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A FRICTIONAL CONTACT PROBLEM FOR AN
ELECTRO-VISCOELASTIC BODY

ZHOR LERGUET, MEIR SHILLOR, MIRCEA SOFONEA

ABSTRACT. A mathematical model which describes the quasistatic frictional
contact between a piezoelectric body and a deformable conductive foundation
is studied. A nonlinear electro-viscoelastic constitutive law is used to model
the piezoelectric material. Contact is described with the normal compliance
condition, a version of Coulomb’s law of dry friction, and a regularized elec-
trical conductivity condition. A variational formulation of the model, in the
form of a coupled system for the displacements and the electric potential, is
derived. The existence of a unique weak solution of the model is established
under a smallness assumption on the surface conductance. The proof is based
on arguments of evolutionary variational inequalities and fixed points of oper-
ators.

1. INTRODUCTION

Considerable progress has been achieved recently in modeling, mathematical
analysis and numerical simulations of various contact processes and, as a result,
a general Mathematical Theory of Contact Mechanics (MTCM) is currently ma-
turing. It is concerned with the mathematical structures which underlie general
contact problems with different constitutive laws (i.e., different materials), varied
geometries and settings, and different contact conditions, see for instance [5], [I5] [1§]
and the references therein. The theory’s aim is to provide a sound, clear and rig-
orous background for the constructions of models for contact between deformable
bodies; proving existence, uniqueness and regularity results; assigning precise mean-
ing to solutions; and the necessary setting for finite element approximations of the
solutions.

There is a considerable interest in frictional or frictionless contact problems in-
volving piezoelectric materials, see for instance [2] [9] [17] and the references therein.
Indeed, many actuators and sensors in engineering controls are made of piezoelec-
tric ceramics. However, there exists virtually no mathematical results about contact
problems for such materials and there is a need to expand the MTCM to include
the coupling between the mechanical and electrical material properties.

The piezoelectric effect is characterized by such a coupling between the mechani-
cal and electrical properties of the materials. This coupling, leads to the appearance
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of electric field in the presence of a mechanical stress, and conversely, mechanical
stress is generated when electric potential is applied. The first effect is used in
sensors, and the reverse effect is used in actuators.

On a nano-scale, the piezoelectric phenomenon arises from a nonuniform charge
distribution within a crystal’s unit cell. When such a crystal is deformed mechani-
cally, the positive and negative charges are displaced by a different amount causing
the appearance of electric polarization. So, while the overall crystal remains elec-
trically neutral, an electric polarization is formed within the crystal. This electric
polarization due to mechanical stress is called piezoelectricity. A deformable mate-
rial which exhibits such a behavior is called a piezoelectric material. Piezoelectric
materials for which the mechanical properties are elastic are also called electro-
elastic materials and piezoelectric materials for which the mechanical properties
are viscoelastic are also called electro-viscoelastic materials.

Only some materials exhibit sufficient piezoelectricity to be useful in applica-
tions. These include quartz, Rochelle salt, lead titanate zirconate ceramics, barium
titanate, and polyvinylidene flouride (a polymer film), and are used extensively as
switches and actuators in many engineering systems, in radioelectronics, electroa-
coustics and in measuring equipment. General models for electro-elastic materials
can be found in [I1] 12] and, more recently, in [I} [6, 13]. A static and a slip-
dependent frictional contact problems for electro-elastic materials were studied in
[20 O and in [16], respectively. A contact problem with normal compliance for
electro-viscoelastic materials was investigated in [I7]. In the last two references the
foundation was assumed to be insulated. The variational formulations of the cor-
responding problems were derived and existence and uniqueness of weak solutions
were obtained.

Here we continue this line of research and study a quasistatic frictionless contact
problem for an electro-viscoelastic material, in the framework of the MTCM, when
the foundation is conductive; our interest is to describe a physical process in which
both contact, friction and piezoelectric effect are involved, and to show that the
resulting model leads to a well-posed mathematical problem. Taking into account
the conductivity of the foundation leads to new and nonstandard boundary condi-
tions on the contact surface, which involve a coupling between the mechanical and
the electrical unknowns, and represents the main novelty in this work.

The rest of the paper is structured as follows. In Section 2 we describe the
model of the frictional contact process between an electro-viscoelastic body and a
conductive deformable foundation. In Section 3 we introduce some notation, list the
assumptions on the problem’s data, and derive the variational formulation of the
model. It consists of a variational inequality for the displacement field coupled with
a nonlinear time-dependent variational equation for the electric potential. We state
our main result, the existence of a unique weak solution to the model in Theorem
The proof of the theorem is provided in Section 4, where it is carried out in
several steps and is based on arguments of evolutionary inequalities with monotone
operators, and a fixed point theorem. The paper concludes in Section 5.

