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1 Introduction

Developing smart materials or multifunctional structures by using product properties of
composite materials is a quite old idea but it, however, keeps getting more and more inter-
esting for many technological applications. The concept is simple (see [1]): an effect in one
of the phases of the composite implies a second effect in one of the other phases. Here we
focus on the magnetoelectric coupling emerging in a composite material made of a mag-
netostrictive phase and a piezoelectric phase. This kind of situation is interesting because
the direct coupling between electric and magnetic fields is seldom found in nature and,
when it exists, it is very weak. The composite materials made of ferroelectric and ferro-
magnetic phases, however, may generate a considerably higher magnetoelectric response.
This domain of research falls within the field of metamaterials which possess properties
that cannot be found naturally. Understandably this opens the door for many different
technological applications such as data storage, mechanical devices, magnetic sensors,
high frequency signal treatment, etc. It is therefore of interest to propose an efficient and
accurate modeling of the behavior of a composite material made of a piezoelectric phase
and a piezomagnetic phase. This was done in [2] considering multilayered structures and
using the asymptotic expansion method. It is worthwhile to refer to [3] and the references
quoted therein to get a good overview of the problem. Here we propose a mathemati-
cally rigorous study of this situation by using asymptotic analysis method such as two-
scale convergence. We consider a periodically heterogeneous composite material made of
a piezoelectric phase and a piezomagnetic phase. We introduce two other parameters that
refer to the connectedness of each phase and to the boundary conditions on the interface.
Depending on these two parameters, we show that different models appear when the size
of the period goes to zero. The situations when a full coupling among mechanical, electric
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and magnetic effects (i.e., nonvanishing elasto—magneto—electric coupling coefficients in

the linearized context considered here) appears are highlighted.

2 Setting the problem

Let Y, a domain of R3 included in Y := (0, 1)® with a Lipschitz-continuous boundary. For
all real positive numbers ¢, let EZ := | J,_;3 £(i + Ye), which is assumed to be connected in
R3, and E¢, := R*\ E,, Yy := Y \ Y,. We will consider a body occupying a domain of R
with a Lipschitz-continuous boundary 92 made of a purely piezoelectric phase occupying
£27 := £2 N E¢ and a purely piezomagnetic phase occupying £27 := §£2 N E; . So the magne-
toelectromechanical state of the body is described by the triplet s° := (4, ¢°, ¥*) where
u®, ¢, ¥* denote the field of displacement, the electrical potential, the magnetic potential
defined in £2, £2¢, 27, respectively. If 6°, D, B® denote the stress, the electric induction,

the magnetic induction, respectively, one has
(UE,DE) =M, (e(ug), V¢>E) in 2, (GS,BE) =My (e(zf), VWE) in 27, (1)

where e(u?) is the strain associated with u® while M, and M,, stand for the piezoelectric

and piezomagnetic tensors, respectively, with M, My, in Lin(S?) satisfying

2

’

Ja >0s.t. Mc(eh)- (e h) > a|(e,h)

Mu(e,h) - (e,h) = a|(e,h)|” V(e h) eS® x R?, )

where Lin(S%) denotes the space of linear mappings on S? the space of symmetric 3 x 3
matrices whose scalar product and norm are denoted by - and | - | as in R3.

We will consider various situations indexed by p = (p1, p3) in {1,2} x {1,2,3,4}. The case
p1 =1 corresponds to £2 and $2;, connected, p; = 2 corresponds to £2¢ connected but £2,
disconnected. (Of course, by exchanging the words electric and magnetic the following
results may be adapted if it is the magnetic phase only which is connected!) Let I} :=
£2 NOEE (= 2 NOEE) be the interface between the two phases, when

p2 =1: I7 is assumed to be electrically and magnetically impermeable (9,,,¢° = 9,,,,¥° =

