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Abstract: The paper is concerned with the analysis of magneto-piezoelastic anistropic
materials. Analytical modeling of magneto-piezoelastic materials is essential for the design
and applications in the smart composite structures incorporating them as actuating and
sensing constituents. It is shown that Green’s function method is applicable to time harmonic
magneto-elastic-piezoelectricity problems using the boundary integral technique, and the
exact analytical solutions are obtained. As an application, a two-dimensional static
plane-strain problem is considered to investigate the effect of magnetic field on piezoelectric
materials. The closed-form analytical solutions are obtained for a number of boundary
conditions for all components of the magneto-piezoelectric field. As a special case,
numerical results are presented for two-dimensional static magneto-electroelastic field of a
piezoelectric solid subjected to a concentrated line load and an electric charge. The numerical
solutions are obtained for three different piezoelectric materials and they demonstrate a
substantial dependence of the stress and electric field distribution on the constitutive
properties and magnetic flux.
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1. Introduction

The unique properties of magneto-piezoelastic materials render them suitable candidates for a broad
range of novel practical applications in the form of components, devices and smart structures and
systems; for example their sensitivity to external stimuli (electric and magnetic fields, temperature, etc.)
can be exploited for frequency tunable devices such as resonators, phase shifters, delay lines and filters,
as magnetic field sensors, energy harvesting transducers, miniature antennas, etc. (see [1-6]). Other
attractive potential applications of some classes of magnetoelectric materials include data storage
devices and spintronics [7], biomedical sensors for EEG/MEG and other relevant equipment [8,9].

Three-dimensional models for magnetoelectric composite materials are obtained in [10,11]. Two
models are developed; one model uses dynamic force and thermal balance and the time-varying form of
Maxwell’s equations to determine closed-form expressions for the effective properties and the second
model uses the quasi-static approximation of the aforementioned constitutive equations.

Analysis of electromechanical coupling in soft dielectrics is carried out in [12]. It is shown that the
required electric field to produce large deformations in electroactive soft elastomers can be significantly
reduced. The finite element models are developed for the magnetoactive elastomers in [13]. In particular,
it is demonstrated that the magneto-mechanical coupling of magnetoactive elastomers, when subjected
to aligned loading conditions, depends not only on the magnetic susceptibility, but also, strongly, on its
derivative with respect to the deformation.

The exact solution for simply supported magneto-electro-elastic laminated plates was obtained in [14].
The three-dimensional discrete-layer model is developed in [15] for the hygro-thermo-piezoelectric
laminated plates under the coupled effects of mechanical, electrical, thermal and moisture fields. The
hygro-thermo-magneto-electro-mechanical loading of laminated and functionally graded cylinders was
investigated in [16]. The analytical solution for hygrothermal stresses in functionally graded piezoelectric
material subjected to a constant magnetic field is obtained in [17].

In view of the aforementioned (and many more) practical applications, the main objective of this
paper is to develop an accurate mechanical model that can be used to analyze and design
magneto-piezoelastic smart structures.

Following this introduction, the basic relations describing magneto-piezoelastic materials are
formulated in Section 2, and two magneto-elasto-piezoelectric states are considered in Section 3. The
first state represents the solution of the magneto-elasto-piezoelectric problems with finite domains and
general loading conditions. The second state represents the fundamental solution in the case of an infinite
magneto-elasto-piezoelectric medium subjected to an impulsive point source and an impulsive point
charge. The two-dimensional magneto-piezoelastic problem is analyzed in Section 4, and the solutions
for problems with loads applied to the boundary are obtained in Section 5. The case of concentrated
electric charge applied to magneto-piezoelastic solid with free boundary is solved in Section 6. Obtained
results are discussed in Section 7, and finally Section 8 concludes the paper.

