.0 license

(http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.18280/mmep.110218

ABSTRACT

Received: 25 July 2023

Revised: 22 October 2023
Accepted: 30 October 2023
Available online: 27 February 2024

Keywords:
functional gradient, magneto-electro-elastic
material, irregular interface, point source, wave
number, phase velocity, inhomogeneity,
perturbation

The current study examines the behavior of an SH wave traveling over a functionally
graded magneto-elastic substrate arrangement. At the substrate-vacuum interface, two
irregularities with different shapes—rectangular and parabolically shaped—are
considered in electrically and magnetically open cases and electrically and magnetically
short cases. A study is also done on the combined impact of inhomogeneity, depth
source, and irregularity. With the help of the Fourier transform, inverse Fourier
transform, and perturbation technique, complex frequency relation has been derived for
each type of irregular interface. The results’ key characteristics are highlighted. In order
to know the impact of the parameters involved, a particular model consisting of BaTiOs-
CoFe204 magneto-electro-elastic material has been taken. The findings were presented
in the form of graphs, which were created using Mathematica 7. Graphs are plotted for
variations in wavenumber and phase velocity. This calculation model could be the ideal
match for laminated FGMEE structures utilized as surface acoustic wave devices since
the variation of the film's magneto-electromechanical characteristics changes gradually
with depth and throughout the production process (SAW). As a result, it can serve as a

theoretical foundation for the design of high-performance SAW devices.

1. INTRODUCTION

In contrast to the approach to piezoelectric or piezomagnetic
material, magneto-electro-elastic (MEE) materials have both
piezoelectric and piezomagnetic characteristics, particularly
with the electromagnetic coupling effect. A brand-new kind of
intelligent material known as functionally graded magneto-
electro-elastic material (FGMEE) features inhomogeneous
mechanical properties, a composition that gradually changes
in one direction, and the ability to convert between magnetic
electric and mechanical energy precisely. Smart gadgets,
including sensors, actuators, and electromagnetic memory
components, frequently use this new kind of intelligent
composite material. The design of these devices could be
substantially aided by having a general grasp of them.
Compared to the static analysis literature, studies on the
transient properties of FGMEE structures are incredibly
underrepresented. Therefore, there is a pressing need to study
the quick reactions of such structures to enhance their
performance. As a result, many individuals are very interested
in the research on wave propagation in MEE and FGMEE
materials. Van Suchtelen [1] created the first artificial
magneto-electro-elastic material artificially by mixing
piezoelectric and piezomagnetic materials. According to Van
Run et al. [2], the BaTiO3-CoFe,O4 composite they created
had the most potent electromagnetic effect available at the
time. Later, Bracke and Van Vliet discovered a broad
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magneto-electric transducer made of composite material [3].
Inhomogeneity issues with magneto-electro-elastic multi-
inclusions and their applications in composite materials were
encountered by Li [4]. Green’s function for anisotropic
magnetoelastic solids having an oval cavity or a crack was
covered by Liu et al. [5]. Authors such as Pan and Han [6],
Bhangake and Ganesan [7], and Huang et al. [8] discussed the
functionally graded MEE materials using various solutions
methods. Wave propagation on magneto-electro-elastic
multilayered plates was observed by Chen et al. [9] In MEE
Materials, Arman [10] investigated twelve shear surface
waves steered by clamped or unconstrained limits. Surface
electro-elastic SH waves in a layered device with a
piezoelectric substrate and a hard dielectric layer were
described by Danoyan and Piliposian [11]. Li and Wei [12, 13]
encountered the pre-stressed and MEE solids’ impact on the
surface wave speed and velocity of FGMEE materials. In their
study, Wu et al. [14] used the modified Pagano approach to
analyze the three-dimensional static behavior of FGMEE
plates. Anisotropic FGMEE beams exposed to arbitrary
loading were the focus of a static analysis study by Huang et
al. [15]. Zhao and Chen [16] discussed using the symplectic
framework for plane research for FGMEE materials. Chen et
al. [17] noticed wave propagation with a nonlocal influence in
MEE multilayered plates. Yang et al. [18] talked about
applying analytical and finite element methods to analyze the
natural properties of multilayered magneto-electro-elastic
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plates. Vinyas [19] covered the computational analysis of
intelligent magneto-electro-elastic materials and structures. To
represent the propagation of elastodynamic waves in
composites made of elastic, piezoelectric, and magneto-
electro-elastic materials, Othmani et al. [20] used orthogonal
polynomial methods. In a magneto-electro-elastic layered
structure with such a non-perfect and locally perturbed
interface, Chaki and Bravo-Castillero [21] investigated the
statistical modeling of anti-plane surface waves.

