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Abstract

In this paper, an exact solution is presented for the multilayered rectangular plate made of functionally
graded, anisotropic, and linear magneto-electro-elastic materials. While the edges of the plate are under
simply supported conditions, general mechanical, electric and magnetic boundary conditions can be applied
on both the top and bottom surfaces of the plate. The functionally graded material is assumed to be expo-
nential in the thickness direction and the homogeneous solution in each layer is obtained based on the
pseudo-Stroh formalism. For multilayered plate structure, the propagator matrix method is employed so
that only a 5 x 5 system of linear algebraic equations needs to be solved. The exact solution is then applied
to two functionally graded (exponential) sandwich plates made of piezoelectric BaTiO; and magnetostric-
tive CoFe,0y4, under mechanical and electric loads on the top surface. While the numerical results clearly
show the influence of the exponential factor, magneto-electro-elastic properties, and loading types on
induced magneto-electric-elastic fields, they can also serve as benchmarks to numerical methods such as
the finite and boundary element methods.
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1. Introduction

Smart or intelligent materials such as the piezoelectric and piezomagnetic ones are currently
intensively investigated, due to their ability of converting energy from one form to the other
(among magnetic, electric and mechanical energies). It is also observed that, composites made
of piezoelectric/piezomagnetic materials can exhibit the magnetoelectric coupling that is not pres-
ent in the single-phase piezoelectric or piezomagnetic material [1-3]. Recently, Pan [4] derived an
exact closed-form solution for the simply supported and multilayered plate made of anisotropic
piezoelectric and piezomagnetic materials under a static mechanical load, and Pan and Heyliger
[5] solved the corresponding vibration problem. On the other hand, Li and Dunn [6] carried out a
study on the micromechanics of magneto-electro-elastic composite materials. More recently,
Wang and Shen [7] studied the two-dimensional (2D) inclusion problem in magneto-electro-elastic
composite materials, and Gao et al. [8] solved the crack problem in 2D magneto-electro-elastic
solids.

The functionally graded material (FGM) structure has attracted wide and increasing attentions
to scientists and engineers. FGM plays an essential role in most advanced integrated systems for
vibration control and health monitoring. While He et al. [9] investigated the FGM plates with
integrated piezoelectric sensors and actuators for the active control purpose, Liew et al. [10] ana-
lyzed the post buckling of piezoelectric FGM plates subjected to thermo-electro-mechanical load-
ing. The time-dependent stress analysis in FGM elastic cylinders was carried out by Yang [11],
and the effect of the inter-diffusion reaction on the compatibility in PZT/PNN FGM materials
was analyzed by Xu et al. [12]. Almajid and Taya [13] and Almajid et al. [14] also investigated
the displacement and stress fields in piezocomposite plates with functionally graded microstruc-
ture for potential applications in the piezoelectric bimorph. More recently, a three-dimensional
(3D) exact closed-form solution was derived for anisotropic elastic [15] and piezoelectric [16]
FGM plates under simply supported edge conditions.

In this paper, we present an exact solution for a multilayered rectangular plate made of aniso-
tropic and functionally graded magneto-electro-elastic materials. The plate is simply supported
along its edges, and both mechanical and electric loads are applied on the top surface. The homo-
geneous solution is obtained based on the pseudo-Stroh formalism [17-19], and the propagator
matrix method [20,21] is employed to treat the multilayered case. In the numerical analysis,
two functionally graded (exponential) sandwich plates made of piezoelectric BaTiO3; and magne-
tostrictive CoFe,O4 are analyzed. Numerical results clearly show the influence of the exponential
factor, magneto-electro-elastic properties, stacking sequence, and loading types on the induced
magneto-electric-elastic fields, which should be of interest to the design of smart structures. Fur-
thermore, these numerical examples could also serve as benchmarks to numerical methods such as
the finite and boundary element methods.