2. Basic Equations

Combined action of piezoelectricity, continuum mechanics and magnetism is open for discussion,
although the mathematical development for possible applications is feasible for many engineering
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problems. As far as the mechanical modeling aspect is concerned, the further mathematically rigorous
analysis is definetly required. The object of this study is to develop a rigorous mechanical model to
describe the behavior and interrelations of physical phenomenon combining all these three fields.

In the direct piezoelectric effect, the application of an external mechanical loading induces an
electrical response in the material. In the converse effect, an applied electrical field makes the material
strained. The applied electromagnetic field induces currents in a solid, which in turn give rise to Lorentz
body force J < B, where J is induced current, and B is magnetic flux. Lorentz force enters the
magneto-piezoelastic equation of motion as an extrenal body force.

Electromagnetic and elastic fields in a piezoelectric medium are fully described by the equations of
motion of a continuous medium

Gy, t F =pG; (1)
combined with Maxwell’s equations
_ 0B o
curl E__E’ divD=q )
oD .
curlH=J+—, divB=0
= 3)
and the constitutive equations
B=pH D=¢E )
ou
= y(E+ —xB
v( P ) (5)

where g, ., € and y are electric charge density, magnetic permeability, permittivity and conductivity, respectively.
The stresses cij, electric displacement D ={D,} and magnetic flux B are related to the strains ¢; and

the electric and magnetic fields E={E;}, H={H,} through the constitutive equations.

Consider a homogeneous magneto-piezoelastic anisotropic solid €2 with boundary I" subjected to a
uniform magnetic field H. The equations of motion are given by

dive+(IxB)+f =pl (6)
where 6 ={c;}, u={u}, p, f={f}, 1=1,2,3, are stresses, elastic displacements, mass density and

body force per unit volume, respectively.
The strains ¢ ={g;} and electric field E={E} are related to elastic displacements and electric

potential ¢ through the equations
_1 -
&j = E(ui,j +uj,i)! E=-0, (7)

The constitutive relations for linear piezoelasticity are, see, e.g., [18]:
i = Ciju€u — € Ex D, =e&q +&i By (8)
where ¢, , &, , and g; are the elastic, piezoelectric and dielectric material constants, respectively,

satisfying the following symmetry relations:
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Ciik = Gijik = Cjin = Cuij € = €y € = &y 9

The combination of Equations (6)—(9) results in a system of four partial differential equations
coupling the displacement components and electric potential; namely

CijaUp iy €GP i +(IxB), + f; =pU;

' (10)
€l —Ex Py =7 (11)

The admissible boundary conditions are
U=U or o =T, @=¢ or D =-g (12)

where u,, 7,, ¢, and q denote the specified values.

3. Representation Formulae

Consider two magneto-elasto-piezoelectric states, namely (u,s, ¢, D) and (U, ,¢,D’). The first
state represents the solution of magneto-elasto-piezoelectric problems with finite domains and general
loading conditions. The second state represents the fundamental solution of the case of an infinite
magneto-elasto-piezoelectric medium subjected to an impulsive point source and an impulsive point
charge. Each state is assumed to satisfy the following governing equations:

First State
oy, +(IxB) + f; =pl; Dii =4 (13)
Gij = iU + € Pk D; = €Uy — &P (14)
Second State:
o;;+(d xB),+f =pii;, D,=¢q (15)
Let a function I1,, be the work done, given by the equation
le — J.BFI u;dv+Irtl u‘IdA_J‘Bq ~(P'dV+J.l_Dn '(P'dA (16)

where the first two terms represent magneto-mechanical work, and the last two terms represent electric
work. Here D, =D-n.

