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Abstract: The present paper is devoted to the study a dynamic problem describing a frictionless contact between a thermo-
elasto-viscoplastic body and an adhesive foundation. The constitutive law includes a temperature effect described by the first
order evolution equation. The contact is modelled with a normal compliance condition involving adhesion effect of contact
surfaces. The adhesion is modelled with a surface variable, the bonding field whose evolution is described by a first order
differential equation. A variational formulation for the problem is given as a system involving the displacement field, the bonding
field and the temperature field. The existence and the uniqueness of the weak solution are established. The proof is based on
evolution equation with monotone operators, differential equations and fixed point theorem.
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1. Introduction

The adhesive contact between bodies, when a glue is
added to keep the surfaces from relative motion, is receiving
increasing attention in the mathematical literature. Basic
modelling can be found in [9,10]. Analysis of models for
adhesive contact can be found in [4,6,8,11,24], and in the
monograph [26] and references therein. Results on frictionless
adhesive contact can be found in [5,12,13,20,23]. An
application of theory of adhesive contact in the medical field
of prosthetic limbs was considered in [18, 19]. The novelty in
all the above papers is the introduction of a surface internal
variable, the bonding field, denoted in this paper by [, it
describes the pointwise fractional density of active bonds on
the contact surface, and sometimes referred to as the intensity
of adhesion. Following [9,10], the bonding field satisfies the
restrictions 0 < S < 1, when § = 1 at a point of the
contact surface, the adhesion is complete and all the bonds
are active, when 8 = 0 all the bonds are inactive, severed,
and there is no adhesion, when 0 < B < 1 the adhesion
is partial and only a fraction 3 of the bonds is active. The
reader is referred to the extensive bibliography on the subject
in [16,17,22,25,27]. The aim of this paper consists on the

study of a dynamic process of a frictionless contact between a
thermo-elasto-viscoplastic body and an adhesive foundation.
The temperature effect is included in the constitutive law
and is descibed by a differential heat equation. The contact
is modelled with a normale compliance condition involving
adhesion effect of contact surfaces. The adhesion is modelled
with a surface variable, the bonding field whose evolution is
described by a first order differential equation. The model
is formulated as a system involving the displacement field,
the bonding field and the temperature field. A variational
formulation for the model is derived. The existence and
uniqueness of weak solution are proved. The novelty in
this paper consists on the coupling of an elastic-viscoplastic
material with thermal effect and a frictionless adhesive contact
without adhesive wear. Such problems arise in industry and
medical field.

The paper is organised as follows. Notations and some
preliminaries are presented in section 2. The mechanical
problem, the assumptions on the data and the variational
formulation of the problem are presented in section 3.
The main existence and uniqueness result Theorem 4.1 and
its proof based on arguments of evolution equations with
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monotone operators and a fixed point argument are given in
section 4.

2. Notation and Preliminaries

The notation and some preliminary material are presented in
this short section. For details see, e.g., [7].

Denote by S, the space of second order symmetric tensors
on R? (d = 2,3), while (.) and | . | represent the inner
product and the Euclidean norm on S; and R?, respectively.
Let Q C R? be a bounded domain with a regular boundary T
and let v denote the unit outer normal on I'. Using the notation

H="r*0)"={u=(w)/u € L*Q) },

H={0=(0y)/0i5 =05 € L*(Q) },
H ={u=(u) € H/e(u) eH},
Hi={oc€eH/Dive € H},

where € : Hy — H and Div : H1 — H are the deformation
and divergence operators, respectively, defined by
e(u) = (e55(w), eij(u) = S (uij +uzi), Do = (04,5)-
Here and below, the indices ¢ and j run between 1 to d, the
summation convention over repeated indices is used and the
index that follows a comma indicates a partial derivative with
respect to the corresponding component of the independent
variable.

The spaces H, H, H; and H; are real Hilbert spaces
endowed with the canonical inner products given by

(u7V)H:/Uﬂ}i dz Yu,v € H,
Q

(o,7) = / 04 Tij dx Vo,7 € H,
Q

(u,v)g, = (u,v)g + (¢(u),e(v))xn Yu,ve Hy,

(0,7)3, = (0,7)n + (Divo,Div )y Yo, € Hy.
The associated norms on the spaces H, H, H; and H; are
denoted by | . |g, | - |, | - |m, and | . |5, , respectively.
Let Hr = H%(F)d and let v : Hy — Hr be the trace map.
For every element v € H;, using the notation v to denote the

trace yv of v on I' and denote by v, and v, the normal and
the tangential components of v on the boundary I" given by

Vy =V.U, Vp =V — Uyl (1)

Denote by o, and o the normal and the tangential traces of

a function o € H, and recall that when ¢ is a regular function
then

oy, = (ov)w, o =ov — o,V )

and the following Green’s formula holds:

