N
N

N

HAL

open science

TEMPERATURE INFLUENCE ON SMART
STRUCTURES: A FIRST APPROACH
F Bonaldi, G Geymonat, F Krasucki, M Serpilli

» To cite this version:

F Bonaldi, G Geymonat, F Krasucki, M Serpilli.
STRUCTURES: A FIRST APPROACH. E. Onate, J. Oliver and A. Huerta. 11th World Congress on
Computational Mechanics (WCCM XI),, Jul 2014, Barcelona, Spain. pp.3357-3368, 2014, ISBN/ISSN :

9788494284472. hal-01121908

HAL Id: hal-01121908
https://hal.science/hal-01121908
Submitted on 2 Mar 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

TEMPERATURE INFLUENCE ON SMART


https://hal.science/hal-01121908
https://hal.archives-ouvertes.fr

11th World Congress on Computational Mechanics (WCCM XI)
5th European Conference on Computational Mechanics (ECCM V)
6th European Conference on Computational Fluid Dynamics (ECFD VI)

E. Onate, J. Oliver and A. Huerta (Eds)

TEMPERATURE INFLUENCE ON SMART STRUCTURES: A
FIRST APPROACH

F. Bonaldi', G. Geymonat?, F. Krasucki! and M. Serpilli®

! Institut de Mathématiques et de Modélisation de Montpellier, UMR-CNRS 5149,
Université Montpellier 2, Place Eugéne Bataillon, 34095 Montpellier Cedex 5, France
francesco.bonaldi@univ-montp2.fr, francoise.krasuckiQuniv-montp2.fr

) 2 Laboratoire de Mécanique des Solides, UMR-CNRS 7649,
Ecole Polytechnique, Route de Saclay, 91128 Palaiseau Cedex, France
giuseppe.geymonat@lms.polytechnique.fr

3 Department of Civil and Building Engineering, and Architecture,
Polytechnic University of Marche, via Brecce Bianche, 60131 Ancona, Italy
m.serpilli@univpm.it

Key words: continuum thermomechanics, piezoelectricity, piezomagnetism, pyroelectricity,
pyromagnetism, nondimensionalization, thin plates, multiscale problems

Abstract. We study a linear coupled thermo-electromagnetoelastic problem and the nondi-
mensionalization of the corresponding linear mixed parabolic-hyperbolic system. We deduce
from the quasi-static equations a thin thermo-electromagnetoelastic plate model through the
asymptotic expansions method.

1 Introduction

When an elastic structure € is subject to a system of external loads, it undergoes a
passive deformation. In the case of the smart structures, the strain state is constantly
under control with the help of sensors and actuators, made of piezoelectric and/or piezo-
magnetic materials, which are integrated within the structure. The goal of this work is
to enrich the classical piezoelectric and piezomagnetic models, by adding the energy bal-
ance, in order to take into account the influence of the temperature, that in some cases
cannot be neglected. For a description of the coupling between the physical quantities
and of the multiphysical phenomenologies occurring in such structures, as well as of their
applications, the reader can refer, e.g., to [1].

A distinctive feature of the problems encountered in applications is the presence of
several parameters, which show the coexistence of different scales when performing a
nondimensionalization procedure: for instance, the thickness of the piezoelectric layer
may be small with respect to the other dimensions of the structure, the temperature



F. Bonaldi, G. Geymonat, F. Krasucki and M. Serpilli

influence may be relevant only on certain unknowns or on certain parts of the multi-
structure, etc. In most situations the superimposition of two wave propagation phenom-
ena characterized by completely different velocities, as is the case with elastodynamic and
electromagnetic waves, entails an unworkable numerical treatment of the problem. This
issue can be addressed by resorting to a quasi-static model, which is justified by means
of a nondimensionalization procedure. Such a procedure was performed in [2] without
considering the temperature effects; an a priori quasi-static assumption on the electric
field was made in [3] and [4]. In the general situation considered in Section 2 the state
is defined by four unknowns (the displacement field, the electric field, the magnetic field
and the temperature), whose corresponding evolution equations are fully coupled in a
linear mixed parabolic-hyperbolic system. In Section 3 we carry out a formal nondimen-
sionalization of the equations, so as (i) to extend the results by [2] and (ii) to justify
the quasi-static assumption of [3] and [4]. In Section 4 we rapidly deduce by means of
the asymptotic expansions method a model of a thermo-electromagnetoelastic plate that
behaves simultaneously as a piezoelectric sensor and piezomagnetic actuator. Others sit-
uations (piezoelectric actuator and/or piezomagnetic sensor) can be treated in a similar
way.