2. THE MODEL

We consider a body made of a piezoelectric material which occupies the domain
Q C R? (d = 2,3) with a smooth boundary dQ = I' and a unit outward normal v.
The body is acted upon by body forces of density fy and has volume free electric
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charges of density qp. It is also constrained mechanically and electrically on the
boundary. To describe these conditions, we assume a partition of I" into three open
disjoint parts I'p, I'y and ', on the one hand, and a partition of I'p U T'y into
two open parts I'; and I'y, on the other hand. We assume that measT'p > 0
and measT', > 0; these conditions allow the use of coercivity arguments which
guarantee the uniqueness of the solution for the model. The body is clamped on
I'p and, therefore, the displacement field u = (uy, ..., uq) vanishes there. Surface
tractions of density fy act on I'y. We also assume that the electrical potential
vanishes on I', and a surface free electrical charge of density ¢ is prescribed on
I'y. In the reference configuration the body may come in contact over I'c with a
conductive obstacle, which is also called the foundation. The contact is frictional
and is modelled with the normal compliance condition and a version of Coulomb’s
law of dry friction. Also, there may be electrical charges on the part of the body
which is in contact with the foundation and which vanish when contact is lost.

We are interested in the evolution of the deformation of the body and of the elec-
tric potential on the time interval [0,7T]. The process is assumed to be isothermal,
electrically static, i.e., all radiation effects are neglected, and mechanically qua-
sistatic; i.e., the inertial terms in the momentum balance equations are neglected.
We denote by x € QUT and ¢ € [0, T] the spatial and the time variable, respectively,
and, to simplify the notation, we do not indicate in what follows the dependence
of various functions on x and ¢. In this paper ¢,j,k,l = 1,...,d, summation over
two repeated indices is implied, and the index that follows a comma represents the
partial derivative with respect to the corresponding component of x. A dot over a
variable represents the time derivative.

We use the notation S? for the space of second order symmetric tensors on R?

and “-7 and | - || represent the inner product and the Euclidean norm on S¢
and R?, respectively, that is u-v = wv;, |[v|] = (v -v)"2 for u,v € R? and
-1 =047, |T| = (T-7)Y/2 for ¢, 7 € S. We also use the usual notation for the

normal components and the tangential parts of vectors and tensors, respectively,
by u, =u-v, u; =u—uyv, o, = o;vv;, and o, = oV — o, V.
The classical model for the process is as follows.

Problem 7P. Find a displacement field u : Q x [0,7] — R a stress field o :
QO x[0,T] — S%, an electric potential ¢ : 2x [0, T] — R and an electric displacement
field D : Q x [0,T] — R? such that

o =Ae(a) + Be(u) — E'E(p) in Qx(0,T), (2.1)
D = &e(u) + BE(p) in Qx (0,7), (2.2)
Dive +f, =0 inQx (0,T), (2.3)
divD —go =0 inQx (0,7), (2.4)
u=0 onTpx(0,7), (2.5)
ov=1fy onTyx(0,T), (2.6)
0y =pu(uy —g) onTe,x(0,7), (2.7)
o]l < pr(uw — 9),
i, £ 0= o, = —p,(u, — g)H‘;—:” on T'c x (0,7), (2.8)

=0 onT,x(0,T), (2.9)
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D-v=gq onT,x(0,T), (2.10)
D-v=1y(u, —g)¢rle — o) onTcx(0,T), (2.11)
u(0) =uy in . (2.12)

We now describe problem 7 and provide explanation of the equations
and the boundary conditions.

First, equations and represent the electro-viscoelastic constitutive law
in which o = (0;;) is the stress tensor, e(u) denotes the linearized strain tensor, A
and B are the viscosity and elasticity operators, respectively, € = (e;;) represents
the third-order piezoelectric tensor, £* is its transpose, 8 = (0;;) denotes the
electric permittivity tensor, and D = (Dy,...,Dy) is the electric displacement
vector. Since we use the electrostatic approximation, the electric field satisfies
E(p) = —V ¢, where ¢ is the electric potential.

We recall that e(u) = (g;;(u)) and €;;(u) = (u;; + u;,;)/2. The tensors £ and
E* satisfy the equality

Eo-v=0-EV Va':(oij)GSd, v e RY,

and the components of the tensor £* are given by efjk = €hij-

A viscoelastic Kelvin-Voigt constitutive relation (see [5] for details) is given in
, in which the dependence of the stress on the electric field is takes into account.
Relation describes a linear dependence of the electric displacement field D on
the strain and electric fields; such a relation has been frequently employed in the
literature (see, e.g., [I, 2, [13] and the references therein). In the linear case, the

constitutive laws ([2.1)) and (2.2)) read
Oij = Qijki€r,1(0) + bijricr (1) — erijo,k,
D; = eijrejr(0) + Bijp,j
where a;jki, bijii, Bi; are the components of the tensors A, B and 3, respectively,
and ¢,; = 0p/0z;.
Next, equations (2.3)) and (2.4) are the steady equations for the stress and

electric-displacement fields, respectively, in which “Div” and “div” denote the di-
vergence operator for tensor and vector valued functions, i.e.,

Dive = (O'ij’j), divD = (Dl’z)
We use these equations since the process is assumed to be mechanically quasistatic
and electrically static.