Seismology, civil engineering, and mechanical engineering
all benefit from understanding the propagation and scattering
of waves in granular and medium materials. It is also apparent
that structural abnormalities in the wave propagation medium
impact it. Many academics have taken into account uneven
borders of specific shapes and sizes to keep the solution
process mathematically simple. It is possible to name a few
essential works on wave propagation in a medium with
irregular boundaries. Chattopadhyay et al. [22] explained how
SH waves go through a crooked monoclinic crustal layer.
When Singh [23] reached a layered medium with erratic
boundary surfaces, he came upon the love wave. Singh and
Chattopadhyay [24] briefed about how magnetoelastic shear
waves go through an unruly layer of self-reinforcement. The
scattering of a Love wave traveling in an uneven anisotropy
porous stratum under initial load was covered by Chattaraj et
al. [25]. Love type wave propagation in an uneven
piezoelectric structure, Singh et al. [26]. Regarding the effect
of irregularities on the SH-type direction of propagation inside
the micropolar elasticity composite structure, Singh et al. [27]
came across some comments. Love-type waves in the couple-
stress stratum that were ill-bonded to an uneven viscous
substrate were discussed by Ray and Singh [28]. The effects
of piezoelectricity and reinforcement on the propagation of SH
waves in irregularly layered, inadequately bonded FGPM
structures were explored by Chaki and Singh [29]. The Love-
type wave propagation case-wise analysis was encountered by
Gupta et al. [30] in an unsteady fissured porous stratum
covered in sand. The features of SH wave scattering and
propagation in simplified Cosserat isotropic layered structures
at irregular borders were explored by Chaki and Singh [31].

Chaki et al. [32] discussed the effects of
rectangular/parabolic-shaped irregularities on the propagation
of shear horizontal waves in a slightly compressible layered
structure. In functionally graded piezo-poroelastic mediums
with electrode boundaries and suddenly thickened imperfect
interface, Singh et al. [33] analytical analysis of Love wave
propagation was encountered. In functionally graded
fracturing porous sedimentary with interfacial irregularity,
Gupta et al. [34] investigated the flexoelectric influence on
SH-wave propagation. Love wave propagation in an isotropic
fluid-saturated porous material under the influence of
parabolic irregularity was discussed by Saini and Poonia [35].
According to Bhat and Manna [36], the reinforcing, porosity
distributions, non-local elasticity, and uneven boundary
surfaces all affect the behaviour of Love-wave fields. Singh et
al. [37] studied the scattering processes of Love-type wave
propagation in a multilayer porous piezoelectric structure with
surface irregularity. Kumari and Srivastava [38] studied the
torsional wave in void-type porous layers using parabolic
irregularity in viscoelastic and piezoelectric media. Willis’s
[39] formula for expanding an integral as a series and Tranter’s
[40] Integral Transforms in Mathematical Physics are used in
mathematical calculations. Up to now, no attempt has been
made to study the propagation of SH waves in an irregularly
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functionally graded magneto-electro-elastic substrate.

Due to the widespread use of functionally graded materials
in our daily lives, numerous research projects have been done
and are ongoing. Functionally graded materials are utilized in
developing and manufacturing SAW devices, communications
devices, SAW filters for Global Positioning Systems (GPS),
and mobile phones. These applications motivated us to
continue our research on functionally graded materials,
particularly in functionally graded magneto-electro-elastic
mediums, and we did so after [29, 31, 32]. The current study
examines the behavior of an SH wave traveling over a
functionally graded magneto-elastic substrate arrangement. At
the substrate-vacuum interface, two irregularities with
different shapes—rectangular and parabolically shaped—are
considered in electrically and magnetically open cases and
electrically and magnetically short cases. A study is also done
on the combined impact of inhomogeneity, depth source, and
irregularity. The variable separation method was used to arrive
at the dispersion equations for the propagation of the SH wave.
With the help of the Fourier transform, inverse Fourier
transform, and perturbation technique, complex frequency
relation has been derived for each type of irregular interface
[29]. The results’ key characteristics are highlighted. In order
to know the impact of the parameters involved, a particular
model consisting of BaTiOs-CoFe,0, magneto-electro-elastic
material has been taken. Graphs are plotted for variations in
wavenumber and phase velocity. This calculation model could
be the ideal match for laminated FGMEE structures utilized as
surface acoustic wave devices since the variation of the film's
magneto-electromechanical characteristics changes gradually
with depth and throughout the production process (SAW). As
a result, it can serve as a theoretical foundation for the design
of high-performance SAW devices.

