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Abstract—This paper deals with the modeling of the mag- the magnetostriction strait’ can be expressed as a parabolic

netoelectric effect in composite material. This work focuss on fynction of the magnetic induction.We can then write [2]:
the modeling of a magnetoelectric bilayer using a full 2D firte

element model. Thanks to this model, the magnetic induction . i
in the direction normal to the plan - neglected in other 2D st = = (3b;b; — d;jbrby) (2)

formulations - can be investigated. N 2

whered;; is the Kronecker symbol.

We consider that the polarization due to the applied static

magnetic induction is along-axis, thus the variation of
The magnetoelectric (ME) phenomenon consists in the exipagnetostrictive strain imposed by the variation of maignet

tence of a magnetization induced by an electric polarizato inductionB (B = Byx + B) can be calculated as:

conversely an electric polarization induced by a magnttina .

In th|s paper, we .focus on the modellng_of magr)eto—electrlc s = Bofo (212 —b, —b, 0 3b. 3@) A3)

laminate composites using two-dimensional finite element

method. The magneto-electric laminate composite consig\;ﬁeresm denotes the Voigt notation of the strain
in layered piezoelectric and magnetostrictive materiabst t , _ (slu Soy S35 2593 2831 2512)t
vec —

produces the ME effect through an elastic interaction. iBresv . . . .
. . ; 2) Piezoelectric coefficientsWe consider that the polar-
papers have described different formulations for magrhetee ._ . ; . . T
Jization of the piezoelectric element is aloggxis, a similar

tric effect for two dimensional problems: The use of electri : f oi lectri L d by th I
and magnetic scalar potentials has been proposed bgtlal expression of piezoe ectng stra#f Imposed by the variation
of electric displacement field (D = Dyy + D) can be

[1]. Galopinet al. [2] take electric scalar and magnetic VeCto(rjeduced'
potentials as variables. In the harmonic case, the ME eifect '
modified because of the resonance of the mechanical steuctur _, D ~ o~~~ —~\* 4
[3] and the appearance of electromagnetic coupling based on Svee — 040 (7% 2dy —dy 3d. 0 3dl‘) )
Maxwell equations. In order to maintain an electric scalar

potential formulation, the assumption of no magnetic irtigunc . )

in the direction normal to the working plane-direction) B- Mechanical assumptions

is made. This assumption has to be justified because of thg)sing Lamé coefficients* and \* in the case of isotropic
presence of electric field in piezoelectric element crggin material, the total stressis expressed by:

magnetic induction along-direction.

The aim of this paper is to build a full 2D finite element t = 2u"s® + Ntr(s®) I (5)
formulation taking into account the electromagnetic coupl

effect in order to discuss the classical model using magnefiheres® = s — s¢ is the elastic strains® = s* in the magne-

|. INTRODUCTION

and electric potentials. tostrictive material (MM)s© = s? in the piezoelectric material
(PM). I is the identity second order tensor. In this paper we
II. CONSTITUTIVE LAWS consider plane stress conditiorig;(= t32 = t33 = 0) leading

The working plane is defined on thercordinates plane, to the following relations:

z-direction is normal to the working plane. In the formulatjo s — gt —0

we denote byT the stress tensof the strain tensoru the 31 32 \* (6)
displacementE the electric field D the electric flux densityy 88 = ST (71 + $52)

the electric conductivityH the magnetic fieldB the magnetic A

induction. We noteX (& b) the small variation of X around a grom equations (3), (4) and (6), the stress alardjrection

polarization point %(ao, bo): can be calculated from the stress in the working plane:
- 0X _ 09X - - _
X g oot Gy oo bolb - X =Kok @ foin P o, | 5D0aod in Py
A. Linearization of magnetostrictive and piezoelectrieftie G 201
cients 53 = 5w (811 + s22) Tl

