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Abstract In the present paper we consider for a <x < b, 0 <t < T, the system
of partial differential equations

0 0 0
P05 - 5 (nw0)5) = .

20 v\’
(005 =utx0) ()

completed by boundary conditions on v and by initial conditions on v and 6. The
unknowns are the velocity v and the temperature 8, while the coefficients p, ¢ and
c are Carathéodory functions which satisfy

au

0<c <ux,s) <c, EN

(x,5) <0,

0<c3<c(x,s)<cs, 0<cs<p(x)<cs.
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This one dimensional system is a model for the behaviour of nonhomogeneous,
stratified, thermoviscoplastic materials exhibiting thermal softening and tempera-
ture dependent rate of plastic work converted into heat. Under the above hypothe-
ses we prove the existence of a solution by proving the convergence of a finite
element approximation. Assuming further that u is Lipschitz continuous in s, we
prove the uniqueness of the solution, as well as its continuous dependence with re-
spect to the data. We also prove its regularity when suitable hypotheses are made
on the data. These results ensure the existence and uniqueness of one solution
of the system in a class where the velocity v, the temperature 6 and the stress
o = u(x, 6)% belong to L=((0,T) X (a,b)).

Keywords Thermoviscoplastic materials - nonhomogeneous materials - thermal
softening - existence - uniqueness - Galerkin’s method

Mathematics Subject Classification (2000) 74H20 - 74H25 - 65M60 - 35D05 -
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1 Introduction

The present paper deals with a system of two partial differential equations describ-
ing the shearing of a nonhomogeneous, stratified, thermoviscoplastic material ex-
hibiting thermal softening.

After the pioneering paper of Dafermos and Hsiao [4] studying the adiabatic
shearing of a newtonian fluid with temperature dependent viscosity, many papers
have been devoted to the study of the existence and asymptotic stability in time of
the solutions of this problem for various classes of materials (see, for instance, the
paper [1] of one of us and the papers [9] and [10] of Tzavaras). The problem of
shear stability is related to the understanding of the emergence and development of
shear bands, and recent references on physical and engineering aspects of it can be
found, for example, in the book of Wright [11]. However, in all these papers, the
material is supposed to be homogeneous, in the sense that the viscosity function,
the heat coefficient and the referential density are supposed to depend only on the
temperature.

Here, the material is supposed to be nonhomogeneous in the sense that the
viscosity function, the heat coefficient and the referential density depend (not nec-
essarily smoothly) on the space variable. Indeed the material under consideration
is stratified in the sense that it is made of layers perpendicular to a given direction
of space, say the x direction. Assuming that the material is sheared uniformly in a
direction perpendicular to x between two parallel planes located at say x = a and
x = b, and disregarding the effect of the other boundary conditions, this allows
one to reduce to one dimensional (in space) partial differential equations.

Assuming that the elastic strain is equal to zero, the balance laws of the pro-
cess which relate the three unknows of the problem, namely the velocity v(z,x)
in the direction of the shearing, the shear stress o (¢,x) in the same direction and
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the temperature 6(z,x), lead to the following system of two partial differential
equations

Jdv do .
p(x)gzg_‘_f(t)x) mn (O>T)X(a)b)>
00 v .
c(x, G)E =05 in (0,T) x (a,b),

where T > 0 is given. In this system, f(¢,x), p(x) and c(x, 6) are given: f(z,x)
denotes the external (body) forces acting on the material, p (x) the referential den-
sity, which is supposed to depend only on x, and ¢(x, 0) the heat coefficient, which
is given by
1
c(x,0) = ——=
B(x,0)

where h(x, 0), the specific heat, and B(x, 8), the rate of plastic work converted into
heat, are given functions which can depend both on x and on the temperature. In
almost all works concerned with this problem under adiabatic conditions, 8 is sup-
posed to be a constant which is equal to 0.9. However recent experimental work
of Hodowany et al. [5] based on a Kolski bar technique, and theoretical studies
by Rosakis et al. [8] suggest that 8 can depend, among others, on the tempera-
ture. We actually prove in our paper [3] that homogenization of nonhomogeneous,
stratified, thermoviscoplastic materials where ¢ depends only on x produces an
homogenized material where c in general does depend on the temperature.

In the present paper, the shear stress o(,x) is supposed to be given by the
constitutive law

p(X)h(x,6),

0= ,u(x,@) % in (0> T) X (a)b)>

where the viscosity function u is a given function of x and of the temperature
which satisfies 5

S x,9) <0
this inequality expresses the thermal softening of the material. This law is a limit
case of the rheological constitutive law (see the paper [7] of Molinari and Clifton)

v

n—1 8V
G::u(x)e)Y) g .

ox’

(where 0 < n < 1) which describes a thermoviscoplastic material exhibiting strain
dependence, thermal softening and strain rate sensitivity. In the present limit case,
the strain rate sensitivity n is equal to 1. On the other hand, the strain y acts as a
. . . e . dv 40
hidden variable driven by the compatibility equation i 8—1/ ; but under slowly
X

varying shear stress, it was observed that the strain Y is quasi proportional to the
temperature 0. It was also observed in experiments at different temperature levels
that the linear law is justified between certain values of the stress (see the book
of Lemaitre and Chaboche [6]). The fact that we will prove in the present paper
that the stress is bounded therefore justifies in part the use of the limit case n = 1.
However, from the mathematical point of view, the method used in the present
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paper should be modified in the general case where n < 1 and where the strain y
is taken into consideration.

The shearing is caused by time dependent imposed boundary velocities at x = a
and x = b, namely

v(t,a) =v4(t), v(t,b) =vp(t) in(0,T),

where v, and v, are given. We will also consider the case where the shearing is
caused by time dependent shears imposed at x = a and x = b, namely

o(t,a) =0,(), o(t,b)=o0p() in(0,T),

where 6, and o) are given, and the case where the velocity is imposed on one
boundary, say x = a, and the shear on the other one, namely

v(t,a) =v4(t), of(t,b)=0,(t) in(0,T).

Finally the system is complemented by initial conditions on the velocity and
temperature, namely

v(0,x) =vo(x), 6(0,x)=6(x) in(a,b).

In short, when the shearing is caused by imposed boundary velocities, the
thermomecanical process under consideration is described by the following initial
boundary value system

P03 - 5 (w05 ) =) O x (@), (LD
2

c(x, 9)‘3—? = u(x,0) (%) in (0,7) x (a,b), (12)

v(t,a) =v4(t), v(t,b)=vp(t) in(0,T), (1.3)

v(0,x) =vo(x) in(a,b), (1.4)

6(0,x) = 60(x) in (a,b), (1.5)

where v(t,x) and 6(z,x) are unknown, while p, UL, ¢, f, v, vp, vo and 6y are given;
as said above, the stress o (¢,x) is given by

c:u(x,e)% in (0,T) x (a,b). (1.6)

The goal of the present paper is to prove the existence and uniqueness of the so-
lution of this system, as well as its continuous dependence with respect to the data
and some regularity properties. Using Schauder’s fixed point theorem, we proved
in [2] an existence result for (1.1)—(1.5) under homogeneous boundary conditions.
In Section 2 of the present paper, we will prove the existence of solutions by us-
ing a P! (in v) and PV (in @) finite elements approximation of this problem. This
method has the avantage to be more constructive and to prove the convergence of
an approximating scheme (see Subsection 2.4). Actually, before of proving this
existence result, we will first perform a transformation of the problem by intro-
ducing new unknown functions (see Subsection 2.2). This transformation will be
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used in the whole of the present paper. In Section 3 we will prove the uniqueness
of the solution of (1.1)—(1.5), as well as its local Lipschitz continuous dependence
with respect to the data and some regularity results. Combining all those results
ensures the existence and uniqueness of the solution of (1.1)—(1.5) in a class where
velocity, temperature and stress belong to L=((0,T) x (a, b)) (see Theorem 3.3).

These existence, uniqueness, continuity with respect to the data and regularity
results continue to hold, with the same proofs, in the case where the boundary
conditions (1.3) are replaced by Neumann boundary conditions

o(t,a)=0,t), o(t,b)=o0,(t) in(0,7T), (1.3bis)
or by mixed boundary conditions
v(t,a) =v4(t), o(t,b)=o0p(t) in(0,7T), (1.3ter)

(see Subsection 2.1bis and the comments after Theorems 3.1, 3.2 and 3.3).

In our paper [3], we investigate the asymptotic behaviour of a thermoviscoplas-
tic material made of numerous layers of different phases of the type considered
here, each of those layers having a small thickness, i.e. the homogenization of
such materials, and we prove that system (1.1)—(1.5) is stable by homogenization.

Finally, we have to stress the importance in the proofs of the one dimensional-
ity in space of the partial differential equations; in several dimensions most of the
results given here should be very different and are beyond our reach.

2 Approximation by finite elements and existence of a solution

This Section presents an existence result for the initial boundary value system
(1.1)—~(1.5). The proof which is given here uses Galerkin’s method for P! / PY finite
elements approximation. Another proof using Schauder’s fixed point theorem was
given in our paper [2]. The proof presented here, even if technically a little bit more
complicated, has the advantage to provide the convergence of an approximating
scheme of system (1.1)—(1.5).

We state this existence result in Subsection 2.1. Its proof will follow from a
change of unknowns functions that we will perform in Subsection 2.2, passing
from the unknowns (v, 0) to the equivalent unknowns (u, 7). This transformation
will be used in the whole of the present paper. The existence result for the un-
knowns (#,7) and the convergence of the Galerkin’s method will be proved in
Subsection 2.4.

2.1 Statement of the existence result

In the whole of the present paper, we consider a, b and T in R with a < b and
T > 0 and we set
(a,b) = Q, (0,T) x (a,b) = Q.
We assume that the fonctions p : 2 xR — R and ¢ : €2 x R — R are Carathéo-
dory functions which are uniformly (in x) continuous in s, i.e.

x — W (x,s) is measurable Vs e R,
@2.1)
lw(x,s) —u(x,s)| < ols|s—s]) aexeQ,Vss R,
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x — ¢(x,s) is measurable Vs e R,
2.2)
le(x,8) —c(x,8")] < (s, |s— ') ae x€Q,Vs,s eR,
where (s, §) is a modulus of continuity, i.e.
o(s,§) >0 when §—0, Vs € R,
and that
peL™(Q). (2.3)
We also assume that the functions (i, ¢ and p satisfy
c1 < ux,s) <c ae.x€Q,VseR, 2.4)
c3<c(x,s) <cy ae.x€,VseR, (2.5)
s <px) <cg ae.xeQ, (2.6)

where 0 < ¢] < ¢ < 400, 0 < 3 < ¢4 < 4e0and 0 < ¢5 < ¢g < +oo are con-
stants. Moreover we assume in this Section (this hypothesis will not be made in
Subsections 3.1-3.4 below) that u is nonincreasing in s, i.e.

