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Abstract. We discuss rate-independent engineering models for multi-dimensional behavior of
ferroelectric materials. These models capture the non-linear and hysteretic behavior of such
materials. We show that these models can be formulated in an energetic framework which is
based on the elastic and the electric displacements as reversible variables and interior, irre-
versible variables like the remanent polarization. We provide quite general conditions on the
constitutive laws which guarantee the existence of a solution. Under more restrictive assump-
tions we are also able to establish uniqueness results.

1 INTRODUCTION

Ceramic materials and single crystals showing ferroelectric behavior are being used in many
applications in electronics and optics. A crystal is ferroelectric if it has a spontaneous polariza-
tion which can be reversed in sense or reoriented by the application of an electric field, larger
than the coercive field. Reversal is also known as switching. A large number of applications of
ferroelectric ceramics also exploit properties that are an indirect consequence of ferroelectric-
ity, such as dielectric, piezoelectric, pyroelectric, and electro-optic properties. Piezoelectricity
is the ability of certain crystalline materials to develop an electrical charge proportional to a
mechanical stress. It was discovered by the Curie brothers in 1880 (see Wikipedia). Piezoelec-
tric materials also show a converse effect, where a geometric strain (deformation) is produced
on the application of a voltage. Converse piezoelectricity was mathematically deduced from
fundamental thermodynamic principles by Lippmann in 1881 ( see Wikipedia). The permanent
electric dipole moment possessed by all pyroelectric (polar) materials may, in certain cases, be
reoriented by the application of an electric field. The above comments are meant to point out
that ferroelectric crystals are necessarily both pyroelectric and piezoelectric.
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Ferroelectricity is a phenomenon which was discovered in 1921 (see [16]). The name refers
to certain magnetic analogies, though it is somewhat misleading, as it has no connection with
iron (ferrum) at all. Ferroelectricity has also been called Seignette electricity, as Seignette or
Rochelle Salt (RS) was the first material found to show ferroelectric properties, such as a spon-
taneous polarization on cooling below the Curie point, ferroelectric domains, and a ferroelectric
hysteresis loop. A huge leap in the research on ferroelectric materials came in the 1950’s, lead-
ing to the widespread use of barium titanate (BaTiO3) based ceramics in capacitor applications
and piezoelectric transducer devices. Since then, many other ferroelectric ceramics including
lead titanate (PbTiO3), lead zirconate titanate (PZT), lead lanthanum zirconate titanate (PLZT),
and relaxor ferroelectrics like lead magnesium niobate (PMN), have been developed and uti-
lized for a variety of applications. With the development of ceramic processing and thin film
technology, many new applications have emerged. The biggest uses of ferroelectric ceramics
have been in areas such as dielectric ceramics for capacitor applications, ferroelectric thin films
for non volatile memories, piezoelectric materials for medical ultrasound imaging and actuators,
and electro-optic materials for data storage and displays.

The model proposed in Section 2 captures the hysteretic behavior of ferroelectrics, by keep-
ing in the mean time the general perspective for treating multi-axial behavior and complex
geometries. It is based on the rate-independent, three-dimensional models used in the engi-
neering literature, see [1, 2, 3,4, 5, 6, 7, 8, 9]. These models work in the framework of small
deformations and the quasistatic approximation for the elastic and electrostatic equilibria. How-
ever, certain internal variables (), like the remanent polarization, are history dependent by an
activation threshold and, thus, lead to a rate-independent evolution process.

We show that, using as primary reversible variables the elastic displacement u : 2 — R? and
the electric displacement D : R — RY, the process can be written in an energetic formulation
which is based on the stored-energy functional

5(t,u,D,Q):/QW(x,s(u),D,Q)+a(x,VQ)dx+/R i|D\2dx—<E(t),(u,D)>
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and a dissipation potential of the form

R(O(1)) = / Rz, Q(t,2))du.

Thus, we will be able to take advantage of the recently developed energetic approach to rate-
independent models, see [10, 11, 12] and the survey [13]. This energetic formulation was
originally developed for shape-memory alloys in [14, 15], but is now shown to apply for many
different rate-independent material models such as finite-strain elastoplasticity, damage, brittle
fracture, delamination and vortex pinning in superconductors.