2. Problem statement and basic formulations
Let us assume that there is an N-layered rectangular plate made of anisotropic and functionally

graded magneto-electro-elastic materials and that its four sides are simply supported. The dimen-
sions of the layered plate are L, x L, x H with H being the thickness. Each layer can be homo-
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geneous or functionally graded with exponentially varying material properties. A Cartesian coor-
dinate system is attached to the plate with its origin being at one of the four corners on the bottom;
the plate is in the positive z-region. Layer j is bounded by its lower interface (or surface) at z = z;
and upper interface (or surface) at z = z;;; with its thickness 4; = z;1; — z;. Obviously, the bottom
surface is at z = z; (=0) and the top surface at z = zy+ (=H). Without loss of generality, external
loads (mechanical, electric or magnetic) will be applied on the top surface of the N-layered plate.

For an anisotropic and linearly magneto-electro-elastic material, the coupled constitutive equa-
tions for each layer can be written as

0; = Cuyy — el — gtk
D; = ey + euky + dyHy (1)
Bi = quyi + duEr + 1y Hy

where o;, D; and B; are the stress, electric displacement and magnetic induction (i.e., magnetic
flux), respectively; y;, E; and H; are the strain, electric field and magnetic field, respectively; Cy;,
e; and p;; are the elastic, dielectric and magnetic permeability coefficients, respectively; e;, g;
and d; are the piezoelectric, piezomagnetic and magnetoelectric coefficients, respectively. Appar-
ently, various uncoupled cases can be reduced from Eq. (1) by setting the appropriate coupling
coeflicients to zero.

For a functionally graded material with exponential variation in the z-direction, the material
coeflicients in Eq. (1) can be described by

Cul(z) = C?kenz; en(z) = e?ke”Z; e (2) = M?kenz 2)

ew(z) = €™ qu(2) = qye”s  du(z) = dye”

where 7 is the exponential factor characterizing the degree of the material gradient in the z-direc-
tion, and the superscript 0 is attached to indicate the z-independent factors in the material co-
efficients. It is obvious that # = 0 corresponds to the homogeneous material case.

For an orthotropic solid, with transverse isotropy being a special case, the material coefficients
in Eq. (1) can be written as

Ch Cin Cis 0 0 0 0 ey 0 0 gy

Cn O 0 0 0 0 ey 0 0 qu

Cy; 0 0 0 0 ey 0 0 ¢

= o 0 o 90 e o] 970 0

Sym Css 0 e;s 0 0 g5 0 0
i Ces | 10 0 0| |0 0 0
(3)

en 0 0 di 0 0 pp 00

]=10 e 0|, [d=[0 dn 0|, [u=]0 puy 0 (4)

0 0 en 0 0 ds 0 0 sy
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The extended strain (using tensor symbol for the elastic strain y;)-displacement relation is
'))lj = 0.5(1/!,"/‘ + lxlj,,‘)
Ei=—¢;,, H=-Y,;
where u;, ¢ and y are, respectively, the elastic displacement, electric potential, and magnetic
potential.

The equations of equilibrium, including the balance of the body force and electric charge and
current, can be written as:

(5)

o+ /fi=0
Dj;—f.=0 (6)

where f;, f., and f,, are, respectively, the body force, electric charge density, and electric current
density (or magnetic charge density as compared to the electric charge density).
3. Stroh-type general solutions

For a simply supported and FGM plate, we seek the solution of the extended displacement
vector u in the form [4]

Uy ['a; cospxsingy |
u, a, sin px cos qy
u= |u | =e”| aysinpxsingy (7)
10) a4 sin px sin qy
A | assinpxsingy |
where
p=nn/L, ¢q=mn/L, (8)

with n and m being two positive integers.

It is noted that solution (7) represents only one of the terms in a double Fourier series expan-
sion when solving a general boundary value problem. Therefore, in general, summations for » and
m over suitable ranges are implied whenever the sinusoidal term appears.