2 Evolution equations

Let 2 C R3 denote an open bounded region of the usual three-dimensional euclidean
space, occupied by a material body made up of thermo-electromagnetoelastic material in
its reference configuration. We denote by x the typical point of €2 and by ¢ the time. In
order to study the evolution of our system, we resort to the point-wise balance equation
for three-dimensional continua, to Maxwell’s equations and to the linearized version of
the energy balance equation:

(pii — dive =f xe, t>0,

divD = p, x e, t>0,

divB =0 x e, t>0,

D-VxH=-J XEQ, t>0, (1)
B+VxE=0 xeQ t>0,

S—I—idivq(e):r x €Q, t>0.

T

where p > 0 is the mass density, p. the electric charge density, 7, > 0 the (constant)
reference temperature, o the Cauchy stress tensor, D the electric displacement, B the
magnetic induction, & the entropy per unit volume, 6 the temperature variation with
respect to Ty, q = q(f) the heat influx, f the body force, J an external current density,
r an external entropy supply, u the displacement field, E the electric field and H the
magnetic field. In the sequel, we shall assume p. =0 and J = 0.

Let e(u) := sym Vu be the strain tensor, and X := (u,E,H,6) the list of state
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quantities. We assume the material under study to exhibit a linear behavior, and thus
make the following constitutive assumptions:

o(X) = Ce(u) — PE — RH — 30,

D(X) = PTe(u) + XE + aH + p#,

B(X ):RT (u) + aE + MH + m/, (2)
S(X ) ce(u)+p-E+m-H+ 0,
q()Z—QW-

Here, C, P, B, X, M, Q and p denote, respectively, the fourth-order elasticity tensor, the
third-order piezoelectric tensor, the second-order thermal stress tensor, the second-order
electric permittivity tensor, the second-order magnetic permittivity tensor, the second-
order thermal conductivity tensor and the pyroelectric vector; in addition, we have set
¢y := ATy with A > 0 the specific heat per unit volume. All the usual hypotheses (see,

g., [4]) on these constitutive parameters remain unmodified here. We have introduced
further coupling parameters, namely, R, and m and a. We name R (a third-order tensor
with the same properties as P) the piezomagnetic tensor, m the pyromagnetic vector and
a the magnetoelectric tensor, which is assumed symmetric. By virtue of (2), system (1)
takes the form:

(pii — divCe(u) + divPE+divRH+divB0 =f  xeQ, >0,
div (PTe(u) + XE + aH + pf) =0 x€Q, t>0,
div (R"e(u) + aE + MH + mf) =0 xeQ, t>0,
A XE + PTe(dt) + «H 4+ pf — V x H =0 xeQ, t>0, (3)
MH + R”e (')+aE+m9+V><E 0 xe, t>0,
CUG—Fﬁ e(u)+p- E+m- H—,_ZlevQVQ—r xeQ, t>0.

This system is equipped with the following initial conditions, for all x € €2,
E(x,0) = Eg(x), H(x,0) = Ho(x), u(x,0) = up(x), u(x,0) = uy(x), 6(x,0) = Oy(x),

and with suitable boundary conditions. In particular, let £, > 0 and let n be the outer unit
normal vector field on 9; in addition, for any x € 99, let T(x) := I — n(x) ® n(x) be the
projector on the tangent plane to 9 in x (with I the identity tensor). We decompose the
boundary as follows: 9Q = 9Q; U 99y, with 9Q; N 9Ny = 0. We assign boundary values
pertaining to the state quantities on 02y x (0,y) and boundary values pertaining to the
derived fields on 02y x (0,ty), namely:

0'(2?)11 =g on d x (0,t), u=1u on 082 x (0,1y),
D(X)-n=d ond® x(0,4), TE=E ondQx (0,), n
B(X) - n=0 ondQ x(0,ty), TH=H on 09 x (0,%),
—q(f0) -m=p0 ond x (0,t,), 6O=409 on 082 x (0, 1),

3
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with E-n = H-n = 0. Existence and uniqueness of the solution of (3)-(4) can be proven
working in the framework of the semigroup theory [5].