Conditions (2.5) and (2.6) are the displacement and traction boundary con-
ditions, Where an represent, the electric boundary conditions; the
displacement field and the electrical potential vanish on I'p and I'y, respectively,
while the forces and free electric charges are prescribed on I'y and I'y, respectively.
Finally, the initial displacement ug in ([2.12)) is given.

We turn to the boundary condition, [2-3), which describe the me-
chanical and electrical conditions on the potential contact surface I'c. The normal
compliance function p,, in , is described below, and g represents the gap in
the reference configuration between I'c and the foundation, measured along the
direction of v. When positive, u,, — g represents the interpenetration of the surface
asperities into those of the foundation. This condition was first introduced in [I0]
and used in a large number of papers, see for instance [4, [7, [8 T4] and the references
therein.



EJDE-2007/170 A FRICTIONAL CONTACT PROBLEM 5

Conditions (2.8)) is the associated friction law where p, is a given function. Ac-
cording to e tangential shear cannot exceed the maximum frictional resis-
tance p,(u, — g), the so-called friction bound. Moreover, when sliding commences,
the tangential shear reaches the friction bound and opposes the motion. Frictional
contact conditions of the form , have been used in various papers, see,
e.g., [0, [14, 15] and the references therein.

Next, is the electrical contact condition on I'c which is the main novelty of
this work. It represents a regularized condition which may be obtained as follows.

First, unlike previous papers on piezoelectric contact, we assume that the foun-
dation is electrically conductive and its potential is maintained at ¢g. When there
is no contact at a point on the surface (i.e., u, < g), the gap is assumed to be an
insulator (say, it is filled with air), there are no free electrical charges on the surface
and the normal component of the electric displacement field vanishes. Thus,

u, <g = D-v=0. (2.13)

During the process of contact (i.e., when u, > g) the normal component of the
electric displacement field or the free charge is assumed to be proportional to the
difference between the potential of the foundation and the body’s surface potential,
with k as the proportionality factor. Thus,

u, > g = D-v="Fk(p— o) (2.14)
We combine (2.13]), (2.14) to obtain
D'V:kX[O,oo)(ul/fg) (307900)7 (215)

where X(o,o0) is the characteristic function of the interval [0,00), that is

0 ifr<ao,
X)) =3 ey s 0,

Condition describes perfect electrical contact and is somewhat similar to the
well-known Signorini contact condition. Both conditions may be over-idealizations
in many applications.

To make it more realistic, we regularize condition and write it as
in which k x[9,00) (4, — g) is replaced with ¢ which is a regular function which will
be described below, and ¢, is the truncation function

L ifs<—L,
or(s)=14s if —L<s<L,
L if s > L,

where L is a large positive constant. We note that this truncation does not pose
any practical limitations on the applicability of the model, since L may be arbi-
trarily large, higher than any possible peak voltage in the system, and therefore in
applications ¢r,(v — o) = ¥ — ¢o.

The reasons for the regularization of are mathematical. First, we
need to avoid the discontinuity in the free electric charge when contact is estab-
lished and, therefore, we regularize the function k x[g,o) in with a Lipschitz



6 7Z. LERGUET, M. SHILLOR, M. SOFONEA EJDE-2007/170

continuous function 1. A possible choice is

0 if r <0,
P(r) = kér if0<r<1/4, (2.16)
k if r >4,

where § > 0 is a small parameter. This choice means that during the process

of contact the electrical conductivity increases as the contact among the surface

asperities improves, and stabilizes when the penetration u, — g reaches the value §.

Secondly, we need the term ¢r,(p — o) to control the boundednes of ¢ — .
Note that when ¥ = 0 in then

D-v=0 onT¢ x(0,7), (2.17)

which decouples the electrical and mechanical problems on the contact surface.
Condition models the case when the obstacle is a perfect insulator and was
used in [2, 9] 16| [T7]. Condition , instead of , introduces strong coupling
between the mechanical and the electric boundary conditions and leads to a new
and nonstandard mathematical model.

Because of the friction condition , which is non-smooth, we do not expect the
problem to have, in general, any classical solutions. For this reason, we derive in the
next section a variational formulation of the problem and investigate its solvability.
Moreover, variational formulations are also starting points for the construction of
finite element algorithms for this type of problems.

3. VARIATIONAL FORMULATION AND THE MAIN RESULT

We use standard notation for the LP and the Sobolev spaces associated with €2
and ' and, for a function ¢ € H'(Q) we still write ¢ to denote its trace on I'. We
recall that the summation convention applies to a repeated index.