0 .

8—“(x, $)<0 in2'(QxR). 2.7)

s
For what concerns the external forces and the initial and boundary conditions,

we assume in this Section that

fEL*0,T;L*(Q)), (2.8)
v €H'(0,T), v, €HY0,T), (2.9)
vo € H'(Q), (2.10)
60 €L'(Q), (2.11)
and that the following compatibility condition holds true
vo(a) =v4(0), vo(b) =vp(0). (2.12)

We then have the following existence result.

Theorem 2.1 (Existence) Assume that hypotheses (2.1)—(2.12) hold true. Then
there exists at least one couple (v,0) which satisfies (1.1)~(1.5) in the following
sense

ve L0, T:H (Q))NH'(0,T;L*(Q)), (2.13)
0 cewhl(0,7;L1(Q)), (2.14)
dv 9 P .
P(@%‘g(#(&e)&—:) =f in2(0), (2.15)
96 av\? ,
0% —ut0)(5) o) .16

v(t,a) =v4(t), v(t,b)=vp(t) aete(0,T), (2.17)
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v(0,x) =vo(x) a.exeQ, (2.18)
0(0,x) = 6p(x) a.e.x€ Q. (2.19)
Moreover the stress o defined by (1.6), namely
dv
= — 2.20
0 =ux0)>", (2.20)
satisfies
6 € L”(0,T;L*(Q))NL*(0,T; H (Q)). (2.21)
Finally for this solution, the following a priori estimates hold true
dv
IVl = 0,701 (2)) HEHLZ(O,T;LZ(Q)) <C%, (2.22)
d0
181l2=0,7:01 (@) + 15, e o.ri01 @) = €7 (2.23)
ol 0,7:2(02)) T 10|20, 731 (2)) £ C7 (2.24)

where C* denotes a constant which depends only on c\, ¢, ¢3, ¢4, ¢s, ¢, (b—a)
and K, when the data satisfy

£z 0,7:02(2)) + Vallr o,y + Vol a1 0.y +
(2.25)
+vollg @) + 160l 1 (@) < K-

Note that every term of equations (2.15) and (2.16) has a meaning in the
sense of distributions, since u(x,0) belongs to L=(Q). Similarly the boundary
conditions (2.17) have a meaning, since v belongs to L=(0,T;H'()) and since
H'(Q) c C°(Q) when Q is one dimensional. Finally the initial conditions (2.18)
and (2.19) have a meaning since v belongs to H'(0,T;L*(Q)) C
c C%([0,T); L*(L2)) while 6 belongs to Wh1(0,T;L1(2)) c C°([0,T]; L1 (Q)).

The regularity (2.21) on the stress ¢ is very specific to the one dimensionality
of the problem. Indeed it immediately follows on one hand from (2.4), (2.13) and
from the definition (2.20) of ¢, and on the other hand from equation (2.15), which

0
reads as 8—6 = pg—: — f, and from (2.6), (2.13) and (2.8).
X
The a priori estimates (2.22)—(2.24) on v, 8 and ¢ of Theorem 2.1 are stated
here only for the solution built in the proof below. Actually by the uniqueness
Theorem 3.1, these a priori estimates hold true for every (actually for the unique)

solution of (2.13)—(2.19) whenever hypothesis (3.1) is made.
2.1bis Existence results for Neumann and mixed boundary conditions
As said in the Introduction, the boundary conditions (1.3) on v can be replaced

by Neumann boundary conditions (1.3bis) on ¢ or by mixed boundary conditions
(1.3ter)on v and ©.
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In the case of Neumann boundary conditions we assume that
0, € L*0,T), o,€L*0,T), (2.26)
and, in the case of mixed boundary conditions, that
va € H'(0,T), o3, €L*0,T), (2.27)
and that the compatibility condition
vo(a) = v4(0), (2.28)

holds true.

We then have the two following existence results, which can be proved along

the lines of the proof of Theorem 2.1.

Theorem 2.1bis (Existence for Neumann boundary conditions) Assume that
hypotheses (2.1)—(2.8), (2.26), (2.10) and (2.11) hold true. Then there exists at
least one couple (v, 0) which satisfies (1.1), (1.2), (1.3bis), (1.4) and (1.5) in the

following sense

veL™(0,T;H (Q))NH'(0,T;L*(Q)), (2.29)

6 cwhi(o, T-Ll(Q)) (2.30)

/ —wdx+/ ——d =

_ / Fwdx+ oy(t)w(b) — ou(t)w(a) in2'(0,T), 2.31)
Q
Ywe HY(Q),
Pl aw\* .
0% —u0)(55) i) 2.32)
v(0,x) =vo(x) ae.x€Q, (2.33)
0(0,x) = 6o(x) ae.xe Q. (2.34)
Moreover the stress ¢ defined by (1.6), namely ¢ = u(x, 6)3 , satisfies
6 € L=(0,T;L*(Q))NL*(0,T; H (Q)). (2.35)
Finally for this solution, the following a priori estimates hold true
dv
Il 0,111 @)) + I 57 2072 (02)) < G (2.36)
d0
1611 0,750 (22)) T |l EHL'(O,T;L'(Q)) < Gis» (2.37)

loli=0.7:12(0)) T 10l 20,711 2)) < Ciss (2.38)
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where C};. denotes a constant which depends only on cy, ¢2, c3, ¢4, ¢s, ¢6, (b —a)
and Ky, when the data satisty

£ 1122 0,7:02(2)) + 1Gall 20,7y + 106 1200,y +
(2.39)
+ ol )y + 1160l 11 (@) < Kbis-

As usual in Neumann’s problem, both the equation (1.1) (in the sense of
2'(Q)) and the boundary conditions (1.3bis) (which here have a meaning since
o belongs to L?(0,T; H'(2)) and H'(2) c C°(Q)), are contained in the varia-
tional formulation (2.31).

Theorem 2.1ter (Existence for mixed boundary conditions) Assume that hy-
potheses (2.1)—(2.8), (2.27), (2.28), (2.10) and (2.11) hold true. Then there exists
at least one couple (v,0) which satisfies (1.1), (1.2), (1.3ter), (1.4) and (1.5), in
the sense that (2.29), (2.30),

dv
/Qp(x)gwdx—l—/gu(x,e)ggdx:

= / fwdx+o,(t)w(b) in2'(0,T), (2.40)
Q

vYwe H'(Q) withw(a) =0,

v(a,t) =v,(t) ae.t€(0,T), (2.41)
(2.32), (2.33) and (2.34) hold true.

Moreover the stress ¢ defined by (1.6), namely ¢ = u(x,@)@, satisfies

ox
(2.35).
Finally for this solution the a priori estimates (2.36)—(2.38) hold true with Cp;;
replaced by C{,, where Cy, denotes a constant which depends only on ci, c2, ¢3,
c4, 5, C, (b — a) and Kier, when the data satisfy

£ 1lz20,7:02(2)) + 1Vallar 0,0y + 106l 20,7y +
(2.42)
+voll g () + [160ll1 (@) < Ker-

2.2 Transformation of the problem by a change of unknown functions

Actually it is more convenient to write the system (1.1)—(1.5) in an equivalent
but different way. Let us describe formally this equivalent formulation.

We begin by a translation which reduces the problem to homogeneous bound-
ary conditions. (Such a translation has not to be done when Neumann bound-
ary conditions are concerned, and it has to be conveniently modified when mixed
boundary conditions are concerned.) Define

(x—a)vp (1) + (b= x)va(1)

2.43
— : (2.43)

V(t,x) =
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uo(x) = vo(x) —=v(0,x), (2.44)
u(t,x) =v(t,x) —v(t,x). (2.45)

Note that
uo € H) () (2.46)

when vg, v, and v, satisfy hypotheses (2.9), (2.10) and (2.12).
Then (v, 0) is a solution of (1.1)—(1.5) if and only if (u, 0) is a solution of

0 0 du dJv av
P05 - 5 (o) (5450 ) ) =r-pe0%; (0.1 % (@b), @47

2
e(x, 9)‘3—? = u(x,0) (% + %) in (0,T) x (a,b), (2.48)
w(t,a)=0, u(t,p)=0 in(0,T), (2.49)
u(0,x) = up(x) 1in(a,b), (2.50)
0(0,x) = 6o(x) in (a,b). (2.51)

We will now perform a change of unknown function by replacing 6(¢,x) by a
new unknown 7(¢,x). Define the function M : Q x R — R by

M(x,s) = / c(x,su(x,s")ds’ ae.xeQ,VseR. (2.52)
o

o (x)

Since 0 < c3¢1 < c(x,s")u(x,s") < cqcy < +oo, the function s — M(x,s) is one-
to-one from R into R for almost every x € Q. Let N(x,r) denote its reciprocal
function, defined by

M(x,s)=r <= N(x,r)=s ae.xcQ. (2.53)

Note that the functions M : 2 xR — R and N : 2 x R — R are Carathéodory func-
tions, and that the functions s — M(x,s) and r — N(x,r) are strictly increasing,
Lipschitz continuous functions which satisty

csci(s—s") <M(x,s) —M(x,s") < caca(s—5)

(2.54)

ae.x€Q,Vs,s eR, s>,
1 / / 1 /

—(r—=r)<N(@x,r)=N(x,r) < —(@F—7)

€42 e (2.55)
ae.x€Q, Vi eR, r>7,
M(x, 60(x)) =0, (2.56)
N(x,0) = 6(x). (2.57)

Define now the new unknown 7(z,x) by

T(t,x) = M(x,0(t,x)). (2.58)
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The reason for this definition is that multiplying equation (2.48) on 6 by u(x,0)
(which is always finite and strictly positive), we see that (2.48) is equivalent to

X3 du Jv
Fri ‘.U(X’@) (a*‘ g)

while the initial condition (2.51) is equivalent to

2
in (0,T) x (a,b),

7(0,x) =0 in(a,b).
We finally define the function A : Q x R — R by
Alx,r) = u(x,N(x,r)) ae.xeQ, VreR. (2.59)

Then A is a Carathéodory function which satisfies (2.1) (for some new modulus
of continuity) and (2.4), i.e.

1 <Ar)<cy ae.x€Q,VreR, (2.60)

and which is nonincreasing in r when u satisfies (2.7), i.e.

8—7;(x,r) <0 in2'(Q xR);

(note that this is the only place where hypothesis (2.7) is used in the present Sub-
section.)
Then we have

:u(x’ e(t’x)) = l(x’ T(t’x))’
o(t,x) = u(x, 6(t,x))%(t,x) = A(x,7(t,x)) (%(I,x) + %(I,x)) .

