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Abstract

In this thesis we prove the existence of solutions, in the rate-independent case,
to a strain gradient elasto-plasticity model for small deformations introduced
by Gurtin. The key features of this model are the dependence on the Burgers
vector, which admits non trivial plastic spin, and on the gradient of the plastic
strain. We apply the energetic method by Mielke and coauthors, which is a
well-established approach for proving existence of quasistatic evolutions. We
show that this notion of weak solution is strong enough to give a mathematically
sound meaning to the constitutive equations and to the flow rule of the model.
Finally, by an asymptotic analysis we investigate the relation of the Gurtin
model with the simplified model for plastically irrotational bodies by Gurtin
and Anand and with the classical Prandtl-Reuss model of perfect plasticity.
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Chapter 1

Introduction

Plasticity is the property of a material to sustain permanent deformations. Plas-
tic behavior is observed in most materials, however, its underlying mechanism
can vary widely. In this work we will focus on plasticity in metals. A classical
model is that of Prandtl and Reuss of perfect plasticity. This theory applies to
ideal metals that do not show hardening or softening behavior. Moreover, it is a
small strain model, i.e., it is assumed that the deformation of the body is small
relatively to its size. In such theories the strain tensor, which usually depends
in a non linear way on the gradient of the displacement u, can be linearized.
More precisely, the strain tensor is approximated by the symmetric gradient of
the displacement function u

Eu = %(Vu + Vaul).

The strain is then additively decomposed to highlight the elastic and plastic
parts
Eu= H®+ HP.

The fundamental hypothesis of the Prandtl-Reuss model is that the response
of the body is ideally elastic until a critical threshold is reached; then plastic
deformation occurs without any further increase of the stress. Mathematically,
this is modeled by introducing a convex and closed region K in the stress space,
containing the origin as an interior point. The boundary of K, called the yield
surface, represents the activation threshold for plastic behavior. The Cauchy’s
stress T', which depends linearly on the elastic strain only, satisfies the classical
Hooke’s law T' = CH®. Its deviatoric part Tp is constrained to belong to the
region K. Finally, the Prandtl-Reuss flow rule states that

HP ENK(TD), (1.1)

where H? denotes the time derivative of H? and Ny (Tp) is the normal cone to
K at the point Tp. Equation (1.1) ensures that plastic behavior develops only
when the stress Tp is at the boundary of the region K. Different choices for
the region K produce different flow rules (e.g in the case of a ball centered at
the origin one retrieves the Von Mises flow rule).
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The existence of solutions to the Prandtl-Reuss model was first proved by
Suquet in [27]. Another proof of existence was given in [15] by Dal Maso,
DeSimone, and Mora, using the energetic approach developed by Mielke et
al. (see [17]). Perfect plasticity is, however, mainly a conceptual tool and
usually does not provide quantitatively accurate predictions. This fact is due
to different reasons, some of which we try to highlight here.

First of all, experimental evidence suggests that plasticity depends on the
material size, i.e., the smaller the length scale of the crystal lattice (with respect
to the body length scale), the stronger the material in its plastic response, see
[5]. These effects cannot be captured by the Prandtl-Reuss model since it is
invariant to changes in the length scale. One way to include them is to introduce
size-dependence via strain gradient models.

Secondly, it is well known that plasticity in metals is mainly caused at the
microscopic level by defects of the crystal lattice, called dislocations. The cre-
ation, movement, and annihilation of such defects are the main mechanisms for
the plastic response of the body. However, it is not clear how this microscopic
description is related to the Prandtl-Reuss theory at the continuum level. Fur-
thermore, dislocations pile-up in some regions of the body is responsible for
the hardening phenomenon, which is neglected in perfect plasticity. Several
continuum models have been proposed to take into account some dependence
on the dislocations density. This is usually done by including in the model the
so-called macroscopic Burgers vector B, that is, the curl of the plastic strain

B := curl(H?).

Indeed, from a mechanical viewpoint, B quantifies macroscopically the amount
and the location of the defects.

In this thesis we study a strain gradient model accounting for the macro-
scopic Burgers vector, introduced by Gurtin in [10]. Here, the starting assump-
tion is the decomposition of the whole gradient Vu in an elastic and a plastic
part, which we will improperly call elastic and plastic strain

Vu=H®+ HP.

Indeed, to be precise, only the symmetric parts contribute to the strain, while

e a0d HY “are usually called elastic and plastic spin. The Burgers vector

enters in the model through the free energy of the body

1 L?
§/£2CH§ym:H§ym dm—i—’uT/Q]BF dz, (1.2)

where L > 0is a length scale associated with B and p > 0 is a material constant.
It is important to note that the Burgers vector depends on the plastic spin

B = curl(H?) = curl(nym) + Curl(Hspkew) .

The flow rule is a generalization of that of Von Mises and takes the following



form: ‘ .
(H?,VHY ) € Nc(TP, Kgiss) (1.3)

sym

where TP and Kg;ss are suitably defined plastic stress tensors that satisfy the
equation
Tp — curl(uLBT)p = TP — div K gy - (1.4)

Here K is a closed and convex set that depends on two scale length, x and h,
associated to the plastic spin and the strain gradient, respectively. Note that
the flow rule, which is still rate-independent, depends on the strain gradient
VHE, .. Taking the limit as L, x,h — 0, one formally retrieves the classical
Von Mises flow rule. For a more detailed description of the model we refer to
Chapter 3 and to the original work by Gurtin [10].