(U,E(V))H+(DiUJ,V)H:/OI/.Vda VveH. (3)
r

Finally, for any real Hilbert space X, the classical notation
for the spaces LP(0, T'; X ) and Wk (0, T; X), where 1 < p <
+oc and k > 1. is used. Let C(0,7; X) and C1(0,T; X) the
space of continuous and continuously differentiable functions
from [0, T to X, respectively, with the norms

f )= f(t
| |C(0,T,X) t?ﬁ?]' ()|X7

[ v = mase [ £(2) [x + maxe | £(2) |x.
respectively. Moreover, for a real number 7, using 74 to
represent its positive part, that is 4 = max{0,r}. Finally,
for the convenience of the reader, the following version of the
classical theorem of Cauchy-Lipschitz (see, e.g., 28, p. 60) is
given in the following result.

Theorem 2.1. Assume that (X, | . |x) is a real Banach space
and T > 0. Let F'(t,.) : X — X be an operator defined a.e.
on (0, T') satisfying the following conditions:

1. 3 Ly > 0 such that | F(t,{E) —F(t,y) ‘XS Lp ‘
r—ylxVz,ye X, ae. t € (0,T).
2.3 p > 1 such that t — F(t,z) € LP(0,T;X)
Vo e X.
Then for any zy € X, there exists a unique function z €
W P(0,T; X) such that

z(t) = F(t,z(t)) ae.te (0,7,

2(0) = xo.

Theorem 2.1 will be used in section 4 to prove the unique
solvability of the intermediate problem involving the bonding
field.

Moreover, if X; and X, are real Hilbert spaces then
X1 X X5 denotes the product Hilbert space endowed with the
canonical inner product (.,.)x, x x,-

3. Problem Statement and Variational
Formulations

This section concerns the physical setting of the contact
problem. A thermo-elasto-viscoplastic body which occupies
the domain 2 C R with the boundary I' divided into three
disjoint measurable parts I'1, I's and I's such that meas(I'y) >
0. The time interval of interest is [0,7] where 7' > 0. The
body is clamped on I'; and so the displacement field vanishes
there. A volume force of density fy acts in Qx (0,7") and
surface tractions of density fa act on I'sx (0,7"). Assume that
the body is in adhesive frictionless contact with an obstacle,
the so called foundation, over the potential contact surface
I's. Moreover, the process is dynamic, and thus the inertial
terms are included in the equation of motion. The material
is assumed to behave according to the general thermo-elasto-
viscoplastic constitutive law given by
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o (t) :AE(ﬁ(t))+f€(u(t))+/o G(o(s)—As(u(s)),e(u(s)),0(s)) ds @)

where o denotes the stress tensor, u represents the
displacement field, u the velocity, £(u) is the small strain
tensor and 6 is the temperature field. Here A and F
are nonlinear operators describing the purely viscous and
the elastic properties of the material respectively, G is
nonlinear operator which depends on the temperature and
which describing the viscoplastic behaviour of the material.

Using dots for derivatives with respect to the time variable
t. It follows from (4) that at each time moment, the stress
tensor o(t) is split into two parts: o(t) = oV (t) + of(t),
where oV (t) = Ae(1(t)) represents the purely viscous part
of the stress whereas o ?(t) satisfies a rate-type thermo-elasto-
viscoplastic relation

ol (t) :fe(U(t))Jr/O G(o"(s),e(u(s)),0(s)) ds. )

When G = 0, (4) reduces to the Kelvin-Voigt viscoelastic constitutive law given by

o(t) = As(u(t)) + Fe(u(t)). (6)

The evolution of the temperature field € is governed (see [1, 7]) by the heat equation, obtained from the conservation of energy,
and defined by the following differential equation for the temperature

0 — div(KV0) = r(0) + q (7)

where K = (k;;) represents the thermal conductivity tensor,
div(KV0) = (ki;0;),. q(t) the density of volume heat
sources, and r(u(t)) a nonlinear function of the velocity. In

[1], the following linear function was used

r(u(t)) = —eiyug;(t).

The associated temperature boundary condition on I's is
described by

kijﬁymj = —ke(9 — 6R) + hT(| uT |) on F3 X (07T),

where 0 is the temperature of the foundation, and k. is the
heat exchange coefficient between the body and the obstacle,
and h, : I's x Ry — R, is a given tangential function.
Analysis of contact problems with thermal effect can be in
[3,21].

Then, the classical formulation of the dynamic contact
problem is the following.