It is now straightforward to prove the following equivalence result.

Theorem 2.2 (Equivalence) Assume that hypotheses (2.1)—(2.6) and
(2.8)—(2.12) hold true, and define v, ug, M, N and A by (2.43), (2.44), (2.52),
(2.53) and (2.59). Then (v,0) is a solution of (2.13)—~(2.19) if and only if u and ©
defined by (2.45) and (2.58), namely

u(t,x) =v(t,x) —v(t,x), 1t(t,x)=M(x,0(t,x)),

satisfy
ue L=(0,T;H} (2))NH(0,T;L*(Q)), (2.61)

e whl(o,1;L1(Q)), (2.62)
du 9 du Iy v )
P(x)ji—g(l(xﬂ)((g—z+8—:>>Zf—P(X)g—: n (), (263
o1 du v\ |?
= = ‘l(x,‘c) <$+$>

u(0,x) =up(x) aexeQ, (2.65)
7(0,x) =0 aexeQ. (2.66)

in2'(Q), (2.64)
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Moreover the stress o defined by (2.20), namely

v Ju Jv
Gz,u(x,e)gzl(x,r) <$+$>, (2.67)
satisfies
6 € L”(0,T;L*(Q))NL*(0,T; H (Q)). (2.68)

Finally the norms of v and 6 in the spaces L~(0,T;H'(Q))N
NH'(0,T;1*(2)) and W"'(0,T; L' (Q)) and the norms of u and 7 in the spaces
L=(0,T;H} (£2)) N H'(0,T;L*(2)) and Wh1(0,T;LY()) are equivalent, with
constants in the equivalences which depend only on c\, ¢3, ¢3, c4, (b—a) and J,
when the data satisfy

IVallgio,7) + vell 1 0.7y + 160l 1) < - (2.09)

Note that the initial conditions (2.65) and (2.66) have a meaning since
H'(0,T;L*(Q)) < C°[0,T);L*(2)) and since WH(0,7;L1(Q)) C
c ([0, TI:L'(Q)).

Theorem 2.1 then results from the equivalence Theorem 2.2 and from the fol-
lowing existence Theorem, that we will prove in Subsection 2.4.

Theorem 2.3 (Existence for the transformed system) Assume that the hypothe-
ses of Theorem 2.1 hold true, and define v, up, M, N and A by (2.43), (2.44),
(2.52), (2.53) and (2.59). Then there exists at least one couple (u,T) which satisfy
(2.61)—(2.66).

Moreover the stress o defined by (2.67) satisfies (2.68).

Finally for this solution, the following a priori estimates hold true

du .
l[ull = 0,720 (2)) + HEHLZ(O,T;LZ(.Q)) <D% (2.70)
at .
1l=rr ) + 15, I oar @) <D (2.71)
o= 0,7:2(0)) + 1Ol 200, 71 (2)) < D (2.72)

where D* denotes a constant which depends only on ¢y, ¢y, ¢s, ¢s, (b—a) and L,
when the data satisfy

£ 2 0.7:22(2)) + Vall o,y + Vol et 0,7y + ol gy ) < L- (2.73)

2.3 Definition of the approximating problem

The proof of Theorem 2.3 that we will present is based on Galerkin’s approx-
imation by P! (in u) and P? (in 7) finite elements.

bh—
We divide Q = (a,b) into n intervals I¥ of length 779 defined by
n

k k+1
If = a—l——(b—a),a—l—( +1)
n

b— k=0,1,..,n—1
n ( a) ) b )n b
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whose characteristic functions y* are given by

k
. 1 ifxe la+—-(b—a),a+
Xn (%) = !
0 otherwise, k=0,1,....n—1,

and we denote by w{; the “hat” functions which are the elements of the P! basis,
i.e.

n J
l—b_a|x—(a—|—;(b—a)|
J(y) = j—1 i+ 1
wi(x) = ifxe Hu(b_a)’ﬁw(b_a) ’
n n
0 otherwise, j=1,....n—1.

2.3.1 Definition of A, and U,

Let us define an approximation A, (x, r) of the function A (x, ) and an approx-
imation U, (x) of the initial condition ug(x).

Since A(x,r) = p(x,N(x,r)), and since  is continuous and non increasing in
s while N is continuous and strictly increasing in r, the function A (x,r) is contin-

uous and non increasing in s. We first define a regularization I (x,r) which is C!
and non increasing in r for each fixed n, which satisfies the bound

a < Z,,(x,r) <cpy aexeQ,VreR,
and which is such that

x = Au(x,r) is measurable Vre R,

[An(x,7) —Z,,(x, Al <a(rlr—r]), aexeR, VnreR,

where @(r,#) -0 when?— 0,

asn— oo, Au(x,r) = A(x,r) ae.xcQ,VreR;
such a regularization can be obtained e.g. by convolution of A (x,r) with respect
to r; it is superfluous when p (and thus A) is C! in s; this regularization will make
licit the derivation of the first a priori estimate below.
We then define A, (x,r) as the mean value (in x) of A,(x,r) over the intervals

I¥ of length a, ie.
n

n—1
_ k n k(NG (o /
i) = 3749 [b_a |2 x| (2.74)
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It is easy to prove that the function A, : Q x R — R satisfies for each n the follow-
ing properties

An is constant in x on each interval I,’f, and is C! and non increasinginr, (2.75)

1 < Ap(x,r) <cy aexeQ,VreR, (2.76)
asn—oo,  Ay(x,ry) = Alx,r) ifr,—rn aexeQ. 2.77)

On the other hand we define U, as the projection in Hé (Q) of ug on the space
generated by the functions wy, j = 1,...,n—1,i.e.

n—1
Un(x) = Y Uiwi, (2.78)
j=1

where the coefficients U,{ € R are defined by the system of equations
n—1 ) ) )
2 Ul <wlw,>=<ug,wy,>, i=1,..n—1,
=1

in which <, > denotes the scalar product of H} (), i.e.

dy 1
= —dx Hy(Q).
< Q, V/> d dx V(p) V/E 0( )
Therefore
1Unllm (@) < Clluoll ) (2.79)
U, — up in H (L) strong. (2.80)

2.3.2 Approximating problem

We now define the approximating problem in the following way. We look for
functions (u,,7,) (or more exactly for their coefficients uj(t) € H'(0,T), j =
=1,..,n—1,and t5(t) € W(0,T), k = 0,1,...,n— 1), which are solutions of
the approximating system

n—1
=Y u)(t)w)(x), (2.81)
=1
n—1
Ta(t,0) = Y, T ()28 (%), (2.82)
k=0
0 du, IV oW, B
Lo %x*a) ox =
(2.83)
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2
2T,

o= |, ) (%4—%) . (t,x)€(0,T) x Q, (2.84)

n(0,) = Up(x), x€Q, (2.85)

7,(0,x) =0, x€Q, (2.86)

where 7L,,8and U, are defined by (2.74) and (2.78). Observe that since 7,(t),
Up

ov . . . .
and — are constant (in x) on each interval I,’f, equation (2.84) is

ln(x> r), E

equivalent to n ordinary differential equations or to

0w 1, dun IV \|* &
/Q 5 xndX—/Q An (X, Ty) (——l— )‘ X dx,

Jox  Odx
k=0,1,...n—1, 1€(0,T).

2.3.3 Local existence of the approximating solution

The approximating system (2.81)—(2.86) is nothing but the ordinary differen-
tial equation

dZ(t) =F(t,2(1)), t€(0,T),
2 (2.87)
Z(0) = Zo,

where Z : [0, T] — R"~!*7 is defined by
2(6) = (1), sty (1), 7000), s 0))),

and where F,(t,z) is C! in z and L? in t. Thus there exists a solution Z of (2.87)
(and therefore of the approximating system) which belongs to H' (0, T*;R"~1+m)
on the interval (0,7*) for some 7* with 0 < T* < T. The a priori estimates that
we will obtain in the next Subsection will imply that actually 7* =T

2.4 Convergence of the approximating solution

In this Subsection we prove that the approximating solution (u,, 7,) of (2.81)—
(2.86) converges to a solution (u, T) of (2.61)—~(2.66) (see Theorem 2.4 below).
This will prove the existence Theorem 2.3 for the transformed system.

Theorem 2.4 (Convergence of Galerkin’s approximation) The solution (uy, T,)
of the approximating system (2.81)—(2.86) exists on (0,T) and a subsequence, still
denoted by the index n, satisfies

up —u  inL=(0,T;H}(Q)) weak , (2.88)

814,, Ju . 2 .72
= N EH in L~(0,T;L*(Q)) strong, (2.89)
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uy, N
ot

du
ot

in L*(0,T;L*(Q)) weak,

T, =1 inWH0,T;L1(Q)) strong,
where (u, T) is a solution of (2.61)—(2.66).

Proof The proof of this Theorem will be done in five steps.

First step: a priori estimates

i
n

d
Multiplication of (2.83) by o

(2.90)

2.91)

(¢) and addition from i = 1 to i = n— 1 yields

(2.92)

duy, | du, v\ [(J*u, J*v _
/gp(x)‘ +/7L %) <8x +$> <8x8t 8x8t>dx
) "y v duy,
_/fu _/ PGy 5 dxt
duy IV 9%
+/7L %) (T*w) oo ™

For what concerns the second term of (2.92), using the fact that 4,, is C Lin r,

d I ATy .
the fact that > (7L,, (x, ‘c,,)) = W(x, Ty) > and equation (2.84), we have
d |1
" li JRICED

2
dx] =
:/ A, T) <8u,, ov
Q

n %u,
dx  ox ) \ oxor
0
Q or

ttn
dx

X
ox

It

= () A (v, 7) |

82
oxot

)dx+

0
n dx.

)
ox

2

Since %(x, r) <0, we have
d |1
. li JRICED

< /Q Don (%, Ta) <8M"

ttn
dx

Il

L
ox

<

2

dx] <
2%u, N
oxot

0%

Ox dxot

)



188 N. Charalambakis, F. Murat

Therefore integrating (2.92) in time from 0 to  we obtain

/ot /g P ‘ 8;;"

1 U, v 2
< E/an(x)o)‘x+g(0,x)

+/Ot/gf8;;"dxdt’—/ot/gp( ?9:8;"‘1 dr' +

8u,, v\ 9% ,
+//7L X, Ty) ( 8x> 8x8tdxdt.