The main objective of this thesis is to show the existence of solutions to the
Gurtin model. Inspired by the work by Dal Maso, DeSimone, and Mora we use
the same energetic approach and we introduce the concept of energetic solution.
This is a weak notion of solution where no a priori time regularity is required.
An energetic solution has to satisfy two conditions: a global stability, ensuring
that the body is at the equilibrium at every time during the evolution, and an
energy balance, stating that the sum of the stored energy and the plastic dissipa-
tion equals the work done by the external forces. This framework for quasistatic
evolution problems was developed by Mielke and coauthors in [16, 17, 19, 20,
21]. The strategy to prove the existence of solutions consists in discretizing the
time interval [0,7] in which the evolution occurs. An incremental minimiza-
tion problem is then solved at each discrete time, using the direct method of
the Calculus of Variations. Since the flow rule (1.3) is rate-independent, the
plastic dissipation has linear growth, hence it is natural to assume HY , to
be a function with bounded variation. Similarly, by the expression of the free
energy (1.2), Hg,,, and B are assumed to be L? functions. Moreover, in order
to guarantee compactness of minimizing sequences, a so-called safe-load con-
dition is needed as in the case of perfect plasticity. Approximated evolutions
are then constructed as piecewise-constant-in-time interpolants. Passing to the
limit in the discretization parameter, we finally show that, up to extracting a
subsequence, these approximate solutions converge to an energetic solution to
the Gurtin model.

Subsequently, we show that the notion of energetic solution is strong enough
to recover in a suitable sense the equilibrium equations and the flow rule (1.3)-
(1.4). We first prove that energetic solutions are absolutely continuous in time,
therefore we can speak of their time derivatives. We then show that the flow rule
holds in an integral form, and a pointwise version can be deduced at Lebesgue
points. Moreover, since HE ., is a function of bounded variation and in par-
ticular VHE . is only a measure, an additional equation involving the singular
part of VHE ., is needed to supplement the flow rule. As a corollary, we show
that the evolution of the elastic strain and the Burgers vector is completely
determined by the initial configuration of the body, the applied forces, and the
boundary conditions.

Finally, we study the asymptotic behavior of energetic solutions with respect
to the parameters y, h, and L. We show that, as x — o0, it is possible to extract



a subsequence converging in a suitable sense to a solution to the Gurtin-Anand
model. The latter, studied in [6] by Giacomini and Lussardi, is a simplification
of the Gurtin model for plastically irrotational bodies, i.e., satisfying H?, = 0.
In particular, in this model the Burgers vector depends only on the (proper)
plastic strain Hf,,,. To obtain this convergence result it is crucial to refine the
estimates providing the absolute continuity in time of solutions and to make
explicit their dependence on . Lastly, we show that, as h, L — 0, energetic
solutions to the Gurtin model converge in a suitable sense, up to subsequences,
to an energetic solution to the Prandtl-Reuss model in the sense of Dal Maso,
DeSimone, and Mora. This result holds independently of the behavior of .
We note that this asymptotic analysis cannot be deduced by directly applying
the result by Mielke, Roubicek, and Stefanelli in [18] about the convergence
of quasistatic evolutions. This is due to the possible concentration on the
boundary of the plastic strain, that is just a measure in the energetic formulation
of the Prandtl-Reuss model. To overcome this difficulty we rely again on the
safe-load condition.

To conclude we mention a possible extension of this work. The Gurtin
model can be described as phenomenological, meaning that it is motivated
by experimental considerations. Recently, strain gradient models have been
rigorously derived starting from discrete models of dislocations, see [1, 4, 7,
8, 22, 23, 26]. For instance, in [13] Garroni, Leoni, and Ponsiglione deduce a
stationary model, where the free energy depends, as in the Gurtin model, on the
Burgers vector. However, the dependence is not quadratic and the free energy
has the following form:

1 c e pL?
§/QCHsym:Hsym d.I‘I—T/Q?,Z)(B) dﬂf,

where 1) is positively 1-homogeneous. It would be interesting to see if the re-
sults of this thesis could be adapted to this model. We believe that it should
still be possible to prove the existence of a solution in the energetic sense, with
some minor changes. However, it is not clear what form the flow rule should
have and whether the notion of energetic solution is strong enough to give a
mathematically sound meaning to it.

The thesis is organized as follows. In Chapter 2 we introduce the notation
and we give a few preliminary results. In Chapter 3 we describe the Gurtin
model and we specify the functional setting. In Chapter 4 we prove the exis-
tence of energetic solutions to the Gurtin model. In Chapter 5 we show how to
give a meaning to the constitutive equations and the flow rule. In Chapter 6
we study the asymptotics of energetic solutions with respect to the parameters
X, h, and L.



Chapter 2

Notation and preliminaries

2.1 Notation

Matrices

We denote by M™ ™ the space of real n x m matrices. We will work for the
entirety of this paper in the case n = m = 3. M?3*3 is naturally endowed with
the Frobenius norm, denoted by |A|, induced by the inner product

3
A:B= Z a,-jbij, (21)
ij=1
where A = (a;;) and B = (b;;) belong to M3*3. We denote by MZx3 and
M jkéi the subspaces of M3*3 given by symmetric and skew-symmetric matrices,

respectively. It is well known that M, g’yx,g is the orthogonal complement of Mkaei’u

with respect to the inner product (2.1). We denote by Ml?’)xg the subspace of
M3*3 given by all the matrices with vanishing trace, that is,

Such matrices are called deviatoric. To simplify the notation we write M%f;m

in place of M, fyﬁ N M]%XS. Given a matrix A € M3*3 we denote the projection

of A on the subspaces of symmetric, skew-symmetric, and deviatoric matrices
by Asym, Askew, and Ap, respectively:

1
Asym = 5(14 + AT) )
Askew = %(A - AT) ’
1
Ap =A-Tr(A)d.

Here Id denotes the identity matrix in M3*3. For a function ¢ : R? — R3 we
write Ey in place of (V¢)sym to denote the projection of the gradient on the
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subspace of symmetric matrices. E¢ is called symmetric gradient.