Problem P. Find a displacement field u : Q x [0,T] —
RY, a stress field o : Q x [0, T| — Sq, a bonding field 3 : T'3x
[0,T] — R and a temperature field 0 : Q x [0,T] — R such
that

t

o = Ae(u) + Fe(u) +/ G(o(s) — Ae(u(s)),e(u(s)),0(s)) ds inQx (0,T), (8)
0

pu=Divo+1£finQx(0,T), )

u=0 on I'yx(0T), (10)

ov=1Ff on Tyx(0,7T), (11)

f — div(KV6) =r(ua) +gon  Qx (0,T), (12)

—kij%nj :]{36(9—93)—}17(‘ (17 |) on Fg X (O,T), (13)

—0y :pu(uu) - ’VVBQR l/(ul/) on I'3x (OaT)v (14)

—0r = pT(B)RT(uT) on I'3x (07T) ) (15)

/B = _(B('YV(RV(UV))Q + 7 | RT(uT) ‘2) - <€a)-i- on F3 X (07T)7 (16)

§=0on T;UT,x (0,7), (17)

u(0) = up, u(0) = vo, 6(0) =0y in Q, (18)
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5(0) = fBoonTs.

Here, (8) and (12) represent the thermo-elasto-viscoplastic
constitutive law introduced in the third section, (9) represents
the equation of motion where p represents the mass density.
(10)-(11) are the displacement-traction conditions. (13)
represents the associated temperature boundary condition
on I's. Condition (14) represents the normal compliance
conditions with adhesion where ~, is a given adhesion
coefficient and p, is a given positive function which will
be described below. In this condition the interpenetrability
between the body and the foundation is allowed, that is u, can
be positive on I's. The contribution of the adhesive traction to
the normal traction is represented by the term v, 32 R, (u,,),
the adhesive traction is tensile and is proportional, with
proportionality coefficient ,, to the square of the intensity of
adhesion and to the normal displacement, but as long as it does
not exceed the bond length L. The maximal tensile traction is
Y, L. R, is the truncation operator defined by

L ifs<-—L,
R,(s) = —s if — L <s<0,
0 if s > 0.

Here L > 0 is the characteristic length of the bond,
beyond which it does not offer any additional traction. The
contact condition (14) was used in various papers, see e.g.
[4,5,24,26]. Condition (15) represents the adhesive contact
condition on the tangential plane, in which p, is a given

19)

function and R ; is the truncation operator given by

This condition shows that the shear on the contact
surface depends on the bonding field and on the tangential
displacement, but as long as it does not exceed the bond length
L. The frictional tangential traction is assumed to be much
smaller than the adhesive one and, therefore, omitted. The
introduction of the operator R, , together with the operator R,
defined above, is motivated by mathematical arguments but it
is not restrictive for physical point of view, since no restriction
on the size of the parameter L is made in what follows.

Next, the equation (16) represents the ordinary differential
equation which describes the evolution of the bonding field and
it was already used in [4], see also [24,26] for more details.
Here, besides 7,,, two new adhesion coefficients are involved,
7, and €,. Notice that in this model once debonding occurs
bonding cannot be reestablished since, as it follows from (16),

B < 0. (17) means that the temperature vanishes on I'; UT's x
(0, 7). In (18) wuy is the given initial displacement, vy is the
given initial velocity and 6y is the initial temperature. Finally,
(19) represents the initial condition, in which 3y denotes the
initial bonding. To simplify the notation, the dependence of
various functions on the variables x € QUT and ¢ € [0,7]. is
not indicated explicitely. To obtain the variational formulation
of the problem (8)-(19), introducing for the bonding field the
set

Z={60:[0,T)— L*(I's) /0<0(t) <1Vt €[0,T], ae. onT3}.

Let E denote the closed subspace of H' () given by

E={yeH' (Q)/y=00onT;Ul}.

For the displacement field we need the closed subspace of H; defined by

V:{veHl/v:OonI‘l}.

Since meas(I'y) > 0, Korn’s inequality holds (see [15]) and there exists a constant Cj, > 0 which depends only on €2 and 'y

such that

le(v) |u> Cr | v g, VvV EV.

The inner product and the associated norm on V are given by

(u,v)y = (e(u),e(V)n, |V ], =le(v)|n YVu,veV. (20)

It follows from Korn’s inequality that | . |g, and | . |y are equivalent norms on V' and therefore (V| . |y) is a real Hilbert
space. Moreover, by the Sobolev trace theorem there exists a constant Cy, depending only on €2, I'y and I's, such that

|V‘L2(1—~3)d < Cy |V|VVV€V. 21

In the study of the mechanical problem (8)-(19), assume the following assumptions. The viscosity operator A : 2 x Sg — Sy

satisfies
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(a) There exists a constant L 4 > 0 such that
| A(x,e1) — A(x,82) [ La | &1 — &2 |

Vei,e0 € Sg,a.e. x € Q.
(b) There exists a constant m 4 > 0 such that
(.A(X,El) — .A(X7 52)).(61 — 62) > maA ‘ €1 —€&2 |2
Ve1,e2 € Sy, ae. x € ().
(c¢) The mapping x — A(x, ¢) is Lebesgue measurable
on () for any € € Sy.
(d) The mapping x — A(x,0) € H.

