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Abstract In this article, the dynamic characteristics of a circular inclusion in an inhomogeneous piezoelec-
tric/piezomagnetic half-space with propagating anti-plane shear waves are studied. The exponential distribution
of material parameters along the coordinate axis is considered. The Helmholtz equation includes variable coef-
ficients due to inhomogeneity. First, the Helmholtz equation is transformed into standard form by introducing
new variables. Next, integral equations with respective boundary conditions are composed and solved by
orthogonal function expansion and effective truncation techniques. Obtained results enable to understand the
influence on the dynamic stress concentration factor as well as the electric and magnetic field intensities under
proper conditions. The conclusions of this article are verified by comparing the analytical solutions to the ones
obtained by finite element method.

1 Introduction

Functionally graded materials play an important role in the design of sensors in aerospace and marine engi-
neering. The mechanical-electric—-magnetic coupling effects in piezoelectric/piezomagnetic materials enable
to realize the exchange of mechanical vibration and alternating current. This makes piezoelectric materials
widely used in residents’ life and industry. Piezoelectric/piezomagnetic composite structures such as beams,
plates, shells, and columns can contain all kinds of defects caused by processing technology and polling.
These defects lead to the concentration of dynamic stress around them, which aggravates the defect problem
for functionally graded materials as compared to that for common materials. Moreover, concentration of the
intensities of electric and magnetic fields near the defects takes place, which not only leads to the failure
of the structure and fracturing in the linking sections of different materials, but also to electric leakage and
magnetic breakdown. However, despite a large number of studies of the statics properties of homogeneous
piezoelectric/piezomagnetic materials, there are only limited studies devoted to the dynamic properties of inho-
mogeneous materials because the corresponding governing equations are very complex, and the Helmholtz
equation includes variable coefficients. The innovation of this article is that this complex problem is addressed
by using separation of variables, and the effects of different parameters are analyzed and discussed.

A large number of studies [1-21] is devoted to the problems of defects, among which the elastic wave
problem is a hot research topic. Since Pao and Mow [1] analyzed an elastic wave in the whole space by
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separating the time variable, elastic wave theory was gradually improved and widely used in engineering.
Wang [2] examined the dynamic electromechanical behavior of interacting interfacial cracks between two
piezoelectric media under anti-plane mechanical loading. Guo et al. [3-5] studied the dynamic characteristics of
on initially stressed piezoelectric/piezomagnetic plate under elastic wave. By means of stiffness matrix method,
Hamdi Ezzin et al. [6-8] calculated the phase velocity in piezoelectric/piezomagnetic materials subjected to
different elastic waves under magnetoelectric open circuit and short circuit conditions. Shi [9] used the transfer
matrix method to study the coupling of elastic shear waves and electromagnetic waves in one-dimensional
piezoelectric/piezomagnetic composites. With the aid of the integral equation method, Singh et al. [10, 11]
investigated the characteristics of Love-type waves scattered through on irregular surface in piezoelectric
composite structures. They also focused on the reflection of plane waves at the surface of a piezothermoelastic
fiber-reinforced composite (PTFRC) half-space by classical dynamical coupled theory, Lord—Shulman theory,
and Green—Lindsay theory. Song et al. [12, 13] investigated the dynamic problem of a cavity located near the
horizontal boundary. Hui et al. [14—16] studied the dynamic stress around a cavity in piezoelectric bi-material
media.

In recent years, the dynamic properties of inhomogeneous media including the piezoelectric/piezomagnetic
half-space were studied. Manolis et al. [17] analyzed the amplitude of seismic displacement induced by anti-
plane strain wave motion in an inhomogeneous geological region containing tunnels by BEM computation.
Mahanty et al. [18] explored the effect of initial-stress, heterogeneity, and anisotropy on the propagation
of SH-type, Rayleigh-type, and Love-type waves in a semi-infinite medium with a distinct initially stressed
heterogeneous anisotropic layer by separate variable method. Nazarov [19] investigated the interaction of
powerful and weak longitudinal acoustic waves in microscopically inhomogeneous media both experimentally
and theoretically. With the help of “directional-ellipse” method, StanChirita et al. [20] obtained inhomogeneous
plane wave solutions in the framework of the linear theory of poroelastic materials. Yang et al. [21] addressed
the problems of dynamic stress induced by wave propagation in an inhomogeneous right-angle plane with a
circular cavity by applying the theory of complex functions and the image principle.

In this article, scattering of SH-waves by a circular inclusion in an inhomogeneous piezoelec-
tric/piezomagnetic half-space is investigated. The inhomogeneity of materials leads to the first-order partial
derivatives of variables x and y in the Helmholtz equation. Therefore, the variable separation method is applied
to transform the Helmholtz equation into the standard form. Moreover, the series expansion and the image
methods are used to perform the calculation. Finally, the dynamic stress concentration factor (DSCF), the elec-
tric field intensity concentration factor (EFICF), and the magnetic field intensity concentration factor (MFICF)
around the circular inclusion are obtained and discussed.

At present, Mori—Tanaka model is widely used. However, this model is applicable only in micromechanics.
In this paper, however, the wave problem is studied in the framework of macromechanics, so that the scope of
research is different. Since most of the distribution functions that represent non-uniformity can be expanded
into trigonometric series and trigonometric functions can be converted into exponential ones by the Euler
formula, the exponential function distribution model has a high engineering significance. This paper provides
a theoretical method for obtaining the non-uniform distributions in the form of exponential functions. This
method establishes a theoretical basis for the analysis of distribution functions composed by addition of multiple
exponential functions with the aid of superposition method.

The derivation of the formulas in Ref. [ 18] is based on the integral transformation method, while the formulas
in this paper is constructed by Green’s function method, which is the difference between the research methods in
the two articles. This paper studies piezoelectric/piezomagnetic materials, while Ref. [21] investigates ordinary
materials, which is the difference between the research objects in the two articles. In particular, due to the
effect of mechanical—electric-magnetic coupling, the derivation of the formulas in this paper is more complex
than that in Ref. [21], and the model in this paper contains inclusions, which is lack of Ref. [18]. In summary,
the research in this article has a certain significance.