Similarly, let a second function I1,, be the work done, given by the equation
I, = IBE' -uidv+_[rt; -uidA—IBq' -(pdV+J.FD'n -pdA (17)
It can be shown that II,, =11, , see [19,20], where
F=@xB)+f, F = xB) +f (18)

Representation of magneto-elasto-piezoelectricity is now based on two independent loading
conditions for the second state, where a unit force and a unit charge are applied at a point & of the

magneto-elasto-piezoelectric medium, known as the “source point.”
Case I: Let the body force and electric charge density for the second state be given by
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F(xt)=8(x-8e;, q(x,t)=0 (19)

where e is a unit vector along the x-axis, specifying the direction of the unit force, and
8(X) =8(%)8(x,)8(%,). Also u(x,t)=0, ¢(x,t)=0, if t<O (20)

We introduce the following notation for the applied loading given by Equation (19):
U0t =U (G @ () =U, (&) (21)
) =T(Ex 1), D (x1)=T,(Ext) (22)

where Uij and Ugj are Green’s functions representing the displacement (in the i-direction) and the electric
potential, respectively, at the field point x due to a unit force applied at & in the j-direction. Tj and Tjs
(derivatives of Green’s functions) represent the traction on the boundary (in the
i-direction) and the normal component of the electric displacement, respectively, at x when the unit force
is applied at &.

Case Il: Let the body force and electric charge density for the second state be given by

F(xt)=0, q(xt)=-3(x-£)s(t) (23)

Introduce
U =U,(xED, ¢ (x1)=U, (X&) (24)
t(x,t)=T,(Ex1), D, (Xt)=T,(Ext1) (25)

where the variables have the same meaning as described previously with the exception a negative unit
charge is applied at the source point.

As 11, =1I1,, for the Case I:
IBE -u;dv+.|.rti -u;dA—qu-@'dv+ern -pdA= .[BFi' -uidv+jrt; -uidA—IBq' -(pdv+_|'rD'n 0dA  (26)
or
jBuij (%, &,1)-F (X, t)dv + jruij (%, &,1) -t (X, t)dA— jBu4 ,(x,&,1)-qdv + LU4 [(x,&1)-D,dA=
jves(x—a)zsa)ej udv+ erJ.i (&%) -u, (X, t)dA+ IF'I'M(E_,,X,t)-(pdA 1)

Integrating with respect to t yields
U0 = [ [[U 0 Et=DL D) +U,; (X, Et-)D,(x, 1) JdrdA-
[T B t-0u(07) +TL (x5 t-1)o(x,7) JdudA+ 8)
LJ;[UU (X Et=1)F (%, 1) —U,;(X,&t-1)q(x,T) |drdv
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Similarly, for Case IlI:
IBFi 'UidV-f-L_ti 'UidA—IBQ'(PdVJFLDn -pdA=
IBE -uidv+_|'rti -uidA—IBq -(pdV—i—L_Dn -@dA

IBFi -Ui4(x,§,t)dv+_|.rti -uM(x,g,t)dA—qu.u44(x,g,t)dv+
ern U, (X,& 1)dA= erM (&%, 1)-udA+ jBS(x—g)S(t) -pdv + LTM (&%, 1) - (X, t)dA
Integrating with respect to t yields
ot =] j; [U,s (%, Et =)t (%, 7) + U,y (&, X, t — 1) - D, (&,7)] chedA —
[ j; [T (& Xt =), (%, ) + T (& Xt —T)(X, 7)] cledA +
[ [TV &t =1)F (6 1)~ Uy (x.& t—7)0i(x, 7) | drdA

4. Two-Dimensional Magneto-Piezoelastic Problem
The constitutive relations for the plane-strain case when ¢, ¢, , €, =0 is
Gxx = C118xx +C13822 _e31Ez’ Gzz = C138xx +C33gzz _e33 Ez

Oy, = ZC448xz _e15 Ex' Dx = 29158xz +811Ex

D = 318xx + e33822 +833 Ez

z

868

(29)

(30)

(31)

(32)

The constitutive equations for the plane-stress case when ¢, ,0,, 6, =0 are obtained from the
above equations by replacing C;;,CiC,€50,855 and &5 by (Cy—C5/C,) . (C3-CuG,/Gy) |

(Css _C123 /Cll) | (e31 _C12631/011)’ (933 _C13€31/C11)’ and (833 +e§1/C11)’ reSpeCtiVGIY- Here, Ci11Ci31Ca3,Cyy
are elastic modulii; &,;,€,, and €, are piezoelectric constants; ¢,;,€,, are dielectric permittivities.