The theory is based on a purely static stability condition (S) and the energy balance (E) which
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have to hold for all ¢ € [0, T7:

(S) &t u(t), D(t) < )) E(t,a,D,Q) + R(Q—Q()) forall @, D, ;
(B) &(t,u(t), D(t + Jy R(Q())d
t
:aamewwmw ﬁ@@(M%D®»®-
The major advantage of the formulation is that it does involve neither derivatives of the con-
stitutive functions W, o and R nor derivatives of the solution (u, D, @), since the dissipation
integral fot R(Q(s)))ds can be reformulated as a total variation.
We employ the abstract existence result for (S) & (E) from [10, 12, 13], which is reported in
Section 3, and apply it to our ferroelectric model at hand in Section 4. We provide conditions
on the constitutive functions W, o and R which allow us to prove existence of solutions for

(S) & (E) in suitable function spaces. In the last Section 5 we discuss the question of uniqueness,
which leads to severe restrictions on the constitutive functions W and «.

2 MODELING FOR FERROELECTRIC MATERIALS

Here we give a general description of a class of time-dependent models for ferroelectric materi-
als. Our class of models is stimulated by the engineering models from [3, 4, 5, 7, 8]. However,
we will rephrase the theory there in such a way that it can be formulated in terms of two en-
ergetic functionals, namely the stored energy £ and the pseudo-potential R for the dissipation.
Thus, we will be able to take advantage of the recently developed energetic approach to rate-
independent models, see [10, 11, 12] and the survey [13].

The basic quantities in the theory are the elastic displacement field u : 2 — R¢ and the electric
displacement field D : R? — R? Here, the electric displacement is also defined outside the
body, as interior polarization of a ferroelectric material generates an electric field £ and dis-
placement D in all of R? via the static Maxwell equation in R?. Commonly, the polarization P
is used for modeling, it is defined via

D=¢E+P, (1)

where ¢ is the dielectric constant (or permetivity) in the medium surrounding the body 2. Our
formulation stays with D, since it leads to a simple and consistent thermomechanical model.

In addition we use internal variables ) : 0 — R which, for instance, may be taken as a
remanent strain &..,;, Or a remanent polarization Rep,.

The stored-energy functional has the following form:

£tu.0.Q) = [ (W(x,e(U),D@)Jra(VQ)) dot [ SLIDPAr— (60, (1.D). @

A\Q 4€0

where W is the Helmholtz free energy and e(u) is the infinitesimal strain tensor given by

1
e(u) = 5(Vu+Vu NeR¥I:={eeR™ : e=€"}. 3)

sym

The nonlocal term «(z, V@) in £ usually takes the form §|VQ|2 with £ > 0. This term

3
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penalizes rapid changes of the internal variable by introducing a length scale which determines
the minimal width of the interfaces between domains of different polarization.
The external loading ¢(t) depends on the process time ¢ and is usually given by

(e(t), (u, D)) :/ Eext(t,x)-D(x)dm—I—/vaol(t,x)-u(a:)dx—l— fout(t, x)-u(x) da(z),

Rd 1—‘Neu
“4)
where Fey, fyvor and for are applied, external fields.
For the dissipation potential R we take the very simple form
R(Q) = [ Rl Q) ds, 5)
Q

where R(z,-) : R% — [0, c0) is a convex function which is positively homogeneous of degree
1. Note that the dissipation potential acts on the rate () = %Q of the internal variable only. The
classical way to describe dissipation in ferroelectrics is a switching function in the from

0
O(z, Xg) <0 with X = @W — div(Da(VQ)). (6)
This is equivalent to our dissipation potential R by the relation
R(z,Q) = max{ Q- X : ®(z,Xy) <0} (7)

To formulate the rate-independent evolution law we use the thermomechanically conjugated
forces

9] W onQ
g = £W S RdXd, E = { iDD g;l R:j \ Q ’ XQ S RdQJ (8)
€0

where o is the stress tensor and £ the electric field. The elastic equilibrium equation and the
Maxwell equations read

—divo + fu(t,r) =0 in €, ©)
divD = 0and curl(F — E(t,-)) =0 inR%,
where curl E is defined as VE—(VE)T for general dimensions.
The evolution of () follows the following force balance law:
0 € OR(z, Q) + Xo. (10)

where OR(z, -) is the subdifferential of the convex function R(z,-).