1) Magnetostrictive coefficientdMe assume that the mag- B B
netostriction phenomenon is isochoric and isotropic, dvad t whereG = Dyag, v = d,, in PM, G = By, v = b, in MM.
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C. Constitutive laws AsS, = %(gradu / +'gradu), the variables of the system
ConsideringS, D andB as state variables, at a polarizatiotio be solved are , t*, a*. Compared to the formulation using

point of PM or MM, using the thermodynamical approachu,, the electric and magnetic potentials,(a or T'), the new

[4], and calculating the differentials of Hooke’s law [Shet formulation takes the same computation cost: 4 unknowns per

linearized forms of the constitutive laws of PM and MM areéode. Moreover, to deal with the electrodes on PM, we need

defined in 3D as: a further processing to be detailed in the full paper.

bij = CigrSi = Vigk Uk (8) IV. NUMERICAL EXAMPLE & CONCLUSION

T kS g In this section, we study a ME bilayer (Figure 1) pre-
whereC;;i; is the stiffness tensor. polarized by a static magnetic fieHq.. An harmonic mag-
In MM: v = 3 the magnetostrictive coupling matrix,= veft  netic fieldh,c is applied in order to obtain an electric voltage
with veft the effective reluctivityv = b, r = h. vae. This configuration corresponds to a magnetic sensor [6].
In PM: v = « the piezoelectric coupling matrix; = ee‘ﬁl e
with e the effective permittivityy = d, T = &. Hae
The constitutive laws presented in equation (8) can be simpl 10 mm Vac
fied in the case of 2D. From equations (3), (4), the coupling E | mm P 7

matricesa and 3 can be deduced fromy, [y, Do and By
depending on the polarization points. From the mechanical Magnetostrictive layer PZT
o M & Ko &

assumptions (equation (7)), mechanical unknows aloogn Fig. 1. Magnetoelectric bilayer
be calculated afterwards from mechanical unknowsxyn

plane. Consequently, from equation (8, and H can be  Asthe MM is an electrical conductor, the working frequency
calculated separately ixy-plane (/) and alongz (L): is 100 kHz in order to observe the skin effect. The skin depth

g = 611& T o—uviby theoretically calculated is about 0.25 mm.

i L= ~ = ~
Ey=¢Dy-)S, Hy=v,B,-5,S, (9
T)=¢)Sy-e)b; T)=CyS,-p6,By

wheree; andv, are the equivalent permittivity and reluctivity

along z-axis.

Fig. 2. Magnetic inductiorB ; in xy-plane: Vector and Value
IIl. FINITE ELEMENT FORMULATION

A. Electromagnetic equations We observe also the electric field in PM related to the
3D magnetoelectric coupling problems are governed tjagnetic induction along-direction according to Faraday’s
Maxwell equations:

rotE = -9;B rotH = oE + 9,D (20)

In a 2D harmonic problemi andH do not depend omg, thus
each equation (10) can be divided into 2 equations:

r'grade; = —jwB, r*gradh, =ocE, + jwD/

2 L 2 B . (11)

dlv(r E//) = —Jjwby le(I‘ H//) =oeL+jwdy Fig. 3. Electric fieldE, in xy-plane vs Magnetic inductioi3 in z

wherer* is defined ag™* = 01
S \-1 0 The result in Figure 3 confirms the existence of a magnetic
Noting a* — ~ andet = 2L Tthe indentity matrix, using |nduct_|on alqn_gz axis in PM. Nevertheless, its value_ in .that
o jw jw . case is negligible compared to the magnetic inductioryn

the constitutive laws (9), the system to be solved is: plane. Considering no magnetic induction alarais is there-

. 0 o1 % o —1,x fore a justified assumption. The new formulation justifies th
d —1)! dt* —r*a’S)) = W't : . ;

v(r*(ey + Jjw ) rgra rroySy) =Wy (12) use of the classical formulation. It needs the same comiputat
div(r*v r*grada® —r*B8)S ) = (—jwo + w?e, )a* cost and gives more accurate results. This new formulatibn w

be used for the comparison with a 3D-formulation in progress
B. Mechanical equation
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