The equations of motion are

0o 0c o°u
—Xy—24f +(IxB), = X
x o TRrBLEr
0c oo o°u
—24+—24f +(IxB), = :
x o TrOxBL =7

oD, 0D,

+—L=q
OX 0z

Also

E :_a_([) E —_a_(P € —% gZZ:auZ szzl 8uX+8uZ
oz 2\ 0z 0oX

Assume H = {Hl,0,0}, and substitute Equation (34) into the Equation (33), then

(33)

(34)
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c ﬂ-l—c %4_( ) _|_( )az_q) +f = 82ux
152 4452 Ci3 +Cyy 31+ €5 PP x — P ot
ou, o’u, o’u, o’ o’ ou,
Cas y"'(:ss?*‘(cls +Cyy) oxCz +€5 P €5 o7 +u H VAU, + f, =p o (35)
o°u, o’u, ou, %o %
€5 y"‘ess P +(e3,1+els)a pu —&y o —€3 o7 =q
Assume the general solution of the homogeneous equation with
o’u, _ o,
fx:fz:q:O’ e :¥:O
u = ij.wié(Ale—aléll _ Azeulilz) e—iixdé
* o 2md
(36)
_ 1 —ofélz ofélz ) q-iex
u, _Z—TELO|§|(Ble +Be™) e dg
o= [ 1el(Ce +Ce) e de
2TC % 1 2
The substitution of Equation (36) into Equation (35) yields
[PKABC)" ={0}  [PKABC,)" ={0} (37)
where
Cy— C440‘2 —(Cis +Cy)r —(8y +55)at
[P1=] —(Cs +Cp)ot (Cut® —Cpp) +H (0 ~1)  eg0’ ey (38)
—(5 t€55)a 833(12 —€5 €~ 83:«:0‘2
and a is the root of the characteristic equation

det[P]=0, or o°+do*+d,a®+d,=0 (39)

where d,,d, and d, are real constants which depend on the magneto-piezoelastic properties of a material.
Since d,,d, and d, are real, the bi-quartic Equation (39) has three pairs of roots (+o,,+a,,%0,), where
o, Is a positive real number and a,, a, are either positive real numbers or a pair of complex conjugates
with positive real parts (a, = 02 , Where o, denotes the complex conjugate of a,).

Let us take the Fourier transform of the Equation (35) with respect to x, then

d? — . du; .. d
(C44F_C11§2)UX+(C13+C44)|§E+(931+e15)|éd_(zp:0

(40)
d 2
d 2

(6 it S (e 7 —c44a2)+uer(§' T T
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2

_du d? ~ d —
(& + elS)'éd_Zx + (€5 F —915§2)uz + (&5 E + 811*32)@ =0
The general solutions for Fourier transforms of displacements and elastic and electric potential are

G 2)= 'iZﬁ ( ~ajldz a,-|r;|z)
U&= 2, (G T 4 H e (41)

— 3 —o:|Elz oGz
0(& 2) :|§|25J(Gje il THe It )
i=1

where

B; = (Cis +C44)(6330Lj2 _e15)0‘j —{(033aj2 —Cy) +“‘eH12 (0‘? —1)}(ey +815)aj
n; = (- C440L?)(e33(1? —€5) = (Ci3 +Cy ) (&5 + 615)(1? (42)

0; = _(CMU‘? —cy H{(c, — C330L?) —He H12 (af —1)} +(cs+ C44)2 o
and G, (&) and H;(&), (j =1,2,3)are obtained from the appropriate boundary and continuity conditions.