3 Nondimensionalization of the equations

With a view toward justifying the quasi-static hypothesis, i.e., E = —Vy and
H = -V({, with ¢ and ¢ the electric and magnetic potential respectively, we nondi-
mensionalize system (3) disregarding equations (3), and (3);, which do not involve time
derivatives of the state quantities; we shall come back to these equations later on.

Let £ := diam ) = sup, ,cq [x — y| be the characteristic size of €, that we choose as
a length scale. Proceeding along the lines of 2], we introduce

Q+ :=sup ||Q(x)[|2, B+ :=sup||B(x)]2, Cyy 1= SUP Cy(X),
ISV €N e

py =sup [p(x)], my =supm(x)|, oy :=sup|la(x)|ls, Ry :=sup (|[R(x)"R(x)[2)
e e € e

and rewrite the constitutive parameters as:

Q(X) = Q+QT(%) 3 IB(X) = ﬁ‘kﬁ'r(%) )

CU(X) = Cy4Coyr (%) ) p(X> = p+pr(%) )

m(x) =mym, (%), ax)=a,a, (%), Rx)=RR,(¥).
A natural approach to nondimensionalize the temperature change 6 is to choose, as unit
of measurement, the reference temperature 7j:

t
G(X, t) = TO 97« (%, 7—_) .

where 7T is the typical time for an elastic wave to travel along distance L, i.e., such that
L =V,T, Vi = sup,cq supj,|—; maxicj<z Vj(x,v), where Vj(x,v) denotes the square
root of the j-th eigenvalue of the acoustic tensor! associated with propagation direction
v, evaluated at z.

As to the other unknowns and constitutive parameters, we make the same choices as

'We recall that the acoustic tensor A, associated with unit vector v (the propagation direction), a
tensor field over €2, is defined by the following condition:

Aya:=p 'Cla®v]y, VacR

where p is the density and C the elasticity tensor.

N|=
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in [2], namely,

X(x) = e X, (%), M(x) = po M, (%) ,
P(x)=P.P. (%), P —ilelg(llP(x)TP(x)llz)§7

where ¢y and pg are, respectively, the electric and magnetic permittivities of the vacuum.
We recall that the speed of light is given by ¢q = (EO/L())_%.

All in all, equations (3), and (3), to (3)s become (we still denote by x and ¢ the scaled
space and time variables):

prit, — div Cre(u,) + [P+E;]divPrEr+ [R+ }dwR H, + [m O:|d1 v 3,0, =f,
p+ V¥ P+_+ o
MH+[ };H ]RT (i) + Bzg} oK, + TSO;ITO] m, 0, + Lﬂi] [ ]v E, =0
e B [0 o (][] ]
| curr + [”ﬂﬁr- e(a,) + [pf*} (pr-B,) + mf] (m, - H,) - [MQV*;E] divQ, Vo, = r,,

()

where we have set A\, := ¢, T} in the last equation. All the equations hold for x € Q and

t > 0, with Q= {x/L : x € Q}, and all the coefficients between square parentheses are
dimensionless. As in [2]|, we now choose E* and H* such that

P.E* P, R.,H* R,
VeoE = /uoH” = d = .
« foft P Vi &b o p+VE  poH*
By setting 6 := =, we can rewrite equations (5), and (5), respectively as follows:

VxE,=-0 (M H, + kR7e(11,) + apco o, E, +Um7,9r>,

(6)
VxH, =0 (XE +xPle(i,) + apc o H, + pr@’”) ’

m+T0

with k1= —8— v = X = and ¢ 1= 2l
Viviopy? Vi /Hop+’ V+\/€OP+ Vi /eop+

By supposing T, ~ 293 K as a typical reference temperature, for a common thermo-
electromagnetoelastic material, we have [6] that § ~ 2-107°, a,cy ~ 0.75, k ~ 0.78,
v~ 34-1073, ¥ ~ 9 and ¢ ~ 0.03. Therefore, if the time derivatives on the right-hand
side of equations (6) remain bounded for any ¢ > 0, then, in the limit § — 0, we obtain:

VXE, =0« E,=—-Vyp, and VxH, =0« H, = -V(,

5
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i.e., the quasi-static hypothesis (the equivalence holds as we assume ) simply connected).
These statements can be proven rigorously by employing suitable mathematical tools, as
in [2]. As a result, we can remove equations (3), and (3), from system (3), introduce the
new list of state quantities X := (u, ¢, (,0) and rewrite (2) and (3) as:

(o(X) = Ce(u) + PVy + RV( — 36,

o
D(X) =PTe(u) — XV — aV( + pb,
B(X) = R7e(u) — aVy — MV( + m, (7)
SX)=pB:e(u)—p-Vo—m-V(+cHb,
La(f) = —QVo.
and
pu—dive(X)=f xeN, t>0,
divD(X) =0 xe), t>0,
divB(X) =0 XxEQ, t>0, (8)
5@7+%@wqw:r xeQ >0
0

\
4 Thin thermo-electromagnetoelastic plates: an asymptotic modeling
4.1 Statement of the problem

We now identify € with a plate-like region of thickness 2eh. More precisely, let w C R?
be a smooth domain in the plane spanned by vectors i, (o = 1,2), let 7y be a measurable
subset of the boundary v of the set w such that length v > 0, and let 0 < ¢ < 1 be an
dimensionless small real parameter which will tend to zero. For each ¢, we define

OF :=w x (—¢h,eh),
I'* := v x (—¢h,eh), 'y =w x {£eh}.

Hence the boundary of the set 2 is partitioned into the lateral face I'* and the upper and
lower faces I',. and I'®, and the lateral face is itself partitioned as I'* = (yo x (—¢h,eh))U
(71 X (—€h,eh)), where v; := v\ 0. We set I'§ := vy X (—eh,eh), I'; := v x (—¢h,ch) and
== I’y UTY. Let us remark that 0Q° = I U I'g=r<urs.

We suppose that the thermal, mechanical and electromagnetic coefficients are all inde-
pendent of e. However, the thermo-electromagnetoelastic state depends on €, i.e., we have
Xe = (uf, ¢, (%, 0°). Hence the derived tensor and vector fields depend on . Furthermore
we assume the source terms to depend on ¢ as well. Therefore the governing equations
(8) become:
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pu — divies(X°) = f° xeQ,t>0
diveDE(Xe) = 0 x €O, >0,
div'B(X¢) = 0 x €0, t>0, (9)

1
S (A7) + - divia (07) =17 x € 0%, 1> 0.
0

In order to define a well-posed problem the system (9) must be completed with
suitable boundary and initial conditions on the thermo-electromagnetoelastic state
Xa = (u€7(pa7 C679€>'

We assume at first that for ¢ > 0 the following thermo-mechanical boundary conditions
are satisfied on 0€)° :

{ u =0 on I'G, =0 on LG, (10)
o (X°)n® =g on " —q°(0°) -n®=p° onl*

As far as it concerns the electromagnetic boundary conditions, in the present paper, we
consider only those which lead to the so-called sensor-actuator problem (see |7, 8]). In
this case the plate behaves simultaneously as a piezoelectric sensor and a piezomagnetic
actuator. More precisely we assume that for ¢ > 0 the following electromagnetic boundary
conditions hold on 0€)° :

=0 on [, (¢ =(** on 'Y,
(11)
De(X¢) - n*=d* onl%, Bf(AX°)-n°=0 onl®,

where n°® = (ng

¢) is the outward normal unit vector to the boundary 09°.