The elasticity operator F : 2 x Sq — Sy satisfies

(a) There exists a constant Lg > 0 such that
| F(x,e1) — F(x,82) |< Lg | 61 — 2 |
Vey,e0 € Sy, ae. x € (.
(b) For any € € Sy, x — F(x,¢) is Lebesgue measurable
on (.
(¢) The mapping x — F(x,0) € H.

The visco-plasticity operator G : 2 x Sy x S; — Sy satisfies

(a) There exists a constant Lg > 0 such that
| G(x,01,¢e1,61) — G(x,02,€2,02) |
SLg(|oy—oa | +]er —ea [ +01 — 02 ])
Yoi1,09,€1,€2,€ Sq,01,02 € R+ a.e. x € (.
(b) For any o,e € Sq,0 € Ry,
x — G(x,0,¢,0) is Lebesgue measurable on €.
(¢) The mapping x — G(x,0,0,0) € H.

The contact function p, : I's x R — R satisfies

(a) There exists a constant L,, > 0 such that
|pu(xa 7‘1) _pV(X7 T2) |§ L, ‘ T —T2 ‘
Vry,ro € R, ae. x € I's.
(b) The mapping x — p, (x,r) is measurable on I's,
forany r € R.
(¢) pu(x,r) =0forallr <0, ae. x € I's.

The tangential contact function p, : I's x R — R satisfies

(a) There exists a constant L. > 0 such that

| pr(x,d1) = pr(x,d2) |[< Ly [ di — da |

Vdi,ds € R, ae. x € I's.

(b) There exists M, > 0 such that

| pr(x,d) |< M, Vd € Ryae. x € I's.

(c¢) The mapping x — p,(x, d) is measurable on I's,
for any d € R.

(d) The mapping x — p,(x,0) € L?(T3).

The tangential function h, : I's x Ry — R satisfies

(a) There exists a constant L, > 0 such that
| he(x,71) = he(x,72) |[< Ly [ 71 — 72 |
Vry,re € R+, ae x €1I's.

(b) The mapping x — h,.(x,7) € L*(T3)
is Lebesgue measurable on I's, Vr € R,

(22)

(23)

(24)

(25)

(26)

27
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The mass density satisfies

p € L*°(Q), there exists p* > 0 such that p(x) > p* ae. x €. (28)
The adhesion coefficient and the limit bound satisfy
Yoy Vrr€a € L¥([3), 7 2 0,77 20,60 2 0. (29)
The body forces and surface traction have the regularity
fo € L*(0,T; H) , fy € L?(0,T; L*(I'y)?). (30)
For the thermal tensors and the heat source density, suppose that
q € L*(0,T; L*(Q)), (31)
and for some ¢, > 0, for all (&;) € R :
K = (kij), kij = kji € L™(2), kij&:&5 > cnil. (32)
The boundary and initial data satisfy
u €V, vgeH, 0y €F,
Or € L*(0,T; L*(T'3)), ke € L=(Q,R,). (33)
Bo € L*(T'3), 0< B3y <1, ae. onTs3. (34)
The function 7 : V' — L?(Q) satisfies
There exists a constant L, > 0 such that
{ | r(v1) = 7(va) [L2()< L | Vi — Vo | Vv, va €V. (35)

Before giving the weak formulation of the mechanical problem, let us consider some concrete examples. A simple tangential
function h, is given by
hr(x,7) = A(x)r VreR,, ae x €T},

where A € L>°(I'3, R, ) represents some rate coefficient for the gradient of the temperature. Using a modified inner product on
H = L?(Q)?, given by
((u,v))H = (pll,V)H VU,V € Ha

that is, it is weighted with p, and let || . || be the associated norm, i.e.,

1
2

| v ||z= (pv,v); VveEH.

By assumption (28) || . ||z and | . | g are equivalent norms on H. The embedding of (V,| . |v) into (H, || . || &) is continuous
and dense. Denote by V"’ the dual space of V. Identifying H with its own dual, the Gelfand triiple is given by

VcHCcCV.
Using the notation (., .), ., to represent the duality pairing between V' and V, to have
(W,V)y oy =((0,v))g Yue HVveV

Assumptions (30) allow us, for a.e. t € (0,7), to define f(¢) € V' by

(f(t)7v)vfxv:/fo(t).v dx—i—/ fo(t).vda Vvev, (36)
Q r

2

and note that /
feL?0,T;V). 37)



Mathematical Modelling and Applications 2024; 9(1): 1-13 7

The adhesion functional j : L>(T's) x V' x V — R defined by

i(B,u,v) = / (9o () — B2 Ry ()0 + pr(B)R(ur).v,]da.