For the electric displacement field we use two Hilbert spaces

wW=L*0)% W ={DeW:divD e L*(Q)},

endowed with the inner products
(D7E)W = / D;E; dx, (D7E)W1 = (Dv E)W + (diVDvdiVE)LQ(Q)a
Q

and the associated norms || - |y and || - ||wy,, respectively. The electric potential
field is to be found in

W={CeH@®Q):(=0o0nT,}.
Since measT', > 0, the Friedrichs-Poincaré inequality holds, thus,

IVCllw > cr K@) YCEW, (3.1)

where cp > 0 is a constant which depends only on 2 and I';. On W, we use the
inner product

(907 C)W = (v<)07 vC)Wv
and let || - ||w be the associated norm. It follows from that || - || g1 () and
I - llw are equivalent norms on W and therefore (W, || - ||w) is a real Hilbert space.
Moreover, by the Sobolev trace theorem, there exists a constant ¢y, depending only
on (2, I'; and I'¢, such that

[Cll2re) < collCllw VCeW. (3.2)
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We recall that when D € W, is a sufficiently regular function, the Green type
formula holds:

(D, VC)2ya + (divD, )y = /FD w(da VCe HY(Q), (3.3)

For the stress and strain variables, we use the real Hilbert spaces

Q={r=(rj): m7j =7 € L*(Q)} = L*(Q)%s,

Ql = {0’ = (Uij) S Q : dive = (O'ijJ‘) S W},

endowed with the respective inner products
(o0, T)g = / oi;Tijde, (0,T)g, = (0,T)g + (dive,divT)y,
Q

and the associated norms || - ||g and || - |g,. For the displacement variable we use
the real Hilbert space

Hi={u=(u;) e W:e(u) € Q},
endowed with the inner product
(w,v)g, = (0, v)w + (e(u), e(v))q,

and the norm || - ||,
When o is a regular function, the following Green’s type formula holds,

(0,e(v))q + (Dive,v) 2 g = / ov-vda Vv éEH;. (3.4)
r

Next, we define the space

V={veH :v=0 on I'p}.
Since meas'p > 0, Korn’s inequality (e.g., [3, pp. 16-17]) holds and

leWlle = ek IVlla, VveV, (3.5)
where cx > 0 is a constant which depends only on 2 and I'p. On the space V we
use the inner product

(u,v)v = (e(u),e(v))q,

and let |- ||y be the associated norm. It follows from (3.5) that the norms ||-|| g, and
IV are equivalent on V' and, therefore, the space (V, (-, -)v) is a real Hilbert space.

Moreover, by the Sobolev trace theorem, there exists a constant ¢y, depending only
on 2, I'p and I'¢, such that

IVIiL2(reye < collvlly VveV. (3.6)

Finally, for a real Banach space (X,|| - ||x) we use the usual notation for the
spaces LP(0,T;X) and W*P(0,T;X) where 1 < p < o0, k = 1,2,...; we also
denote by C([0,T]; X) and C*([0,T]; X) the spaces of continuous and continuously
differentiable functions on [0, 7] with values in X, with the respective norms

x)= m t
||$||C([0,T],X) te[oa%] lz()lx,
. = m t + m r(t .
/o (jo,7;) te[(‘%] |z(t) [ x A glf;] [2(t)]x

Recall that the dot represents the time derivative.
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We now list the assumptions on the problem’s data. The wviscosity operator A
and the elasticity operator B are assumed to satisfy the conditions:

(a) A: Q xS? — 8%
(b) There exists L4 > 0 such that
[A(x, &) — A(x, &) < Lallé — &l
VEI’SQ c Sd, a.e. X € Q
(c) There exists m 4 > 0 such that
(A(x,&1) — A(x,&)) - (&1 — &) > mall§; — &l
V£1,€2 S Sd, a.e. X € Q
(d) The mapping x — A(x, €) is Lebesgue measurable on (,
for any ¢ € S%.
(e) The mapping x — A(x, 0) belongs to Q.
(a)BIQXSdHSd.
(b) There exists Lg > 0 such that
[B(x,&1) — B(x,&)[| < Lsl[€; — &l
VE € €SY ae x€Q. (3.8)
(¢) The mapping x — B(x, &) is measurable on €2,
for any & € S%.
d) The mapping x — B(x, 0) belongs to Q.
(d) pping 8

Examples of nonlinear operators .4 and B which satisfy conditions (3.7]) and (3.8)
can be fond in [I5] [I8] and the many references therein.
The piezoelectric tensor € and the electric permittivity tensor 3 satisfy

(a) £: QxS — R

) E(x,T) = (eiji(x)Tj) VT = (735) € S ae x €. (3.9)
C) €ijk = €ik; € L(Q).

)

)

(b
(
(a) B: QxR — R

(b) B(x,E) = (Bi;(x)E;) VE = (E;) € R% ae x€.

(c) Bij = Bji € L=(Q). . (3.10)
(d) There exists mg > 0 such that 3;;(x)E;E; > mg|E|?

VE = (E;) €R?, ae. x€ Q.