Using the bounds (2.6) and (2.76) on p and A, as well as Young’s inequality
we get

65// ‘—‘ dxdi’ + cl/ “9“" V(tx)

uy, ov 2
dx dt—|—2/7L (x, Ta(2, x))‘ 8x( )—l-g(t,x) dx <

dx+

2
dx <

1 t
_— e ‘9U" x) 8“" dx dt’+—/ / |f2dxdr'+
Cc5J0 JQ
2
// —| dxdt'+
_12 2 ‘ 2— 2
‘9”"+—V dxdt’+c—2// sl
dx c1Jo Jo|dxot

From Gronwall’s inequality, from the definition (2.43) of v and from the estimate
(2.79) on U,,, we obtain

AL

where the constant D* depends only on c1, ¢3, cs, cg, HfHLZ(OJ‘;LZ(Q)),HVaHHI(OJ‘),

uy,

. 2
W(I’x) + %(t,x) dx<D*, (2.93)

dx dr'+ sup

0<t<T*J Q2

IVollzr1(0,r) and [[uoll g1 ()
From (2.84) and (2.86), we immediately deduce from (2.93) that

5

g < D*, (2.94)

L=(0,7%:L1(Q))

where D* is a constant, possibly different of the constant which appears in (2.93),
but which depends only on the same quantities.

For n fixed, the estimates (2.93) and (2.94) provide in particular an a priori
estimate (independent of 7*) in L=(0,7*;R"~'*") for the solution Z(z) of the
ordinary differential equation (2.87). This implies the global existence of Z on
(0,T),ie. T*=T.
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In view of (2.93) and (2.94), we can extract a subsequence, still denoted by the
index n, such that

uy —u in L=(0,T; H} (22)) weak , (2.95)
8;: -~ % in L2(0, T3 L2(2)) weak, (2.96)

for some u which satisfies
uc L(0,T;Hy(Q)), % e L*(0,T;L*(Q)), (2.97)

and which thus meets the regularity requirement (2.61). Convergences (2.88) and
(2.90) of Theorem 2.4 (which are nothing but convergences (2.95) and (2.96))
are also proved, and estimate (2.70) follows from (2.93) and from weak lower
semicontinuity.

Since (2.95) and (2.96) imply that

un — u in C°([0,T]; L*(£2)) strong,
passing to the limit in the initial condition (2.85) with the help of (2.80) yields
u(0,x) =up(x) ae.xeQ. (2.98)

Therefore u satisfies the initial condition (2.65).

Second step: study of the approximating stress
We define o, the natural approximation of the stress, by

uy,

On(t,x) = An(x, Ty(2,x)) ( o (t,x)+ %(I,x)) . (2.99)

In view of the bound (2.76) on 4,, and of the estimate (2.93) on u,, C, satisfies
HG'IHL”(OJ;LZ(Q)) <D, (2.100)

where D™ is a constant possibly different of the constants which appear in (2.93)
and in (2.94), but which depends only on the same quantities. We can thus extract
a new subsequence, still denoted by the index 7, such that

0, — G inL”(0,T;L*(Q)) weak *, (2.101)

for some o € L=(0,T;L*(Q)).
We also define a function s, by
dsn u, v .,
g—P(x)W—J”‘P(X)E in 7'(0), (2.102)

/ sult,x)dx = / Gt x)dlx. (2.103)
Q

Q
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Since the right hand side of (2.102) belongs to L>(0, T; L*(£2)), conditions (2.102)
and (2.103) define a function s, in L?(0, T; H'(£2)). We then define 5, as the mean

b—
value (in x) of s;,, on the intervals I,’f of length a, i.e.

-5 k()[L/ () (’r)d’] (2.104)
_kzoxnx b—a anx Sp(x,t)ax | . .

Actually we have the following surprising result
On = Sn, (2.105)

that we will now prove.
Using the approximating equation (2.83), the definition (2.99) of ¢, and then

the definition (2.102) of %

3W§1_ dup_; i @i_
| onStar == [ p)Stwidr+ [ puide— [ po)Giufdx =

Isn oW .
:_/_Q 8;w§,dx=/gsn8—x"dx, i=1,..,n—1.

we have, since wi € H}(£),

i

Since 3 “ is constant on each interval I¥, we have
X
/ 85;"dx—/g 88W"dx i=1,..n—1,
and thus )
_ oW, .
/ (0p —5p) —=—2dx =0, i=1,..n—1. (2.106)
Q dx
But by their very definitions, 0, and s, are constant (in x) on each interval I¥ s
and therefore there exist functions 4% (t), k =0, 1,...,n — 1, such that
—Sp = 2 hk Xn

d
Then (2.106) and the explicit form of g i.e.

ox’

aw! n

) = 0 W - K W), i T

imply that 4% (¢) does not depend on k, i.e.
RE@t) = ha(t), k=0,...,n—1,
for some function 4, (t), from which we deduce that

On—3Sp=hy(t) onQ,
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and by (2.103) that

(b—ahn(t) = [ (0 —5)dx =0,
Q
i.e. that 0,, =5, as required.

0
Since % is bounded in L2(0,T;L*(£2)) (see (2.93)), and since/ ou(t,x)dx
Q

is bounded in L=(0,T) because o, is bounded in L~(0,T;L?*(£2)) (see (2.100)),
we deduce from the definition (2.102)—(2.103) of s,, that
HSVIHLZ(O,T;HI(Q)) S D*. (2107)

‘We now claim that

b—a

2
Hsn _E"Hiz(O,T;LZ(Q)) S ( ) HS"HiZ(O,T;Hl(Q))’ (2108)

Indeed, for every function y € H'(£2), denoting by ¥, the mean value of y on

bh—
the intervals I¥ of lenght a, i.e.

- gxf(X) o v

_ b—a\?
|w—wn|22(g)g( . ) W1 g

this assertion follows by addition from k = 0 to k = n — 1 of the following inequal-

one has

ity, in which ones takes o = a+ E(b—a) and B =a+ (k+ 1)(b—a)
n n
o v’
Vg [ vy <(B-ap
H B-oala 12(c) x| 20 )

the latest inequality is nothing but the one dimensional Poincaré-Wirtinger in-
equality and can be proved in an elementary way.

In conclusion, we deduce from (2.105), (2.108) and (2.107) that

b—a\?
sl — (150 — sl < DY, (210
1631 sy =150l sy < () D0 @2109)

which combined with (2.101) implies that s, tends to ¢ in L*(0,T;L?*()) weak.
Then (2.107) implies that o € L2(0,T; H'(Q)).

This result and (2.101) prove the regularity (2.68) on ¢, while (2.100), (2.101)
and (2.107) prove the a priori estimate (2.72).
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Third step: strong convergence of 7, in L' (Q)
Using the definition (2.99) of 6, in (2.84) and recalling (2.86), we have

T, .
(;; = |Gn|2 mn @l(Q)’ Tn(0>x) = 0>
which we rewrite as

Tn = Cn + gm
G 2
or sal®,  Ga(0,x) =0, (2.110)
a¢, s
= o sl 80,0 =0

From (2.100) and (2.109) we deduce that

|(F,,|2 — |s,,|2 =20,(0n—sn) — (On — s,,)2 —0in LI(O, T;LI(Q)) strong,

. 1 9¢
and thus that ¢, (¢,x) = / 886" (t',x)dt’ satisfies
0
HC"HLOQ(O,T;LI(Q)) _>0 (2111)

Let us now study {,. Since s, is bounded in L?(0,T; H'(£2)) (see (2.107)),

p) i
%6 is bounded in L' (0,T;L' (), and &,(t,x) = /
0

ot
0
L>(0,T;L'(€)). On the other hand, 25, 2 is bounded in L'(0,T;L'(£)), still

ox
because of (2.107). Since

0
;t" (t',x)dt' is bounded in

Jt \ ox ox’  ox
we obtain that % is bounded in L=(0,T;L'(Q2)). Therefore {, is bounded in
x

W 1(Q), and extracting if necessary a new subsequence, still denoted by the index
n, we have

& — 1 inL'(Q) strong and a.e. in Q, (2.112)
for some 7 € L'(Q). From (2.110), (2.111) and (2.112) we deduce that

T, — 1 inL'(Q) strong and a.e. in Q. (2.113)

The strong convergence (2.113) of 1, the bound (2.76) on A,, the convergence
(2.77) on A, (x,r,) and Lebesgue’s dominated convergence theorem imply that

An(x,Ty) — A(x,T) in LP(Q) strong Vp < +oo and a.e. in Q. (2.114)
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d
Using now (2.114) and the weak convergence (2.95) of ﬂ, we deduce from the

dx
definitions (2.99) and (2.101) of ¢, and ¢ that
du Jv
=2 —+=]. 2.115
o= (545 @.115)
uy,
I ot
implies that
duy 0
WS = plx )8—“ in L2(Q) weak.
Fix now any w 1n H0 (Q) and define wy, as its projection on the space generated
by the functions w,,, j=1,...,n—1,1e.
n—1 o
= 2 WIw!.
j=1

Multiplying the approximating equation (2.83) by W, taking the sum from i = 1
to i = n— 1 and using the fact that

wn,—w  in H} () strong,

one obtains
/ —wdx+/ (8“ %) %—Wd =

/fwdx / ()g—wdx inL*(0,T), VYw e H}(Q).

Equation (2.63) is therefore satisfied.

(2.116)

Fourth step: strong convergence of ttn in L2(Q)

dx

The previous convergences do not allow us to pass to the limit in the right hand
side of the approximating equation (2.84). But in the present step we will prove
the strong convergence

%”Z’ N ? in L2(Q) strongly, 2.117)

which is nothing but convergence (2.89) of Theorem 2.4.

Multiplication of the approximating equation (2.83) by u/,(¢) and addition from
i=1toi=n—1 yields after integration in time from O to ¢

/ x)|un |dx+//7L X, Tn) 8“"4-%2
2/ |Un2dx+//7txrn (%—F%)?d dr' +

+//fu,,dxdt // undxdt

dxdt’ =
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which after another integration in time from O to T yields

2// x)|up (¢)|?dxdt +
+// Y xr,,)‘;“" ov|?

o
:—T/ 0|0, 2dx+ (2.118)
du, Jv\ Jdv
+/ / —t XTn) (8— dx )8 dxdt+

+// T —1t)fu,dxdr— // —1)p u,,dxdt

The strong convergence (2.80) of U, the weak convergence (2.95) of u, and
the strong convergence (2.114) of A,(x,7,) imply that the right hand side of
(2.118) converges to

—T/ |uo|2dx—|—/ / —HA(x,T (gu g:)g dxdt +

+// T —1)fudxds — // ~1)p —udxdt

d
On the other hand, the function u belongs to L™(0,T;H}(2)) with 8—? in

L?(0,T;L*(£2)) (see (2.97)) and satisfies the initial condition (2.98). Using u as
test function in equation (2.116) is therefore licit and yields, after integrating twice
in time from O to T

2// |u|2dxdt—|—// —H)A(x,7)
=27 [ p@hwfars [ [ - ”)@M%)?d dry  (2119)

+// T —1)fudxdt — // ~1)p —udxdt

Since the right hand side of (2.119) is nothing but the limit of the right hand
side of (2.118), and since u, converges to u in H'(Q) weak and therefore in L>(Q)
strong (see (2.95) and (2.96)), we have proved that

e (3 ) g b (3 )

dxdt =

8u ov|?

dxdt =
8x dx .