The system (9), (10), (11) has to be completed with the initial conditions for the
displacement, the velocity and the temperature at time t = 0 on °:

w (x4, 0) = w(0) = u§ in O,
W (0) = us in O, (12)
0°(x%,0) = 6°(0) = 65 in Q.

where (uf, uj, 6§) are the given initial displacement, velocity and temperature.
In order to find a model of sensor-actuator thermo-electromagnetoelastic plate we study
the limit for ¢ — 0 of (X*¢,Q°).
Let 3¢ C 09)¢, we introduce the following functional spaces
V(QF,%9) = {v° € H'(Q); v*=0on X},
V(QF,39) i = {ve = (v5) € H'(Q%;R3); v*=0o0n X}.

We let (¢ := (¢ — 25, where 55 is a trace lifting in H'(Q°) of the boundary potentials (*
acting on I'e.. The variational formulation P¢ of the evolution problem (9), defined over

7
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the variable domain ¢, takes the following form

Find X5 € V(Q°,T5) x V(Q°,T°) x V(Q5,T5) x V(Q5,T%), t € (0,4) such that
AS(XE(t), V) = L7()7),

(13)
for all Y° = (v¥, 4%, €5, 1°) € V(Q5,T5) x V(Q,T%) x V(Q,T%) x V(Q°,T5), with initial
conditions (uj, uj, 65) and

AF(XE(1), V) 1= p7 (85, v7) o+ e, 1) + (6%, 1°) — o %) — (o, )+
+ay(u®, vo) + b(g®, v) — b(@/f )+ FE V)~ f
—e(0°, V%) + ap(¢7, ¥°) + ac(C7,6%) +9(C7,0%) + g
_d<987 ¢E) - 6(087 58) + a9<8€7 775)7
La(ye) = (f67 Va) + (gaa VE)L2(fE;]R3) + (Tav 7]8) + (Qav nE)LQ(fE) + (dgv we)L2(F§[)_
—ag(C, %) = f(C, V) + el €)= 9(C*, ),
where (-, -) is the scalar product in L?(Q2°) and the bilinear forms a,(-,-), ay(-,-), ac(-, "),
ag(+, "), b(+,-), c(+,-), d(+,-), e(-,+), f(+,+), g(+,-) are defined as follows:

a,(u®,v) := / Ce®(u°) : e°(vo)dx®, a,(¢®,¢%) = [ XV - VY©dx®,
= QE
ac(¢5,€%) = [ MV(® - VeEdx®, ag(6°,n°) == QV%"E Venfdx®,
Qe Qe TO
b(yF,u%) = / PVey® e (u¥)dx®, c(n°,u’) = / n° B3 : e (u®)dx®,
(i, ¢%) = / np - Voptdxt, e(n®, (%) = / nm - VECrdx®,
f(&,u®) = i RV*E® @ e°(u”)dx®, g(C5,0°) = / aVe(® - Voyptdx®.

4.2 Asymptotic expansions and limit model

In order to perform an asymptotic analysis, we need to transform problem (13), posed
on a variable domain ¢, onto a problem posed on a fixed domain € (independent of ¢).
We apply the usual change of variables (see [9]), and, thus, we define 2 := w x (—h, h),
To:= "0 X (=h,h), Ty ==~ x (=h,h), Ty :=w x {£h}, T =T, UT,.

With the unknown state X< := (u®, %, (%, 67) € V(Q5, 1) x V(Q°,I°) x V(Q°,T5) X
V(QF,T%), we associate the rescaled state X(g) := (u(e), p(¢),((e),0(c)) € V(Q,Ty) x
V(Q,F) x V(Q,Ty) x V(Q,Ty), defined by: ui(x5,t) = ua(e)(x,t), ui(x°,t) =
(e ), £ 0) = PO . SO ) = SO and 170 = 0l o)
for all x° = 7°x € O, t € (0,t), see [4, 10]. Same scahngs have been used for the test
functions.



F. Bonaldi, G. Geymonat, F. Krasucki and M. Serpilli

We can now reformulate the problem on the fixed domain €. It follows that for every
e > 0 the rescaled state X(¢) := (u(e), ¢(e),((€),0(¢c)) is the unique solution of the
following rescaled problem P(e):

{ Find X(c) € V(Q,To) x V(QT) x V(Q,TL) x V(Q,Ty), t € (0,#,) such that
A(e)(X(e)(1),Y) = L()(Y)

forall Y = (v,9,&,n) € V(Q,To) xV(Q,T)xV(Q,T1) x V(Q,Ty), with initial conditions
(11(), up, 0()) .