s

Keeping in mind (25), (26) and (29) the integrals (38) are
well defined. Using standard arguments based on Green’s
formula (3) to obtain the following variational formulation of
the problem (8)-(19) as follows.

o = Ac(it) + F(e(w) +/0 G(o(s) — Ae

(38)

Problem PV. Find a displacement field u : [0,T] — V, a
stress field o : [0,T] — H, a bonding field § : [0,T] —
L>(T'3) and a temperature field 0 : [0, T] — E such that

where ) : [0,7] - E/, K : E — FE’and R : V — E’ are given by

COR /

d
(K1, pxE = Z/k
Q

i,j=1

forallv eV,n,7 € E.

Note that the variational problem PV is formulated in
terms of displacement field, stress field, temperature field and
bonding field. The existence of the unique solution of problem
PV is stated and proved in the next section. To this end, the
following remark which is used in different places of the paper
is given in what follows.

(u(s)),e(u(s)),0(s)) ds inQx(0,7), (39)
(), e(v)y v + (@), e(v))u + 3 (B(1), u(t), v) = (£(t), v)y «y Vv € V. VE € [0,T7, (40)
0(t) + K 0(t) = Ru(t) + Q(t)in FE', 41)
B(t) = —(ﬂ(t)(*yy(Rl,(u,,(t)))Q—i—yT | R, (u-(t)) |2) —¢€a)+ae. t€(0,7), (42)
u(O) = o, 11(0) = Vo, B(O) = /807 9(0) = 907 (43)
keOr(t)nda + / q(t)nde, (44)
T's Q
or 0

ij%:aﬂz dx + /1“3 keT.nda, (45)
(Rv) g = [ rvnda+ [ ol v, nda, 46)

PV has a unique solution (u, o, 3, ) which satisfies
ue H'(0,T;V)NCY0,T; H), weL?(0,T; V'), (47)
o€ L*0,T;H), Divo e L*(0,T; V), (48)
B e Wh>(0,T; L*(T'3)) N Z. (49)

Remark 3.1. Note that in the problem P and in the problem
PV, is not needed to impose explicitly the restriction 0 < § <
1. Indeed, equations (42) guarantee that 5(x,t) < fp(x) and,
therefore, assumption (42) shows that §(x,¢) < 1fort > 0,
a.e. x € I's. On the other hand, if 5(x,tp) = 0 at time ¢,
then it follows from (42) that 5 (x,t) = 0 forall t > ¢y and
therefore, 5(x,t) = 0 for all t > ¢, a.e. x € I's. Then
0<pB(x,t) <1forallt e [0,T],ae. x €Ts.

4. Existence and Uniqueness Result

The main result in this section is the following existence and
uniqueness result.
Theorem 4.1. Assume that (22)-(35) hold. Then problem

9 € C0,T;L*Q) N L*0,T; E), 6 € L>(0,T; E'). (50)

A quadruplet (u, o, 8, ) which satisfies (39)-(43) is called a
weak solution to the contact problem P. Then under the stated
assumptions, problem (8)-(19) has a unique weak solution
satisfying (47)-(50). The proof of Theorem 4.1 will be carried
out in several steps and is based on arguments of evolution
equations with monotone operators and a fixed point argument.
To this end assume in the following that (22)-(43) hold. Below,
C denotes a generic positive constant which may depend on (2,
Iy, 0o, T3, A, G0y Pry Yoy Ve, L and T but does not depend
on t nor of the rest of input data, and whose value may change
from place to place. Moreover, for the sake of simplicity, in
what follows, the explicit dependence of various functions on
x € QUI is suppressed. Let n € L2(0,T;V’) be given,
the first step concerns the study of the following variational
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problem.
Problem PV,,. Find a displacement field u,, : [0,T] — V
such that

(ay (1), V) sev + (Ae(uy(8)), ()2 + (0(), )y v
=(£(t),v)yry WWEV,ae te(0,T),

un(O) = U, 117](0) = Vp.

(51
(52)

To solve problem PV,, it is important to recall now an
abstract existence and uniqueness result, for the convenience
of the reader. Let V and H denote real Hilbert spaces such
that V' is dense in H and the inclusion map is continuous, H
is identified with its dual and it is identified with a subspace of
the dual V' of V,ie,V C H C V/, and then the inclusions
above define a Gelfand triple. The notation | . |v,| . |+ and
(-, )y 1 Tepresent the norms on V and on V' and the duality
pairing between them, respectively. The following abstract
result may be found in [26, p. 48].