).
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But the weak convergence (2.95) of u,, combined with the strong convergence
(2.114) of A, (x, T,) implies that

(T —1)2n(x, T,) (% + g) —~ V(T =0)A(x,71) (% + g) in L*(Q) weak.

Since the norms converge, the latest convergence is actually strong in L?(Q). Di-
viding by 1/, (x, T,) and using the almost everywhere convergence (2.114) of
An(x,7,) and the lower bound (2.76) on A, implies with the help of Vitali’s theo-
rem that

uy, du . ,
V(T —t) I (T—t)g in L*(Q) strong.

Repeating this proof for some 7’ > T proves the strong convergence (2.117).

Fifth step: end of the proof of Theorem 2.4

In order to complete the proofs of Theorems 2.3 and 2.4 it only remains to
prove that (2.62), (2.64), (2.66), (2.71) and (2.91) hold true.

0
In the previous step we proved that % converges to o in L*(Q) strong.
X

With the help of the almost everywhere convergence (2.114) of A,(x, 7,), of the
upper bound (2.76) on A, and of Vitali’s theorem, this implies that
tn

v\ [° du v
7L,,(x, Tn) ( ox + g) — ‘l(x, T) (aﬁ- g)

The desired results follow from this convergence combined with (2.84), (2.86),
(2.100) and (2.113).

2
in L'(Q) strong.

Final remark

The above proof strongly uses the fact that = (a, b) is one dimensional. This
fact was in particular used in a crucial way when studying the approximating stress
0, and when proving the strong convergence of 1, in L'(Q) (second and third
steps). The multidimensional case 2 C R? seems therefore to be out of reach. [

3 Uniqueness, continuity with respect to the data and regularity of the
solution

In this Section, we prove the uniqueness and the local Lipschitz continuity with
respect to the data of the solution of (1.1)—(1.5), the existence of which has been
proved in Section 2. Under additional hypotheses on the data, we also prove some
regularity results, which ensure that the velocity v, the temperature 8 and the stress
o belong to L=((0,T) x Q).

To obtain these results, we make in this Section the same hypotheses as in
Section 2, except that we do not assume hypothesis (2.7), namely the fact that u is
nonincreasing in s; in contrast we assume that y is Lipschitz continuous in s, i.e.
that

I (x,s) — w(x,s)| < cqls— 5| ae.x€Q,Vs,s eR, 3.1
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where 0 < ¢7 < +oo; this hypothesis is stronger than the continuity hypothesis
made in (2.1).

3.1 Statement of the uniqueness and continuity result

Theorem 3.1 (Uniqueness and continuity with respect to the data) Assume
that hypotheses (2.1)—(2.6), (3.1), and (2.8)—(2.12) hold true. Then there exists at
most one couple (v, 0) which satisfies (2.13)—(2.19).

Moreover, if (v,0) and (v*,0%) are the (unique) solutions of (2.13)—(2.19) for
the data (f,va,vp,vo,00) and (f*,v}, v}, 5, 03), their difference satisfies

v =y = 0.r:2002)) T IV =Vl 20,7301 2)) 10 — 0%l 1= (0,7:01 () <

< (Hf_kaLz(O,T;LZ(Q)) +va=villmr oy +1ve—villmor +  (3.2)

o= lzz ) + 160 63 1y ) -

where C** denotes a constant which depends only on cy, c2, ¢3, ca, cs, g, €7,
(b—a), T and K*, when the data satisfy

£z 0,720 + 1 20, 722(0)) +
+vallar o,y + Vallar o,y + Vel o, + Vel o,r) + (3.3)

+ ol (@) + V5l (@) + 160lli @) + 11651121 (o) < K-

Estimate (3.2) expresses the local Lipschitz continuity of the solution (v, 0) of
(2.13)—(2.19) with respect to the data (f, v,, vp, Vo, 6p). Observe that the constant
C** depends on the norms of the data in the spaces where these data have to be
choosen for the existence Theorem 2.1 to hold true, while the Lipschitz continu-
ity takes place in spaces which are slightly different from the spaces where the
existence Theorem 2.1 takes place.

As already said after the statement of the existence Theorem 2.1, this unique-
ness result implies that the estimates (2.22)—~(2.24) on v, 6 and ¢ hold true for
every (actually for the unique) solution of (2.13)—(2.19) whenever both hypothe-
ses (3.1) and (2.7) are made.

As far as Neumann’s and mixed boundary conditions are concerned, unique-
ness and continuity results similar to Theorem 3.1 hold true in the frameworks of
Theorems 2.1bis and 2.1ter. We leave their statements and proofs to the reader.

3.2 A straightforward regularity result for 7

Before of proving Theorem 3.1, we state and prove a straightforward regularity
result on the transformed temperature 7 defined by (2.58). This result will be used
in the proof of the uniqueness and continuity Theorem 3.1.



Existence and uniqueness for stratified thermoviscoplastic materials 197

Proposition 3.1 (Straightforward regularity for 7) Assume that hypotheses
(2.1)=(2.6) and (2.8)—(2.12) hold true. For every (u,T,0) which satisfy (2.61)—
(2.67), one has

tewh=0,T; L' (Q))nwhi0,T;H (Q))nH' (0, T; WH(Q)). (3.4)
Moreover the following a priori estimates hold true

I7llwi=0,r:01 @) + 1T lwir o, z:m @) + 1T lwr 0 rwii @y < EX (3.5)

where E* denotes a constant which depends only on cy, ¢y, cs, cg and on R, when
the data satisfy

HfHLZ(o,T;LZ(.Q))+HVaHHl(o,T)+HVbHHl(o,T)+H“OHH(;(_Q) <R. (3.6)

Since WH1(0,T; H!(Q))  C°(Q) when Q is one dimensional, regularity (3.4)
is particular implies that _
t1eC’(Q) CL7(Q), (3.7)

and estimates (3.5) imply an estimate on 7 in L (Q).

On the other hand, the original temperature 6 is not as regular as the trans-
formed temperature 7, as far as regularity in x is concerned. Indeed since 0 is
defined from 7 by

0(1,x) = N(x,7(t,x)),
(see (2.58) and (2.53)), and since the function N(x,r) is Lipschitz continuous in r
(see (2.55)), we have

20 JdN at
E(t)x) - E(X)T(t)x)) E(I’X),

and therefore, using (3.4)

% e 12(0,7:L'(2)) V20, T: L7 (@) (3:8)

JON
indeed, since — (x, r) only belongs to L™(£2), we are forced to use the one dimen-

ar
sional embedding W'!(Q) ¢ L(£), and we obtain only (3.8). By integration in
time this implies that

0—6cW'(0,T;L'(Q))NnH'(0,T;L~(Q)), (3.9)

which implies
6 — 6y € C°([0,T];L™(Q)) C L™(Q). (3.10)

Since 6 is only assumed to belong to L'(£2), assertion (3.9) implies that
6 € WH=(0,T;L'(2)), but does not imply that 8 € H'(0,7;L>(L2)), and asser-
tion (3.10) does not imply that 8 € L=(Q).

Proof of Proposition 3.1 In view of the regularity (2.68), namely
o € L”(0,T;L*(Q))NL*0,T; H(Q)), (3.11)
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the equation (2.64) and the initial condition (2.66) on 7, namely

%:GZ in?'(Q), 1(0,x)=0 aexeQ, (3.12)

immediately imply that

% e L~(0,T;LY(Q))nLY (0, T:H(Q)),

where the latest result follows from the fact that w € H!(Q) implies that
lw|? € H'(Q) when Q is one dimensional. This proves the two first assertions
of (3.4).

The third assertion of (3.4) (as well as the second one) follows from the dif-
ferentiation of (3.12) with respect to x, which yields

Jd (dt\ , do . _, at B
E<$>_2GE in 2'(Q), g(o,x)_o ae.x€Q,

and from the regularity (3.11) of o, which using H'(£2) C L~(€) implies that

g (%) € L2(0,T;LY(Q))NLY(0,T;L*(Q)).

Actually differentiation of (3.12) with respect to x is a little bit formal, but the

proof can be made rigourous by writing the equation satisfied by the differential

T(t,x+h)—1(t,x)
h

quotient and by passing to the limit in A. a

3.3 Proof of the uniqueness and continuity Theorem 3.1

By the equivalence Theorem 2.2, the uniqueness of the couple (v, 0) solution
of (2.13)—(2.19) is equivalent to the uniqueness of the couple (u,7) solution of
(2.61)—(2.66). We will therefore prove the uniqueness of the couple (u, 7).

Observe that in view of the definition (2.59) of A(x, r), of the Lipschitz conti-
nuity hypothesis (3.1) on g and of the Lipschitz continuity (2.55) of N(x,r), one
has

(e, r) = A(x, )| < CC—Z|r— Y| aexeQ,Vn/eR.  (3.13)
3C1

Let (u,7) and (u*,T*) be two solutions of (2.61)—(2.66) for the data (f,V,up)
and (f*,v",up). Taking (u — u*) as test function in the equations (2.63) satisfied
by u and by u* (this is licit in view of the regularity of u and u*), making the
difference and using the fact that

ow _1d 2
Lp(x);wdx—m/gpww dx



Existence and uniqueness for stratified thermoviscoplastic materials 199

for every w € H'(0,T;L*(£2)), we obtain after integration in time from 0 to ¢

2/ |u(t,x) —u*(t,x)|*dx +

4 , du,, o, |
w [ f A |G - G

= 3 [ pWluo) — ) P~

—/Ot/g(l(x,‘c(t’,x))—l(x,r*(t’,x)) (%(r',x)%—%(r’,x))

du du* , ,
<8x( X) -5 (t,x))dxdt— (3.14)

2w (L - 2
/0/_(2 <8x dx

<§Z( *) = %(ﬂ@)) dxdi'+

dxdt’ =

+Até(f([/’x) _fk(ll,x)) (u(t',x) _M*(tl,x))dxdt/—

_/ot/_op(x) (g(tl’x) - %(H’XQ (u(t',x) —u*(t',x))dxdt’.

Define the function y*: (0,7) — R™ by

* ETLd

v (1) :jg_g e (t,x) + %(r,x) . (3.15)
From the definition (2.67) of ¢*, namely
du* IV
o = A(x,77) (W + E) ,
and from the lower bound (2.60) on A, we deduce that
YA (0) < - sup|o*(o,)] (3.16)
Cl xeQ
The regularity (2.68) of 6*, namely
c* e L*(0,T;H' (Q)) C L*(0,T;L™(Q)),
then implies that
v e L*(0,T). (3.17)

Here we have used in a crucial way the fact that €2 is one dimensional.