We denote by M3*3%3 the space of third order tensors endowed with the

inner product
3

A:B= Y ajbijk,
i,5,k=1
where A = (a;j1) and B = (b)) belong to M3*3*3. The induced norm is
denoted by |-|. We use the notation MZx3*3, ME3%3 and M33*3 to indicate
the subspaces of M3*3%3 given by all symmetric, skew-symmetric, and devia-
toric tensors in the first two subscripts, respectively. More precisely, a tensor
A = (a;j1) is said to be symmetric, skew-symmetric or deviatoric in the first
two subscripts if, respectively,

Aijk = Ajik Vi7j)k:172737
A5k = —Qjik Vi7j7k:172737

3
Y aij=0 Vj=1,23.
=1

Given a tensor A = (a;j;) we denote the projection of A on the subspaces of
symmetric, skew-symmetric, and deviatoric tensors in the first two subscripts
by Asym, Askew, and Ap, respectively:

(Asym)ije = 5 (aijn + ajir)
1
(Askew)ijk = 5(%’1@ — Qjik) 5

13
(Ap)ijk = aijk — 5@5 > annk -
h=1
where 6;; is the Kronecker delta.

For an M?3*3-valued function ® : R3 — M3*3 we define

0P, . 3.9, 3 9P
(v(p)ljk = WZ ’ (le (I))’L - Z 83:;] 5 (Curl (D)Zj = Z_ eipan]p;] ,
j=1 pg=1
where €, is the Levi-Civita symbol. Similarly, for an M3*3*3-valued function

O R3 — M3*3%3 we define

3

o0, ;

(diV Q))Z] = Z Ik .
k=1

81‘k

Given two vectors a,b € R? we denote by a ® b the matrix defined by
(a ®b)ij = a;b; and we write a © b in place of (a ® b) sym.-



Functional spaces

We denote by LP(U; X) the space of p-summable functions defined on an open
and Lipschitz subset U C R™ with values in a Banach space X. When 1 <
p < +oo the dual of LP(U; X) can be identified with L%(U; X'), where ¢ is
the conjugate exponent of p. In particular, this is true whenever X has finite
dimension (e.g. X = R" or X = M?3*3); in this case X' = X.

When X is finite dimensional we denote by W1P(U; X) the usual Sobolev
space given by all functions in LP(U; X) with distributional gradient in LP(U; X).
When p = 2 we write H'(U; X) in place of W12(U; X).

By the Rellich-Kondrachov theorem the space W1P(U; X) is compactly em-
bedded in LP(U; X).

Every Sobolev function f € WP(U; X) admits a trace, which we denote by
~v(f) or f when it is clear from the context, as an element of LP(9U; X). The
trace operator

v WP (U; X) — LP(OU; X)

is continuous and compact. The image of the trace operator is the space

Wl_%’p(aU; X) that we denote by H%(E?U;X) when p = 2. The kernel of
v is denoted by VVO1 P(U; X). The dual space of W'P(U; X) is denoted by
W~L49(U; X) where ¢ is the conjugate exponent of p. The same notation is
used for the image of the trace operator, so that (H% (0U; X)) = Hz (0U; X).

For X = M33 or X = M3*3*3 we denote by L. (U;X) the space of all
functions in LP(U; X) with distributional divergence in LP(U;Y’). Here Y is the

correct space in which the divergence takes values (i.e. for X = M3*3itis Y =
R3 and for X = M3*3%3 it is Y = M3*3). For every function f € LA, (U;X)

the normal trace v, (f) is defined as an element of W_H%’q(aU; Y'), where ¢ is
the conjugate exponent of p. More precisely, 7, (f) is defined as follows:

o (f), ) =/U<divf-v+f-w> dz,

where the dual product on the left-hand side is the one between W_H%’q(@U ;Y)
1
and W' »P(0U; Y).

Absolutely continuous functions

We denote by AC(0,T; X) the space of absolutely continuous functions on [0, 7]
with values in a Banach space X. We refer to [3] for the main properties of
this space. If X is reflexive, every f € AC(0,T; X) has a weak time-derivative
feL0,T; X ). Moreover, the fundamental theorem of calculus holds. Namely,

F(O) = f(s) = /:f'(T) dr Vs tel0,T].

If X is the dual of a separable Banach space, by Theorem 7.1 in [15] every
f € AC(0,T; X) admits a time-derivative as the weak*-limit of the difference
quotients for almost every ¢ € [0, 7. In this case it is possible to show that the



map _
t= [lf(O)lx

is measurable and belongs to L' (0, T;R).
We will often use the following generalization of the Arzela-Ascoli Theorem.

Theorem 2.1.1. Let X be a reflexive Banach space (resp. the dual of a sep-
arable Banach space). Let (fi)reny C AC(0,T;X) be a sequence of equiabso-
lutely continuous functions with respect to k such that fi(0) is bounded in X.
Then, there exist a subsequence (f,) and a function f € AC(0,T;X) such that

fuo,(8) = f(t) (resp. fu,(t) = f(t)) for every t € [0,T].

Proof. We give the proof for X a reflexive Banach space. The same argument
with minor changes applies to X the dual of a separable Banach space.