The normal compliance functions p, (r = v, T) satisfy

(a) pr: T xR — Ry
(b) 3L, > 0such that |p,(x,u1) — pr(X,u2)| < Ly|u; — us
Vui,us € R, ae. x€l'c. (3.11)
(¢) x — pr(x,u)is measurable onT'¢, for allu € R.
(d) x — pr(x,u) =0, for allu < 0.

An example of a normal compliance function p, which satisfies conditions
is pu(u) = cyuy where ¢, € L>®(T'¢) is a positive surface stiffness coefficient, and
uy = max {0,u}. The choices p, = up, and p, = pup,(1 — dp, )+ in , where
w € L*(T¢) and § € L>®(T'¢) are positive functions, lead to the usual or to a
modified Coulomb’s law of dry friction, respectively, see [B] [14, [T9] for details. Here,
1 represents the coefficient of friction and ¢ is a small positive material constant
related to the wear and hardness of the surface. We note that if p, satisfies condition
then p, satisfies it too, in both examples. Therefore, we conclude that the
results below are valid for the corresponding piezoelectric frictional contact models.
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The surface electrical conductivity function 1 satisfies:
(a) ¥ : Te xR — Ry.
(b) 3Ly > 0such that |¢(x, u1) — (%, u2)| < Ly|ur — us]
Yup,up € R, a.e. x € I'e.
(c) 3 My > Osuch that [¢(x,u)] < My YueR, ae. xeTl¢.
(e) x +— 9(x,u)is measurable onI'c, for allu € R.
(e) x — P(x,u) =0, for allu < 0.

An example of a conductivity function which satisfies condition is given by
in which case My, = k. Another example is provided by ¢ = 0, which models
the contact with an insulated foundation, as noted in Section [2] We conclude that
our results below are valid for the corresponding piezoelectric contact models.

The forces, tractions, volume and surface free charge densities satisfy

(3.12)

fo € WP (0,T; L2(Q)%), (3.13)
fy € WHP(0,T; L*(T'y)?), (3.14)
g0 € WHP(0,T; L3(9)), (3.15)
q € WHP(0,T; L*(Ty)). (3.16)

Here, 1 < p < co. Finally, we assume that the gap function, the given potential
and the initial displacement satisfy

geL*(T¢), ¢g>0 ae onlg, (3.17)
po € L*(To), (3.18)
u € V. (319)

Next, we define the four mappings j : VxV - R, h: VW — W £:[0,T] =V
and ¢ : [0,T] — W, respectively, by

ju,v) = / Pty — g0y da + / el = g)Iv | da (3.20)
(h(u / W — 9)b1(p — 9o) da, (3.21)
(f(t),v)v:/Qfo(t)-vdz—&—/F fn(t) - vda, (3.22)
(4(t), Ow = — /Q Qo(t)C dz — /F (1) da, (3.23)

for all u,v € V, ¢, € W and t € [0,T]. We note that the definitions of h, f
and ¢ are based on the Riesz representation theorem, moreover, it follows from

assumptions (3.11)—(3.16) that the integrals in (3.20)—(3.23) are well-defined.

Using Green’s formulas (3.3) and (3.4), it is easy to see that if (u,o,p,D) are
sufficiently regular functions which satisfy (2.3)—(2.11)) then

(o(t),e(v) —e(u(t))q +j(u(t),v) — j(ua(t),v) = (£(t),u(t) — v)v, 4)

D), VOw + (q(t), OQw = (h(u(t), ¢(t)), C)W, 5)

forallveV, (€W and t € [0,T]. We substitute (2.1)) in , in ,

note that E(p) = —V, use the initial condition (2.12) and derlve a Varlatlonal

formulation of problem P. It is in the terms of displacement and electric potential
fields.

(3.2
(32
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Problem Py. Find a displacement field u : [0,7] — V and an electric potential
¢ :[0,T] — W such that

(Ae(u(t), e(v) —e(u(t)))q + (Be(u(t)),e(v) — e(u(t)))e
)

+ (E"Vep(t),e(v) —e(u(t))q +j(u(t),v) — j(u(t), a(t) (3.26)
> (£(t), v —u(t))v,
forall veVandte[0,T],
(BVe(t), VOw — (Ee(u(t)), VOw + (h(u(t), ¢(t)), Ow
(3.27)
= (q(t), Ow,
for all ( € W and ¢t € [0,7], and
u(0) = uo. (3.28)
To study problem Py we make the following smallness assumption
My < 22 (3.29)
<

where My, ¢o and mg are given in ([3.12)), (3.2) and (3.10)), respectively. We note

that only the trace constant, the coercivity constant of B and the bound of ¥ are
involved in ; therefore, this smallness assumption involves only the geometry
and the electrical part, and does not depend on the mechanical data of the problem.
Moreover, it is satisfied when the obstacle is insulated, since then ¥ = 0 and so
My = 0.

Removing this assumption remains a task for future research, since it is made
for mathematical reasons, and does not seem to relate to any inherent physical
constraints of the problem.