2 Theoretical model

We consider two piezoelectric/piezomagnetic right-angle spaces are joined together to form a half-space and
subjected to the impact of SH wave. The two-dimensional model is located in xoy-plane, and the polarized
direction is along the z-axis, as shown in Fig. 1. All media in the model are transverse isotropic materials.
The Medium I is a homogeneous and isotropic piezoelectric right-angle space containing a circular cavity.
The Medium II is a right-angle space composed of piezomagnetic material with an inhomogeneity.
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Fig. 1 Model of a piezoelectric/piezomagnetic half space with a circular inclusion

Table 1 Material parameters

Medium Parameter
Body density  Elastic Piezoelectric ~ Piezomagnetic Dielectric Permeability Magnetoelectric
coefficient coefficient coefficient constant coefficient
. i I i I I I
Medium I /’(I)] CzItI40 €150 o "%110 /‘11[10 10
Medium IT pIH “u il s "I i i
Medium IIT ~ # Cay €5 - K1} My i

Note that the magnetoelectric coefficients of the Medium II and III are equal

The horizontal boundaries of the Medium I and II are By, and the common vertical interface between them is
By.

The Medium III is an inhomogeneous piezoelectric circular inclusion with the boundary B;,,.

The geometric parameters of this model are as follows:

The radius of boundary Bj,:a.

The distance between the center of the circular inclusion and the horizontal boundary By :h.

The distance between the center of the circular inclusion and the vertical interface By :d.

The material parameters of this model are shown in Table 1.

The material parameters of a piezoelectric/piezomagnetic medium are assumed to have an exponential distri-
bution along the x- and y-axis. Note that the superscripts I, II, and III are ignored:

caa(x,y) = cagoe® P e15(x, y) = e150e* P hys(x, y) = hyspe* YY),
k11(x, y) = k110e2 P 111 (x, y) = t110€* P,y (x, y) = pa10e> P, €))

p(x,y) = poe* P+,

where the parameters c449, €150, £150, €110, 4110, 110, and pg are material constants, e2(PX+aY) ig an inhomoge-
neous factor, and p < 0 and g > O represent the powers of the exponential function, respectively. The physical
meaning of the latter are the gradients of material parameters along the x- and y-axis, respectively.

The following assumptions were made to simplify calculations:

1. For the Medium I,p; = 0 and g; = 0, so that the inhomogeneous factor is eXpxvqy) — meaning that
the Medium I is homogeneous.

2. For the Medium II,p; < 0, g2 = 0 and the inhomogeneous factor is ¢>72*. This assumption is consistent
with reality. In particular, when x — +oc in the right-angle space, 272 — 0, the piezomagnetic material
becomes a homogeneous medium at this, and the material parameters do not become infinite.

3. For Medium III,p3 < 0 and ¢3 > 0 in the inhomogeneous factor e2(P3**%3¥) Because the values of
coordinates x and y for the circular inclusion (i.e., the Medium III) are finite, the material parameters do
not tend to infinity.

A special case is defined below.

Subcase: when p'' = 0, the Medium III degenerates into a circular cavity. In this case, p3 = 0 and
g3 = 0. If the center of the circular cavity is chosen on the horizontal boundary, the cavity is simplified into a
semicircular hollow.

The expressions corresponding to the special case of the Medium III are presented in detail in Sect. 4.4.
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3 Governing equations and boundary conditions
3.1 Governing equations

The derivation of the governing equation requires decoupling of the equilibrium and constitutive equations,
which is a lengthy process. At this, the variables f and ¢ are introduced. The detailed derivation is shown in
Part I of the Appendix,

f = eisou — k1109 — t1109,

2
¢ = hisou — ti109 — p1109. @

Equations (3) are obtained as a result of complex derivation, However, they still contain the powers of the

exponential function p and g:
3 3 1 92
Vu + 2( p—u + _u) = !

ox " Toy) T 2, e
F) 3
V2f+2 p—f+q—f =0, (3)
dax ay
3 3
V2§+2 p—§+q—§ =0.
ox dy

2 2
. . e 110+h < k110—2h150€ 501110 - .
Here, csy = \/cm/po is the wave velocity, and ¢, = ca40 + 15011077150 - 107130719 is the equivalent
K110M110~ 770

elastic constant, respectively.

Obviously, the first Eq. (3) contains the second derivative of time. However, only the steady-state problem
of elastic wave is analyzed in this article. Therefore, a variable substitution method is applied to eliminate the
influence of time factor e /.

By introducing the variable u = we™'*", the first Eq. (3) can be simplified as follows:

Vu+2(p2% 4422} 12w =0 )
pE)x q8y

where k = w / csy represents wave numbers and o is the frequency of the plane shear wave, respectively.
In order to eliminate the powers of the exponential function p and g, the solutions of Eq. (3) can be assumed
in the following form by using the separation of variables method:

w = W(x,y)e P f = folx,y)e” P ¢ = go(x, y)e PFEIY) Q)

By substituting Eq. (5) into Egs. (3) and (4), the following equations are obtained:
VEW +k5W = 0, V2 fo + (ik)* fo = 0, V¢ + (ik')* ¢ = 0 (6)

Here, ko = k2 — p2 — ¢2, k* — p*> —gq% > 0, k' = \/p? + ¢2, and fy and ¢ represent electric and magnetic
field parameters, respectively. The variable W satisfies the Helmholtz equation.

Since the Laplace operator satisfies the relation VZ(e) = V - (V(e)), the physical meaning of the first Eq. (6)
is that it describes the spread of the elastic wave in time and space.

For the Medium I, ¥’ = 0,p; = 0, and gq; = 0. Therefore, the second and third Eq. (6) degenerate into Laplace
equation as follows:

V2 fo =0,V =0 (7)

Equations (7) mean that the gradient fields of the variables fy and ¢y are non-source and the vibration frequency
is zero.
By means of Cramer’s Rule, variables ¢ and ¢ in Eq. (2) can be expressed as follows:

¢ =ajw+b1f+ci1¢,
o =aw+byf +c¢.