200 N. Charalambakis, F. Murat

Using in the left-hand side of (3.14) the lower bounds (2.6) and (2.60) on p
and A, and in the right-hand side of (3.14) the upper bounds (2.6) and (2.60) on
p and A, the Lipschitz continuity (3.13) of A in r, the definition (3.15) of y* and
Young’s inequality, we obtain for every #,0 <t < T

/|u—u 1,x)] 2dx+c1 ‘9“ ‘91 dxdi' <
<2 [ Juo(w) — up () P+

2 Ja

) e Gt G |5 G e
+// »_ BZ %”; dxd'+

t
[ 1f = e+
0JQ

“f o

<3 Q|uo<x>—us<x>|2dx+

8 8
v lu—u*|dxdt’ <

2
3.18
8u 8u d i+ (3.18)
Tl (C—7>2/Z/ ()P [T — T Pdxdr +
Cl c3C1 0JQ
‘9“ ‘9“ " drdr'+
8v 8L

dxdi'+

! 1 !
C—S//|u—u*|2dxdt'+—//|f—f*|2dxdt'—|—
4 Jo Ja ¢sJo Jo

!

+C—5//|u—u*|2dxdt'—|—
4 Jo Ja

8v 8v

dxdt’.
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Similarly using the definition (2.67) of ¢ and ¢*, multiplying by (7 — *) the
equations (2.64) satisfied by 7 and by 7*, integrating in space on € (this is licit
since T and 7* belong to L”(Q) by the regularity result (3.7)) and making the
difference, we obtain after integration in time from O to ¢

1
5 [ et — 70,2 P =
2Ja

= [ [ (o 0P~ 16" (20',2) ~ (') ) =
SINACERAT)

(o) +0(,) (3(,0) ~ (¢ x) ) dxdr’ =

N (3.19)
_ / / ( X1t x) (%(r',x) - ‘f;; (t',x)) +
+ Ax, (', x)) (g(r',x) — %(r',x)) +
+ (AT ) - 2067 (1)) ) (%(r’,x) + %l:(t',x)»
(G(t',x) n G*(t',x)) (‘c(t',x) - r*(t’,x))dxdt’.
Define the function y : (0,7) — R by
y(t) = sup |0 (t,x) + 0*(¢,x)|. (3.20)

x€EQ

Since ¢ and 6* belong to L*(0, T; H' (Q)) C L*(0,T;L=(R)) (see(2.68)), we ob-
tain

v e L*0,7). (3.21)

Here we have again used in a crucial way the fact that €2 is one dimensional.

Using in (3.19) the upper bound (2.60) on A, the Lipschitz continuity (3.13) of
A in r, the definitions (3.15) and (3.20) of y* and y and Young’s inequality, we
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obtain forevery 1,0 <t <T

1
> [ =P <
2Ja
// 8u 8u av v
*lox  ox
c7 o |dur oV , N ,
—IT— —_— t —T7|dxdt’ <
+Cm| oy T 55| ) vt —ldxdr <
(3.22)
‘9“ ‘9“ " s df' + 2 //Iw V2| — o Pdxdt’ +
!
‘” ‘91 dx dt'+c—2//|l//(t')|2|‘c—‘c*|2dxdt'+
2 Jo Ja
dxdt’.
C3C1/ / ‘I/ |T ! | o
Adding (3.18) and (3.22) yields forevery t,0 <t < T
/|u—u txzdx—l— 8u 8u ddt—|—
1 * 2
+3 [ 1E= )0 Pdr <
2/
<% [ uoe) — ) P+
2 Ja
+<— % CZ) 8V 81 dxdt' +
(3.23)

1 t
+—//|f—f*|2dxdt’+
cs Jo Ja

!
& / lu—u*Pdxdt’ +
0JQ

+/l ilw*(z’)l% 9,0 W)+ Ly () yie')
0 \ 3¢ a2 aa

/ |t — t*|°dxdt’.
Q
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Define the functions ¢ : (0,7) = R*,8:(0,7) = R* and y: (0,7) — R by

<8u ou* >(t,’x) :

/ [(u—u*)(z,x) |2dx—|— dxdt'+

1 * 2
+5/Q|<r—r><r,x>| d,
5() =3 [ luo() () P+

2 2 " — —x 2
4% Iy

+<C1+C5+2> 0Ja <8x 8x>(t’x)
L _ 1oy 2 /

t— [ =) Paa

=142 (w0l + (242w or+ L v o).

31 Cc3C1

dxdt’ +

Note that the function ¢ belongs to L*(0,T) in view of (2.61) and (3.7), that the
function & belongs to L=(0,T) in view of (2.8), (2.9), (2.10), (2.43) and (2.44),
and that the function y belongs to L' (0, T) in view of (3.17) and (3.21).

Since = / |(u— u*) (', %)[Pdx < @(t') and since / (7 — ) (', x)Pdx <
Q Q
<2¢(t'), inequality (3.23) implies that for every 1, 0 < ¢t < T

N0+ [ ) o()dr' (3.24)

!
Setting ¢ (¢) = / y(¢") @ (t')dt’ and observing that ¢ (0) = 0 and that ¢’ = yo <
0

< ¥d + y¢, an easy computation shows that every solution ¢ of inequality (3.24)
satisfies forevery 1,0 <t < T

1)< o(t) +/Ot () y(t) (exp/ﬂt y(s)ds) dr’. (3.25)

When the data coincide, i.e. when (f,7,u0) = (f*,V",uf), then 6(¢) = 0 for
every t,0 <t < T, and (3.25) implies that @(t) = O for every 7, 0 < < T. This
proves the uniqueness of the solution (u,T) of (2.61)—(2.66), and therefore the
uniqueness of the solution (v, 8) of (2.13)—(2.19).

But (3.25) also proves the local Lipschitz continuity of the solution (u, T) of
(2.61)—(2.66) with respect to the data. Indeed using the definitions of ¢, &, the
definition (2.43) of v and v* and the fact that for every t,0 <t < T

50+ [ 8y 1) (exp [ y(s)ds) ' <

<18lz=(0,r) (L + 1Vl 0.7y expIVlli 0.7)))
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inequality (3.25) implies that

2 2 2
e Y S il L “*HLZ(O,T;HJ @) TIT= Tl r2200)) =

<C™* (Hf_f*Hiz(QT;LZ(Q)) +[va — VZH%Z(OJ) +lve — VZHLZ(O,T)"‘ (3.26)

+ o =122 )

where the constant C*** depends only on cy, ¢, ¢3, ¢s, ¢g, ¢7, (b—a) and on the
norms of y* and y in L?(0,T) ; by the definitions (3.15) and (3.20) of y* and v,
the property (3.16) and the a priori estimate (2.72), these norms depend only on
c1, €2, Cs, cg and L, where L is defined by (2.73).

Estimate (3.26) expresses the local Lipschitz continuity of the solution (u, T)
of (2.61)—(2.66) with respect to the data (f,v,,vp,up). Observe that the constant
C** depends on the norms of the data in the spaces where these data have to be
choosen for the existence Theorem 2.3 of a solution of the transformed system to
hold true, while the Lipschitz continuity takes place in spaces which are slightly
different from the spaces where the existence Theorem 2.3 takes place.

Let us now pass to the local Lipschitz continuity of (v, 8) with respect to the
data. In view of the definition (2.45) of u and u*, namely

v=u+v, v =u"+7",
we have, since H!(0,7) c L=(0,T)

v =Vl = 0,7:12(2))12(0,7:01 (@) <
<Mlu ="l 0, 7:12(0)) 020,711 (@) T

IV =V = 0,702 @) "2 00,7301 (@) < (3.27)

< lu ="l 0. 7:12(0))02 0,711 (2)) T

1 * *
+ (C(T)V b—a+ m) (Hva —Vallgo,r) +1ve —VbHHl(o,T)) )

where the constant C(T') depends only on 7.
On the other hand, the definition (2.52) of M and M* implies that

05 (x)
M(x,s) —M*(x,s) = /9 ((J : c(x,su(x,s')ds' ae.xecQ,VseR,
0 (X
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and therefore
M(x,0(t,x)) —M*(x,0%(t,x)) =
=M(x,6(t,x)) — M(x,0"(1,x)) +
+M(x,0%(t,x)) — M*(x,0*(t,x)) = (3.28)
05 (x)

— M(x,0(1,x)) — M(x, 0*(t,x)) + /9 pRCRTERT

Using the first inequality of (2.54), namely

1
|s—5'| < —|M(x,s) —M(x,s')| ae.xcQ,Vss R,
Cc3C1
equality (3.28) and the definition (2.58) of T and 7*, namely
M(x) e(t)x)) —M*(X, 9*(1,)()) = T(t)x) - T*(t)x)>
and finally the lower bounds (2.4) and (2.5) on u and ¢, we obtain
1

—— (|7(t,x) = 77(t, %) [ + cac2|60(x) — 65 (x)])
el (3.29)

ae.xeQ,re(0,7),

|6(r,x) — 0%(£,x)| <

which implies that

16— 6*HL°°(0,T;L1(.(2)) =
B (3.30)
Cc3C1

C4C
< 4C2

17— TN =(0,7:01 (@2)) T 160 — 65111 (2)-

c3Cq

Combining estimates (3.27) and (3.30) with the local Lipschitz continuity
(3.26) of (u, ) with respect to the data and with the definition (2.44) of u and
ugy completes the proof of estimate (3.2) and of Theorem 3.1. a

dv
ot
The goal of this Subsection is to prove the L*(0, T; H'(2))NL=(0,T; L*(R2))

3.4 Regularity of

. dv . . .
regularity of —, a result which has important consequences on the regularity of

the solution of (2.13)—(2.19). We will make these consequences explicit in Theo-
rem 3.3 below (see Subsection 3.5 below).

d
Theorem 3.2 (Regularity of 8—‘;) Assume that hypotheses (2.1)~(2.6), (3.1) and
(2.8)—(2.12) hold true, and further that the data f, v,, vy and 0y satisfy

‘3—{ eL*(0,T;H (Q)), (3.31)
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va € H*(0,T), v, € H*(0,T), (3.32)
8 8\}0 2
100+ 3 (utx o) 5L ) € L) (3.33)
Then every solution (v, 0) of (2.13)—~(2.19) satisfies
? € L=(0,T;L*(Q))NL*(0,T; H (Q)), (3.34)
and the following a priori estimates hold true
dv H
— <F~*, (3.35)
H ot || 1= (0,1:12(02 It |l 20,7:11 ()

where F* denotes a constant which depends only on cy, ¢3, ¢3, ¢4, ¢s, ¢, ¢7, (b—a)
and S, when the data satisfy

1 20,72202) +H HL2 o,r:H-1(@) T
Hvallw2o,7) + Ivollw2 0,7y + Ivol () + 11601l 11 2)+ (3.36)
0 v
0)+ — <S.
oo g (s e)| <

Note that the compatibility condition (3.33) makes sense: indeed f satisfies

)
f € L*0,T;L*(Q)) with 8_{ € L*(0,T;H'(Q)), and therefore f belongs to
C%([0,T]),H~'(£2)), which allows one to define f(0) as an element of H~'(€);

d dvo
on the other hand e U(x,00)=— ) belongs to H~!' (). Therefore hypothe-

ox
sis (3.33) asserts that the sum of those two terms of H~!(£) actually belongs to
L*(Q).