2. BASIC EQUATIONS AND NOTATIONS

We investigate an SH-wave that passes through an uneven
magneto-electro-elastic substrate with typical wave velocity ¢
and wave number k. Two different situations of irregularity in
the shapes of a rectangular and a parabola are considered. The
origination O is considered the midway of the selected
irregularities in Figure

s 1 and 2, which shows a graphic of the layer structure under
consideration. The irregularity’s maximum depth and span are
H and 2s, respectively. Let S represent the location of the
disturbance’s source along the x-axis and | distance from the
origin. A time-harmonic disturbance is produced by the source
ats.

The interface equations for irregularities with rectangular
and parabolic shapes can be written as

o) 0 for|y|>s,
X= =
=1y for|y| <s, "
0 for|y|>s,
= eh(y) = ’
x=e&h(y) H(l_z_zj for|y|<s, )

where, ¢ :% « 1 is the perturbation parameter, which is

presumable to be small.
This assumption is reinforced by the earth’s surface model,



where an irregularity’s depth H is frequently minor in
comparison to its span 2s.

Let (u,v,w) represent a particle's displacement
components in (x,y,z) directions, respectively. The z-axis
does not affect the displacement or potential electrical
components since the SH wave only causes displacement in
the z-direction and propagates in the y-direction. As a result,
we can calculate the mechanical displacement components and
the electric and magnetic potentials are

u=0,v=0w=wxy,1),¢=9(xy.0), y =p(xy,t)  (3)

The following are governing equations of motion for static
behavior with unrestricted electric charges and no body forces:

II
Oob

T
D, “4)
B,

The dot shows differentiation in time, the comma shows
differentiation in space, and the repeating index in the
subscript shows summation.

The following is the relation between displacement and
strain components:

1
S, :§<u“ +uy) (5)

Quasi-static approximation of the Maxwell equations yields:

E =-9¢ and H, =V, (6)
For a transversely isotropic medium with the z-axis being
the symmetric axis and the poling axis of the magneto-electro-

elastic material, the constitutive equations are

T11 = Cusu + Clzszz + C13833 - eles - h31H3
Tzz = Clzsu + Cuszz + C23S33 —€; E3 - h32 H
Ty = C13811 + C13522 + C33533 —e,E, - h33H

Ty =2C,, Sy —esE, —hH
T, =2C,,S; —esE —hgH
T, = (C‘14 —Cu)S12

D, =2e,S,, +x,E + fB,H,

D, =265, +x,E, + A, H,

D, =€,,S,, +€;,S,, + 3,5, + K, E; + B H,
B, =2h,S,, + B,E, + 14,H,

B, =2hS,, + B,E, + 1, H

B; =y, Sy, + .Sy + 1Sy + BBy + 1H,

(7

In the specified direction, the component magnetic field and
electric field are represented by the gradients of a magneto
potential and electric potential for a space variable.

The nonvanishing equations derived from Eqgs. (3), (4), and
(7) apply to the propagation of the SH wave,

Tos + T, = PW
D1,1 + Dz,z =0 (8)
B,+B,,=0
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Figure 1. The problem of rectangular irregularity in
geometry
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Figure 2. The problem of parabolic irregularity in geometry

3. DYNAMICS OF THE PROBLEM
3.1 Dynamics of FGMEE substrate

Eq. (8) can be used to derive the motion equations for the
SH wave propagating along the x-axis as

o*'w
p]. atZ
Lo

w OW
OX

aw
()72 D72 (D)y72 o 2
&y VW—r ' Vig— BV +eg —

CHVW+eQVig+hPViy +Cf —+ef a¢+hl'“’a—y/:

(1) a¢

Ky

©)
1 61// -0

1)V2|//+hl(1) ow 1(11) 8¢ -

he'Vew—APVig— x

The FGMEE substrate material characteristics are expected
to be positively exponentially distributed across the depth (x-
axis). The FGMEE substrate functional gradients are therefore
regarded as