Our main existence and uniqueness result that we state now and prove in the
next section is the following.

Theorem 3.1. Assume that (3.7)—(3.19) and (3.29) hold. Then there exists a
unique solution of Problem Py . Moreover, the solution satisfies

uc W?P(0,T;V), e W"r(0,T; W) (3.30)

A quadruple of functions (u, o, ¢, D) which satisfies , , -

is called a weak solution of the piezoelectric contact problem 73 It follovvs from
Theoremthat7 under the assumptions 7, , there exists a unique
weak solution of Problem P.

To describe precisely the regularity of the weak solution we note that the consti-
tutive relations and ( . the assumptions (3.7)—(3.10) and ( ) show that
o € Whr(0, T Q) and D € WLP(0,T;W). Usmg 1.' 12.2), | ) and -i
implies that (| and - hold forallve V, (e W and t € [0,T]. We choose
asatest functlonv— u()j:z wherez e C§° ( )% in 4) and ¢ € C§°(Q) in

and use the notation - ) to obtain
Divo(t) +f0( )=0, divD(t)+qo(t) =0,

for all t € [0,7]. It follows now from (3.13)) and (3.15) that Dive € WP(0,T; W)
and divD € W1?(0,T; L*(Q)) and thus

oc Wh(0,T;Q1), Dec WP (0,T;W). (3.31)

We conclude that the weak solution (u o, ¢, D) of the piezoelectric contact problem

P has the regularity implied in and -
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4. PROOF OF THEOREM [3.1]

The proof of Theorem is carried out in several steps and is based on the
following abstract result for evolutionary variational inequalities.
Let X be a real Hilbert space with the inner product (-,-)x and the associated
norm || - || x, and consider the problem of finding w : [0,7] — X such that
(Ai(t), v —i(t) x + (Bu(t), v — i(t)) x + j(u(t), v) — j(u(t), i(t))
Z(f(t),vf”[l,(t))x Vve X, te [OvT]a
u(0) = up. (4.2)
To study problem (4.1)) and (4.2) we need the following assumptions: The oper-
ator A : X — X is strongly monotone and Lipschitz continuous, i.e.,

(4.1)

(a) There exists m4 > 0 such that

(Auy — Aug,ug —ug)x > mallur —usl|% Vui,uz € X.
(b) There exists L4 > 0 such that

HAul — A’LL2||X < LA||’LL1 — ’LLQ”X Vur,us € X.

(4.3)

The nonlinear operator B : X — X is Lipschitz continuous, i.e., there exists Lg > 0
such that

HBU1—BUQ||X < Lp ||u1—quX Vuy,us € X. (4.4)
The functional j : X x X — R satisfies:

(a) j(u,-) is convex and l.s.c. on X for all u € X.
(b) There exists m > 0 such that

J(u,v2) = j(ur, v1) + j(u2, v1) — j(uz, v2) (4.5)
<mllup —upllx lor —vallx  Vur,ug, v, € X.
Finally, we assume that
fec(o,T]; X), (4.6)
and
o € X. (4.7)

The following existence, uniqueness and regularity result was proved in [4] and
may be found in [0, p.230-234].

Theorem 4.1. Let (4.3)—(4.7) hold. Then:
(1) There exists a unique solution u € C*([0,T); X) of problem (4.1)) and (4.2).
(2) Ifuy and ug are two solutions of (4.1)) and (4.2)) corresponding to the data
f1, f2 € C([0,T]; X), then there exists ¢ > 0 such that

a1 (t) — 2 (t) | x < c(|[f1(t) = f2()llx + lua(t) —u2(t)llx) VEe[0,T]. (4.8)
(3) If, moreover, f € WYP(0,T; X), for some p € [1,00], then the solution
satisfies u € WP(0,T; X).

We turn now to the proof of Theorem To that end we assume in what fol-
lows that (3.7)—(3.19) hold and, everywhere below, we denote by ¢ various positive
constants which are independent of time and whose value may change from line to
line.

Let n € C([0,7T],Q) be given, and in the first step consider the following inter-
mediate mechanical problem in which n = £*V is known.
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Problem P}. Find a displacement field u,, : [0,T] — V such that
(Ae(y(t)),e(v) — e(y(t))q + (Be(uy(t)), e(v) — e(u,(t)))q

+(n(t),e(v) —e(ay(t))q + 5wy (1), v) = j(uy(t), 0y (1)) (4.9)
> (f(t)av - ﬁn(t))v Vv e ‘/7 te [OaT]a
u,(0) = uo. (4.10)

We have the following result for 73%.

Lemma 4.2. (1) There exists a unique solution u, € C*([0,T]; V) to the prob-

lem (4.9) and (4.10).
(2) Ifuy anduy are two solutions of (4.9) and (4.10) corresponding to the data
n, N2 € C([0,T];Q), then there exists ¢ > 0 such that

[a: () = w2 @)lv < e () —m®)le + [wi(t) —ua®)lv) Vie[0,T]. (411)

(3) If, moreover, n € WHP(0,T;Q) for some p € [1,00|, then the solution
satisfies u, € WP(0,T; V).