Substitution of Eq. (7) into the general strain—displacement relations (5), the constitutive equa-
tions (1), and finally into the equations of equilibrium (6) with zero force and densities, yields the
following eigenequation

[Q— R +5s(R— R +nT)+s*Tla=0 9)
where superscript t denotes the transpose of the matrix. Also in Eq. (9),

a=[ay,ar,a3 a4,as' (10)
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[0 0 pClh pé pdd | ¢ 0 0 0 0
0 0 qu3 e pgs C24 0 0 0
R = —PC25 —qCyy 0 0 01|, T= C(3)3 el 45 (11)
—pels  —qéd, 0 0 0 Sym —&d, —d(3)3
| —pdis —ad 0 0 0| i —H3s |
[—(ChP* + Chd®)  —pa(Ch, + Cl) 0 0 0 ]
~(Clp? + Cag?) 0 0 0
0= _(C(s)sp2 + C24‘12) —(e)sp? +€5,q7)  —(qisP” + 45.9°)
Sym P+ g’ d)\p* + d%q*
I whp + 1547

(12)
We remark that when the gradient coefficient n = 0, Eq. (9) is reduced to the eigenequation for the

corresponding homogeneous case [4].
We now express the extended traction vector ¢ as

[0, ] [ by cospxsingy]
0, b, sin px cos qy
t=|o..| =" | bysinpxsingy (13)
D, by sin px sin gy
| B, | L bs sin px sin gy |

which is different from the corresponding homogeneous case [4]. By virtue of the constitutive
relations (1) and the displacement expression (7), we obtain

b= (—Rt +sT)a (14)
where
b= [blab27b37b4ab5]t (15)

Similarly, the in-plane stresses and electric and magnetic displacements can be expressed as

O ¢y sin px sin gy
Oy € COS pX COS qy
Oy ¢3 sin px sin gy
D, | = et | ¢, cospxsingy (16)
D, ¢ SIn px cos gy
B, €6 COS px sinqy
| B, | | ¢7sinpxcosgy |
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where

[c1 ] __C?lp _C(l)zq C?3S €5 55 ]
¢ Cog  Cop 00 0 | [a
) —Chp —Chq C(2)3S e9,s 43S a2
| = | ess 0 dp —dip —dip||a (17)
Cs 0 s e —eng —dypg ||
Ce ‘](1)53 0 ‘](1]517 _d(l)lp —up | Las

L7l L 0 s g —dpg 4l

These extended stresses (Eq. (13)) should satisfy the equations of equilibrium (assuming zero body
force and zero electric and magnetic charge densities).

We remark that Eq. (9), derived for a simply supported plate, resembles the Stroh formalism
[17,18]. For the corresponding homogeneous case, this equation was named as pseudo-Stroh for-
malism because of its similarity to the Stroh formalism [4]. In the present pseudo-Stroh formalism,
an interesting feature is observed: That is, if s is a complex (or purely imaginary) eigenvalue, then
its complex conjugate is also an eigenvalue.

With aid of Eq. (14), Eq. (9) can now be recast as a 10 x 10 linear eigensystem

N[Z :sm (18)
where
[ TR T!
N= —1 pt -1 (19)
Q- RT'R" —RT' —nI

Depending upon the given material property, the 10 eigenvalues of Eq. (18) may not be distinct.
Should repeated roots occur, a slight change in the material constants would result in distinct
roots with negligible error [22] so that for all material situations, the simple and unified solution
given below can still be used.

Thus, let us assume that the first five eigenvalues have positive real parts (if the root is purely
imaginary, we then pick up the one with positive imaginary part) and the reminders have opposite
signs to the first five. We distinguish the corresponding 10 eigenvectors by attaching a subscript to
a and b. Then the general solution for the extended displacement and traction vectors (of the
z-dependent factor) are derived as

=l an L] "

where
A = [al,a27a3>a4,a5], A; = [aé,a%ag,a%alo]
By = [b1,by,b3,b4, bs|, By = [bg, by, bs, bo, b (21)
<es*z> — diag[es]z7 eszz’ 63327 eS4z7 essz]

and K; and K, are two 5 x 1 constant column matrices to be determined.
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Eq. (20) is a general solution for a simply supported magneto-electro-elastic FGM plate and
reduces to the solution for the corresponding homogeneous plate case. It should be further no-
ticed that new FGM thin plate models could also be reduced from this solution by expanding
the exponential term in terms of a Taylor series [23]. This is particularly convenient since one need
only to replace the diagonal exponential matrix with its Taylor series expansion [24,25].