Cﬁ) (X) C(Ol)eax 1) (X) el(OI)eax hl(l) (X) — hl(Ol)eazx

Kﬁ) (X) K(Ol)eax (1) (X) ﬂ(Ol)eax , Iul(ill) (X) Ol)eax (10)
P=pP ‘e

Employing Eg. (10) in Eq. (9) we get

cyy [Vzw+a aN) o (V2¢+a J +hg? (VZ %’J =p° ?;T\;V

o (vwea]ue(vora®)ge(vwea)o | any

O G WP EOR R A



From Eq. (11), we see that w, ¢, and vy are coupled. By
introducing two new functions
P=¢-—mw;y'=y-nw (12)
Substitution of Eq. (12) into Eq. (11) yields,
2
Viw+a ow 126 > =
x o at
o¢'
Vip'+a—=0 13
pra— (13)
oy'
Viy'+a——=0
T
where,
. @ ,ulin)el(gl) 01)hl(01) l(in) ((5)1) (01) (01)
P’ K 10 ( [,»(01)) KD 40 — ( (01))
12 (e (1) (0D SOOI
@zcﬁm (e15 ) +K11 (hl ) e15 hl
()

Then, the stress tensor, electric displacement vector, and
magnetic induction vector in Eq. (7) can be expressed in terms
of

T,=T,=T,=0,D,=0,B,=0,
T = (COw, +efg ,+hy ),
= e (CEPw, +eg "+, ),
—K(fl);iﬁ'l—ﬁ(m)l//'l),
= ),
B = 1Py,
09—y )

(14)

The solutions of Eq. (13) convert when the time-harmonic
dependency of SH wave propagation is assumed as

ot

w=W(x,y)e
¢'=D'(x,y)e"
(//: — ‘I"(X, y)eiwt

(15)

It is to be noted that SH wave velocity is lesser than that of
a substrate. In light of Eq. (15), Eq. (13) reduces to the
following

2
VAW +aaﬂ+%w =0
ox ¢
V2q>'+aa§=0 (16)
V“P'—Hxaizo
OX
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In general, we define the following Fourier transforms as
Toum) =[x ye™dy (17)
and the subsequent inverse Fourier transform is defined as
17+ -iny
(6 y) === [ T(xne™dn (18)
27 ?,

Taking the Fourier transforms for Eq. (16) now, we discover

2
V2W+a—+(a)—2— 2)W—O
c
d’o'  ,—, do'
D +ra——=0
N “ i (19)
2yt _ T
d \I: - 2‘I"+0{—d‘P =0
dx dx

With the aid of Egs. (17)-(19) may be expressed for FGMEE
substrate as

W = Ae ™
®'=Be ™ (20)
Y'=Ce ™

2
2 w
a+ a4y

where, A, B, C are unknown .

a+aZ-4n?

andr, = .

Now, required solutlons of FGMEE substrate Eq. (20)
becomes

constants, r;, =

W = Ae ™
® = Be ™ + mAe ¥
¥ = Ce ™ +nAe ™

(e2)

Therefore, mechanical displacement and electric potential
function in FGMEE substrate as

=2£T(Ae vy Zgure ’lJ e"dn
—0 1
:%T(Be’” +mAe” ) edn (22)
- zi T (Ce’rzx +nAe rlx) e "dn
T,

where, the existence of the source within the FGMEE substrate
causes the second term, as in the integrand of W, to be
introduced.

3.2 Dynamics of FGMEE vacuum

Air’s dielectric constant x, and p, vary substantially from
the dielectric constant of piezoelectric materials. As a result,



the piezoelectric layer’s upper surface is often exposed to air.
Therefore, the electric and magnetic potential functions ¢,
and ,, may be considered a vacuum for air in the region.