The stresses and electric potential in transform space are shown below

2\ ~a ;e ajléz) = 2 ol e
ou =D £'d,, (Gje —Hge )’ O = Zﬁ le( Hie )
i1
lz iz
czz—Z|§|§|d31(Ge R He' ) (43)

— 3 —ailgz ol = 2 a-lélz o lelz
D = el d, (G ™ + H e ™), D: = ngsj( ~H ™)
=1

where
dj =CuB; —Cuon; —€50;8;  dy; = el —Cyo M — €350, (44)
dsj = _C44aij —CuM; _8158j d4] = _e15aiBJ' — &N +81181 (45)
dg; = €yB; —eam; +850,;8, (46)

The solutions for plane-stress problems are obtained by using the appropriate material parameters as
explained above.

5. Solutions for Loads Applied to the Boundary

Assume a magneto-piezoelastic medium subjected to vertical line load and electric charge at the
surface, see Figure 1.
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* P, / unit length
X

P

Figure 1. Concentrated line load applicable to magneto-piezoelastic medium with free boundary.

The consideration of regularity conditions of field variables as z — oo implies that H; = 0. In the first
case of a verical load of magnitude P, per unit length applied to the surface, the boundary conditions are

6,(x,00=0 o,(x,00=-R3(x) D,(x,0)=0 (47)
62(%0)=—P, 6x(x,0=0 D:(x,0)=0 (48)
(taZleGl + ‘izdzsz + é;Zd?_ses = _Po (49)
dy,G, +dy,G, +d3,G; =0 d;G, +d;,G, +d5,G; =0 (50)
Solving
a
Gﬁ%, G.= % ng% (51)
Here
- (dszdss — dssdsz)Po - (d33d51 — d31d53)Po
Cl A P A (52)
- (d31d52 — d32d51)P0
- (53)
A= d31(d52d23 - dssdzz) - d32(d51d23 o d53d21) + d33(d51d22 B d52d21) (54)
ax (él Z) — ié(ﬁlGleiallglz + BZGZG*QZKJZ + B3GBe_a3|é|Z ) (55)
u, (€ 2)=[&| (T’llGleialélz +nszeia2mZ + nsGse_%‘Elz) (56)
(_P(E_-,, Z) :l (: | (61(31e—0t|‘i|Z + SZGZe*aIZﬂZ + SSGSe—a3|§|Z ) (57)
u (x,z) =Real part of % j:ig([z—?l e o 4 % e 2 Bg—?g e e g (58)

where
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3
e = cos(&X) +isin(&X) U (x2)=-)Ba;S,(x2) (59)
=
o, =k—il, o, =k+il; (k1>0) (60)
3
u(x,2) == B;a;S;(x,z) (61)
=1
Here
S,(x,2) = L arctan (ij S, = NI $,=5, (62)
s o,z T
N = L arctan 2kzx 21, k?z% + (12 + X)?
2 (1722 +k?2% - x?) 4\ (K2 +(Iz-x)* ©3
— —ou &z a. —a z —Q. z
U: (%, 2) :|a|[n1%e g, 2o o, S j (64)
g g g
where
3
u,(x,z) = > m,;a;R;(x,2) (65)
i=1
R(X2) = - In( +oiz?) R,==— R =R, (66)
27 T
L:%In(x4+2(k2—|2)X222+(k2+|2)224) (67)
M = larctan 2"
2 (k?z® =122 + x%) (68)

Note that if a, = &,, where a., is the complex conjugate of a,, then S; and R, are to be found with

slight modifications.

o(x,2) =|&| (8Ge ¥ +5,G,6 M +5.Ge ) (69)
3
@(x,2) =D 8,a,R(x,2) (70)
i=1
Now
gxx (X, Z) — gZ (dllGle*OLﬂQZ + dlsze*azml + dlBGSe—a3|§|Z) (71)

6, (X 2) = Zdljaj R} (x,2) (72)
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Here
o,z . L-iM . s
R (x, Z)_m Rz(X,Z)=T7 Ry =R,
\ kz(k®z% +1%2% + x?)
(k222+(lz+x) Y(k*z% + (12— X)?)