With Eq. (20) being served as a general solution for a FGM magneto-electro-elastic plate, solu-
tions for the corresponding multilayered FGM plate can be obtained using the continuity condi-
tions along the interface and the boundary conditions on the top and bottom surfaces of the plate.
To handle a multilayered structure with relatively large numbers of layers, we employ the pro-
pagator matrix method, instead of the conventional approach [26,27]. The propagator matrix
method was developed exclusively for layered structures and possesses certain merits (for a brief
review, see [21]), as can be observed in the next section.

4. Solution of multilayered FGM system

From the general solution (20), we solve the column coefficient matrices K; and K, for layer j
-1
s (z—zj) —s*(z—zj)
|:K1:| . A1< > A2<e > |:ll:| (22)
K, J J

By (e E2)) B, (el =) t
where the subscript j indicates layer j and s~ are the eigenvalues of layer j.

Let z=z; and z;4, in Eq. (22), we find that the column coefficient matrices K; and K, can be
expressed by the displacement # and traction ¢ on either the lower interface or the upper interface
of layer j. In other words, we have

Rl -1 2] T~ Loy s [ o
Ky, LB By, [t]. |Bi(e"™) By(e~ )|, |t

Zj+l

where /; = z;1| — z; is again the thickness of layer j.
Therefore we can finally express the displacement # and traction ¢ on the upper interface by
those on the lower interface of layer j as

m :[ Ae™)  Ayfe ) } [Al A]
Table 1

B, <e(s*+’7>h/'> Bz<e< s*+n)h > B, B,
Material coefficients of the piezoelectric BaTiO3 (C; in 10° N/m?, ¢, in C/m?, &; in 10~” C*/(N m?), and 4, in 10~° N s/
)

o &

Zj+1 J

C(l)l = ng C(l)z C(1)3 = C{2)3 C(3)3 C24 = C(s)s Cgs - 0~5(C(1)1 - C(l)z)
166 77 78 162 43 44.5

e(3)1 = e(3)2 eg3 634 = e(1)5

—4.4 18.6 11.6

8(1)1 = 5(2)2 823 H(l)l = ng :“(3)3

11.2 12.6 5 10
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Assuming that the displacement # and traction ¢ are continuous across the interfaces, Eq. (24) can
be applied repeatedly so that one can propagate the physical quantities from the bottom surface
z =0 to the top surface z = H of the multilayered FGM plate. Consequently, we have

mﬁ = Py(hy)Py_1(hy 1) - Pa(ha) Py (1) m

Table 2

0

(25)

Material coefficients of the magnetostrictive CoFe;Oy (CY; in 10° N/m?, ¢, in N/(Am), &; in 10~° C*(N m?), and 4, in

107° N s%/C?)

C(l)l = C(2)2 C(I)Z C(l)3 = Cg3 Cg3 C24 = C(s)s CgG = O‘S(C(l)l - C(l)z)
286 173 170.5 269.5 453 56.5
‘1(3)1 = qu ‘123 ‘134 = q(l)S
580.3 699.7 550
8(1)1 = 8(2)2 8(3)3 Hip = l‘gz #g3
0.08 0.093 -590 157
0.30 : A : A
Va -
| A A |
0.25 — A —
A
0.20
L *—0—& n=-10 |
O—— n=5
I +— + 0 ||
N 0.15 A A - A s
N A =& - A =10 i
0.10
) A
0.05 — A\A A —
L ~ _
A A
0.00 * ‘%_\ 1 B Al
0.0 15 25 3.0