We now want to rewrite these equations, at least formally, as equations in function spaces.
For this purpose we introduce a suitable state space )V = F x Q as follows. The space F
contains the functions v and D and takes the form

F =H x L&, (RY), where L2, (R?) := {9 € L*(R%R?Y) : divey =01}

and H is a closed affine subspace of H!(£2; RY). The space Q contains the internal state func-
tions () and is taken to be W' (Q; R9@) for a suitable g¢ > 1.
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Using the well-known fact (cf. [17], Thm.1.4) that the total space L?(R%; R¢) decomposes in
an orthogonal way into the two closed subspaces L2, (R?) and

Lin(RY) = {¢ € L*(R%RY) « curly =0}
we obtain the following result.

Proposition 2.1 Denote by DpE(t,u, D, Q)[D ] the Gateaux derivative of £ in the direction D.
Then, we have

(vf) e L2 (RY) : Dp&(t,u, D,Q)[D] = o) =  cwl(E - Eou(t,’)) =0 in R

Thus, we implement the Maxwell equations simply by choosing a suitable function space
and the condition Dp&(t, u, D, Q) = 0.

Similarly, the elastic equilibrium is obtained by D, E(t, u, D, Q) = 0. The dissipative force
balance can also be rewritten in functional and thus the full problem may be written as

D.&(t, u(t), D(t),Q(t)) =0, Dp&(t,u(t), D(t), Q1)) =0,
0 € OR(Q(t)) + D& (t, u(t), D(t), Q(1)).

In fact, our theory is not based on the force balance (11). Instead, following [13, 14, 15], we
use a weaker formulation which is based on energies only. This energetic formulation avoids
derivatives of £ and of the solution (u, D, Q). Under suitable smoothness and convexity as-
sumptions (see Section 5) the energetic formulation is equivalent to (11). We call (u, D, Q) an
energetic solution of the problem associated with £ and R, if for all ¢t € [0,7] the stability
condition (S) and the energy balance (E) hold:

) 6<t,u<t>,D<t> Q( >> < &(t,a,D @) + R(Q-Q(t)) for all @, D, Q;
(B) &(t,u(t), D(t )+ fo ( )
= &(0,u(0 ),D : —fO ), (u(s), D(s)))ds.
Using the following abstract result, we will show that the energetic formulation (S) & (E) has
solutions for suitable initial data, if the constitutive functions W, o« and R satisfy reasonable

continuity and convexity assumptions. Then, we will discuss stronger conditions which imply
uniqueness.

(1)

(12)

3 EXISTENCE OF SOLUTIONS IN THE GENERAL CASE

We next recall the concept of energetic solution. Consider the set ) = F X Z as the basic state
space. Whenever possible, we will write y instead of (i, z) to shorten notation. Note that the
splitting is done such that changes in z involve dissipation, whereas those of ¢ do not. In the
section above (u, D) takes the rdle of ¢ and () is the internal variable z.

The state space ) is equipped with a Hausdorff topology 7 = 77 x 7z and we denote by

Yk 2, Y, Ok St @ and 2 2 2 the corresponding convergence of sequences.
The first ingredient of the energetic formulation is the dissipation distance D : Z X Z —
[0, oo], which is a semi-distance (see (A1) below). For a given curve z : [0,7] — Z we define

5
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the total dissipation on [s, ¢] via
Dissp(z; [s,1]) = sup{ 3% D(2(7;_1), 2(1;)) : NEN, s=19<7 < - - <Ty=t }. (13)

The second ingredient is the energy-storage functional £ : [0, 7] x Y — R, := RU {o0}.
Here, t € [0,T] plays the rdle of a (very slow) process time which changes the underlying
system via changing loading conditions. We assume that for all y with £(¢,y,) < oo, the
function R > ¢ — £(t, y.) € Ris differentiable.

Definition 3.1 A curve y = (p,2) : [0,T] — Y = F x Z is called an energetic solution of
the rate-independent system associated with (D, E), if t — 0,E(t,y(t)) is integrable and if the
global stability (S) and the energy balance (E) hold for all t € [0,T):

(S) Forally = (¢,%2) € Y we have £(t,y(t)) < E(t,y) + D(z(1), 2).

(E) £(t,y(t)) + Dissp(z: 0,1]) = £(0,5(0)) + Jy A& (. y(r)) dr.