. lz(k?z? +1%2% = x?)
(k*z® + (12 +x)*)(k*z% + (1 = x)%)

ou(E,2)= & ( d,Ge ¥ +d,,G,e "2 + dZSGSe"*S'i'Z)

Gzz(x Z) ZdZJ j j(X’ Z)

where R/ (x,z), etc. are defined above

G (%,2) i€ | & (dyGe ™ + 0y, G +diuGre )

ze(x Z)_ zd?)j j J(X7Z)

Here
X N*—iT"
S’ (X,2)=————— S)(X,2)=
1( ) TE(X N 222) 2( )
. x(k?z® —172° + x%)

(K227 + (12 + X)) (K?22 + (12 - x)?)

. 21kz2x
(K222 + (12 +X)%) (K2 + (12— X)?)

Dx(&,2) =iE|&| (dMGle_“l"ilz +d,G,e 2% d,,G,e 3" )
3
D,(x,z) = _ZdM S1(%,2)
j=1
D, (6,2)=¢&? (dSIGIe—oq\az N dszezeﬂgaz dSSG3efoc3|§|z)

D,(x,2) = stj R(x,2)

873

(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)
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0 2 .
E, (X, z):—a—()': =->'5,3,S](x,2)
1

E -2 _ SysarR
,(x,2) = = = —leocj 3R (x,2)
=
6. Concentrated Electric Charge Applied with the Free Boundary

Assume the following boundary conditions, see Figure 2:

Q. /unit length

Figure 2. Concentrated electric charge applicable to magneto-piezoelastic medium with

free boundary.

0,,(x,00=0 o,(x,00=0 D,(x,0)=Q,5(x)

Using these boundary conditions Equation (89) in the transformed space, we get

£*(G,d,, +G,d,, +Gd, ) =0
£*(G,d,, +G,d,, +G,d,) =0
£*(G,dg, +G,d,, +G,d.,) =Q, .
Solving these equations results in the following solutions:

Glzg GZ:b_i’ GS:g

g’ € &’
where
d..d,,—d.d d.d..—d..d
b1=_( 33 22A 32 ZS)QO, b2=—( 31 ZSA 33 Zl)QO
d.d, —d.d
b3=—( 32 21A 31 22)QO

and A is given by Equation (54).
The complete solution is given by the following expressions:

u,(x,z) = —Zs‘pjbjsj(x, z), u,(x,z)= injbjRj(x, 2)

874

(87)

(88)

(89)

(90)
(91)

(92)

(93)

(94)

(95)

(96)
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3 3
@(x,2) =D 8,0,R(X,2), o, (x,2)=>Dd;bRi(X,2) (97)
j=1 j=1
3 3
o, (X, 2)= ZdebjRj (x,2), o,(x2)= _Zd3jbjsj (x,2) (98)
=1 j=1
3 3
D, (x,2)=->d,bS;(x,2), D,(x,z)=>d,b,R(X,2) (99)
i=L i=1
3 3
E.(x,2)=-)>8,b;S;(x,2), E,(x2)=->0;8bR:(x2) (100)
j=1 j=1

7. Results and Discussion

Table 1 presents the material properties of the three piezoelectric materials as well as the values of
permeability and magnetic flux.

Table 1. Material Properties of Piezoelectric Materials.

Material property BaTiO3; PZT-4 PZT-6B
¢, (10" N/m?) 15.0 13.9 16.8
Cye (10° N/m?) 14.6 115 16.3
c, (10 N/m?) 6.6 7.78 6.0
C5(10° N/m?) 6.6 7.43 6.0
C,,(10° N/m?) 4.4 2.56 271

e (C/m?) 11.4 12.7 4.6
e, (C/m?) ~4.35 5.2 -0.9
e, (C/m?) 175 15.1 7.1
&,,(10° F/m) 9.87 6.45 3.6
£, (107° F/m) 11.15 5.62 3.4
M, = 00069115
ML for all materials.
H, = 10° =
m

The roots a1, 02,, a3, corresponding to these three materials are presented in Table 2.