By the hypothesis the sequence (f(t))x is uniformly bounded in X for
every t € [0,T]. Let (¢;); be an enumeration of the rational numbers in the
interval [0,T]. By the reflexivity of X and a diagonal argument there exist a
subsequence (kp,)p, such that

Jry(ti) = f(t;) in X VieN,

for some f(t;) € X. Let t € [0,T] and € > 0. By the hypothesis there exist a
constant C' and a function g € L*(0,7), both independent of k, such that

i) = Sunt)lx <€ [0 @t Y heN 2:2)

for every t1 < to € [0, T]. By density there exists i € N such that |t —¢;| < ¢ and
we can suppose without loss of generality that ¢; < t. Then, for every ¢ € X’
and for every I € N we have

s St (8) = Fr O] < 1, fi g0 (8) = Sy (£))]

1 frn i (80) = So, @)+ [, fi, (81) = Fr, ()]

<, Frg (8) = Fo G+ 110 L 1 s (8) = S (86)) 1
+ [0llx [ frn (B) = i () lx < [, frips (8) = fiy (80))]

t
+20[Wlxe | 9(8) dt <106, Finn(t) = S ()] + 25Cll gl

(3

Therefore, the sequence ((¢, fx, (t)))s is a Cauchy sequence for every ¢ € X'.
Let

ly = li t)) .

¢ = Jm (¥, fi, (t))

By the Banach-Steinhaus theorem the map
U:X' SR ¢l

belongs to X”, hence, by the reflexivity of X we can identify ¥ with an element
f(t) € X. In particular we have shown that f, (t) — f(¢) in X. We are left to



prove that the map
f:00,T] =X : t— f(t)

is absolutely continuous. By the weak lower semicontinuity of the norm and
(2.2) we deduce that

I£0) ~ Felx < © [ gte)

1

for every t; < to € [0,T]. Hence, f belongs to AC(0,T; X). ]

Measures

We denote by £ the n-dimensional Lebesgue measure and by 2" the n-
dimensional Hausdorff measure.

We denote by .#;,(U;R™) the space of bounded Borel measures defined on
an open and Lipschitz subset U C R™ with values in R™. .#,(U;R™) is a
Banach space with respect to the norm |||z := |u|(U), where |u| is the total
variation of u.

Every measure p admits a Lebesgue decomposition p = u®+ u®, where u® is
absolutely continuous and p® is singular with respect to .Z". If a measure p is
absolutely continuous with respect to £, then we will always identify it with
its density. In this way we embed continuously L!(U;R™) into .#,(U; R™).

The space #,(U;R™) is the dual of Co(U;R™), the space of continuous
functions ¢ : U — R™ such that for every € > 0 the set

{r eU : |p(x)] > e}

is compact (see Theorem 6.19 in [25]). Therefore, .4, (U;R™) is naturally en-
dowed with the weak® topology induced by this duality.

Functions with bounded variation

Let U C R™ be an open set with Lipschitz boundary. We denote by BV (U; R™)
the space of functions in L*(U; R™) with distributional gradient in ., (U; M™*™).
BV (U;R™) is a Banach space with the norm

[¥llBv = [[¥llLr + [IVYll.z -

For a given 1) € BV(U;R™) we write the Lebesgue decomposition of Vi as
follows:

Vip =V + V5.

The space BV(U;R™) is continuously embedded in La1(U;R™).

It is known that BV(U;R™) is the dual space of a separable Banach space
(Proposition 2.4 in [24]). We will equip BV(U; R™) with the weak® topology
given by this duality.

We denote by BV(0,7T; X) the space of all functions f : [0,7] — X with
bounded variation in [0, 7). The variation of a function f : [0,7] — X is defined



as follows:

V(f;O,T):sup{ZHf(ti)—f(ti_l)HX : neN and

i=1

0=t0<t1<~~<tn_1<tn:T}.

Every function f € BV(0,7;X) has at most countable many discontinuity
points.
We will often use the following generalization of the classical Helly Theorem.

Theorem 2.1.2. Let X be a reflexive separable Banach space (resp. the dual
of a separable Banach space). Let (fr)ken C BV(0,T;X) be a sequence of
functions such that fi(0) and V(fx;0,T) are bounded uniformly with respect to
k. Then, there exist a subsequence (fy,) and a function f € BV(0,T;X) such

that fr, (t) — f(t) (resp. fr, (t) = f(t)) for every t € [0,T).

For a proof of this result we refer to [15] (Lemma 7.2) and [2] (Theorem
1.126).

Function with bounded deformation

Let U C R™ be an open set with Lipschitz boundary. We denote by BD(U) the
space of functions with bounded deformation. Precisely, a function f belongs to
BD(U) if it is in L'(U;R™) and its symmetric gradient Ef is a bounded Borel
measure. We refer to [28] for a detailed description of such space.

BD(U) is a Banach space with the norm

118D = [l + 1 Ef].z -

It is possible to prove that BD(U) is the dual of a separable Banach space.
Therefore, we can equip BD(U) with the weak* topology given by this duality.

The space BD(U) is continuously embedded in L1 (U;R™).

For every function f € BD(U) it is possible to define the trace of f as an
element of L'(OU;R"). The trace operator

v :BD(U) — L'Y(0U;R™)
is continuous with respect to the norm topology but not with respect to the
weak™® topology of BD(U).
2.2 A few inequalities

We recall here the classical Korn and Poincaré inequalities and we prove a few
extensions that will be useful in the rest of the work.

Theorem 2.2.1 (Korn inequality). Let U C RY be an open, bounded, and
connected set with Lipschitz boundary and let 1 < p < +o00. Then there exists



C > 0 such that
|Vl < C(|Eulr + ||ullzr) ¥ ue WHP(U;RY), (2.3)

where Eu is the symmetric gradient of u. Moreover, there exists C' > 0 such
that for every u € WHP(U;RN) there is A € MY*N such that

skew

[Vu— Allr < C'||Eul|Le - (2.4)
For a proof of this classical result we refer to Theorem 3 and 8 in [12].