Theorem 4.2. Let V, H be as above, and let A : V' — V' be
a hemicontinuous and monotone operator which satisfies

(Av,V)y oy 2w | VI[E+X Wvevy, (53)

| Av |, < C(|v|v +1) VveV, (54)

for some constants w > 0, C' > 0 and A € R. Then, given
ug € H and f € L?(0,T; V"), there exists a unique function
u which satisfies

ue L*0,T;V)NC(0,T;H), u e L*(0,T; V),

u(t) + Au(t) =f£(t) ae. t € (0,7),
u(0) = uy.
Applying it to problem PV;,.
Lemma 4.1. There exists a unique solution to problem PV,

and it has the regularity expressed in (47).
Proof Define the operator A : V' — V' by

(Au, V) = (Ae(u),e(v))y Ya,v € V. (55)
It follows from (55) and (22)(a) that
| Au—Av |/ <La|lu—v]y VYuvevy, (56)

Bn(t> = _(/Bn(t)(’VV(RV(unu(t)))z + - | Rf(un‘r(t)) |2 ) —€a)+

B4 (0)

Hence the following result.
Lemma 4.2. There exists a unique solution (3, €

Wtee(0,T; L*(T3)) N Z to problem PV.

Fy(t,8) = —(B0yw (R (ug () + 7 | Rr(uye (1) 7 ) = €a)+

which shows that A : V. — V' is continuous, and so is
hemicontinuous. Using (55) and (22)(b), to find

(Au—Av,u—v)y, .y >ma|lu—v [}y Yu,v €V, (57)

ie.,that A : V — V' is a monotone operator. Choosing
v = 0y in (57) to obtain

(Au—Av,u—v)yr y 2 mau=v [, — | A0y /| uly

1

1 9 )
ngA‘ulv_m|AOV|V, YueV.
Thus, A satisfies condition (53) with w = “5* and A =
—|Aov |2, )
lgT,:lv- Next, using (56) to deduce that
|Au|V’§LA|u|V+‘A0V|V/ YueV.

This inequality implies that A satisfies condition (54).
Finally, using (37) and (33) to have f — n €L?(0,T; V/) and
vo € H.

It follows now from Theorem 4.2 that there exists a unique
function v,, which satisfies

v, € L2(0,T;V) N C(0,T; H), v, € L*(0,T;V"), (58)

v (t) + Av,(t) +n(t) =£f(t) ae.te (0,7), (59
vy (0) = vo. (60)
Let u,, : [0,7] — V be the function defined by
t
u,(t) = /0 vy (s) ds +ug Vt € [0,T]. (61)

It follows from (55) and (58)-(61) that u,, is a solution
of the variational problem PV, and it satisfies the regularity
expressed in (47). This concludes the existence part of
Lemma 4.3. The uniqueness of the solution follows from the
uniqueness of the solution to problem (59)-(60), guaranteed by
Theorem 4.1.

In the second step, using the displacement field u,, obtained
in Lemma 4.3 and considering the following initial-value
problem.

Problem PVp. Find the adhesion field (5, : [0,T] —
L?(T'3) such that

ae. te€(0,7), (62)

= Bo. (63)

Proof For the sake of simplicity the dependence of various
functions on I3, is suppressed and note that the equalities and
inequalities below are valid a.e. on I's. Consider the mapping
F,:10,T] x L*(T'3) — L?*(T'3) defined by

(64)
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for all t € [0,7] and 8 € L*T3). It follows from the
properties of the truncation operator R, and R, that F,
is Lipschitz continuous with respect to the second variable,
uniformly in time. Moreover, for all 3 € L?(I'3), the
mapping ¢ — F,(t, 3) belongs to L>(0,T; L*(I'3)). Thus
using a version of Cauchy-Lipschitz theorem given in Theorem
2.1 to deduce that there exists a unique function 3, €
W122(0,T; L*(T'3)) solution to the problem PVj. Also, the

0,(t) + K0,(t) = Riv,(t) + Q(¢) in

8,(0) = 6o.

The study of problem PV is given in the following result.
Lemma 4.3. PVy has an unique solution satisfying

0, € C(0,T; L*(Q)) N L*(0,T; E), 0, € L*(0,T; E").

Moreover, there exists C' > 0 such that Vn; € L2(0,T; V"),

t
01(t) — 02(t) [22(y < C / | ma(s) — ma(s) 2 ds, ¥t € [0,T].
0

Here we wrote denote 0,, = 0;, fori = 1, 2.

arguments used in Remark 3.1 show that 0 < 5, (¢) < 1 for
all t € [0,T], a.e. on I's. Therefore, from the definition of the
set Z, we find that 8, € Z, which concludes the proof of the
Lemma 4.4.

In the third step, using the displacement field u,, obtained in
Lemma 4.3 and consider the following variational problem.