Table 2. Roots a1, a2,, a3 for Piezoelectric Materials from Table 1.

Root BaTiOs PZT-4 PZT-6B
o (0.9596655583, 0) (1262398936, 0) (0.5546941517, 0)
a2 (1.026584747, —0.2190857624)  (1.071962039, 0.165585358) (1.014328206, 0)
o3 (1.026584747, 0.2190857624)  (1.071962039, —0.165585358) (2.115922225, 0)

Figures 3-6 show the variation of o, and E, along the vertical axis of a magneto-piezoelastic solid

which is subjected to a vertical line load of intensity 1.0 Nm™ and an electric charge of intensity
1.0 Cm™ at the top surface, as shown in Figures 1 and 2.
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The vertical stress and the vertical electric field along the z-axis are nearly indentical for all the three
materials. Both o,, and E, decay rapidly with the vertical distance.

The solution presented due to an electric charge of 1.0 Cm™ shows substantial difference for
PZT-6B, which shows the largest magnitude for o, and E,, followed by PZT-4 and BaTiOs. These
results indicate that relatively large stresses are generated in PZT-6B compared with the other materials.
The decay of the vertical stress and electric field with the depth is very rapid, as in the case of a
vertical load.

0 0.1 0.2 0.3 0.4 05
z (m)

1

Figure 3. Vertical stress in different magneto-piezoelastic solids due to a concentrated
vertical line load of intensity 1.0 Nm™,
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Figure 4. Electric Field in different magneto-piezoelastic solids due to a vertical line load of
intensity 1.0 Nm™.
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Figure 5. Vertical stress in different magneto-piezoelastic solids due to a line electric charge
of intensity 1.0 Cm™ applied to the surface.
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Figure 6. Electric Field in different magneto-piezoelastic solids due to a line electric charge
of intensity 1.0 Cm™ applied to the surface.

8. Conclusions

The basic modeling aspects of the magneto-piezoelastic anistropic materials are developed in the
present paper. Assumption of generally anisotropic properties of the materials under study is important
from the practical point of view, and it renders the pertinent analysis significantly more complicated than
in the simpler case of isotropic materials. Analytical modeling of these materials is essential for the
design and application in smart composite structures incorporating them as actuating and
sensing constituents.

The exact analytical solution is obtained for the anisotropic magneto-piezoelastic material using
Green’s function method, boundary integral technique and Betti’s reciprocal theorem. The closed-form
analytical solutions are derived for a number of boundary conditions for all components of the
magneto-piezoelectric field. This includes the cases of the magneto-piezoelastic material subjected to
vertical line load and electric charge at the surface; and the concentrated electric charge applied to the
magneto-piezoelastic material with a free boundary.

As an application, a two-dimensional static plane-strain problem is dealt with to investigate the effect
of magnetic field on piezoelectric material.

The analytical derivation is for the time-dependent problems. The numerical results are presented in
particular case of static formulation for the two-dimensional magneto-electroelastic field of a piezoelectric
solid subjected to a concentrated line load and an electric charge. Three different piezoelectric materials
(BaTiOs, PZT-4 and PZT-6B) are analyzed.

The obtained numerical solutions indicate a substantial dependence of the vertical stress and the
electric field due to an electric charge on the constitutive properties as well as on the magnetic flux.

The solution due to an electric charge demonstrates substantial difference for PZT-6B, which shows
the largest magnitude for o,, and E,, followed by PZT-4 and BaTiOs. These results indicate that
relatively large stresses are generated in PZT-6B compared with the other materials. The decay of the
vertical stress and electric field with the depth is very rapid, as in the case of a vertical load.
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