@®)
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where:
_ M110€150—1110h150 _ —HK110 _ 1110
al - 2 7b - 2 7C - 2
H110K110— 10 K110K110— 1119 H110K110— 111
k110h150—t110€ t —x
a) = 1101150 =1110€150 5, — 110 — 110

H110K110— 10 H110K110— 10 2= H110K110— 130

Each field contains the time factor e /!, which is omitted to simplify the calculation. Therefore, u in Eqs.
(8) and (9) may be replaced by w.

In the complex plane, the inhomogeneous factor is e2(PX+4Y) = ¢P(1+M=4(1=0)i _and the constitutive equation
can be expressed as follows:

1, = ePHM—a=)i [Ml <8_wei0 +3_w€i0) +M2(%ei8 +%ei9> + Ms <3_§ei9 +3_§ei9>]
8 3 2

an a7 an ] an an
T, = ePHD=at=i;| pr, B_weig _ 8_11_)6—1'9 + M, %em — 3_{6—1'9 + M; 8_§ei9 — 8_;_6_1-9 ,
an on on a7 an an
D, = erti—ao—ii (O jio O i\ 1 oo (2F jio _ Of i
an a1 ’ an 37 ’
B, = P(rt—a(n—ii 8_§ei0 + 3_§e—i0 By = ePrtM—a(=)i; 3_§e,~@ - 8_§e_i9 9)
an a1 ’ an on

where M| = cqa0 + are150 + azxh1s0, My = breiso + bahisg, and M3 = creq50 + cahy50, respectively.

3.2 Boundary conditions

To study the dynamic behavior of piezoelectric/piezomagnetic materials considered in this paper, the boundary
conditions on the horizontal boundary By, vertical boundary By, and boundary B;, should be formulated.

1. The boundary conditions on the horizontal boundary By imply mechanical stress-free, electrical open
circuit and magnetic short circuit state:

0, =0 D;‘y:h =0, B;‘y:h =0
L1 —0 DII‘ —0 BII‘ —0 (10)
Yo ly=h TV ly=n TV ly=h

2. ;Fhe conditions on the boundary B;,, describe the continuous stress, electric, and magnetic fields:
R A
', = 0", —0 Drl,—a = D s (1)

(pl|r:a = gDHI|r:z/z’ BHr:a = Bi{uir:a’

3. At the vertical interface By the stress, electric, and magnetic fields are continuous as well.

4 Physical fields caused by SH-wave
4.1 SH-wave

SH-waves are the simplest plane shear waves, which are widely used for nondestructive testing and underwater
detection. In this paper, the characteristics of propagation of SH waves in piezoelectric/piezomagnetic materials
are studied. The incident wave is considered as a vibration source. This wave is reflected and refracted at the
vertical interface resulting in induction of elastic, electric, and magnetic fields.

We consider the steady-state time-harmonic displacement, electric, and magnetic waves incident in the
piezoelectric/piezomagnetic half-space at an angle « to the horizontal plane as shown in Fig. 2.

According to [2], the incident wave w' satisfying the boundary conditions Eq. (10) on the horizontal
boundary By generates the electric potential ¢' and magnetic potential ¢' expressed as follows:

w' = w {exp{%[(n — hi)e ™ 4 (i +hi)efﬂ] }+ exp{%[(n — hi)e? + G +hi)e’i’3] } }
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SH wave(a0 = /4)

wEe)

(a) (b)
Fig. 2 SH-wave in a piezoelectric/piezomagnetic half space
" —¢1{exp{ [(n—hl)e ”3+(r)+hl)e"3]} { [(n—hl)e’ﬁ+(n+hl)e i ]}},

2
¢ = (pl{exp{ ' [(n — hi)e + (7] +hl)e’ﬂ]} xp{%[( — hi)e'? + (7 + hi)e™ i ]}}, (12)

Note that the superscript i refers to the incident wave.

Similarly, the electric potential ¢" and magnetic potential ¢” caused by the reflected wave w” are obtained
as follows:

ik

w” wl{exp{%[(n—hi)e_iﬂ+(ﬁ+hi)eiﬂ]}+exp{ [(n—hl)eﬂ+(n+hz)e i ]}},

2
r ¢1{exp{&[(n—hi)eiﬁ+(ﬁ+hi)eiﬁ]}+ exp{i[(n hz)e’ﬁ+(n+hl)e i ]}},

gar:gal{exp{ ik [(n—hl)e ’ﬂ+(n+hl)e”3]}+exp{ [(n—hz)e +(r';+hi)e_i’3]}}, (13)

ASS
I

where the reflection angle 8 = w — ap. Here, the superscript r refers to the reflected wave.
Since the refracted wave w/ propagates in Medium II composed of inhomogeneous piezomagnetic mate-

rials, in order to make it satisfy the governing Eq. (6), it is necessary to introduce the complex variable
p2(n+i) . . . . . .
e P2 = ¢~ 2 as the product factor which describes the inhomogeneity. Therefore, the physical meaning

of Eq. (14) of this paper is different from that of Eqgs. (12)—(13) in [2]

_ p2(n+n)

wf =e 72 {exp{ ko2 [(n — hi)e ' + (77 + hl)e”"z] }+ exp{ik%[( — hi)e'® + (7 + hi)e™ ”"2 }}
| }}
(1

4)

o (n+i1) k : ; i ki

o = e~ ¢2{exp{%[(n —hi)e "2 + (7 +hi)e’°‘2]}+ exp{%

ikoo
2

[(n — hi)e'® + (7 + hi)e*"

_ pa(n+m)
f—e

o
ik . .
2 wz{exp{%[(n — hi)e "2 + (i + hi)e“”] }+ exp{ [(77 — hi)e'® + (7 + hi)e '@

Here, ko2 = /k% — p%, k% — p% > 0, and o, represents angle of refraction, respectively. Note that the
superscript f refers to the refracted wave.
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Fig. 3 Reflection of the scattering wave at a vertical interface

The variables introduced above should satisfy the continuity conditions on the vertical boundary By (x = 0):

w +w" :w-f,'c)’;z+r)fz :rxfz,
¢' +¢" =/ D+ D =D, (15)

. : P
g0’+(pr:gof,B)’C+B;:Bx.