Problem PVjy. Find a temperature field 6,, : [0,T] — E
such that

E' ae. te€(0,7), (65)

(66)

(67)

(68)

Proof The result follows from classical first order evolution equation given in [2, 26] and proceed like in the proof of Lemma

4.3, where the Gelfand triple is given by

EcCL*Q) = (L*Q) cE.

The operator K is linear and coercive. Using Korn’s inequality (see [15]) to have

(KTaT)E/XEEC‘TFE-

Here and below, C' > 0 denotes a generic constant the value of which may change from lines to lines.

Using (65) to deduce that

(61 — 02,01 — 02) 120y + (K (01 — 02),61 — 02)12(0)

= (R(a1 —12),601 — 02) 12(0)

ae.te (0,7). (69)

Integrating the inequality (69) with respect to time, using the initial conditions 87 (0) = 62(0) = 6y, the fact that K is coercive

and the Lipschitz continuity of the operator R to find that

1 t
5 101(t) = 6a(2) 7200 < Lr/o | vi(s) = va(s) [v] 01(s) — 02(s) |r2(0) ds.

2

. . . 2 .
Using the inequality ab < % + %, to obtain that

01(t) — 05(t) o)< O / | vi(s) = va(s) v ds + / 16,(5) = 0,(5) 22 ds).

Applying Gronwall’s inequality [26, p.49] to deduce that

01(t) = 0s(1) Poy< c/o | va(s) — va(s) [ ds ¥t € [0,T].

Using (51), to find for a.e. t € (0,7

(70)

(Vi = V2, vi = Va)yry oy + (Ae(vi) — Ae(va), e(vi — v2))u. = —(m — 02, V1 — Va)y/ oy
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Integrating this equality with respect to time, using the initial conditions v (0) = v3(0) = v and condition (22) to find

mA/O | vi(s) = va(s) [§ ds < —/0 (m1(s) = n2(s), vi(s) — va(s))y «y ds,

for all t € [0, 7). Then, using the inequality 2ab < %2 + vb? to have

/\vl ) — va(s |Vds<C/ | m1(s )|2 ds Vte[0,T]. (71)

The inequality (70) and the relation (71) lead to the estimate (68).

In the fourth step, using the displacement field u,, obtained in Lemma 4.3 and the temperature field 0, obtained in Lemma 4.5
to construct the following Cauchy problem for the stress field.

Problem PV o, Find a stress field oy, : [0, T] — H such that

oq5(t) = Fe(u,(t / G(oy (s),e(uy(s)),0,(s))ds Vte[0,T]. (72)

The study of problem PV g, is given in the following result.

Lemma 4.4. There exists a unique solution of problem PV ¢, and it satisfies o, € leQ(O, T, H). Moreover, if o;, u; and 6;
represent the solutions of problem PVa,,, PV, and PVj,, respectively, for n; € L*(0,T; V'), i = 1,2, then there exists C > 0
such that

| o1 (t) — oa(t) [3,< C(| i (t) —ua(t) [3

t t
+/ | 111(8) — UQ(S) |%/ d8+/ | 91(8) — 92(8) |%2(Q) ds )Vt S [O,T] . (73)
0 0
Proof Let A, : L?(0,T,H) — L?(0, T, H) be the operator given by
Mo () = Felag(®) + [ 610 (5),clug(5).6n(5)ds, 74

forall o € L2(0,T,H) and t € [0,T]. For 01,09 € L*(0,T,H), using (74) and (24) to obtain for all ¢ € [0, T

| Apoi(t) — Ayoa(t) [u< Lg/o | o1(s) — 02(s) | ds.

It follows from this inequality that for p large enough, the  regularity of 6,, and the properties of the operators F and G,
operator A? is a contraction on the Banach space L2(O T;H) it follows that o, € W12(0,T,H). Consider now 71,72 €
and, therefore there exists a unique element o, € L*(0,7;H)  L*(0,7;V’) and for i = 1,2, denote u,,, = u;,0,, = 0; and
such that A0, = o,. Moreover, o, is the unique solution  6,, = 6;. Then
of problem PVo, and, using (72), the regularity of u,, the

oi(t) = Fe(u;(t / G(oi(s),e(uy(s)),0;(s)) ds Yt €[0,T],

and, using the properties (23),(24) on F and G to find

[ o1 (t) = 0a(t) 15, C(l wi(t) — wa(t) 3 +/0t | o1(s) = 02(s) 3, ds

+/0 | uy(s) —ua(s) |3 ds +/0 | 61(s) — 62(s) |2L2(Q) ds) Vtel0,7T].

Using Gronwall’s argument in the obtained inequality to deduce (73), which concludes the proof of Lemma 4.6.
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Finally as a consequence of these results, using the properties of the operator G, the operator F and the functional j, for
t € [0,T], let the element defined by the following equation.