Note also that under hypotheses of Theorem 3.2, which are more restrictive
than those of the uniqueness Theorem 3.1, the solution (v, 0) of (2.13)—(2.19), if
it exists, is unique. Therefore the assertion “Then every solution (v, 0) of (2.13)—

(2.19) satisfies (3.34)” can as well be written as “Then the unique solution (v, 0)
of (2.13)—(2.19), if it exists, satisfies (3.34)”.

As far as Neumann’s and mixed boundary conditions are concerned, regularity
results similar to Theorem 3.2 hold true in the frameworks of Theorem 2.1bis and
2.1ter. We leave their statements and proofs to the reader. Let us just mention that
the statement (3.32) has to be replaced by

c,€H'(0,T), ©,cH(0,T),
in the case where Neumann’s boundary conditions are concerned, or by

ve € H*(0,T), o, € H(0,T),
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in the case where mixed boundary conditions are concerned, and that in both cases
that the statement (3.31) has to be replaced by

8f 2 .72
S €L(0.T:L%(Q)),

while the statement (3.33) has to be kept.
Proof of Theorem 3.2 Since u and v are linked by the relation (2.45), namely

_ (x=a)wp(t) + (b —x)va(x)
b—a ’

(see (2.43) for the definition of V), it is equivalent to prove Theorem 3.2 or to prove
that the solution (u, T) of (2.61)—(2.66) satisfies

% € L*(0,T; H}(2))NL=(0,T;L*(Q)), (3.37)

and the corresponding a priori estimate.

First step: a formal proof

We begin with a formal proof of (3.37) which gives the idea of the proof.
Define 5
u

Differentiating equation (2.63) on u# with respect to ¢, we formally obtain

P % - 5 (Hen ) -

9 v\ 9 (oA, 9t (du Iy
_ 9 9 (A \OT(du oV 3.39
o (Mx’f)gz&x)*&x( TS <8x+8x>>+ -39

of ’v .
+E —p(x)w in Q.

W (3.38)

In view of equation (2.64) on 7 and of the definition (2.67) of ¢ one has

%( T)ﬂ @4_@ %( 7) ! o’
or " ar\ox Tox) T ar A )

which belongs to L?(Q) in view of the Lipschitz continuity (3.13) of A in r, of
the lower bound (2.60) on A and of the regularity (2.68) of ¢ combined with the
result (3.69) of Lemma 3.1 below, which implies that ¢ belongs to L°(Q). On the
other hand, by hypotheses (3.31) and (3.32) on f, v, and v}, the three other terms
of the right hand side of (3.39) belong to L*(0,T; H~'(£2)). Therefore w satisfies

d d d .
P22 (Mx, r>3—”j) _¢ ing, (3.40)
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where g € L*(0,T;H~'(€)). Moreover, since u(t,a) = u(t,b) = 0 for every

Ju
IE(O,T),WZE

satisfies the same homogeneous boundary conditions, i.e.
w(t,a) =w(t,b)=0 Vre(0,T). (3.41)
Finally equation (2.63) taken for r = 0 formally implies that

du

p)w(0,x) = p(x)—=-(0,x) =

d du Iv v
= 5 (A 00) (G + 50 ) 0)) +£10.09 = p() 50,0,
whose right-hand side belongs to L?(£2) in view of the fact that % (0,x) belongs

to L2 (Q), of the compatibility condition (3.33), of the initial conditions (2.65) and
(2.66) on u and 7, of the definitions (2.44) and (2.59) of up and A and of property
(2.57).

Therefore equation (3.40) on w and its boundary conditions (3.41) have to be
completed by the initial condition

W(O,X) = W()(x),
where wy belongs to L?(£2). This formally implies the desired regularity (3.37) on
du
5 =

w.

Second step: an abstract result

To make the above proof correct, we can for example proceed as in the two
following steps. Note that the proof of the present step is not restricted to the case
where €2 is one dimensional.

If (u,7) is any solution of (2.61)—(2.66), one deduces from (2.61), (2.63) and
(2.65) that u is the (unique) solution of the problem

u€ L*(0,T;H} (Q))NH(0,T;L*(Q)),

P05~ 5: (a3 ) =h in ') (3.42)

u(0,x) =up(x) ae.xeQ,
where a and & are defined by
a(t,x) = A(x,7(t,x)), (3.43)

v

h(t,x) = f(t,x) — p(x)g(t,x) + % (a(t,x)%(t,x)) . (3.44)

Since a belongs to L*(Q) with a(t,x) > ¢; > 0, since h belongs to
L*(0,T;H'(Q)), since p belongs to L=(£2) with p(x) > ¢5 > 0 and since uy



Existence and uniqueness for stratified thermoviscoplastic materials 209

belongs to L*(£2), the solution of (3.42) is unique. Moreover if one considers a
Galerkin’s basis y!, y?, ... of H} (2), the solution u, of the approximating problem

= 3 W)y ()

Jj=1

u, € H(0,T; HY(Q)),

fo 5
/wmuwﬁz/w@wM
Q Q

i=1,2,...,n,

8x 8xdx_H (Q)<h(f)’yi>y(;(g)’
(3.45)

(where the functions u} € H 10,T), j = 1,2,...,n, are the very unknowns of the
approximating problem (3.45)) satisfies

uy, —u  inL2(0,T;H(Q)) strong. (3.46)
Define w, by
2 8“" Vi (3.47)
If we assume that
dh 2 -1
5 €L (0,T;H'(Q)), (3.48)
‘3“ L2(0,T;L=(Q)), (3.49)

it is now licit to differentiate with respect to ¢ the equation in (3.45). We obtain
that w,, satisfies

/gp Fred d"*/ 8x 8xd

B 8/1 da du, dy' (3.50)
— H— <(9t y>H1 E(I)x) 8)( g Xy
i=1,2,..,n,

which implies that w, belongs to H'(0, T; H} (R)).
For t = 0 the equation in (3.45) yields
. . duy 9y
/pr,,(O)y‘ dx = 10y < h(0). > 100, —/ a0, 5> Sdv =

5 du\ 3.51
= y-1(q) < h(0)+ B (a(o’x)g—xo> Y ZHl(Q)) e
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d i
M (0) and addition from i = 1 to i = n yields

/.Q plwn(0)*dx :H—I(Q)<h(0) + % (a(O,x 8“0) >H1

Multiplication of (3.51) by

If we assume that 5 5
h(0)+ = ( a(0 L=(L 3.52
0+ 5 (a0052 ) € 1@, 652
this implies with the help of the lower bound (2.6) on p that
(3.53)

1 ) duyg

b0l < o [0+ 7 (a0052) |
i

Multiplication of (3.50) by CZ" (t), addition from i = 1 to i = n, integration in

time from O to ¢, then use of the lower bound (2.6) on p, of the coerciveness of a

of the bound (3.53) and of Young’s inequality yields forevery 1,0 <t < T

—C5/ lwn(t,x)] dX+C1/ / dxdt'§
S%L“W“”””ﬂ”%“hﬂﬁw“”m '+
?9?( £) 1=(Q %b;n( ) &gjcn ) LZ(Q)dtlS
g%% h(0)+;x< (0@‘??) Q)+
+%}Aﬂnwaﬁnzl)d or L) 21 .
%&)H@d+ §ﬁ>memulm

From now on, we will use in this proof the norm of HJ(£2) defined by

2 8W2
|w@@=45—

We now assume that the Galerkin’s basis y',y?, ...
L?(€2) and is such that y' = ug, which is possible when

ug € H& (Q).

of H}(€2) is orthogonal in

(3.54)
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Then u,(0) = ug for every n and for every 1/, 0 <¢' < T

t ¢/
un(t') = u (0) + / %(z”)d:”: U+ / wa(t")dt".
0o Ot 0

Therefore for every t/,0 <t/ < T

t/
Hun(tl)HiId(Q) < ZHMOH?-[(}(Q) +2T/0 Hwn(t”)H?-Id(Q)dt”,

which implies that for every 7,0 <t < T

S [ a2 P+ 5 [ o)y gy’ <
2 Q n\t 2 0 n HJ(Q) =

Ce 0 (9140
— ||h(0 0
= 22 ()+8x<( x)8x> _Q)+
(3.55)
1 |an|] +2H 2 ‘3412 N
=g
ot 12(0,7:H-1(Q)) €1 Hy(2) || ot 12(0,T;0°(Q))

t

t/
-(@) </0 ")l <9>‘”H> “

Let Z be the constant defined by

Ce 0 (9140
Z=—||h(0)+ =— 0
2c2 ()+8x<( %) 8x> _Q)+
on|)? N 2H 2 dal?
— ||Uo )
ot 1200,T;H-1(Q)) €1 H @) || ot 12(0,T5L=(Q2))

and let @, : (0,T) — R™ be the function defined by

1) (t):Z+2—T/t —(t) i /tl|w | di" ) dr’
" c1 Jo Loo(Q) 0 " H(}(Q)

In view of (3.55), the function ¢, satisfies forevery¢,0 <t <T

2 '
0< o) ="—|| 5 )m) [ @Iy gyt <
da 2
=5 Q)awn@,
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In view of (3.49), Gronwall’s inequality then implies that ¢, is bounded in
L=(0,T), which in turn implies using (3.55) that w, is bounded in
L=(0,T;L?*(£2))NL*(0,T;H}(£2)) by a constant which depends only on ci, cs,

Z and on

da
o1

12(0,T; L”(Q)).
Since w,, = 88—t (see (3.47)), and since uy, tends to u in 2'(Q) (see (3.46)), this

proof implies that when (3.48), (3.49), (3.52) and (3.54) hold true, the solution u
of (3.42) satisfies

0
3_? € L=(0,T;L2(Q)) NL2(0, T; HL (Q)),
with
|5 i 5 g <
It || 1= 0,1:22(02 12(0,T:HL(Q))
*k 8
where F** depends only on ¢y, ¢s, Z and on || — .
ot 12(0,T;L>(RQ))

Third step: end of the proof

We now apply the previous abstract result to every function u such that (u, T)
satisfies (2.61)—(2.66). We have to check that (3.48), (3.49), (3.52) and (3.54) hold
true.