Lemma 2.2.1. Let A = (a;;) € MY*N. Then Rank A # 1.

skew

Proof. Suppose by contradiction that Rank A = 1. Let A1,..., A, be the rows
of A and let 4,5 € {1,..., N} with i # j. By assumption there exists A € R
such that A; = AA;. Hence, a;; = Aaj; = 0. Since A is skew-symmetric we
deduce aj; = 0. Then A = 0, a contradiction. [

Theorem 2.2.2. Let U C RY be an open, bounded, and connected set with
Lipschitz boundary and let 1 < p < 4+o00. Let I' C OU be an open subset (in
the relative topology of OU ) such that #N~1(T') > 0. Then there exists K > 0
such that

IVullzr < K(I|Bullze + llye(w)ze) ¥ uwe WHUSRY),  (2.5)
where yp(u) is the trace of u restricted to T.

Proof. Suppose by contradiction that the thesis is false. Then for every n € N
there exists a function u,, € W'P(U;RM) such that

IVunl[Le > n(||[Eunllze + [yr (un)l ze) - (2.6)
1

[[wn|wp
(2.6) holds with w,, in place of u,. Up to a subsequence, there exists w €

WLP(U;RN) such that

Let w, := U, so that for every n € N we have ||wy|/jy1, = 1. Clearly,

w, —w in WYP(U;RY).
By the compact embedding WP (U;RN) cc LP(U;RY) we deduce that
w, = w in LP(U;RY).
Similarly, by the compactness of the trace operator we infer
r(wn) = qr(w)  in LP(OU;RY).
By (2.6) we have
1

1
|Bwallzs + e (@)l < —[Vwallzr <~ ¥neN,



hence, yp(w) = 0 and Ew = 0. By Theorem 2.2.1 there exists a matrix A €
MZ3 such that Vw — A = 0. Since U is connected, it must be w(z) = Az +b
for a.e x € U, where b € RY is a fixed vector. In particular, we have proved
that T' is a subset of the space of solutions of the linear system Ax = —b. By
the Rouché-Capelli Theorem and Lemma 2.2.1 we know that the dimension of
this space is not equal to N — 1. Therefore, since ¥ ~1(T') > 0, it must be

A =0and b=0, that is, w = 0. By Theorem 2.2.1 we obtain
[Vwnllze < C(|[Ewn||zr + [lwnlzr) =0,

which gives Vw,, — Vw = 0 in LP(U;RY). This is a contradiction, since
wy, — w in WHP(U;RY), but ||Jwa||lwie 2 ||lwllwie. |

Theorem 2.2.3 (Poincaré inequality). Let U C RN be an open, bounded, and
connected set with Lipschitz boundary and let 1 < p < +00. Then there exists
Cp > 0 such that

lullr < Cpl|Vulle ¥V ue WyP(U;RY). (2.7)

Theorem 2.2.4. Let U C RY be an open, bounded, and connected set with
Lipschitz boundary and let 1 < p < 4o00. Let I' C QU be an open subset (in the
relative topology of OU ) such that s#N~1(T') > 0. Then there exists Cp > 0
such that

lulzr < Cp(IVullze + e (w)l|ze) ¥ u e WH(U;RY). (2.8)

Proof. Suppose by contradiction that the thesis is false. Then there is a se-
quence (up)nen € WHP(U,RY) such that

|un|lLe > n(||Vunlze + |yr(un)|r) VneN. (2.9)

Up to normalization, we can suppose that ||uy,|/y1, = 1 for every n € N. By
compactness, up to a subsequence, there exists v € LP(U; RY) such that u, — u
in LP(U;RY). By (2.9) we have

1 1
IVunllze + e (un)llee < —llunle < — V€N,
hence Vu,, — 0 in LP(U;RY) and ~r(u,) — 0 in LP(I';RY). Therefore, we
have proved that u, — u in WHP(U;RY) and by the continuity of the trace
operator y(u) = 0. In particular, Vu = 0, thus v = b a.c in U with b € RV a
fixed vector. By 7r(u) = 0 we deduce b = 0 and this gives the contradiction.

Indeed, we have u,, — 0 in WHP(U;RN), but ||ug ||y — 1. ]

We will also need the following inequality for functions of bounded defor-
mation.

Theorem 2.2.5. Let U C RY be an open, bounded, and connected set with
Lipschitz boundary. Let T' C QU be an open subset (in the relative topology of



OU ) such that #N~=1(T) > 0. Then there exists Cgp > 0 such that
lullep < Cep([|Eull.z, + 0 (w)l[r1) ¥V u e BD(U). (2.10)

Proof. Owing to Proposition 2.3, item (ii), in [29] it is sufficient to prove that
lve ()| is a continuous seminorm on BD(U) and a norm on the set of rigid
motions given by
B={u:U—RY : ulx)=Av+b, Ac MY*N beRV}.

By the continuity of the trace operator with respect to the strong topology of
BD and its linearity the map ||yr(-)||z: is a seminorm on BD(U) and thus, on
R. Let u= Ax+b € #Z be such that ||yr(u)||1 = 0, that is, w = 0 on I". Then,
I" is a subset of the space of solutions of the linear system Ax = —b. By the
Rouché-Capelli Theorem and Lemma 2.2.1 we know that the dimension of this
space is not equal to N — 1. Therefore, it must be A = 0, b = 0 concluding the
proof. [

Finally, we state a recent generalization of the classical Korn inequality
proved by Lewintan and Neff in [14].