Proportional Factor in Material Properties

Fig. 1. Variation of the FGM proportional coefficient for = —10,—5,0,5,10 (z in m and 5 in m~"). For z € [0.2,0.3],
the coefficient is the exponential factor ¢”~°?. The proportional coefficient in z € [0,0.1] is obtained via symmetric

requirement.
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where

Ae™)  Ay(e) } [Al Az]_l (k=1,...,N) (26)

Pk(hk) = Bl (e(s*+i1)hk> B2 <e(*5*+"l)hk> Bl Bz k

is called the propagating matrix or propagator.
Eq. (25) is a surprisingly simple relation, and for given boundary conditions, can be solved for

the unknowns involved. As examples, the mechanical and electric loads will be discussed.
In the first example, we assume that, on the top surface (z = H) the z-direction traction compo-

nent is applied, i.e.,

0.. = 0q sin px sin gy (27)
which may represent one of the terms in the double Fourier series solution for a general loading
case (uniform or point loading). All other traction components on both surfaces are assumed to
be zero. Thus, Eq. (25) is reduced to

u M1 Mz u
_ (28)
t], M; M,]|0],
where the four submatrices M, are the multiplications of the propagator matrices in Eq. (25).
Applying the traction boundary condition (27), the left-hand side of Eq. (28) on the top surface

is expressed as
[ltl] = [y, thy, 11z, 1, 0,0, 6g sin px sin gy, 0, 0]' (29)
H

0.30 030— 1 a—ar—— e
o o0 4 2 f
L No—o—On=5| a & i b
0.25 025l A AT E § 1 .
A A—A =10
- H =it 1 .
A
0.20 0.201-B E A I
| | (b) A & I |
O S
N 0.15 | N 0.15|— . .
A PN
L : 241 1
F AR
0.10 0.10 |
A A
| | ia 1 |
O S
0.05 — 0.05— A A I —
| | t 2 I i
B B A A
0.00 L« , ‘ 0.00 bl N & $
4E012  -2E-012 0 2E-012 4E-012 0 2E-012 4E-012 6E-012 8E-012 1E-011
u

z

Fig. 2. Variation of the elastic displacement components u, and . (m) along the thickness direction in FGM magneto-
electro-elastic B/F/B for factor n = —10,—5,0,5,10 (m~") caused by a surface load on the top surface. u, in (a) and u.

in (b).
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The unknown extended displacements on both surfaces of the multilayered FGM plate can thus
be solved from Eq. (28).
In the second example, the traction vector ¢ on the bottom surface is again assumed to be zero,
but we apply an electric potential ¢ to the top surface (z = H), given as,
¢ = ¢ sinpxsingy (30)

For this case, the left-hand side of Eq. (28), i.e. the boundary values on the top surface, becomes

m — [y, 0, by sin pr sin gy, 0,0, 0, D, O] 31)
H
0.30 0.30

N 0157

0.25

0.20

N 0.15

0.05 0.05H— ‘AA AAA zf —
r a N I F
0.00 0.00 2 .t I ‘ ! ‘ ! ‘ !
0.0012 0.0016 0.002 0.0024 0.0016 0.0018 0.002 0.0022 0.0024 0.0026
o o
0.30 \i I ; T 0.30
A A (b) B B
i
i
0.25 A A — 0.25
A
« i ,
A
0.20 - ¥ B 0.20
N 0.15 — N 0.15 ]
F
0.10 0.10
0.05 — 0.05 —
B ] X & A F
0.00 L ‘ L 0.00 1 | 1 | 1 | w+\ f\ «A‘
-3E-006 -2.8E-006 -2.6E-006 -2.4E-006-2.2E-006 -2E-006 -1.8E-006 -3E-006 -2.5E-006  -2E-006  -1.5E-006  -1E-006 -5E-007
N4 v

Fig. 3. Variation of electric potential ¢ (V) and magnetic potential  (C/s) along the thickness direction in FGM
magneto-electro-elastic plates for factor n = —10,—5,0,5,10 (m~") caused by a surface load on the top surface. ¢ in (a)
and ¥ in (b) for B/F/B, and ¢ in (c) and ¥ in (d) for F/B/F.
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Following the same procedures, all the unknowns on the top and bottom surfaces can be found
from Eq. (28).