With the help of Cramer’s Rule, Eq. (15) can be solved, and the relationships between all parameters can be
obtained:

wi = wi(wo, $0, Yo), w2 = w2(wo, Po, ¥o), P1 = $1(Wo, o, o),
@2 = P2(wo, o, ¥0), 1 = @1 (wo, Yo, ¥0), Y2 = Y2(wo, Po, ¥0o), (16)

The detailed expressions are shown in the Part III of the Appendix.

4.2 Scattering wave

When the incident wave w' propagates to the circular inclusion (i.e., the Medium III) that can be regarded as
an obstacle, the diffraction and scattering of the wave occurs, and the scattered wave w® propagates from the
center of the Medium III as the emission origin. Therefore, the variable " = 1 + d is introduced to create a
new coordinate system x’o’y’ with the center of Medium III as the origin, as shown in Fig. 1.

The transformations of coordinates between the two coordinate systems look as follows:

x' =x+d,

17
Y=y a7)
As shown in Fig. 3, the scattered wave w* is reflected and refracted at the vertical interface By (x’ = d).
However, the expressions for the reflected and refracted waves caused by w® are very complicated, so that
only the approximate formulas can be obtained.

The image method is applied for mathematical simplicity and to eliminate the influence of w* on the
vertical interface, as shown in Fig. 4. At this time, the shear stress caused by w? is zero at the vertical boundary.
Moreover, the scattered wave w* also satisfies the boundary conditions (10) on the horizontal boundary By .
Since the Medium I is homogeneous piezoelectric material, the factor e2(PX+4¥) can be omitted.

Based on the above analysis, the expression for the scattered wave w® can be constructed as follows:

+00 4 )

w'= > A8 (18)
n—=—oo j:l

where 5, = Hy o' D'/ |n'[]". 817 = H ko Dlni /|17 857 = (=0 H k[ D[na /[ 1"

4 1 - .
S = (=1 HyP e [ D[ns / I | 17" i = ' — 2hinfy = nfy = 2y = o' — 2d.
Note that the superscript s refers to the scattered wave.
The electric potential ¢* and magnetic potential ¢* induced by the scattered wave w* are obtained as follows:

¢ =alw +bl S +cles, 08 =alw’ + i f5 +cles,
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-

Fig. 4 The image of the scattering wave

4
Z Zw(j) +C, Z(p(J) L5 = i D, 290(12) +E, Z(p(]) (19)
=1 —_

n=1 n=1
where ¢}, = /"y, = G+ 20i) 7", g = (<17 — 2"l = (107 = 2d = 2hi)", 6] =
i) = (n —2hiy ", @) = (~1 0 — 2d) ) = (1YY - 2d + 2hi) ", @l = s,

I I 2
pl = i I _ 1110 [ _ _ —fioels pl = 110 I _ St ot
N Mlllo"{lo*tlzlo’c1 T Hhoktio—tho” “= Kioktio=ti0” 2 Mokl —tio 2= K10kt 1010
This assumption of Eq. (19) is plausible because the physical variables f* and ¢* do not tend to infinity at
n — +o0o and 1 — +00.
Thus, the total displacement field w!, total electric field ¢!, and total magnetic field ¢! in the Medium I are
obtained by the superposition method:

wl:wi+wr+ws’¢l:¢i+¢r+¢s’¢l:¢i+(ﬂr+¢s (20)

Similarly, the total displacement field w'!, total electric field ¢!, and total magnetic field ¢'! of the Medium IT

are obtained as follows:

w'l =w/, ¢! =9/, o'l = ¢/ 1)

4.3 Standing wave

When the piezoelectric material is subjected to the shear wave, the standing wave is formed in the circular
inclusion (i.e., the Medium III). Due to the inhomogeneity of the Medium III, the factor e~ (P3x"+a3y)

e PSP =a51) should be introduced.
The expression of the standing wave in Medium III can be established as follows:

= () ) = 5 s Dl /) @

n=—0oo
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where ko3 = 1/k% - p% — q32 andk% — p% — q32 > 0.
Equations (22) are based on the assumption that the standing wave consists of two types of waves:

1. The wave propagating outward the center of the Medium III, and
2. The wave converging toward the center of the Medium III.

The two scenarios mentioned above are described by the terms J;, (kos|n’[n’/|n’|]" in Egs. (22).

Therefore, Egs. (22) describe the distribution of waves in Medium III. Since both waves mentioned above
are related to the center of Medium III, the coordinate system x’0’y’ is adopted. Note that the superscript st
refers to the standing wave.

The complex variable ik’ is equivalent to k in the first Eq. (6). Therefore, the expressions for electric
potential ¢%' and magnetic potential ¢*’ induced by the standing wave w*’ can be written as follows:

¢st — a{stt +bIIHfst +C11H{St,
gDst _ a%llwst + bglf‘” + CIZHCSI,

n'+ii’ ) (n’ffz’ ) (n’ﬂi’ ) ( W =i )
t t —1’3( —4q3 ] t t,~P3 —q3 7
f‘S — f(»)Y e 2 2i , ;S — é-(;‘ e 2 2i

’

+00

st Dysp/ |, AYES AN / 71n
£t =Y [LaHPGR ')+ T HP i ' D[’/ ']
n=—o00
+00
st IS AW AVES RAIN / 7"
&' = D [UnH R )+ Va HP GRS D[’/ 1n'[]"- (23)
n=-—00
Here: kj = 1/p% +q§,
a' = —H?Illlll(ff IlISI02 b = —Inilllnlllllo —C = i
9 9 9
! miokiio=to ! Miokiio=tho " ! Hi10%110 110
ay' = —r tl}IOIe{ISIOz b = i —— ' = _ﬁl}lllo 7 -
2 1lloetio—tho " 2 1lloetio—tho " 2 Hi10%110 110

Since the complex variables 1’ and 1’ for the Medium III are finite, the variables f5" and ¢*! cannot be
infinite, and all the terms H."(e) and H\?(e) are the solutions for ¢3! and ¢*!.

The total displacement field w'!, total electric field ¢!, and total magnetic field ¢ in the Medium III are
obtained by the superposition method:

wHI — wSt, 1 — ¢Sl’(pHI — wst (24)

According to the boundary condition (11) on the boundary B;,, the equations to find the unknown coef-
ficients A,,B,,C,,Dy,E,, Ry, Ly, T,, Uy, and V,, are obtained. The details of the calculations are presented in
Part I of the Appendix.