0) on I}® where n, and ny, = —n. denote the normal outward to £2{ and £2,
respectively;

p2 =2: the electric and magnetic potentials are assumed to be constant on each con-

nected component of I%;

p2 =3: I7 is assumed to be electrically impermeable while the magnetic potential has to

be constant on each connected component of I7°;

p2 =4 the role played by electricity and magnetism in the previous case (p; = 3) is ex-

changed.
Eventually, we assume that the electric and magnetic potentials take given values ¢y and
Yo on I%,, =32 NE, and I, := 382 N E,,, ¢ and o being fields defined on 2 that
we assume to be constant when p, # 1. In all cases, the body is clamped on I', C 982
which is assumed to be of positive two-dimensional Hausdorff measure, subjected to
body and surface forces on I'y = 952 \ Ip of densities f and g and there are no elec-

tric or magnetic charges. So if we assume that ¢, and v belong to H'(£2) and (f,g) to
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L*(£2;R3?) x L2(I'v; R3), a weak formulation of the equilibrium problem for the body is

Find s* = (u®, ¢°, ¥¢) in (0, ¢o, Yo) +H,1~D(.Q;R3) x V& x V&  st.

ep2 m,p2
(P) | Joe Me(el), Vo5©) - (e(v), V@) dix + [ Min(eu?), VI©) - (e(v), Vi) dix
= [of -vax+ [ g-vdHy V,¢,9) € Hp (23R%) x Vi, x Vi

epy 7 Vmpy
with
Ve = H;éext (€2:),
Vii={ve Hll"é,ext (£2¢,) with vanishing average on each connected
component of £27, whose boundary does not meet £2};
Vea 1= Hy (52¢),
Vi,={ve Hll"ni,ext (£2%) such that for all connected components 25 of 25,

m,

there exists C*() in R with ¥ := ¢ — C*'(¥) in Hy (25 };

& ._ /€ e _ Y/ .
Ve,3 o Ve,l’ m,3 — Vm,Z’
£ ._ /€ & _ Y€
Ve,4 T Ve,2’ Vm,S - Vm,l’

where for all open sets G of R”, H;(G; R") denotes the subspace of the Sobolev space
H'(G;R") made of the elements with vanishing trace on y included in the boundary 9G
of G.

By the Lax—Milgram lemma, (P°) has a unique solution s°. The very question is to study
the asymptotic behavior when ¢ goes to zero which will supply the effective behavior of
the heterogeneous body.

3 A convergence result
To study the convergence when ¢ goes to zero, we use the two-scale convergence method
[4] and recall the definition.

Definition 1 A sequence of functions v* in L(§2;R3) is said to two-scale converge to a
limit v* belonging to L?(£2 x Y;R3) if for any function 0 in D(§2; C3°(Y;R?)), we have

lim [ v*(x)-0(x,x/e)dx = f V(x,y) - 0(x, ) dx dy,
>0/ 2xy

where D(£2; C3°(Y;R?)) denotes the space of infinitely smooth and compactly supported

functions in £ with values in the space C°(Y;RR?) of infinitely smooth and Y-periodic

functions.

For any element 6 of L*(225;R”) or L*(£2¢,;R") we denote the extension by 0 to the re-
maining part of £2 by 6. By taking (v, ¢, ¥) = s° — (0, ¢bo, ¥) in the variational formulation of
(P*) we deduce that (uf, V£, Vr¢) are bounded in Hp (2;R%) x L2(2;R%) x L*(£2;R?).
The Poincaré or Poincaré—Wirtinger inequalities and the sharp estimate of [5]

AC(2)>0 s.t.

e

/ [v*dx < C(22) | |Vv[*dx VveH}. t(:28),
Qé Qé’ e,ext
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/ [v|>dx < C(.Q)/ |Vv[*dx Vv e Hj. t(.an) when 2 is connected
ngn ngn m,ex

show that ¢’3 is bounded in L2(£2) when p, = 1 or 3, the sequence (¢>’3 ¢o)/€ is bounded
in L%(£2) when p, = 2 or 4, 1//5 is bounded in L?(£2) when p = (1,1),(1,4), (1//‘ Yo)le
is bounded in L2(£2) when p = (1,2),(1,3),(2,1), (2,4), the sequence (¢ — C*(¥%))/s is
bounded in L?(£2) when p = (2,2) or (2, 3), C*(¢) being equal to C*(1/*) on the connected
component 25 of £2¢ . Then a standard result of two-scale convergence theory implies

the following.