In order to obtain the extended displacement and traction vectors at any depth, say
7 < z < zx+1 1n layer k, we propagate the solution from the bottom of the layered plate to the
z-level, 1.e.,

u u

[ t] = PZ(Z - Zkfl)Pkfl(hkfl) e 'Pz(hz)Pl (hl) { " ] (32)
z 0

With the extended displacement and traction vectors at a given depth being solved, the corre-

sponding in-plane quantities can be evaluated using Egs. (16) and (17).

Similar solutions can also be obtained for other boundary conditions. Therefore, for an aniso-
tropic, magneto-electro-elastic, and FGM multilayered rectangular plate, we have derived the ex-
act solution based on the pseudo-Stroh formalism and the propagator matrix method. In the next
section, we apply our solution to investigate the response of the sandwiched FGM plate under
mechanical and electric loads.

5. Numerical analyses

In the numerical calculation, the layered FGM plate is made of three layers. The z-independent
material coefficients are piezoelectric BaTiO3; and magnetostrictive CoFe,Qy, listed respectively, in
Tables 1 and 2 [4]. It is obvious that the piezoelectric BaTiO3; and magnetostrictive CoFe,O4 are
both transversely isotropic with their symmetry axis along the z-axis. The three layers have equal
thickness of 0.1 m (with a total thickness H = 0.3 m) and the horizontal dimensions of the plate
are L, x L, =1mx1m. Two sandwich plates with stacking sequences BaTiO3/CoFe;04/BaTiO;

0.30 0.30
0.25 ; 0.25H
0.20 I 0.20

N 0.15 ; N 0.15
0.10 I 0.10
0.05 ; * - 0.05
0.00 I . A‘//Af/ﬁ% L 1 B ] 0.004

2 45 4 05 0 05 1 15 2
GXX

Fig. 4. Variation of stress components o, and o.. (N/m?) along the thickness direction in FGM magneto-electro-elastic
B/E/B plate for factor y = —10,—5,0,5,10 (m™') caused by a surface load on the top surface. oy, in (a) and o, in (b).
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(called B/F/B) and CoFe,04/BaTiOs/CoFe,04 (called F/B/F) are investigated. While the middle
layer is homogeneous, both the top and bottom layers are functionally graded with the symmetric
exponential variation shown in Fig. 1. As can also be observed from Fig. 1, five different exponen-
tial factors, i.e., n = —10,—5,0,5,10 (m™ "), were studied.

For both the mechanical and electric loadings, the investigated mode is fixed at m =n =1 (i.e.,
p=nm/L,, g=n/L, in Eqs. (27) and (30)) and the horizontal coordinates are fixed at
(x,») =(0.75L,,0.25L ). The amplitudes in Eqs. (27) and (30) are, respectively, gy = 1 N/m? and
¢o=1V. It has been checked that under the mechanical load, the results corresponding to the
exponential factor # = 0 are exactly the same as those in Pan [4].