4.4 Special case related to medium IIT
At p'! = 0, Medium III degenerates into a circular cavity. In this case, p3 = 0 and g3 = 0.

Because no elastic field can be formed in the air in the cavity, the electric potential ¢ and magnetic potential
¢° of the air can be obtained as follows:

1 1
C_ ___ fC 0 _ ___ yC
¢ - Kgf ’Qo H«(C)g >
+00 +00
fO=Fo+ ) (Fan/™ + X", 8¢ = Yo+ Y (Yun" + Zuii'™). (25)
n=1 n=1

Here, x; = 8.85 x 10712F /m is the dielectric constant of air, and uy = 12.566 x 10"7H/m is the
permeability of air, respectively.
Atn’ — Oand n’ — 0, € and € have finite values, so that the terms (o)™ in Eq. (25) should be omitted.
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5 Green’s function method and calculation index
5.1 Brief introduction of Green’s function

In Sect. 4.2, we use the image method to simplify the calculation of the scattered wave. However, this assumption
does not correspond to reality. In order to obtain the real distribution of elastic, electric, and magnetic fields,
the Green’s function method is used.

The total displacement field w’, total electric field ¢’ and total magnetic field ¢’ in the Medium I are the
superpositions of Green’s functions and SH-wave:

w

+00
w' =w'+ / A 0)GLrg. 08,1, 0"dry, 6f =—m ]2,
0
+00
o' =o'+ / S8, 0)G (g 0. 1", 0"drg, 65 = -7 /2, (26)
0
t 1 e (AN AVl A /A " "o
o =¢ + o fs5(rg, ())Ggg(’”()ﬁo,r ,00)drg, 6y ——7'[/2 .

Here, GL},G}», and Gf/) are obtained by Green’s function method and represent displacement, electric

potential and magnetic potential in the Medium I, respectively. The variable (+”/, 8”) is the polar coordinate in
the system having the top of the right-angle region as the origin; the variable (r(, 6)) represents the coordinates
of the point source.

The details of the calculations are provided in Part II of the Appendix.

5.2 Dynamic stress concentration factor

DSCF is a dimensionless coefficient, which characterizes variation of dynamic stress at each position of
the boundary B;,. After the position is defined by variables (r”, 6”), the DSCF in the points above can be
calculated by introducing the complex variables n = r”e'®", 77 = r”e~*". When DSCF of a certain location of
the boundary B;, is relatively large, this location is prone to damage and fracture. Therefore, DSCF indicates
the structural strength to a certain extent. The tangential shear stress around the Medium III can be expressed
as follows:

+00 1 | ] /A
I Caa0 0G, (1, Brsr”,6")
Toz = Ty, +/0 f] (ré/,ﬂ]) r(/)/ v 30" dl”(/)/
+00 elso G0y Brir”.0")
150 " "¢+ 0
+ /0 £ B1) i o drf 27)
The DSCEF can be expressed as follows:

15, = |02/ 0] (28)
where 81 = —7 / 2,and 19 = i kl(c}MOwo + e{Squo) is the amplitude of the shear stress induced by incident

waves, respectively.
The expression for DSCF contains three contributions:

dynamic stress induced by SH-wave,
dynamic stress caused by the external forces, and
dynamic stress produced by the external electric potential.

w =

5.3 Electric field intensity concentration factor

The dimensionless EFICF characterizes the change of electric potential at each position of the boundary B;,,.
The EFICF can be obtained by a combination of the integral equation and complex function methods. When
EFICEF of a certain position of boundary B;, is relatively large, the boundary is prone to leakage. Therefore,
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EFICF reflects the safety of piezoelectric/piezomagnetic material. The electric field intensity can be expressed

as follows:
I I
a¢ " a¢l 0" . +00 8G 0’ aG "
E@_l<8n/, v ~ 37 v +l/0 f3ng) —anfele Fr ~07 )d|ng (29)
The EFICF is expressed as follows:
E; = |Eg/Eo| (30)

where Eo = ik ¢y is the amplitude of the electric potential of the incident wave.
The expression of EFICF contains two parts:

1. electric potential induced by SH-wave, and
2. external electric potential.

5.4 Magnetic field intensity concentration factor

The dimensionless MFICF characterizes the magnetic induction intensity at each position of the boundary
B;,,. The MFICF can be calculated by the superposition of different physical fields. If MFICF is too large,
magnetic breakdown damaging the material structure will occur at the boundary B;,, due to too strong magnetic
field. Therefore, MFICF is an important index of piezoelectric/piezomagnetic material. The MFICF can be
expressed as follows:

. 8¢I Y _ " aGI "
Hg:,(Wew an”e IQ)H/ fg (a A= L G1)

The MFICEF is expressed as follows:
Hj = |Hy [ Ho| (32)

where Hy = ik is the amplitude of the magnetic potential caused by incident waves.
The expression of MFICF contains two contributions:

1. magnetic potential caused by SH-wave, and
2. external magnetic potential.

6 Numerical examples and analysis
6.1 Verification of the method

Figure 5 presents the distribution of DSCF around as circular inclusion influenced by SH-wave under the
extreme condition of 6{50 =0, K{lo =0, [LIHO =0, t{lo = O;h?50 =0, K{Ilo =0, V«Illl() =0, t{llo =0,
and pIH = 0.The numerical examples in this article can be degenerated into a circular cavity in an elastic
bi- materlal half-space, which is revealed in the case reported in [14]. At the parameters of media identical to
those in [14], our results have a good agreement with those from the references above.

As can be seen from Fig. 6, in which the Medium I is shown in green color and the Medium II in red color,
respectively, the contact points of these media merge to make the stress transfer between them effective. We
constructed a model for finite element calculations with hexahedral mesh elements for calculation accuracy.
When the parameters of this model are set in accordance with the numerical example considered above, the
results provided by both methods are almost identical. This means that the methods applied in this article are
correct and valid.