Vg, =0,Viy, =0 (23)

The electric and magnetic displacement components of a
vacuum are described as follows

Dv:—KOaaé’,

24
B :—/U al//V
v 0 6X

Eg. (23) solutions convert when the time-harmonic
dependency of SH wave propagation is assumed as
p=D(x, y)e, y ="P(x, y)e (25)
Approaching in a similar fashion, and taking the Fourier

transform of Eq. (23), we result in
@, =De™, ¥, = Ee™ (26)

where, D and E are unknown constants. And r; = 7.
Therefore, the solution for the vacuum may be instated as

0

¢, =2i:[ (De™ e ™dn

27

v, = % T (Ee® )e™dn

—0

4. BOUNDARY CONDITIONS

The adhesion to the following permissible boundary
conditions is enforced to identify the frequency equations of
SH wave:

1) Mechanical tractions at the
continuity, that is x = h(y)

irregular interface

T, —eh'(y)T, =0 (28)
2) Electrical boundary condition at x = eh(y)
(i) Electrically open case:
D, =D, (29)
=4, (30)
(i) Electrically short case:
¢=0 (31)
3) Magnetic boundary condition at x = ei(y)
(i) Magnetically open case:
B =B, (32)
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v=v, (33)
(if) Magnetically short case:
y=0 (34)

5. SOLUTION TREATMENT

The arbitrary variables A, B, C, D, and E are considered
functions of the perturbation parameter because the substrate
and vacuum interface is irregular. Expanding the constants (A,
B, C, D, E) in powers of & and neglecting quadratic and higher
powers of &, we approximate the constants as [29]

A=A +AeB=B;+Be,C=C,+Cps,
D=D,+Dg¢ E=E,+Ee.

For a very small value of ¢, we may also agree to the
following approximations:

e"*" =1+ 9eh,
cos(Jeh) =1,
sin(9eh) = J¢h

where, ¥ can be any value. Now, with the helps from Egs. (14),
(22), we arrive at the following from boundary condition (28),

J {- (L ash(y))[ CEr (A, + Ae)(1-keh(y)

+2C5Y (1+reh(y))e™ +el?r, (B, + Be)(1-r,eh(y))
+h¢Vr, (C, +Ce)(1-r,eh(y)) [je™dn

_gT(1+agh(y))[@rl(,%+p&g)(l_ heh(y) (35)

+C{ g(1+ reh(y))e™ +el’r, (B, + Bie)(1-r,eh(y))

h

+h$r, (C, +C,e)(1-r,eh(y)) Jh(y)e ™dn =0

Now, let us define the Fourier transform of 4(y) as
h(2) = [ h(y)e™dy (36)
and the subsequent inverse transform is defined as
1 5= -i2
h(y)=— [ h(2)e™"d2 (37)
2 °,
Therefore, it may be derived that
h(y) = — [ Zh(2)e™dA (38)
27,

In light of Eq. (37), Eq. (35) is transformed into



27r
—aCM?” rA —oer,B, —2aCe™ — ahr,C,

~CSPAnA, -6 AnB, - anC, J|h(A)e " dnd A

—o0

& | {j[ COr2A —2CPre™ +e0r2B, +h®™r?C,

(39)

- j {cﬁ“ A +As)+er, (B, +Be)

+2C5Ye ™ +hEVr, (C, +C1£)} edn

Now, considering the inner integral in the left-hand side of
Eq. (39) where 2 may be treated as a constant, leads to dn =
dk [29]. Further, by replacing n by k on the right-hand side of
Eq. (39) and using Eq. (37), we obtain

COr (A +As)+er, (B, +Be) )
+2C5%e™ +h$Vr, (C, +Ce) = eR(K)
where,
1 2r——
200 L [[GE (- ) -2087 (5 -
27r£|i ( ) @)

+e (x2 —ar, ~ An)B, +h% (r2 —ar,— An)C, | h(2)dA

Approaching in a similar fashion, boundary conditions (29)-
(34), we obtain

k31, (B, +Bie)+ BVr, (C, + Cie ) + i,y (D, + D& ) = £ B (K) (42)
m(A +Aée)+B, +Be—D, —Die =¢P,(K) (43)
m(A +Ag)+B, +Be =R (k) (44)
00T, (B, + Bug) + 171, (C, +C ) + ok (Ey + Ei8) = £ B (K) (45)
(A +As)+Cy+Cie—E ~Ee=¢R(K) (46)
n(A +Ae)+C,+Cee=¢P (k) (47)
where,
1 (01) (01
P, (k) =5 | j[ ar,k™B, —ar, A7C,
d (48)
+k 2B, + fr2C, — k1, D ] “h(1)da
l o0
P =] J [—ar, "B, —ar,u’C,
g (49)
570 By + 441 Co — 1By :'I]:kii H(/I)dl
1 T n=k-1 1~
P, (k) =5 [ [r,B, +rmA, +1,D, ] “h(2)d 4 (50)
7[ —0
1 T n=k-1 7~
Fg(k):z—j[rzco+rln/sb+r3E] h(2)dA 1)
Ty
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PRI = [[LB+amA] " Rz ()