Theorem 1 Let x. and xm be the characteristic functions of Y. and Yy, then there ex-
ists a unique (u,u',¢°, @', ¥, ") in Hi ($2;R%) x L*($2; Hy (Yn)/R?) x (o + H;(£2)) %
L2(82; Hp (Ye)/R) x (Yo + HA($2)) x L*(2; H} (Ym)/R) such that u® converges weakly toward
u® in HF, (2;R®) and e(u®) two-scale converges toward e(u’) + e,(u") and
p=0,1): (¢5,9°) and (V§:, V) two-scale converge toward (xe¢® xmy¥°) and
(Xe(V@° + V1), xim (VYO + Vy¥rh)), respectively, with

(1,00, 61, 0, ¥r1) € (0,0, 60,0, 10, 0) + Vi 15
Sy Xe@Me(e(u®) + e, (u'), Vo + Vyg')
(@) + e, (), Vg + V') dxdy
+ gy XmO)Min(e(®) + (), Vi + V,y)
(e()) + e, (™), V' + Vyy'Y) dxdy
=L@) Y',u" ¢, "y, e Vi,

= (2,1): (8%, (° — Yo)le) and (Voe, Vipe) two-scale converge toward (xe¢®, yr") and
(Xe(V@° + V), xm Vyyrt), respectively, with

@, u',¢°, @', ¥') € (0,0,¢0,0,0) + Va5
Jo oy XeWMe(e(u®) + ey(u'), Ve + V,01)
() + e,(u), V' + V,9'") dx dy
+ [y Xm)Mm(e(®) + e, (u'), Vyyrt) - (e(i) + ey(u*), Vy ') dxc dy
=Lw) YU ,M/1:¢ ,¢,1» W/l) € Vo,

pr=01,2): ((qb‘ Po)/&, (1/f’3 Yo)le) and (V¢5 Vlﬁ ) two-scale converge toward (¢, ¥!)
and (Vy¢*, V), respectively, with

@, u', ¢, y) € Vi
Jo vy XeWMe(e(u®) + ey(u'), Vyp') - (e() + ey(u), Vyp'™") dx dy
+ [y Xm)Mm(e(®) + e, (ul), Vyyrt) - (e(u) + ey(u*), Vy ') dxc dy
=L@) Y, u',¢"y") e Vi,
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=(2,2): ((¢5 do)/e, (Ve — Cg(l/f ))/e) and (quf VI/I) two-scale converge toward
(1) and (Vyp', Vyyrt), respectively, with

W, u', ¢, y) € Vo
Sy Xe()Me(e(u®) + ey(ul), V) - (e() + e, (), Vyp'") dx dy
+ oy XmDMm(e@®) + e, (), Vy ') - (e(') + e, (), Vy ") dx dy
=Lu) Y, u" ¢/1 Y € Vo,

p=(13): (¢, (1/” —o)/e) and (V§e, Ve two-scale converge toward (xe¢?,v") and
(xe(V@° + V,0"), V,yyrh), respectively, with

@°,u',¢°,¢", ") €(0,0,¢,0,0) + V1 35
Sory XxeWMe(e(u®) +ey(u), Vo + V,!) - (e() + €,(u), V@' + V, ") dx dy
+ [oy XmMm(e(@®) + e,(u?), Vyyr!) - (e() + ey(u™), Vyy'!) dx dy
=Lw) Y, u',¢ ¢y e Vi,

p=(2,3): (¢, (y* jE'_f/(lﬁg))/s) and (V§¢,Vire) two-scale converge toward (xe¢®, )
and (xe(V¢° + V,p'), V,yrt), respectively, with

@, u',¢°, ¢, ") €(0,0,¢0,0,0) + Vo 3;
Jo vy XeWMe(e(u®) +ey(u'), Vo + Vyo!) - (e() + e,(u*), Vo' + V,p'™") dx dy
+ fgx},xm(y)Mm(e(uo) + ey(ul) \Y wl) (e() + ey(u/l),Vyl///l)dxdy
=Lw) YW, u",¢,¢" Y") € Vs,

p=(L4): ((§° —o)/e, ¥*) and (V§,Viie) two-scale converge toward (¢, xm¥°) and
(Vy@h, xm(VYO + V,yrh)), respectively, with