Fourier series expansion was applied to the wave functions presented in this article. The number of terms in
the series expansion was increased by one until the difference between two consecutive calculation results was
less than 10~ !2. Such approach ensures the accuracy of the expression for the wave function and convergence
of calculation results. In the finite element calculations, the quality of the mesh was verified first. The irregular
mesh was preprocessed to normalize its size and shape. In this way, the influence of the irregular mesh on
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the computational convergence was eliminated. Second, a smaller substep was set in the iterative calculations,
leading to the decrease of the increment caused by inhomogeneity at each calculation step. This procedure
enabled to guarantee the convergence of the iterative calculations.

In this Section, the value of DSCF, EFICF, and MFICF is provided as well as the effects of free boundary,
and frequency of SH-wave, and different combinations of material parameters are discussed. The values of the
dimensionless parameters obtained in numerical examples in this article are as follows:h* = h / a, d*=d / a,

and b* = b / a.The parameters of common piezoelectric/piezomagnetic materials are shown in Tables 2 and
3.
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Table 2 Parameters of piezoelectric material

Parameters Materials

PZT-7 PZT-5A PZT-5H PZT-4 BaTiO3
k11 (x10~2 CZ/Nm) 17.1 8.107 15.06 6.46 9.82
e15 (C/m?) 13.5 12.3 17 12.7 11.4
cas (x10° N/m?) 25 21.1 23 25.6 43.9
p (x103 kg/m?) 7.8 7.5 7.5 7.5 5.7
w11 (x1070 NS2/C2) 5 5 5 5 5

Here, k¢ = 8.85x107!2 F/m) is the dielectric constant of air

Table 3 Parameters of piezomagnetic material

Parameters Materials

CoFe; 04 Tertenol-D
k11 (x1072 C2/Nm) 0.08 15.04 x 107
cas (x10° N/m?) 453 5.99
p (x103 kg/m?) 53 9.23
w11 (x1076 NSZ/C2) 157 3.976
h (N/Am) 550 167.665

Here, 110 = 12.566 x 10~7 H/m is the permeability of air

Table 4 Powers of exponential functions

Medium I p1=04=0
Medium II p2 = —0.003,p> =0
Medium II p3 = —0.003,43 = 0.002

Among these parameters, the position #*, d* and b* of the circular inclusion are geometry parameters, and
the frequency k1a of the incident wave is a loading parameter. In this article, the Medium I is PZT-7 material
by default. When the power of the exponential function p» = 0, the Medium II becomes a homogeneous
CoFe,04 material by default. When the power of the exponential function p3 = 0 and g3 = 0, the Medium
IIT becomes a homogeneous PZT-5A material by default. In the calculations, the value of the magnetoelectric
coefficient #11g is set to 5 x IO_IZ(NS/ V C) by default.

The power coefficients of the exponential functions are shown in Table 4.

As was noticed above, piezoelectric/piezomagnetic materials are widely used in engineering [1]. At this,
various kinds of defects are formed in these materials during manufacture and exploitation. The numerical
examples described in this article have engineering implications. For example, the model presented here
is a simplified model of inhomogeneous piezoelectric/piezomagnetic composite plates with irregular defects,
which may be caused by the production process or dislocation of piezoelectric/piezomagnetic laminates during
pressing. When such a plate is subjected to dynamic load, its behavior and properties can be approximately
described by the model presented in this article.

6.2 Casel: Propagation of SH-wave in an inhomogeneous piezoelectric/piezomagnetic half-space

Figure 7 shows the distribution of DSCF (Te*z) around a circular inclusion at different values of kja under
incident SH-wave. At h* = 40, the value of 75, decreases with the value of kja because of higher probability
of resonance at low frequencies.'cg’"Z reaches the maximum value of 2.63 (0 = —90°) at kja = 1 and h* = 20.
When the incident wave frequency is kja = 0.1 and h* = 40, 7 reaches the maximum value of 3.87
(6 = —90°), which exceeds the respective value at kja = 1 and &* = 20 by more than 30%.The maximum
value of 7, in both examples(h* = 20 and 2* = 40) is obtained at & = —90°. So, the damage of high
frequency is significant, and this angle value &6 = —90° should be given especial attention.
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In order to further analyze the influence of kja on DSCF (zj.), Fig. 8 presents the variation curve of DSCF
with k1a.

Figure 8 shows the distribution of the maximum value of DSCF () around a circular inclusion varying
as kja under incident SH-wave. Apparent oscillations in the curves can be seen from this Figure. These
oscillations are particularly strong in the range of kja from 0.1 to 5. The upper limit of the maximum value of
7, is about 4.

Figure 9 presents the distribution of DSCF (zj) around a circular inclusion versus different incident angles
of SH-wave. It can be seen from Fig. 9a that the curves are symmetrical and 7, is the largest at ap = 0°.
When the incident angle op = 90°,7, is the smallest, so that this angle is optimum. Figure 9b shows the stress
distribution curve at op = 0°, and 7, reaches the maximum value of 5.45(0 = —102°).

Figure 10 shows the distribution of EFICF (E}) around a circular inclusion varying as kja under incident
SH-wave. Compared with DSCF, E; has a smaller value. The curve is almost symmetrical at 2* = 20, and
E} reaches the maximum value of 0.19 x 1073 (9 = —93°). At h* = 40, E} reaches the maximum value of
0.29 x 1073 (6 = 112°). Therefore, the influence of 4 should not be ignored.

Figure 11 presents the distribution of EFICF (Hj’) around a circular inclusion varying as kja under incident
SH-wave.H,; is smaller as compared to DSCF. At 4* = 40 and kja = 0.1, H, reaches the maximum value

of 0.11 x 10~* (& = —86°). Low frequencies are more likely to induce resonance. Obviously, Hj in the two
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examples has the maximum values at low frequency. Therefore, low frequency has a great influence on the
magnetic field.

In Fig. 12, the distributions of DSCF (), ) around a circular inclusion varying as different material parame-
ters under incident SH-wave are shown. When Medium is are composed of PZT-5H, 1:5‘ reaches the maximum
value of 3.39 (¢ = —180°), which is larger than the maximum value of 2.63 (6 = —90°) in the case of kja = 1
and 2* = 20 by more than 22%.Therefore, different piezoelectric materials have different corresponding
values of 7, and attention should be paid to the dangerous angle of 6 = —180°, at which 7, can reach the
maximum.