Proposition 2.2.1. Let U C R? be an open, bounded, and connected set with
Lipschitz boundary. Let 1 < p < oo and let f € 9'(U; M3*3) be a distribution.
If fsym € LP(U;MEyXT,%) and curl(f) € W=LP(U; M3*3), then f € LP(U; M>3*3).
Moreover, there exist a constant C' > 0, that depends only on p and U, such

that
[ flle < C([ fskewllw -1 + | fsymlle + [ curl(F)llw-1.0) -






Chapter 3

The model

3.1 Description of the model

In this section we give a brief description of the model proposed by Gurtin in
[10]. Let Q C R? be the reference configuration of the body and let u :  — R3
be the displacement (so that a point x €  is mapped into the point x + u(z)
in the deformed configuration). As it is common in small-strain models, we
assume the displacement gradient to be additively decomposed into an elastic
and a plastic part, respectively:

Vu = H°+ HP. (3.1)

Since plastic deformations in metals are volume preserving, we assume HP to
be deviatoric, that is Tr HP = 0. In contrast with other models, such as the
one proposed by Gurtin and Anand in [11] and studied in [6], here we do not
impose that kaew = (0, meaning that we admit plastic spin. In particular we
do not restrict our attention only to the symmetric part of the displacement
gradient. This is motivated by the macroscopic representation of the so-called
Burgers vector, namely

B = curl(H?) = curl(HY,,,) + curl(HY, ) - (3.2)
The Burgers vector describes the macroscopic density of dislocations, which are
defects in the crystalline structure at the microscopic level and are considered
the main mechanism for plastic deformation. Clearly, H fk ow 18 involved in the
definition of B and needs to be considered in a theory that takes into account
the Burgers vector.

Gurtin grounds his model on the principle of virtual power and introduces
two microscopic stress tensors, called TP and K, that perform work locally
together with the temporal change of HP? and V HP, respectively. Moreover, he
defines an elastic stress tensor, named T', conjugate to the rate of change of H®.
Given a subbody P C €2, the power expended internally has the form

Wint(P) = /P(T tHC+TP: H? + K : VH?) dx . (3.3)
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Wint(P) is balanced by the power expended on P by exterior forces. This is
the result of a macroscopic body force f and a surface traction ¢(7) with the
addition of a microtraction S(i7) associated with HP and can be written as

Weat(P) = /aP(t(ﬁ) i+ S(R) : HP) dA + /P Foade. (3.4)

Since Tr HP = 0, we can suppose without loss of generality that 7?7 and S(77)
are deviatoric and, for the same reason, that K is deviatoric in the first two
subscripts. By the power balance

met(P> = Wezt(P) YV PC Q, (35)

we deduce the following conditions on the macroscopic traction and external
forces:

(i) = T, (3.6)
—div(T) = f.

In particular, if a superficial force g acts on a portion of the boundary I'yy C 982

we can write
Tii=g only. (3.8)

Similarly, one obtains the balance condition for the microscopic forces and trac-
tion, namely

Tp=TF —divK, (3.9)
S(i) = K, (3.10)

where Tp denotes the deviatoric part of T'. In this work we will assume null
power expenditure on the boundary by K, that is,

S(n)=Kri=0 ondQ. (3.11)

Lastly, by frame-indifference it is possible to derive a well-known condition on
the stress T, precisely its symmetry T = T7.

The Burgers vector enters the model through the free energy . Here we
consider a quadratic free energy given by

1 ul?
w(H67 B) = M|H§ym,D‘2 + ik‘ ’I‘rll:[seym’2 + T’B|2 ) (312)

where u, k, L > 0 are positive constants. In this context L has to be interpreted
as a material length scale associated with the Burgers tensor. For any given
subbody P C () the energy takes the integral form

W(P) = /P@b(He,B) dz. (3.13)

The evolution of the triplet (u(t), H¢(t), HP(t)) needs to satisfy a local ther-



modynamical requirement, namely the inequality
—T:H, —T°: H — K : VH? <0, (3.14)

where we used the symmetry of T'. In order to satisfy inequality (3.14), Gurtin
proposes the following constitutive equation for the stress tensors 7"

o
T .= .
oH:,, , (3.15)
that in our case rewrites as
T =CHgy,, , (3.16)
where C is the tensor given by
CA = 2pAgymp + k Tr(Agym)Id VA € M?*3. (3.17)
Then, letting
OV (Hg,,,, B)
= 1
Gurtin defines
3 1 3
(Kaiss)ijk = Kiji — Y _ €nijRui + §5ij > R, (3.19)
h=1 h,l=1

where € is the Levi-Civita symbol and § is the usual Kronecker symbol. Clearly
Kgiss is deviatoric in the first two indices and, considering (3.15), inequality
(3.14) takes the form

TP : HP 4+ Kgiss : VH? > 0. (3.20)

To satisfy this condition Gurtin proposes the following constitutive equations
for the stresses TP and K¥, _ in the rate-independent case:

HP 4 \H?

k
TP = Yo sym 7 skew ’ (3‘21)
hVH?
diss 0 ap s ( )
where
@ =\ By + x| HE |2 + W2|V HE 2 (3.23)

is the effective distortion-rate, h,x > 0 are positive constants, and Yy > 0 is
the yield strength. Notice that with these choices we can suppose that K
is symmetric in the first two subscripts. As a remark we can see that when
X, h — 0 the framework reduces to the one of the Von Mises flow rule in perfect
plasticity.



In this scenario the stress tensors have to satisfy the constraint

1 1
\/’Tg‘ymp + ;’Tfkewp + ﬁ’Kd’iSSP S }/b 9 (324)

where the equality can be interpreted as the stresses lying on the yield surface.
For this very reason equations (3.21) and (3.22) will be valid when equality holds
in (3.24). Viceversa, if the stresses lie well inside the set bounded by the yield
surface, no changes occur in the plastic strain, that is, H? = 0, VHg’ym = 0.

With these choices the thermodynamical requirement (3.14) is satisfied.

3.2 The functional setting

3.2.1 Reference configuration and boundary conditions

We now introduce the precise mathematical setting of the problem. We assume
the reference configuration of the body to be an open, bounded, and connected
set with Lipschitz boundary. The Dirichlet part of the boundary is assumed to
be a non-empty open subset I'p C 99 (here open refers to the relative topology
in 9Q). The set I'y := 9Q\I'p is the Neumann part of the boundary. In
particular, #2(T'p) > 0, where 2#? is the 2-dimensional Hausdorff measure.