Since the rescaled problem (14) has a polynomial structure with respect to the small
parameter £, we can look for the solution X(¢) = (u(e), ¢(e), {(g),0(¢)) of the problem
as a series of powers of e: u(e) = u’ +eul +2u? + .., (&) = ¢ +ept + 2% + ..,
Cle) = (O 4 et +2C + ... and O(e) = 0° + 0" + €20 + .... By substituting the
asymptotic expansions above into the rescaled problem (14), and by identifying the terms
with identical power of £, we obtain, as customary, a set of variational problems, which has
to be solved in order to characterize the limit state X0 = (u’, ¢°, (%, 0°) and its associated
limit evolution problem. _ B

In the sequel we denote with f = (f,), (resp. F = (Faop)), o, 5 = 1,2, the physical
quantities, such as thermo-electromagnetoelastic coefficients and state variables, which
are reduced to the middle plane of the plate w. Besides, we use the following notations
V., div; and A, for the two-dimensional gradient, divergence and Laplacian operators,
respectively.

By means of the asymptotic analysis we derive a precise characterization of the limit
state quantities. Indeed, we obtain that the limit displacement field u® satisfies the
Kirchhoff-Love kinematical assumptions, so that

(14)

)

(%, 23) = ug(X) — 23V,w(X) and ug(X,z3) = w(X).
Moreover, we obtain that the limit electric potential ¢° and the limit variation of temper-
ature 6° are both independent of z3, i.e., ¥°(X,73) = ¢(x) and 0°(x, x3) = ¥(x). Finally,
the limit magnetic potential ¢° can be explicitly characterized as a second order polyno-
mial function of x3, depending on the transversal displacement w of the plate and on the
values of the applied magnetic potentials at the upper and lower surfaces I'y,

Co(iv 583) = sz(i)x’g’ (15>

k=0

where 20 = C++<_ + %2.7& V.V, 2t = <+2_h<_ and 22 = ——A V., V. w, with A := M
First we recall that v = (v, ) and T = (—w», 1) represent, respectively, the unit norrgrial

vector and the unit tangent vector to dw. Let us consider the classical functional spaces,

commonly used in the theory of linearly elastic plates, Vg(w,v) = {vy = (va) €

H'(w;R?); vy =0 on v} and Vs3(w,) := {vs € H*(w); v3 = d,v3 =0 on 7y}, the limit

9
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evolution problem decouples into two evolution subproblems, namely, the flexural problem
and the two-dimensional thermo-piezoelectric evolution problem. The main results are
claimed in Proposition 1 and 2.

Proposition 1 (The flexural problem). The flexural variational problem reads as follows
( Find w(t) € V3(w,%), t € (0,ty) such that

~ 2h3
/ {M(t) : V.V,u3 + TpVTT[)(t) -V, u3 + 2hp1'[)(t)v3} dx =

= / {§3v3 —Z- Vﬂ)g} dx + / {r3vs =1 V,u3}dy, for all vg € V3(w, ).
w 7

The strong formulation of the flexural problem takes the following form

(

div,div, M — 22 pA 1o + 2hpio = f in w x (0,),
w(0) = wp, w(0) =wy inw,

L?pVTw-V—diVTM-V—VT(MU-T)-Tz’g} on y1 %X (0,tp),
My -v =0 on v % (0,1g),
w=0,w=0 on 7o x (0, %),

\

where M := %AVTVT’LU represents the moment stress tensor of the plate, fg, = s3+div.£

and gz := 13 — £ - v + div,2 are the reduced transversal loads.