To prove our existence result we impose the conditions (A1), (A2) and (A3) on the dissipa-
tion distance D:
(1) Vzi,220€ Z: D(21,22) =0 <= 21 =29,
(il)) Vz1,29,23 € Z: D(z1,23) < D(z1, 22) + D(22, 23).
Here, (i) is the classical positivity of a distance and (i1) the triangle inequality. Note that we

allow the value oo, and that we do not enforce symmetry, i.e., D(z1, 22) # D(z2, 21) is allowed,
as this is needed in many applications.

(AL)

For any sequence (z)x and any z in Z we have: (A2)
min{D(z,2),D(z,2,)} — 0fork — 00 = 2z 2 2 for k — oo.
D:2Zx 2 —[0,00] iscontinuous. (A3)
For the energy functional £ we impose the conditions (A4), (A5) and (A6):
E(t,) : Y — R has compact sublevels V¢ € [0, T]. (A4)
Here the sublevels L, . of £(t, -) are defined as usual by L, . :={y €Y : E(t,y) <e}.
There exist cg), c(bg) > 0 such that for all y, € ) :
If £(t,y.) < oo, then 0:E(+,ys) : [0,T] — R is measurable (AS)
and [0,E (1, )| < e (E(L,y.)+).
VE*>0Ve>030>0: E(t,y) < FE*and|t—s| <0
= |6t€(t7 y)_atg(s7 y)l <é&.

The following existence result is proved in [10, 13].

(A6)

Theorem 3.2 Assume that £ and D satisfy the hypotheses (A1)—(A6) and that the initial datum
yo € Y is stable (i.e., yo satisfies (S) at t = 0), then there exists a solutiony = (¢, z) : [0,T] —
Y of (S) & (E) with y(0) = yo.
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Moreover, any solution of (S) & (E) with y(0) = vy satisfies the a priori estimates
E(t,y (1) < (' +E(0,y0)) o5 — cff

_ ) o } fort €[0,T].
Dissp(y; [0,1]) < (¢ +&(0,40)) e

4 EXISTENCE THEOREM FOR FERROELECTRIC MODELS

To apply the above abstract theory, we need the following standard result in linearized elasticity.
It allows us to obtain the desired coercivity of the energy functional which is used to establish
condition (A4).

Proposition 4.1 (Korn’s inequality) Let Q) C RY be a nonempty connected open bounded set,
with Lipschitz boundary T, and let I'n;, be a measurable subset of I, such that fFD~ 1da > 0.

Given a function u € H'(Q,R?), the linearized strain tensor € is defined by (3). Then, there
exists a constant k > 0, such that

||u||2H1 < k/Q le(w)|*dz  forallu € H%Dir(Q,Rd) ={ve Hl(Q,Rd) DU, =0} (14)

We now provide conditions on the constitutive functions I/, o and R, such that the above
abstract theory can be applied for our ferroelectricity model defined via the energy functional £
in (2) and the dissipation potential R in (5).

The first assumption concerns the domain and the Dirichlet boundary:

Q) and I, satisfy the assumptions of Proposition 4.1. (BO)
The function R : Q x R — [0, co) satisfies

ReC'(QxR%) and 3cp,Cr >0VV €R% : ch|V| < R(x,V) < CrlV|. (B

Vo eQ: R(x,-):R% — [0,00) is 1-homogeneous and convex. (B2)
The functions W and « have to fulfill the following three conditions:
W Qx ngxn‘f x R? x R% — [0, 00) is a Caratheodory function, (B3)
which means that for each (e, D, @)) the function W (-, &, D, Q) is measurable on {2 and for a.e.
€ 2 the mapping W (z, -, -, -) is continuous on R%:¢ x RY x Re.
Jee,Ce >0, ¢> 1V (x,e,D,Q,V) € R x R? x Rie x R% (B4)
W(z,e,D,Q) +a(V) = ce(le]” + [D[* + Q7 + [V|?) — Ce.
o : R%*d — R is convex and
V(z,Q) € QxR%: W(x,-,-,Q): Ry x RT — R is convex. (5)
For the external loading ¢(t) we assume
¢ € C([0,T), (Hr,, (2 RY))" x L, (RY)"). (B6)

7
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We now relate the concrete ferroelectric model to the abstract one by choosing the function
spaces first:

F =Hp, (2R eak X L3y (R weak  and  Z = L' (2, R)y0n.