©

P (k) = [[C, A ] h2)d2 (53)

Now, equating the absolute terms not containing &£ and the
coefficients of & from Egs. (40), (42)-(47), we obtain

COr A, +69r,B, +hr,C, =—2CPe ™ (54)
COr A +e2r,B, +hr,C, =R (k) (55)
&1,B, + Ar,C, +x,1,D, =0 (56)
&1,B, + Br,C, +x,1,D, = P, (k) (57)
mA, +B,—D, =0 (58)

mA +B -D, =R, (k) (59)

mA, +B, =0 (60)

mA +B, =R, (k) (61)

BB, + 15Pr,C, + 1 1,E, =0 (62)
BB+ 1y 6C, + 1B, =Py (K) (63)
nA +C,—E, =0 (64)

nA+C —E =R(k) (65)

nA +C, =0 (66)

nA +C =P (k) (67)

On solving the above Eqgs. (54)-(59), (62)-(65) for
electrically open and magnetically open case (EOMO), we
obtain the values of 4, 4,, By, By, Cy, C;,Dy, D;, E,, and
E, which are provided in the Appendix. With the help of
values of unknown constants and Eq. (22), the mechanical
displacement component of the irregular FGMEE substrate

may be expressed as
J ol 4 2V
L7

(3

Similar steps can be taken to acquire the mechanically
displaced component of the uneven FGMEE substrate for the
electrically short and magnetically short case (ESMS)

g; -l
HH 72C§f,’$e”l' Je +

where, y,v1,vs ¥, ¥, are provided in Appendix.

€74
"

W = 1J‘7/1

e e [e7vd 68
] evan

wo Lt —chg“e’“'
2, ¥

2y
—2C®

} "y (69)



6. FREQUENCY EQUATION

6.1 Frequency equation for rectangular-shaped
irregularity at the interfacial surface for EOMO case

Eqg. (36) with aid of Eq. (1) yields
h(1) = %sin(ﬁs) (70)
Hence,

=%:T[(§(k—/1)+§(k+/1)]5in;—ﬂs)d/‘t (71)

with {(k — ) =[G, + G, + G5 + G, + G5]"=%=*, where, the
definitions of Gy, G,, Gs, G4, G are in the Appendix, and the
argument of {(k — 4) results from the fact that n + 1 = k.
Using the asymptotic formula [32, 33] and hating terms with
2/s and more extensive powers of 2/s for large s, we obtain

j[g(k A)+¢k+A)]= sm( jdl~7(2§(k)):7r§(k) (72)

Eq. (71), in the context of Eq. (72), is simplified to

2s H
=2 (2 () == < (K) (73)
V4 &
Eq. (68) is simplified, with the aid of Eq. (73),
1 T }/e—rlx 2 X A—hl —ik
W=— — 4+ —=ee™ [e™dk 74
27rI ( Hg’(k)j I 7
y|1-—22
el

Here, the contribution of the integrand's poles determines
the value of such an integral. We compute the roots of the
following expression to get the pole,

-

The necessary dispersion solution of the SH-wave traveling
in rectangular-shaped irregularly for the EOMO condition is
represented by Eq. (75) and is the relationship between wave
number and frequency.

H:(k)jzo 5

e

6.2 Frequency equation for rectangular-shaped
irregularity at the interfacial surface for ESMS case

The mechanically displaced element of the irregularly
FGMEE substrate for the ESMS situation may be calculated
as follows by following the same procedure as in Section 6.1
and using the same asymptotic formulas [32, 33]:

0 _ (01) -1l -1 .
W=t || 2w e | 2gmeu g (76)
27 ol | =4 HE'(K) f
7|1+ .
2Ce
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The necessary dispersion solution of the SH wave
propagating through a rectangle-shaped irregularity in an
interfacial surface for the ESMS condition is given by Eq. (76),

HZ'(k)
- xmer)- 7
6.3 Frequency equation for parabolically-shaped

irregularity at the interfacial surface for EOMO case

By adding the parabola Eq. (2) to the Eq. (36), we arrive at

- 4Hs \sin(As) — Ascos(As)
h(1)=| —
(4) ( j sy (78)
Again, approaching in a similar manner, with aid of solution
(68) and using Eq. (78), we derive that
2Hs sin(As) — Ascos(As)
(Asy’