0.30 T T T T » ﬁfl/g'/f =7 T 0.30 T T T A T T T T
L oA L (c *———0 - i
(a) 273 *—o—& -1 ( ) @_Q_Q::;O
0.25 - OO —On=5 | 0.25 +— + 00 ||
; = A 0 A A—Anss
| AA/Aﬁ/ A A—An=5 L A A—An=10 | 4
B A,: +7*‘ A A—An=10 F
0.20 2 + 0.20 ' e .
Py
- *® - —
*
E 3
N 0.15 3 ] N 0.15 |- < _
E 3
| % L i
* AR
F ' 3 B A ‘
0.10 o 0.10 + *
A AT 1
L N L 1 i
4
0.05 — E 0.05 é —
. 4
<
i HAA r E
N
0.00 B| | L | +\A| Ry il | L 0.00 F| | L L | L | L
-8E-011 -4E-011 0 4E-011 8E-011 1.2E-010 -8E-012  -4E-012 0 4E-012 8E-012 1.2E-011
Dy Dy
0.30 T T T T T 0.30
I I ala_ I
L (b) +\+A 2 a T
Y A a
0.25 — + A —| 0.25
4 K &
L PPN i
e
0.20 B — 0.20
- 1 *—0—¢ =10
by O—O—= n=5
N 0.15 K +— 4+ —+ n=0 | N 0.15
* I A—A 05
L :' A A—A =10 |
0.10}—F — 3 0.10
AR
| W' INEd i
& KX K
Vs A +
0.05 — £ i £ — 0.05
L A‘\ a 4
B A DA X%
0.00 | | N i | | | | | 0.00
-1.2E-011 -8E-012 -4E-012 -1.6E-027 4E-012 8E-012 1.2E-011 -8E-013 -4E-013 0 4E-013 8E-013 1.2E-012
D, D,

Fig. 5. Variation of electric displacement components D, and D. (C/m?) along the thickness direction in FGM
magneto-electro-elastic plates for factor n = —10,—5,0, 5,10 (m™") caused by a surface load on the top surface. D, in (a)
and D. in (b) for the B/F/B case, and D, in (c) and D. in (d) for the F/B/F case.
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5.1. Mechanical load

Fig. 2a and b shows, respectively, the variation of the elastic displacements u, (=—u,) and u.
along the z-direction in the FGM B/F/B plate. Variation of these elastic displacements in the cor-
responding F/B/F plate is similar to those in Fig. 2a and b, with only slight difference in the mag-
nitude (magnitude of the elastic displacement in B/F/B is generally larger than that in F/B/F). It is
observed that on the top and bottom surfaces, the magnitude of the horizontal displacement u,
increases with decreasing exponential factor 5. Furthermore, on the top surface the horizontal
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displacement is positive, while on the bottom surface they are negative. As for the vertical dis-
placement u., its value increases with decreasing # in the whole plate.

Fig. 3a and b shows, respectively, the variation of the electric potential ¢ and magnetic poten-
tial ¢ along the z-direction in the B/F/B plate. The results in the corresponding F/B/F plate are
plotted in Fig. 3c and d. It is observed that in both plate models, the magnitudes of the electric
and magnetic potentials decreases with increasing factor 5. It is further noticed that even though
these potentials are continuous across the interfaces, their slopes are not (i.e., Fig. 3a at z= 0.1 m,
and Fig. 3d at z = 0.2 m).
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Fig. 7. Variation of the elastic displacement components u, and . (m) along the thickness direction in FGM magneto-
electro-elastic plates for factor # = —10,—5,0,5,10 (m™') caused by an electric potential on the top surface. u, in (a) and
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Fig. 4a and b shows, respectively, the variation of the stress components ¢, (=0,,) and o..
along the z-direction for the B/F/B plate. The results in the corresponding F/B/F plate are very
similar to those shown in Fig. 4a and b (for both curve shapes and magnitudes). While the normal
stress .. does not change much for different factor  (Fig. 4b), the horizontal normal stress o, is
very sensitive to the exponential factor #. Near the interfaces or surfaces (Fig. 4a), its magnitude
can be doubled by varying # from —10 to 10 (m ™). Furthermore, the horizontal stress component
is discontinuous across the interface, as expected.