Here the subscripts “weak” and “strong” indicate whether we use the weak or the strong (norm)
topology in the corresponding Banach spaces. The dissipation distance D is related to R by

D(Qo, Q1) = R(Q1—Qo) = / R(z, Q1 (2)—Qolx)) da. (15)

Q
The functional £ is defined on [0,7] x F x Z via (2), where £(t,u, D, Q) takes the value
+o00, if Q ¢ WH4(Q; R%), or if the integrand is not in L!(2). With these choices, the abstract
energetic problem of Definition 3.1 leads us exactly to the energetic problem (S) & (E) for the
ferroelectric model as defined in (12).

Thus, our first main result will be proved by checking the assumptions of the abstract exis-
tence theorem 3.2 from above.

Theorem 4.2 (Existence theorem)

If the assumptions (BO)—(B6) hold, then for each stable initial condition (ug, Dy, Qo) € F X Z
the energetic problem (S) & (E) in (12) has a solution (u,D,Q) : [0,T] — F x Z, with
(u(0), D(0),Q(0)) = (uo, Do, Qo), which satisfies

(u, D, Q) € L>([0, T}; Hy, (4 RY) x L (RY) x WH(Q;R™)).

5 UNIQUENESS OF SOLUTIONS

Uniqueness results in rate-independent hysteresis models are rather exceptional, as they need
strong assumptions on the nonlinearities. We now show that suitable restrictions on our ferro-
electric model leads to uniqueness of solutions. However, it is unclear whether these restrictions
are still compatible with models which are useful in practice.

First of all, the theory has to be restricted to a Hilbert space setting, and we let

Vo = Hly (2 RY) x L, (RY) x H'(R%).

We still assume that the conditions (BO)—(B6) hold, but now with ¢ = 2. We will add further
condition below, such that we are able to apply the following abstract result [11, Thm. 7.4].

It is formulated on a general Hilbert space )y with functionals £ : [0,7] x Yy — R and
R : Yy — R. The following conditions are imposed:

R : Vg — [0, 00) is continuous, convex and 1-homogeneous. (ChH

£ € CHP([0,T] x Yy, R) and

Veo 3C >0 Vy; with £(0,y) < eg: |[DE(L )l [D*E(E, y)ll < C, (C2)
ID2E(t, y1)—D2E (L, yo)ll < Cllyr—yoll.

Ja>0Yv,y € Vy: (D*E(t,y)v,v) > alv|? (C3)
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Theorem 5.1 If the conditions (C1)—(C3) and (AS) hold, then the energetic problem (S) & (E)
has for each stable initial datum yo € Yy a unique solution y : [0,T] — Vg with y(0) = yo.
This solution satisfies y € CYP([0,T); Yy) and depends Lipschitz continuously on the initial
data. Moreover, these solutions satisfy the differential inclusion

0€ dR(y(t)) + DE(t,y(t)) forae te0,T),

which is equivalent to the quasi-variational inequality
(Vv € Vu: (DE(,y(t)), v—y(t)) + R(y(t)) > 0) fora.e. t €[0,T].

In our ferroelectric model the new assumptions (C1)—(C3) can be satisfied only in the pre-
sence of the following additional conditions:

a(z,VQ) = %(AQ($>VQ, V@) withayl < Ag(zr) < a1l ae. onQ, (16)

where a; > a¢ > 0.

W(r,e D,Q) = ~(Ax) ( £~ o7, Q) ) , (8_8”‘“(1"’ 9 )> + Whaa (2, Bem),  (17)

2 D_-Prem(va) D_Pl“em(xa Q)
where A(z) = (_g(f()z) _ﬁg)) is assumed to be bounded and uniformly positive definite on
]Rdxd % Rd
sym .

Whara € L®(; C*(R™@) and 3C' > 0V, Q : [DEW (2, Q)| < C(1+|Q[)*"°. (18)

(&em» Pem) € L*(€; C*(R%; RET X RY)),  pq > 6 and
3C > 0V2,Q 1 [Dy&em(z, Q)] DG Rem(z, Q)] < C(1+|Q)) #4072,

Note that the restriction p; = 2d/(d—2) > 6 leads to the restriction d < 3.
The final condition to be added is a uniform convexity on the sum of W and «:

Jeg > 0Va,e,D,Q: DI o W(x,e,D,Q) > col. (20)

Note that this condition is stronger than (B5), where convexity in () was not needed.