Condition (3.48) follows from the definition (3.44) of A, from hypotheses

o
(3.31) and (3.32) on f, v, and v}, from Txor ‘(;t cl? (Q) (which follows from (2.43)
X

o7

and (2.9)), and finally from 8—V € L”(Q) (which again follows from (2.43) and
X

(2.9)) and from the regularity

2
5 e L (Q), (3.56)

where the latest regularity, which is by no means straightforward, is obtained in
the following way. By the definition (3.43) of a, the equation (2.64) on T and the
definition (2.67) of o, one has

da O, 9t 0A )
E (9 ( )81 E(X)T)O- .

But when (u, T) is a solution of (2.61)—(2.66), then the stress o satisfies (2.68), i.e.

(3.57)

0 € L=(0,T;L*(Q))NL*(0,T; H (Q)), (3.58)
and therefore the result (3.70) of Lemma 3.1 below implies that

o € LY0,T;L™(Q)), (3.59)
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which combined with (3.57) and the Lipschitz continuity (3.13) of A implies that

% belongs to L?(0, T; L>(£2)), hence in particular that (3.56) holds true. Here we

have used in a crucial way the fact that €2 is one dimensional.
Condition (3.49) is stronger than (3.56), but has just been proved above.
Condition (3.52) follows from the definitions (3.44), (3.43), (2.43) and (2.44)
of h, a, v and ug, from the compatibility condition (3.33) and from the fact that

p(x) % (0,x) € L*(£2), which follows from (2.43), (2.6) and (3.32).

Finally condition (3.54) is nothing but (2.46), which immediately follows from
(2.44), (2.9), (2.10) and (2.12).

This completes the proof of Theorem 3.2, since the a priori estimate (3.35)
then follows from the a priori estimate obtained in the above (abstract) step. O

Observe that in the (correct) proof made above in the second and third steps,
we used the L*(0, T; L= (£2)) regularity of o, while in the formal proof made above
in the first step, we used the L6(Q) regularity of ¢. These regularities, which
follow from the interpolation results (3.70) and (3.69) of Lemma 3.1, are both
specific to the case where €2 is one dimensional.

3.5 Final result

From the existence Theorem 2.1, the uniqueness Theorem 3.1 and the regular-
ity Theorem 3.2, we deduce in particular the following result.

Theorem 3.3 (Existence, uniqueness and regularity) Assume that
fEL™(0,T:L*(Q)), (3.60)

6o € L™(9), (3.61)

and that hypotheses (2.1)—(2.12), (3.1) and (3.31)—(3.33) hold true. Then there
exists a unique couple (v, 0) which satisfies (2.13)—(2.19). This couple depends on
the data in a locally Lipschitz continuous way (see (3.2)). Moreover v, 0 and ©
defined by (2.20) enjoy in particular the following regularities

veL™(Q)NH'(Q), (3.62)
6 €L”(Q), (3.63)
ceL”(Q)NHYQ), (3.64)
v .
oL €L (Q). (3.65)

As far as Neumann’s and mixed boundary conditions are concerned, results
similar to Theorem 3.3 hold true in the frameworks of Theorems 2.1bis and 2.1ter.
We leave their statements and proofs to the reader.

As announced in the Introduction, Theorem 3.3 ensures the existence and
uniqueness of a solution of (1.1)—(1.5) with v, 6 and ¢ in L*(Q).
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0 0
Actually v, 0, o, 8_\1 and 8—: enjoy additional regularity properties which we
X

did not list in Theorem 3.3 for the sake of simplicity, but which can be deduced
from the results of Theorem 3.2, Proposition 3.1, Lemma 3.1 and straightforward

. v .
consequences of them. In particular under hypotheses of Theorem 3.3, 9V satisfies

ot

il €L=(0,T;L*(Q))NL*(0,T;H (Q))N
ot (3.66)

NL*(0,T;L=(L2)) NLO(0,T;LO(L2)),

since this regularity immediately follows from (3.34) and from Lemma 3.1 below
because €2 is one dimensional.

Moreover under the hypotheses of Theorem 3.3, the transformed temperature
T defined by (2.58) enjoys additional regularity properties. In particular if one
further assumes that

fEL*0,T;L7(Q)), (3.67)
one obtains that
TeWh(0). (3.68)

Indeed this regularity easily follows from the problem (3.12) satisfied by 7, i.e.

%:02 in 7'(Q), 7(0,x) =0 ae.x€Q,

d
which combined with L= (Q) regularity (3.64) of ¢ imply that 8—: and 7 belong to
L=(0Q). On the other hand, differentiation of (3.12) with respect to x yields

Jd (dt\ , do . _, T B .
E<$>_zc§ in 2'(Q), g(o,x)_o a.e.in Q.

d
The L~(Q) regularity (3.64) of & and the L*(0, T; L=(£2)) regularity of 8—6, which
x

follows from the equation

Jo av .
E_f_pg 1n@(Q)>

from hypotheses (3.67) on f (this is the only point where this new hypothesis is
0
used) and from the regularity L2(0,T;L>(£)) of 8—: (which follows from (3.34)

and from H'(Q) C L~(Q)), then imply that %(?) belongs to
x
X3

0
L%(0,T;L>(£2)), which with the initial condition 8—(0,x) =0yields 8—T eL”(Q)
X X
and completes the proof of (3.68).



Existence and uniqueness for stratified thermoviscoplastic materials 215

Observe however, similarly to the comment made after the statement of Propo-
sition 3.1 (straightforward regularity of 7), that regularity (3.68) cannot be ob-
tained on 0 as far as regularity in x is concerned. Consider indeed for example the
simple case where

b
mg(s) if a<x< %,

c(x, s)u(x,s) =
b
mp(s) if % <x<b,

and where 6y = 0. Then the relation (2.58) between 7 and 0 reads as

M, (0(t,x)) ifa<x< %b

T(t)x) = b
My(0(t,%)) if % <x<b,

where in view of (2.52) the functions M, and M}, are given by

S

M,(s) z/osma(s')ds', Mb(s)z/o my(s")ds'.

This prevents 6 to be continuous (and a fortiori Lipschitz continuous) in x on the

. a+b e .
line x = e when 7 is Lipschitz continuous on Q.

Proof of Theorem 3.3 The proof is easy and follows from the results obtained in
Theorems 2.1, 3.1 and 3.2.

Existence and uniqueness have already been proved in Theorems 2.1 and 3.1.
The regularity (3.62) of v follows from (2.13) since H!(£) C L*(£) in the one
dimensional case.

For what concerns the regularity of o, we already know from (2.21) that o and

Jdo belongs to L?(Q). On the other hand

dx
do >v  du 20 dv
A T TR L e
_ v | du 1 , 1
~H05a T Y o0 un0)”
2,
Since s € L*(Q) by (3.34), and since ?9_!; is bounded by hypothesis (3.1),

while 6 € L°(Q) by (2.21) and the interpolation result (3.69) of Lemma 3.1 below,
d
we have 8_(: € L*(Q). This completes the proof of the fact that ¢ € H'(Q). Finally

equation (2.15), which reads as

d d o
e =PI —f (),
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together with hypothesis (3.60) on f (this is the only point where this hypothesis is

8—‘;, implies that 8_(): belongs to

L=(0,T;L*()). But o also belongs to L=(0,T;L*(Q)) (see (2.21)), and there-

fore o belongs to L=(0,T; H'(Q)) € L=(0,T;L~(£2)). This completes the proof

of the regularity (3.64) of o, and immediately implies the L= (Q) regularity (3.65)
v 1

since —

—o0C
8x ox u(x,0)
The L (Q) regularity (3.63) of 0 finally follows from the fact that ¢ belongs
to L2(0,T; H'(Q)) C L*(0,T;L~(£2)) (see (2.21)) and from the equation
01
dr c(x,0)u(x,0) "’

used) and the regularity (3.34) on

a0
which together imply that N € L'(0,T;L=(£2)), and from the L=(£2) hypothesis

(3.61) on 6 (this is the only point where this hypothesis is used).
This completes the proof of Theorem 3.3. a

3.6 A one dimensional interpolation lemma

This short Subsection is devoted to the statement and proof of two interpola-
tion results, which are valid only in the case where €2 is one dimensional.

Lemma 3.1 (Interpolation) When Q = (a,b) C R, one has
L=(0,T;L*(Q)) NL*(0,T; H'(Q)) € L°(0,T;: L)), (3.69)
L=(0,T;L*(Q))NL*(0,T;H' (Q)) € L*(0,T;L=(Q)). (3.70)

Proof By interpolation, one has

2/3 1/3

W li1/3 ) < Cllw il o) Wl Yy e H'(Q),

for a constant C which depends on (b —a). On the other hand, Sobolev’s embed-

11 3
ding theorem H'/3(Q) ¢ L(Q), which holds since c=5" %, asserts that

IWllzs@) < KlWllgisq) vy e H'3(Q),

for an absolute constant K. Note that the latest result is specific to the one dimen-
sional case.
Therefore for every o € L™(0,T;L*(2))NL*(0,T; H'(Q)), one has

T T
10150 o) = |, 10O st K [ 00515090t <

T
<K [ o)) 001 oy <

6 6 4 2
S K°Cllo =0 22 1017200, 7:01 )

which proves (3.69).
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Let us now prove (3.70). Since €2 is one dimensional, the interpolation result
H'(Q),L*(Q)); , C L(£) implies that
!

IVl <l IWlihg, — YweH' @), 37D

for a constant C which depends on (b — a). This result is specific to the one di-

mensional case and can be proved in an elementary way as follows. For every x
and y with a < x <y < b, one has using Cauchy-Schwartz’s inequality

v2(y) = v (x) + /x yZW(X)CfZ—li/(s)ds <

b
< w22 [ ol as <

d
<y ) + 2wz ‘d_l)lc/H 2(0)
12(Q

Integrating in x on €2 yields

1
V) < Wl +2I¥ 2

#a
ZQ)

dx
LZ(Q)) ’
which immediately implies (3.71).
Therefore for every ¢ € L=(0,T;L*(22))NL*(0,T;H'(£2)), one has

1 d
~ ¥l (mnwnm) +2| %

T
chz‘*(o,r;m(g)) :/0 ||G(t)||2w(g)df <
T
< [ N00) IOl 0t <

2 2
S C4||G||L°°(07T;L2(Q)) ||G||L2(O,T;H1(Q))’

which proves (3.70).
This completes the proof of Lemma 3.1. a
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