(An(t), V)vr ey = (Fe(uy(t),e(v))y + (/O G(on(s),e(uy(s)),0n(s))ds,e(v))n
+j(6ﬁ(t)7 u77<t)7v) Vv eV. (75)

Here, for every n € L*(0,7;V"), u,, B,, 0, and o,, represent the displacement field, the bonding field, the temperature field
and the stress field obtained in Lemmas 4.3, 4.4, 4.5 and 4.6 respectively. Then the following result is given in what follows.

Lemma 4.5. The operator A has a unique fixed point n* € L2(0,T; V") such that An* = n*.

Proof Let 11, m2 € L2(0,T;V"). Using the notation u,, =w,u,, =v, =v;,0, =65, =pFando,, =o;fori=1,2.
Using (24), (25), (26), the definition of R, R, and the remark 3.1, to have

| A () — Ama(t) < O wa(t) — ua(t) 3 + / ' o1(5) — 0a(s) [ ds
+ / " wa(s) — uas) [ ds + / 1 03(5) — 0a() [iagay ds + / 1 B15) — Ba(s) Bageay ) (76)
Using the estimate (73) to deduce
| A (t) = Anat) |y < O wa(t) — wa(t) iy + / " u(s) — usls) 3 ds

t t
102090 = 0306) By s+ [ 15106) = (o) e, )

Since .
uz(t) = / Vi(S)dS + ug, te [O,T] s
0
then .
| uy(t) —ua(t) |%/§ C’/ | vi(s) — va(s) |%, ds Vtel0,T]. (77)
0

On the other hand, using the Cauchy problem (62)-(63) to find

Bi(t) = Bo — /O (Bi(8) (1 (Ro (win (5)))* + 7 | R (ir(5)) |*) — €a)+ ds,

and then
| B1(t) = Ba(t) [L2(rg) < C/O | B1(s)(Ru (u1,(5)))? = Ba(8) (Ry(u2u(5)))? |L2ry) ds
+0/ | Bi(s) | Rr(uir(5)) |* =Ba(s) | Rr(uzr(s)) [*|2(ry) ds.
0

Using the definition of R, and R.; and writing 81 = 81 — B2 + (2, to get

t t
| B1(t)=B2(t) [L2(ry) < C(/ | B1(s) — B2(s) |L2(rs) ds +/ | ui(s) —ua(s) |p2(ry)e ds). (78)
0 0
Next, applying Gronwall’s inequality to deduce

t
| B1(t) = Ba(t) |2y < C / | w1(s) — ua(s) |pa(oeys ds,

and the relation (21) leads to

t
5100 = Balt) By < C [ [a(s) = a(o) i s 9)
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Substituting (79) in (76) and using (77) to obtain

IMﬁ%%m®@éCﬂm®*w@@+A|m®*m®@@+4\%@*%@ﬁmﬂﬁ

Sﬂllw@—w®@®+4|%@—%@ﬁmww

It follows now from the previous inequality, the estimates (71) and (68) that

A (0) = Am(t) < C [ (o) =) [ s

Reiterating this inequality m times leads to

| A= A"z oo gy S

Thus, for m sufficiently large, A™ is a contraction on the
Banach space L2(0, T’; V/), and so A has a unique fixed point.

Now, all the ingredients needed to prove Theorem 4.1 are
satisfied.

Proof Let n* € L?(0,T; V/) be the fixed point of A given
by (75). Denote by u = u,,- the solution of the problem PV,
forn = n*, 6 = 0, the solution of the problem PVj for
n = n*and B = @,- the solution of the problem PVj for
n = n*. Let o, be the solution of the problem PV, for
n = n*, denote

o =Ae(u) + oy

Using (75) and keeping in mind that An* = n*, to find
that the quadruplet (u, o, 3,0) is a solution of the problem
PV. This solution has the regularity expressed in (47)-(50) and
which follow from the regularities of the solution of problems
PV, PVg, PVy and PV,. Moreover, it follows from (47),
(22) and (24) that 0 € L?(0,T;H). Choosing now v = 4 in
(40), where ¢ € C$°(Q)?, and using (28), (38) to find

pu(t) = Divo(t) +fo(t) ae te(0,T).

Now assumptions (28), (30), the fact that u€L?(0, T} V/)
and the above equality imply that Div o €L2(0,T; V"), which
shows that o satisfies (48).

Uniqueness. The uniqueness of the solution is a
consequence of the uniqueness of the fixed point of the
operator A defined by (4.29) and the unique solvability of
problem PV, PV, PVy and PV, .

5. Conclusion

This paper is devoted to the study of a frictionless contact
problem coupling two importants phenomena which are
temperature of the material and the adhesion of the contact
surface without adhesive wear. The evolution of the adhesive
wear is a big challenge which may be explored in future.

T | 7]1 — 7]2 |L2(O,T;V/) .
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