I[g(k )+ (k+2)] (79)

When the equation mentioned above is further condensed,
it yields,

3/2(?;?) d
(4s)

Vo=

2Hs 7
— 1l (80)

Sk- /1)+§(k+/1)]\/g

-0

where, J;,,(As) is a first-kind order 3/2 Bessel function. Using

the terminal method in references [32, 33] once more, we
arrive at

’ —(ZHS] =22 9 @81

Hence, we derive the mechanically displaced element of the
FGMEE substrate with a parabolic irregularity at the
interfacial surface for EOMO condition as

—nx

€ +2leﬁxefr1'
2r 2, y[l_zm c(k)] 7
3y,

e vdk (82)

In this situation, the dispersion solution for the SH wave is
obtained by

}/[1_4H_§(k)j =0 (83)

3y,

6.4 Frequency equation for parabolically-shaped
irregularity at the interfacial surface for ESMS case

The mechanically displaced element of the parabolic-
shaped irregular FGMEE substrate in ESMS condition is
determined by following the same procedure as in Section 6.3
and using the same asymptotic formulae [32, 33],

% _ (01) o—1l 4—HX .
TR ] R R
20| o, 2HC0 )| &
Y| 3rc e



The necessary dispersion solution of the SH wave traveling
in parabolic-shaped irregularity, an interfacial surface for the
ESMS condition, is given by Eq. (84) as

}(1+M] =0 (85)
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7.NUMERICAL CALCULATIONS AND DISCUSSION

In this investigation, we look at four scenarios: a case that
is the rectangular-shaped irregularity of EOMO and ESMS
cases, and a parabolic-shaped irregularity of EOMO and
ESMS cases. A function of wave number is used to describe
the influence on the phase velocity of the initial stress. For this
study, we consider the magneto-electro-elastic material
BaTiOs-CoFe,04. The following Table 1 summarizes all of the
material constants used in this article.

The effect of the inhomogeneity parameter, depth source,
and irregularity on the propagation of plane SH wave in an
irregular FGMEE substrate is shown in Figures 3-14. In all the
graphs, the dispersion curves have been plotted for phase
velocity variation concerning wave number for open and short
cases. And also, results are shown for the patients when an
irregularity is in the form of a rectangle or a parabola. In
general, for all the graphs, the default values of parameters are
considered as a = 0.005,/ =5000,H =50, unless
otherwise specified.

7.1 For irregularity in at interface surface with a
rectangular form

The graphs for the rectangular-shaped irregularity EOMO
case are plotted in Figures 3-5. The relation between phase
velocity and wave number is shown in Figure 3 for various
inhomogeneity parameter values a(0.0046, 0.0048, 0.005);
phase velocity decreases steadily as wave number k decreases.
For all values of k, the phase velocity values drop as k
increases. For all matters of a, the curves consistently decline
and do not cross over. The effect of o is more prominent Figure
4 demonstrates the effect of the relation between phase
velocity and wave number for various depth source values
1(4800, 4900, 5000). It is observed that as the depth source
decreases, the phase velocity increases. Figure 5 demonstrates
the effect of phase velocity versus wave number for various
values of irregularity H(50, 60, 70), the nature of the curve is
similar to Figure 4.

The graphs for the rectangular-shaped irregularity ESMS
case are plotted in Figures 6-8. Figure 6 demonstrates the
relation between phase velocity and wave number for various
inhomogeneity parameter values a(0.0046, 0.0048, 0.005); the
wave number k ups and phase velocity progressively comes
down for varied o values. For all values of k, the phase velocity
values increase as a increases. For all deals of o, the curves
continuously decline and do not increase. Figure 7
demonstrates the effect of phase velocity versus wave number
for various values of depth source 1(4800, 4900, 5000). For all
values of k, the phase velocity values increase as | increases.