The forces
f € AC0,T; L3(Q;R?)), g € AC(0,T; L*(T'x; R?)) (3.25)

will be prescribed on Q and I'y, respectively. On the Dirichlet part of the
boundary a displacement

w e AC(0,T; H(Q; R?)) (3.26)

is imposed. As a remark note that w is defined on the whole set 2, but the
boundary condition is prescribed only on I'p via the trace operator.

For every time t € [0,7] we define the operator

L(t): Wl’%(Q;R?’) —-R:ur / f(t)-udx+ g(t) -u ds*.  (3.27)
Q 'y
Clearly, £(t) is linear and continuous, hence we have £(t) € W—53(Q;R3). In
addition, by the absolute continuity of f and g it follows that the operator £
is absolutely continuous with values in W~=13(Q; R3). We will write (L(t),u)
when L(t) is applied to wu.

Since f and g are absolutely continuous with values in a reflexive space, the
time derivatives f and g are well defined almost everywhere. For almost every
t € [0,T] we will denote by L£(t) the continuous and linear operator given by

L)W (QRY) S R:u e /Qf(t)-u de+ [ g(t)-ud#?.  (3.28)
I'n



3.2.2 Admissible configurations

We will keep the notation already used and we will denote by u the displacement
and by H¢, HP the elastic and plastic part of the strain, respectively.

Definition 3.2.1. Let z € HY(Q;R3). A triplet (u, H®, HP) is said to be ad-
missible for the boundary value z if and only if:

uwe Whi (R, HE,, € L(Q; M253)
Hgym € BV(Q’ Ml?))fs?;m) ’ Hﬁkew € ’%b(Q; Mgké?u) ) (329)

curl H? € L?(Q; M3*3),

Vu = H®+ HP, (3.30)
u=zin L%(FD;R?’) , (3.31)

where equation (3.31) has to be intended in the sense of trace. We will denote
by A(z) the set of admissible triplets (u, H¢, HP) for the boundary value z.

From now on, when we will speak of an admissible plastic strain HP we will
imply that there is a boundary value z € H'(Q;R?) and an admissible triplet
(v,e,p) € A(z) such that p = HP. Similarly, we will speak of an admissible
time-dependent plastic strain whenever we will have a map ¢ — HP(t) such that
HP(t) is an admissible plastic strain for every t € [0, 7.

Owing to Proposition 2.2.1, admissible triplets have more regularity than
the one prescribed by their definition. More precisely, we have the following.

Proposition 3.2.1. Let 2 € H*(;R3) and let (u, H¢, H?) € A(z). Then
He, HP € L2 (Q; M3*3) (3.32)
Moreover, there exists C' > 0, which depends only on 2, such that

1HP|| 5 < C(IH
L2

skew

., + 1 HEymllBv + || curl H|| 2) . (3.33)
In particular, from this result we infer that

HP = HP — HP —c L3(Q;M>3). (3.34)

skew sym

Hence, H fk ow 18 absolutely continuous with respect to the Lebesgue measure.

3.2.3 The dissipation functional

To enforce the constraint (3.24) we introduce the functional, defined for suffi-
ciently regular plastic strains p

P Yo | \flpayml + Xpokeu? + 12V da (3.35)



Following [15] and [6] we relax the functional (3.35) using the notion of convex
functions of measure introduced in [9]. First, we introduce the function

F i MY x MYS 5 MES® SR (2,y,2) = /|2l + xly[2 + h2|=2.

sym skew sym

For p € %b(Q;M%X3) with peym € BV (£ M3X3 ) let A be the measure on

D,sym
defined by
A= (psymapskewa vPsym) . (3.36)
We define \
N :pHYO/ ]-'() dN (3.37)
Q |l

A
where |A| is the total variation measure of A\ and — is the Radon-Nikodym

A
derivative of A with respect to |\|. |‘

Let HP be an admissible plastic strain and let A be the measure defined as
in (3.36) with p = HP. We can decompose \ in its absolutely continuous and
singular parts with respect to the Lebesgue measure. By the regularity of HP
it is clear that

\=(HP HY V°HP ) and \° = (0,0,V°H? ). (3.38)

sym? **skew? sym sym

Hence, by Theorem 2 in [9], it follows that

H(HP) :YO/ I HEm? + X[ HY 2 + W2V Hly? da
Q
+ hYo|V°HE,, (), (3.39)

where |[V°HE . [(Q) is the total variation over Q of the singular part of the
measure VHE . Sometimes we will shorten the decomposition (3.39) and
write

H(HP) = H1(HP) + Ho(HP). (3.40)
We will often use the following lower semicontinuity result.

Proposition 3.2.2. Let (HP),cn be a sequence of admissible plastic strains
such that

HP X HP in BV (€Q; M3%3) |

n,sym sym sym
/4 * 4 . . 3x3
Hn,sk:ew - Hskew L '/{b((L Mskew) :

Then
H(H?) < hgr_gggf?—[(ﬂﬁ) .

Proof. Thanks to Theorem 3 in [9] it is sufficient to prove that the measure \,,,
defined as in (3.36) with p = HE, converges weakly* in the sense of measures
to A = (H?,,,, HY,

Bms Hopew> VHE,,). This assertion follows immediately from the

hypotheses. [

Another important property of H is its continuity along strongly converging



sequences, as proved in the following proposition.

Proposition 3.2.3. Let (HE),en be a sequence of admissible plastic strains
such that

HE oy — HEoin BV(Q; M273)

n,sym sym
P 14 : . 3x3
Hn,skew - Hskew n %b(Q’ Mskew) .