The variations of the electric displacements D, (=—D,), D. and magnetic inductions B, (=—B,),
B. along the z-direction are plotted, respectively, in Figs. 5a—d and 6a—d. While Figs. 5a,b and
6a,b are for the B/F/B plate, Figs. 5c,d and 6¢,d for the F/B/F plate. It is observed, from these
figures, that because of the material property discontinuities in different layers, the horizontal elec-
tric displacement and magnetic induction are discontinuous across the interfaces. It is also inter-
esting to note that the magnitude of horizontal electric displacement (magnetic induction) is very
small in magnetostrictive CoFe,04 (piezoelectric BaTiO3) layers, due to the fact that for magne-
tostrictive CoFe,Oy4 (piezoelectric BaTiO3) material, the piezoelectric (piezomagnetic) coefficients
are zero. Furthermore, the similarity among the response curves should be also noticed: D, in Fig.
Savs. B, in Fig. 6¢; D. in Fig. 5b vs. B. in Fig. 6d; D, in Fig. 5c vs. B, in Fig. 6a; and D. in Fig. 5d
vs. B. in Fig. 6b.

5.2. Electric load
Fig. 7a and b shows, respectively, the variations of the elastic displacements u, (=—u,) and u.

along the z-direction for the B/F/B plate, whilst Fig. 7c and d is the corresponding elastic displace-
ments for the F/B/F plate. In contrast to the mechanical load case, we observe here clearly that the
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(b) for the F/B/F case.
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elastic displacements in the two sandwich plates are completely different from each other. In par-
ticular, the magnitude of the elastic displacements in B/F/B is roughly one order larger than that

in F/B/F.

The magnetic potential i along the z-direction in the B/F/B and F/B/F plates are shown, respec-
tively, in Fig. 8a and b. It is interesting that for both sandwich plates, relatively large magnetic
potential can be induced in the bottom layer when an electric potential is applied on the top sur-
face. Furthermore, in the bottom layer, the magnitude of the magnetic potential in B/F/B is larger

than that in F/B/F.
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Fig. 9a and b shows, respectively, the variation of the stress components o, (=0,,) and o..
along the z-direction for the B/F/B plate. The results for the corresponding F/B/F plate are plotted
in Fig. 9c and d. In contrast to the mechanical load (Fig. 4a and b); the stacking sequence now has
a dramatic influence on the stress components in terms of both the curve shape and magnitude
(Fig. 9a vs. Fig. 9c and Fig. 9b vs. Fig. 9d). Furthermore, the normal stress component o.. can
be greatly altered by varying the exponential factor # (Fig. 9b and d), as compared to the mechan-
ical loading case.

Finally, Fig. 10a and b shows, respectively, the variations of magnetic inductions B, (=—B,), B.
along the z-direction in F/B/F case. It is observed that the magnetic induction changes dramati-
cally in the top and bottom layers (magnetostrictive CoFe,0j,), and it is almost zero in the middle
layer (piezoelectric BaTiOs). In other words, relatively large magnetic field can still be induced in
the magnetostrictive layer even if an electric load is applied.

6. Conclusions

In this paper, an exact solution is presented for a layered rectangular plate made of anisotropic
and functionally graded magneto-electro-elastic materials. The plate is under simply supported
edge conditions and both the mechanical and electric loads are applied on the top surface of
the plate. While the homogeneous solution in each FGM layer is derived based on the pseudo-
Stroh formalism, the propagator matrix method is employed to handle the multilayered struc-
tures. In the numerical study, two sandwich plates are analyzed, which are made of piezoelectric
BaTiO; and magnetostrictive CoFe,O,4, with material properties varying exponentially in
the thickness direction within the top and bottom layers. It is observed that, in general, different



338 E. Pan, F. Han | International Journal of Engineering Science 43 (2005) 321-339

exponential factors will produce different magnitudes for the response curves. Furthermore, the
stacking sequences (B/F/B or F/B/F) and the boundary conditions (mechanical or electric load)
can have significant effects on the induced magnetic, electric, and elastic fields. An interesting
example is that, under the mechanical load, the normal stress component o, is very insensitive
to the exponential factor; however, under the electric potential, different exponential factors
can produce completely different normal stress components. While the numerical examples can
serve as benchmarks for various numerical methods, the special characteristics discussed in this
paper should be useful to the design of smart structures based on the piezoelectric and magneto-
strictive FGMs.
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