Proof. We apply Theorem where X = V, with the inner product (-,-)y and

the associated norm || - ||y. We use the Riesz representation theorem to define the
operators A: V — V, B:V — V and the function f, : [0,7] — V by

(Au,v)y = (Ae(u),e(v))q; (4.12)

(Bu,v)y = (Be(u),e(v))q, (4.13)

(£,(t),v)v = (£(t), v)v — (n(t),e(v))q, (4.14)

forallu,v € Vandt € [0,T]. Assumptions (3.7) and (3.8)) imply that the operators
A and B satisfy conditions (4.3) and (4.4)), respectively.
It follows from (3.6 that the functional j, (3.20)), satisfies condition (4.5))(a). We

use again ((3.11)) and (3.6) to find
j(ar, va) — j(ug, vi) + j(uz, vi) — j(uz, v2)
<G (Ly + Ly)wy — wally|[vi = vallv,

for all uy,us, vy, vy € V, which shows that the functional j satisfies condition
(4.5)(b) on X = V. Moreover, using (3.13]) and it is easy to see that the
function f defined by satisfies f € WLP(0,T;V) and, keeping in mind that
n € C([0,T]; Q), we deduce from that £, € C([0,T]; V), i.e., f, satisfies (4.6).
Finally, we note that shows that condition is satisfied, too, and (4.14
shows that if n € W'?(0,T; Q) then f, € W'P(0,T; V). Using now (4.12))-(4.14
we find that Lemma is a direct consequence of Theorem (I

In the next step we use the solution u, € C*([0, 7], V), obtained in Lemma 4.2,
to construct the following variational problem for the electrical potential.

Problem P?. Find an electrical potential ¢, : [0,7] — W such that

(,van(t), VC)W - (Ss(un(t))a VC)W + (h(un(t)a @n(t)), ()W
= (q(2), OQw,
forall (e W, t €[0,T].

(4.15)

The well-posedness of problem Pﬁ follows.
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Lemma 4.3. There exists a unique solution @, € WP(0,T; W) which satisfies
(4.15)).

Moreover, if vy, and ¢,, are the solutions of (4.15) corresponding to m,, ny €
C([0,T]; Q) then, there exists ¢ > 0, such that

1@ns (8) = @n, (D)l w < ¢y, () =y, (D)]lv - VE€[0,T]. (4.16)

Proof. Let t € [0,T]. We use the Riesz representation theorem to define the oper-
ator A,(t): W — W by

(An(t)% C)W = (ﬂV(p, VC)W - (5€(u77(t))> VC)W + (h(un(t)v @)? C)W7 (417)
for all o, € W. Let @1, ps € W, then assumptions and imply
(An()p1 — Ag()p2, 01 — p2)w
> maller = ealfy + [ () = 9) (6101 = 90) = 01l = 90) 1 = g2) da

and, by (3.12])(a) combined with the monotonicity of the function ¢;,, we obtain

(Ay (D1 — Ay (D2, 01 — p2)w = mgller — o2y (4.18)
On the other hand, using again (3.9)), (3.10)), (3.12) and (3.21) we have

(An ()1 — Ap(t)p2, Ow
S%wrwﬂmmw+/zwwrwﬂmm vCew,
I'c

where c¢g is a positive constant which depends on 8. It follows from (4.19) and
(B2) that

(4.19)

(Ay()p1 = Ay(t), Ow < (5 + Mycg)ller — 2llwllClw,
thus,
145 (t) 1 — Ay(®)llw < (c5 + Mycd)llpr — p2llw (4.20)
Inequalities and (4.20) show that the operator A, (t) is a strongly monotone

Lipschitz continuous operator on W and, therefore, there exists a unique element
©p(t) € W such that
Ay (t)pn(t) = q(t). (4.21)
We combine now ([4.17) and (#.21)) and find that ¢, (t) € W is the unique solution
of the nonlinear variational equation (4.15]).
We show next that ¢, € WP(0,T; W). To this end, let ¢1,t5 € [0,7] and, for
the sake of simplicity, we write ¢, (t;) = @i, un(t;) = wi, q(t;) = ¢, for i = 1,2.
Using , , and we find

mg |1 — 902||124/

< cellur —ug|lvller — eallw + llar — @2llwller — wallw (4.22)

+/r [Y(ur — g)pr(p1 — o) — Y(uz — g)pr(p2 — o)l |p1 — @2|da,

where c¢ is a positive constant which depends on the piezoelectric tensor £.
We use the bounds |¢(u; —g)| < My, |¢r(¢1—¢o)| < L, the Lipschitz continuity
of the functions ¢ and ¢y, and inequality (3.2]) to obtain

/F [Y(u1 — g)dr(p1 — wo) — Y(uz — g9)oL(p2 — o)l 1 — Y2l da
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< Mw/ o1 — deaqu/ iy — s |1 — 2| da
I'e

T'c

< My cgllor = p2llfy + Ly Leolollur — uzllv o1 — @z2]lw
Inserting the last inequality in (4.22]) yields
mg |lp1 — p2|lw
< (ce + Ly Leoto) [lwy — wallv + lg1 — q2llw + My cgllor — pallw. (4.23)
It follows from inequality (4.23]) and assumption (3.29) that
o1 = p2llw < c(llur —wzflv + llar — g2llw). (4.24)

We also note that assumptions and , combined with definition
imply that ¢ € W?(0,T; W). Since u,, € C'([0,T]; X), inequality implies
that ¢, € WhP(0,T;W).