(19)

Theorem 5.2 Assume d € {2,3} and { € C*([0, T]; F.). Moreover, let the conditions
(B0)—(B4) with g = 2 and the conditions (16)—(20) be satisfied. Then, the energetic formulation
(S) & (E) has for each stable initial datum yo = (ug, Do, Qo) a unique solution y = (u, D, Q) :
0,T] — Yo = Hll“D;r(Q; Rd) X L?hv(Rd) X HQ(Q;RdQ).

Moreover, other conclusions of Theorem 5.1 hold as well.

As a conclusion, we may say that it is possible to prove existence results for slight modifi-

cations of the engineering models. However, for the presently developed uniqueness theory the
conditions are very restrictive and seem to contradict most useful models.



Alexander Mielke and Aida M. Timofte

REFERENCES

[1] J.E. Huber and N.A. Fleck, Multi-axial electrical switching of a ferroelectric: theory versus
experiment, J. Mech. Phys. Solids, 49, 785-811, 2001

[2] J.E. Huber, N.A. Fleck, C.M. Landis and R.M. McMeeking, A constitutive model for fer-
roelectric polycrystals, J. Mech. Phys. Solids, 47, 1663-1697 (1999)

[3] M. Kamlah, Ferroelectric and ferroelastic piezoceramics-modelling of electromechanical
hysteresis phenomena, Continuum Mech.Thermodyn., 13, 219-268 (2001)

[4] M. Kamlah and Q. Jiang, A model for PZT ceramics under uni-axial loading,
Forschungszentrum Karlsruhe, FZKA 6211, 1998

[5] M. Kamlah and Z. Wang, A thermodynamically and microscopically motivated constitutive
model for piezoceramics, Comput. Materials Science, 28, 409-418, (2003)

[6] G.A. Maugin and E. Bassiouny, Continuum thermodynamics of electromechanical hystere-
sis in ceramics, Continuum mechanics and its applications, 225-235, Hemisphere, New
York (1989)

[7] R. McMeeking and C. Landis, A phenomenological multi-axial constitutive law for switch-
ing in polycrystalline ferroelectric ceramics, Internat. J. Engrg. Sci, 40, 1553-1557 (2002)

[8] H. Romanowski and J. Schroder, Modelling of the nonlinear ferroelectric hysteresis within
a thermodynamically consistent framework, Proceedings of STAMM 2004, Darmstadt, to
appear

[9] Y. Shu and K. Bhattacharya, Domain Patterns and Macroscopic Behavior of Ferroelectric
Materials, Phil Mag. B, 81, 2021-2054 (2001)

[10] G. Francfort and A. Mielke, Existence results for a class of rate-independent material
models with non-convex elastic energies, J. reine angew. Math., to appear

[11] A. Mielke and F. Theil, On rate-independent hysteresis models, Nonl. Diff. Eqns.
Appl.(NoDEA), 11, 151-189 (2004)

[12] A. Mainik and A. Mielke, Existence results for energetic models for rate-independent
systems, Calc. Var. PDSs, 22, 73-99 (2005)

[13] A. Mielke, Evolution in rate-independent systems, Handbook of Differential Equations II,
Evolutionary Equations, Elsevier B.V., 2, 461-559, (2005)

[14] A. Mielke and F.Theil, A mathematical model for rate—independent phase transforma-
tions with hysteresis, Proceedings of the Workshop on “Models of Continuum Mechanics
in Analysis and Engineering”, 117-129, Shaker-Verlag (1999)

[15] A. Mielke, F. Theil and V. Levitas, A variational formulation of rate-independent phase
transformations using an extremum principle, Arch. Rational Mech. Anal., 162, 137-177
(2002)

[16] J. Fousek, Applications of Ferroelectrics, Proceedings of the Ninth IEEE International
Symposium, 1-5 (1991)

[17] R. Temam, Navier-Stokes equations, volume 2 of Studies in Mathematics and its Applica-
tions, North-Holland Publishing Co., Amsterdam, third edition, 1984

10