@, u', ", ¥, %) €(0,0,0,v,0) + V14
Jary XM (e(u®) + e, (), Vyp) - (e(u') + e, (), V) ) dx dy
+ oy XmWMm(e@®) + e, ('), V© + V,yrh)
(e(w) + e,(u), VY + V¥ dxdy
=L) Y, uh ¢y y") € Vig,

p=2,4): ((¢¢ qbo)/s (1,08 Yo)le) and (Vq)*3 VI// ) two-scale converge toward (¢!, yrt)
and (Vy@', xmVy¥l), respectively, with

@, ul, 9", y') € Vous
Jowy Xe)Me(e(u®) + e,(u'), Vyp') - (e(u) + ey (), Vy™") dx dy
+ [y XmMm(e(@®) + e,(u'), Vyir!)
(e() + e, (), Vyyr') dx dy
=L@) Y, u',¢"Y") € Vo

Page 5of 7
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Here
L(u) ::/f~u’dx+/ g-udx Vu' e Hp (2;R%)
2 N
and

Vi1:=K1 X Ky x K3 x Ky x K5 x K, Va1 := K x Ky x Kz x Ky X K,
Vl,2 = 1(1 X 1(2 X 1(7 X 1(8) Vz,g = VLZ’
Vl,g = 1(1 X 1(2 X 1(3 X 1(4 X 1(8, Vz,g = Vl,g,

V1,4 = Kl X 1(2 X 1(7 X 1(3 X 1(6» V2,4 = 1(1 X I<2 X [(7 X [(6,
where

Ky =H} (R%),  Koy=L*(2;Hy(YV;R%)),  Ks=Ks=Hy($2),
Ky = L*(2; Hy(Y)/R), Ko = L*(2; Hy(Yn)/R), K7 =L*(2; Hy ,, (Y)/R),
Kg = L*(22;Hy (Y)/R),

with

H, (G; R") the completion with respect to the norm of H' (G R") of the
space made of the restriction to G of the elements of C;° (Y; R"),
Hy (Y)={¥ e Hi(Y)s.t. y =0on Y.},

Hy (V) ={¢ € Hi(Y) s.t. =0 on Y}

4 Physical interpretation
By eliminating the microscopic variables u', ¢!, ¥! we can characterize the nature of the
effective behavior.

When p = (1, 1), the body has a piezoelectromagnetic behavior with an electromagnetic
coupling involving the following effective piezoelectromagnetic tensor:

Mi= [ e MOESE) + 6, 76)]- (81 E) + (e), V')
[ (B ES) + (e, 794)) - [(EL )+ (el T )]y

where EX = (E,EXEX), k = 1,2,...,12, is any element of a basis S* x R® x R? and
(uF, %, %) are a solution to

Find (uX, %, ¥%) in V := (H}(Y;R3)/R3) x (HL(Ye)/R) x (H}(Y)/R);
Jy xeWMMe()(ES, ES) + (e(), VL)) - (e(w), Vo) dy
+ [y xm )M () (ES, ES) + (e(®), V) - (ew), Vi) dy
=L(u) Y(u,¢,¥)eV.

Page 6 of 7
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When p = (1,2), (2,2),(2,4), the effective material is purely elastic, electricity and mag-
netism are only involved in the building of the effective elasticity tensor by solving cell-
problems.

When p = (1,3),(2,1),(2,3), the effective material is piezoelectric, magnetism is only
involved in the building of the effective piezoelectric tensor.

When p = (1,4), the effective material is piezomagnetic and electricity is only involved
in the building of the effective piezomagnetic tensor.

5 Discussion and conclusions

From the mathematical point of view, the models obtained by [2, 3] were derived through
formal homogenization approaches such as asymptotic expansions and field-averaging.
The method presented here has the advantage of providing rigorous convergence results
but also to enlightening the strategic aspects that must be taken into account by an en-
gineer to design the proper multi-physical device with an effective electromagnetic cou-
pling. Thus to have full piezoelectromagnetic behavior each phase has to be connected
and the interface has to be impermeable. As the permeability/impermeability conditions
are handily obtained through an additional coating of the phases of the composite, this
opens the way for future investigations that will enrich our models.
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