6.3 Special cases: the DSCF around a circular cavity

Figure 13 shows the distributions of the maximum value of DSCF (Te*z) around a circular cavity versus kja
under incidence of SH-wave. In Fig. 13a, the range of frequency kja is from 1 to 20, Fig. 13b is the local
amplification of Fig. 13a in the frequency range k1a from 0.2 to 7.4. Obviously, the curves show a stable trend
as a whole, and DSCF has the maximum values at kja = 0.1 and kja = 7.5, and these values are close to 5.5
and 4.5, respectively. In the range of kja from 0.2 to 7.4, the maximum value of DSCF is less than 1.

Figure 14 presents the distribution of DSCF () around a circular cavity varying as kja under incident
SH-wave. It can be seen from this Figure that the value of 7, decreases with increases of kja due to higher
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probability of having resonance at low frequencies. At kja = 0.1 and 2* = 40, 7, reaches the maximum
value of 5.53. The stress on the boundary of the circular cavity is uniform this pointing to significant damage
of low frequency.

7 Conclusions

In this paper, the theory of elastic wave, variable separation method, and series expansion method are applied
to investigate the problem of scattering SH-wave by a circular inclusion in an inhomogeneous piezoelec-
tric/piezomagnetic half-space. Numerous valuable statistics are obtained, which can provide references for the
engineering applications. Numerical calculations show that DSCF, EFICF, and MFICF are somewhat influ-
enced by the frequency of incident wave, position of circular inclusion, and characteristics of the materials.

1. Load parameter kja has an obvious effect on DSCF. High frequency has a great impact on 7 ;
. EFICF and MFICF have smaller values as compared to DSCF;
3. The low frequency has a great influence on the magnetic field, and electric field is greatly affected by the
middle frequency.
For DSCF (1:0*1), 6 = —90° is a dangerous angle;
The upper limit of maximum 7, is about 4;
In a special case, the maximum value of DSCF is less than 1 in the frequency range kja from 0.2 to 7.4.

ok
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Specific combinations of physical parameters of a piezoelectric/piezomagnetic half-space can lead to a decrease
of DSCF value. Therefore, optimum choice of parameters can reduce the possibility of fracture of the structure.

Appendix
Part I: Decoupling of governing equations
The constitutive equations for a piezoelectric/piezomagnetic material look as follows:
du o g
Tyz = caa(x, y)— +e1s(x, y)—— + his(x, y)—,
ox ox ox
() k15 )L (e, )L
Ty, = caa(x, y)— + e15(x, y)— X, ¥)—,
vz 44(X, y 3y 15\x,y dy 15(x,y dy
du 0P a
Dy =ei5(x,y)— —kulx,y)— — fll(x,y)—(p,
ox ax dx
D, = e1s(. ) ok — k11 ) — 11y, 1) 2
=e15(x,y)— —k11(x, y)— —t11(x,y) —,
y 150X,y 3y 1,y 3y 11X,y dy
ou ¢ dg
By = his(x,y)— —tn(x, y)— — un(x, y)
ox ox dax
ou a¢ g
By =hi5(x,y)— —t1(x, y)— — pn(x, y)—. (33)
dy dy dy

Here, oy, and oy, are stress tensor components; D, and D, are electric displacement tensor components; By
and By are magnetic induction components;w, ¢, and ¢ are displacement, electric potential, and magnetic
potential, respectively.

Taking into account the absence of body forces and free charges for the dynamic problem, the equilibrium
equations of the piezoelectric/piezomagnetic medium are written as follows:

0Tx;  0Tyz 07w
ax oy P
oD 9Dy
ox dy
OB, 0B
— 4+ 2 =0. (34)
dax ay
Employing Egs. (34) into (33), the following governing equations are obtained:
dcaa(x, y) du *u  deis(x, y) 3¢ ¢  Bhisx, y) dg
—_— 4 V) — + ——— + ,V)— + ——————— + hy5(x,
ax  dx caalx. 3) 0x2 dx  Ox eis(x. y) 0x2 ox  ox 15(x
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Wam+—F -+, Yo+ ———— — +eisx,
ox ay dy dy dy ay
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y) 02 3y oy 15(x y)8y2 PO V)75
derste, du )82u dk11(x, y) 3¢
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R T ax  ox YR
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K1 (x y)8y2 by dy 11(x, y) 5y
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dh1s(x,y) ou 2u ot11(x,y) 3¢
onistx, y) ou +hys(x y) _ oy, y) o
ox ox 0x 0x
2 2
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— 11(x, y)—d) I R e S y)—(p
dx dx
dh1s5(x,y) d 92 at11(x,y) d
+M—u+hl5(x,y)—Z—M—¢
dy  dy Ay dy 9y
2 2
079  du(x,y) d¢ <P
—t11(x, y)—————u 1(x, Y) =0.
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By substituting Egs. (1) into (35), the governing equations can be described as follows:
du ou ¢ ¢ d 0
casoViu+2ca0  p— +q— ) +e150V2¢ +2e150 ( p— +q— | + h150V?¢ + 2h150 P—(p +61—(p
ox dy ox ay ox
3%u

gy

k]

du  ou 36 9 dp 9
e150V2u +2e150 (P— + 61-) — K110V — 2k110 <I?— +CI—) — t110V2p — 21110 (Pa—(p +6I—(p>

ox ay ox ay ady
du  ou 3 9o dp 9
=0h150V2u+2h1s0 ( p— +q— | —t110V?p—2t110 ( p=— +q— ) =110V —2u110 [ p—— + g —
ax ay ox ay ox ay
=0
(36)

where V2 represents the two-dimensional Laplace operator.

Part I: Calculation of unknown coefficients

According to the boundary conditions (11) on the boundary B;,, the integral equations with unknown coeffi-
cients A,,B,.C,,D,,,E,,R,,L,,,T,,U, and V,, are established as follows:
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In order to solve Eq. (37), we multiply both sides of these equations by the coefficient exp(—im0’) and integrate
the variable 6’ in the known coefficient of Eq. (37) in the range of (—7, 7). Such operation enables to simplify
Eq. (37) into linear algebraic equations.