Let ny,my € C([0,T]; Q) and let ¢,, = ¢;, u,, = u;, for i =1,2. We use (4.15))
and arguments similar to those used in the proof of to obtain

myg [|@1(t) — @2(t)lw < (ce + Ly Leoco) lur (t) — ua(t)|lv + Mycgllor(t) — @2(t) |w

for all ¢ € [0,T]. This inequality, combined with assumption (3.29)) leads to (4.16]),
which concludes the proof. O

We now consider the operator A : C([0,T]; Q) — C([0,T]; Q) defined by
An(t) = E"V,(t) VneC(0,T);Q), tel0,T]. (4.25)
We show that A has a unique fixed point.
Lemma 4.4. There exists a unique 1 € WHP(0,T;Q) such that A = 7).

Proof. Let ny, n, € C([O T]; @) and denote by u; and ¢; the functions u77 and ¢y,
obtained in Lemmas [.2) and [£.3] for i = 1,2. Let ¢ € [0,7T]. Using (4.25)) and (3.9) .

we obtain
A7 (t) = Any(t)llq < cller(t) — w2 (t)llw,
and, keeping in mind (4.16[), we find

A7, (£) = Anz (Bl < cllun(t) —ua @)y (4.26)

¢
On the other hand, since u;(t) = ug + / 1;(s) ds, we have
0

s (8) — ua(t)[lv < /Ot [ (s) —aa(s)|lv ds, (4.27)
and using this inequality in yields
t
1) = a(O)ll < e{ma(t) = ma(Bllo + [ IHoa(s) — ta(o) v ).
It follows now from a Gronwall-type argument that
/ s () — () v ds < c / 0 () = ma(8) 1 ds. (4.28)
Combining (4.26 - ) leads to

[A7, (£) — Any(t)[lg < C/O 171 (8) = m2(t)| ds.
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Reiterating this inequality n times results in

n n Cn
1A%, () = A"ny ()l < 7 (t) = ma()lleo )

This inequality shows that for a sufficiently large n the operator A™ is a contraction
on the Banach space C([0,T];Q) and, therefore, there exists a unique element
n € C([0,T];Q) such that Ap = 1. The regularity n € W1P(0,T;Q) follows
from the fact that ¢z € WP(0,T; W), obtained in Lemma combined with the
definition of the operator A. O

We have now all the ingredient to prove the Theorem which we complete
now.

Existence. Let 7 € W?(0,T; Q) be the fixed point of the operator A, and let ug,
@7 be the solutions of problems P% and P2, respectively, for n = 7. It follows from

(4.25)) that £*Ve; = 1 and, therefore, (4.9), (4.10) and (4.15) imply that (ug, p5)
is a solution of problem Py . Property (3.30) follows from Lemmas (3) and

Uniqueness. The uniqueness of the solution follows from the uniqueness of the
fixed point of the operator A. It can also be obtained by using arguments similar
as those used in [I4].

5. CONCLUSIONS

We presented a model for the quasistatic process of frictional contact between
a deformable body made of a piezoelectric material, more precisely, an electro-
viscoelastic material, and a conductive reactive foundation. The contact was mod-
eled with the normal compliance condition and the associated Coulomb’s law of dry
friction. The new feature in the model was the electrical conduction of the foun-
dation, which leads to a new boundary condition on the contact surface, ,
in which the normal component of the electric displacement vector is related to
the penetration u, — g and the potential drop ¢ — ¢g. This condition provides a
nonlinear coupling of the system on the contact boundary, and is a regularization
of the perfect electric contact, .

The problem was set as a variational inequality for the displacements and a vari-
ational equality for the electric potential. The existence of the unique weak solution
for the problem was established by using arguments from the theory of evolutionary
variational inequalities involving nonlinear strongly monotone Lipschitz continuous
operators, and a fixed-point theorem. It was obtained under a smallness assump-
tion, , which involves only the electrical data of the problem and which is
satisfied in the case of a contact with an insulated obstacle. This smallness as-
sumption seems to be an artifact of the mathematical method, and in the future
we plan to remove it, as it does not seem to represent any physical constraint on
the system.

This work opens the way to study further problems with other conditions for
electrically conductive or dielectric foundations.
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