Proposition 2 (The two-dimensional thermo-piezoelectric evolution problem). The
thermo-piezoelectric evolution problem reads as follows

( Find (ug(t), d(t),9(t)), € Vi(w,v0) X V(w,v0) X V(w,70), t € (0,t5) such that
{5 8wa) + 2mpita(®) - vir ~ D) - o+ Sle) — ) - Vo ds =

/ {8 vir = [CIRs - &(ve) + A — [C]&s - Voo + ( + iia[C)n } dsct

T / [Fe v+ o} dy, for all (Vi ,n) € Vir(w,70) X V(@,7) % V(@,%).
\ 71

10
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The strong formulation of the thermo-piezoelectric evolution problem takes the form

;

2hpiig — div,N = § + fig[[VTC]] in w x (0,tp),
div,D = d + a; - V(] in w % (0,tp),
§+ div.q = h + ms[C] in w x (0,tg),
uy(0) = umo, up(0) =uns, J(0) =7y inw,

Nv =7 — [(Rsv on v1 % (0,1),
D-v=[(Ja v on 1 x (0,t),
—q-v=0 on 1 X (0,tg),
ugy =0, ¢=9=0 on v X (0,1g),

where B B _ _
N = 2(C B(uy) + PY, 0 — B0,
D := 2h(PT e(uy) — XV,¢ + pv),

S:=2h(B:e(uy) —p- Vo + &),
a = _%Qv7ﬂ7

represent, respectively, the membrane stress tensor, the reduced electric displacement field,
the reduced entropy and the reduced heat flow. [C] := ¢t — (~ denotes the jump of the
known magnetic potential between the upper and lower faces of the plate and s, J, ﬁ, T
and o are the reduced in-plane thermo-electromechanical charges.

__The reduced thermo-electromagnetoelastic coefficients ;&, (~3, f’, E, X, P, Cu, fig, Qs
Ms3, ms and Q are listed in the Appendix.

Remark. It is worthwhile noticing that the flexural behavior of the plate is completely
decoupled from its thermo-electromagnetic evolution counterpart. This is a classical result
of piezoelectric and piezomagnetic asymptotic plate theories (see [4, 10]).

The three-dimensional thermo-electromagnetic evolution problem reduces to a two-
dimensional thermo-piezoelectric evolution problem, defined over the middle plane of the
plate. The magnetic behavior enters into the evolution equations as a new magnetic load-
ing, depending on the jump of the applied magnetic potentials at the top and bottom
of the plate. This result is due to the explicit characterization of the magnetic potential
(15), typical of piezomagnetic actuators.
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5 Appendix

The components of the reduced thermo-electromagnetoelastic coefficients A C P, 3 X p
[ Rg, a3 Mss, m3 and Q are defined as follows:

A = €;1Ci313C323C333,

Arp = —%€4ijCis23Cjsss, Ao = —x€rijCis13Cis33,  Asp = — % €ijCiz13C)323,
é[ﬂa’fr = CO[,BO’T + 2Aikca[3i3co"rk3; Pi/ag = ]Diaﬁ + QquCa,BpSJDiqZ’»

Ry,5 = Raap + 28CapisRaks,  Blg = Bap — 28ikCapizPrs,

Xij = Xij — 28pgPip3 Pjgs, Mg := M3z — 28pq Rsp3 Rgs,
Qs i= 3 — 2804 Pip3R3g3, D = pi + 28pq Pip3By3,

my i=m3 + 20 R3i3fk3, ¢, := ¢ — 2833i3 63,

Qa3Qs3 ~ PhDh ~ v P sPsyr

Q Qaﬁ T T Qa3 Cy 1= Cy — X3, Coz,BO'T = Yafor + Xy
—~ Pl Xl ~ P/ &/ ~ Pl p/

. / 3a8“v03 DI 308%33 ol apP3
Pa'a,B = Pgaﬁ (;(/ ) R3oz,6’ = R3aﬂ 3(/ ’ 5015 = Pag Xés )
~ X' X! X/ —

— ! 383 ~ R P R / afgal
Xaﬁ = A T 03(—&3 y Q3 1= O3 7X§ 3, M33 = M33 - ‘}?-é;?’,

! / I / ~ ~
~ / Q33P3 =~ X Aq3P3 R R3aBR3m—
M3 = mh — —33-3 =pl — A = + ===,
3 3 Xfs Pa Pa Xé3 ) afoT afor Mas
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