Part II: Green’s function

Green’s function method is also called point source method.

Firstly, the piezoelectric/piezomagnetic half-space is divided into two right angle regions along the vertical
interface By, and the unit point source load 6(n — 19),no = yi(y < h) is applied on the boundary By as the
incident wave source, as shown in Fig. 15.

The displacement function also satisfies the governing Eq. (6) and the boundary conditions (10), (11) on
the boundaries By and B;,. Unlike the boundary conditions on the vertical boundary By in Sect. 4.1, here it
becomes:

04| o =80 — o). (38)

Since Medium I is homogeneous, the displacement function Giul can be expressed as follows according to
[15]:

L= H G ln = noh) + H G ln — 70 — 2hil), (39)

Taking into account that Medium II is inhomogeneous, the displacement function Giuz can be expressed in the
following form:

. 172(n+n)
G, = [
w2

Hg ozl = nol) + H§" (koal — o — 2mi)] (40)

The displacement field G(u:i ,GE;%, electric field G(') Gf;z), and magnetic field Gfﬂ') ,G;'z) are obtained by means
of the same procedure as used for calculating SH -wave (Note that the superscript (o) refers to I, I, III).

To make the calculations more convenient, the polar coordinate system (r”, 8") is set at the origin of the

right-angle plane, and the respective complex variables are n” = r”¢'?" and " = r"e~1?"
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Fig. 16 Systems of external force

Then pairs of unknown external force f1(r”, 8”), f2(r", 6”), external electric field f3(+”, 6”), f4(r”, 6”),
and external magnetic field f5(r”, 6”), fo(r”, 6”) are applied on the boundary By as the amplitude function
of §(n — no), as shown in Fig. 16. Note that unknown parameters in each pair introduced above have equal
values and opposite directions.

Finally, these unknown coefficients above are obtained with the aid of the continuous conditions (15) on
the boundary By:

wl+ w/t = wh+ w2 ¢+ ¢/ =l 4+ ¢/4,

St ol = gy 6 (41)
where:

wfl — f(;‘oo fl(r//’ ﬂl)G{U(V 131 r// 9//)dr// wf2 +OO f2(l’”, ﬂl)G{lI)(r//’ ﬂl;r//, 0”)6[}’”,

¢/ = [o 30, BOGY g, Brsr”, 0")drg ¢/ = — [ falrg, BOG (g, Brir”, 0")drg,

q)fl — 0+OO fS(r(/)/, ﬂl)G}p(r/ ﬁl r// 9//)dr q)fz +OO f6(r(/)/9 ﬁl)Gg(r(/)/’ ﬂl;r”’ 9")dr6/,

Bi = —m /2 and physical variable (e)/7 is produced by f;(+", 0", (i = 1, 2, 3, 4).

The scattering wave has no effect on the boundary By. According to Eq. (15), the continuity conditions
for stress, electric displacement, and magnetic induction must be satisfied as follows:

[y, B = fa(rgs B f3(rys B1) = fary, B1).f5(rys B1) = fe(ry B1),
f f1Gg. BO[GL (G, Brir", 0"+ Gy, Brsr ", 6" ]drg = —w?,
f S5, B[ Gl rir” 6"+ Gg(ré/,ﬂl;r”,@”)]dré/ = 4",
f 1505, BO[G (g Brar" 0"+ G (g Brar”, 0] drg = ¢ (42)
Equations (42) are Fredholm equations of the first kind. By selecting different coordinate points, they can be
solved by the interpolation method.

Part III: Relationship between different parameters of SH-waves

Based on the continuity of displacement as well as electric potential and magnetic potential on the vertical
boundary in Eq. (15), the following relationship can be known:

ki sin g = ky sinas , (43)

For mathematical simplicity, the following parameters are introduced:
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_ _ _ 1 _ I _ I _ I _ gl _ 10 _ 1 _
Al = COS0Q,A2 = COS™2,C1 = Cy405C2 = Cyq0-€1 = €150:€2 = €150,111 = 50,02 = h50.d1 = Kk)p9d2 =

i} _ I _ I _ 1 _ I
Kiio-f1 = T10:2 = Tjjp-H1 = Hipg-H2 = Hyjo-
Combining with Eq. (15), the following equations are obtained:

woct(fkirr) — wici(ikidr) + goei1(ikirr) — grer(ikirr) + poh1(ikii) — gr1hi(ikiAr)

= waca(ikopAz — p2) + prex(ikoprz — p2) + @2ha(ikopdo — p2)

woey(ikir1) — wier(ikia)i — [Podi(ikir) — drdi(ikiAD)] — [goti(ikidy) — @it1(ikiA1)]
= woex(ikopAz — p2) — ¢ada(ikorra — p2) — pat2(ikoara — p2)

woh1(ikiA1) — wihi(ikidr) — [Pot1(ikir1) — giti(ikii)] — [pop1(ikidr) — @rp1(ikiAr)]
= waha(ikoaAz — p2) — ¢at2(ikoarz — p2) — @2 p2(ikoadrz — p2).

(44)

Note that wo, ¢g, and ¢g in Eq. (44) are known quantities, so Eq. (44) can be transformed into the following
form:

wicr(kir) + waca(ikopda — p2) + pre1(ikidy) + prea(ikorra — p2) + @rhi(ikidy) + g2ha(ikorra — p2)
= woci(ik1A1) + poer(iki A1) + pohi(ikiA1)

wier(ikir) + waea(ikorra — p2) — dr1di(ikir) — gada(ikoara — p2) — prti(ikiA1) — gat2(iko2Ah2 — p2)
= woei(ikiA1) — godi(ikir1) — @ot1(ikiA1)

wihi(kiry) + waha(ikopAa — p2) — d1t1(ikiry) — ¢ata(ikozAa — p2) — gip1(ikidr) — papa(ikoarz — p2)
= woh1(ikiA1) — ¢ot1(ikir1) — gop1(ikiAy).

(45)

For mathematical simplicity, the parameters y; = ikjA| and y» = ikp2Ao — p» are introduced. In Eq. (45),wy,
@0, and ¢q are regarded as known coefficients. Cramer’s Rule can be used to find the unknown coefficients
w1,w2,01,02,¢1, and @.
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