This graph exemplifies that the phase velocity rises directly to
the rise in |. Figure 8 demonstrates the relation between phase
velocity and wave number for various irregularity values H(50,
60, 70). The graph is similar to the EOMO situation of
irregularity.
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Figure 3. Variations in wave number & phase velocity for
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Table 1. Material coefficients of the Magneto-electro-elastic substrate BaTiOs-CoFe,04

Material cion ety

(o1) (01) (o1) (o1)
hl:': iy Ky, 11 P

BaTiO3.CoFe204 4.8 0.08

-258 0.19 0.005 7.5
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7.2 For irregularity in at interface surface with a parabolic
form

The graphs for the parabola-shaped irregularity EOMO case
are plotted in Figures 9-11. Figure 9 demonstrates the effect of
phase velocity with wave number for various values of
heterogeneity parameter values a(0.0049, 0.0050, 0.0051).
Phase velocity decreases steadily as wave number k decreases.
For all values of k, the phase velocity values drop as k
increases. For all deals of a, the curves consistently decline

and do not cross over. The effect of o is more prominent.
Figure 10 demonstrates the effect of phase velocity versus
wave number for various values of depth source 1(4800, 4900,
5000). The impact of the depth source | is similar to the o in
Figure 9. Figure 11 demonstrates the effect of phase velocity
versus wave number for various values of irregularity H(50,
60, 70). It is visible that all matters of H curves merge. H has
no effect on the phase velocity of the parabolic EOMO
condition.
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Figure 14. Variations in wave number & phase velocity for
the parabolic -ESMS situation with changing values of H

The parabolic-shaped irregularity ESMS case graphs are
plotted in Figures 12-14. Figure 12 demonstrates the effect of
wave number with phase velocity for various a(0.003, 0.005,
0.007) values. The nature of the inhomogeneity parameter a is
similar to Figure 6. Figure 13 demonstrates the effect of phase
velocity versus wave number for various values of depth
source 1(4500, 5000, 5500). The nature of the depth source | is
similar to Figure 7. Figure 14 demonstrates the effects of wave
number with phase velocity for various irregularity values
H(50, 60, 70). It is observed that, as the irregularity H
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decreases, the phase velocity increases as k increases. The
effect of H is more prominent in ESMS parabolic conditions.

8. CONCLUSIONS

The present investigation aims to investigate the
characteristics of SH waves generated by an impulse point
source at the interface between the vacuum and the FGMEE
substrate. The dispersion equation's closed-form expression is
created using the Fourier series technique. A numerical
calculation has shown how the wave number affects the phase
velocity of SH waves. Inhomogeneity parameter, depth source,
and irregularity related to the FGMEE substrate and vacuum
are analyzed and visually depicted for their effects on the
propagation properties of SH waves in both open and short
situations, of rectangular and parabolic shapes. The following
is a summary of the critical elements of the current study:

e With an increase in wave number magnitude, the phase
velocity of the SH wave considerably drops.

e In contrast to the other cases (rectangular short and
parabolic short), the inhomogeneity parameter causes
the phase velocity to increase in both open situations.
Comparing open rectangular cases to other cases, it is
discovered that the effect is more potent.

e For the two cases (rectangular short and parabolic
short), the depth source increases the phase velocity
while decreasing the phase velocity in both open
situations. Compared to other situations, it is
discovered that the effect is more substantial for the
short parabolic case.

e The irregularity at the imperfect interface reduces the
phase velocity in open and short cases for both
rectangular and parabolic. The irregularity strongly
affects the phase velocity for all scenarios except the
parabolic open condition.

e This calculation model could be the ideal match for
laminated FGMEE structures utilized as surface
acoustic wave devices since the variation of the film's
magneto-electromechanical characteristics changes
gradually with depth and throughout the production
process (SAW). As a result, it can serve as a theoretical
foundation for the design of high-performance SAW
devices.
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NOMENCLATURE
T stress tensor
u displacement vector components

DI
B

mechanical and electric displacements
magnetic displacements
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C; elastic constants (10'°N/m?)

g piezoelectric constants (C/m?)

H; magnetic permittivity (10°°Ns?C?)

h; piezomagnetic constants (N/Am)

B, electromagnetic constants (10°Ns/VC)

Si strain tensor

E, elastic field intensity

k wave number

A wave length

c phase velocity

K, vacuum dielectric constant (8.85x10-12F/m)
n vacuum magnetic permittivity (4nx10-7Ns2C-2)
k Dielectric constants (10-9C/Vm)

Magnetic field

Greek symbols

1] electrostatic potential

4 the magnetic potential

a functional gradient parameter

n transform parameter

9 any quantity

P mass density (10°Kg/m?®)

t time

Subscripts

@) FGMEE substrate

% vacuum
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