Then
; P _ P —
nlggoH(H” H?)=0.
Proof. By the regularity of the admissible plastic strains and the supposed
convergences we have that

HY gym = Hiym in L' (Q; M2
VOHE oy — VOHE,,, in LNQ;M3xE),
VEHE o — VPHE, . in (0 MEE)
HY ew = Hopew in L'(Q; M323).

Then

H(Hﬁ - Hp) < YOHHg,sym - ]ngmHL1 + %\/E”Hg,skew - kaewHLl
R VOHD .~ NOHP g+ RYo|VOHE .~ VSHP () = 0.

,SYym sym ,sym sym

Given an admissible time-dependent plastic strain ¢ — HP(t) we will use
throughout the paper the following notation for the H-variation:

Vy (H?;0,t) = sup {z”: H(HP(t;) — HP(t;—1)) : n€N and

i=1

0:t0<t1<"'<tn1<tn:t}. (3.41)

Vy satisfies the following lower semicontinuity result.

Proposition 3.2.4. Let (HE),en be a sequence of admissible time-dependent
plastic strains such that for every t € [0,T] the following convergences hold:

HP . (t) > HP (t) in BV(Q; M3%3),

n,sym sym sym
. 3x3
Hz,skew(t) = kaew (t) n j/b(Q; Msk><ew) :

Then
Vi (H?;0,t) < linnl)ioréfVH(Hﬁ;O,t) Vitelo,T].

Proof. Let n € N and ¢t € [0,T]. Let {to,...,tx} be a partition of the interval



[0, t]. By definition of H-variation and by Proposition 3.2.2 we have

k
1 i p. 3 3 P(+.) — P(t.
lim inf V3 (H}; 0,1) > lglrgggf;H(Hn(tz) HE(ti-1))

k
> S H(HP(4) — HP(tio1)). (3.42)
i=1

Passing to the supremum over all partitions of the interval [0, ¢] gives the thesis.
|

3.2.4 The free energy

We will consider the quadratic free energy defined in (3.12). Given an admissible
triplet (u, H¢, HP) we will write

sym>

¢ 1 e e pL?
W (H{yp, curl(H)) = 5 /Q CHyp - Hiypyn dz + =5 /Q | curl(H?)|? dz, (3.43)

where C is the symmetric tensor in (3.17). Since k > 0 there are ac,fc > 0
such that
ac|M> < CM : M < Bc|M|? ¥V Me M3, (3.44)

sym
By (3.44) it follows that

|ICM| < Be|M| ¥ M e M3 (3.45)

sym *
We will often use the notation

U(HE, curl(HP)) = Uy (HS, ) + Ua(curl(HP)) (3.46)

sym

to shorten the expression (3.43).

3.2.5 Safe-load condition

As in the case of perfect plasticity (see [15]) we need to assume a so-called safe-
load condition on the applied forces. More precisely, for the rest of the work
we will assume the existence of a function

p € AC(0,T; L3, (4 M2X3)) with pp € AC(0,T; L™= (Q; M3 1)) (3.47)

sym D,sym

such that, for every t € [0, 7]

{ divp(t) = f(t) in L3 RY), (3.48)

Yw(p(t)) =g(t) onln,

where 7, is the normal trace. The second equation in (3.48) has to be intended
in the following sense: for every 9 € W%’%(OQ,R?’) such that ¢ = 0 J#?-a.e on



I'p
(p(1), ) = /F g dA7, (3.49)

where the duality at the left-hand side is the one between W*%f’(a{z; R3) and
W2 (00; R3).
Moreover, we will suppose the existence of a constant M > 0 such that for
every t € [0, 7]
A+ pp(t)]| <Yy aeinQ YV Ae Mp? with |A| < M. (3.50)

We will assume that M < Y{ without loss of generality. The main consequence
of the safe-load condition is the following proposition.

Proposition 3.2.5. Let 2 € H'(;R3). Suppose that a function p exists satis-
fying (3.47), (3.48), and (3.50). Then, for everyt € [0,T] and for every triplet
(u, H®, HP) € A(z) we have

(£(0),u) =(£).2) ~ [ plt): Bz da
Q
+ /Q p(t) : HE,, da + /ﬂ pp(t) : H,. dz. (3.51)
Proof. Let t € [0,T]. By definition of the operator £(t) we have

(L(t),u—z) = /Qf(t) (u—2z) dr+ g(t) - (u—z) dA?. (3.52)

I'n

Since p(t) satisfies (3.48), integrating by parts yields

(L u=2) = [ p(t): V(u=2) do = (ulp(t)u=2)
+

g g(t) - (u — z) dA”. (3.53)

Note that v — z = 0 J#2-a.e on I'p, hence by (3.49)
[ o0+ tu=2) a2 = tfp(0),u—2) = 0.
N

Finally, by the admissibility of (u, H¢, HP) and the symmetry of p(t), equation
(3.53) can be rewritten as follows:

(L(),u— 2) :/Qp(t):HSeym dx+/QpD(t):H§ym dx—/Qp(t):Ez dz,

concluding the proof. ]

In a similar fashion one can prove the same result for the operator L. Asa
remark note that assumptions (3.47) grants the existence of the time derivatives
p and pp almost everywhere.



Proposition 3.2.6. Let z € H'(;R3). Suppose that a function p exists satis-
fying (3.47), (3.48), and (3.50). Then, for almost every t € [0,T] and for every
triplet (u, H®, H?) € A(z) we have

(L), u) :(2(t),z>—/ﬂp(t):Ez dz

3.2.6 Energetic solutions

We will prove existence of solutions for the Gurtin model using the energetic
approach to rate-independent processes developed in [16, 17, 19, 20, 21]. We
state here the definition of a solution to the Gurtin model in this framework.

Definition 3.2.2. Let f,g be as in (3.25) and w be as in (3.26). A map

®:[0,T)] — le%(Q;R?)) « Lg(Q;M3x3) o L%(Q;M%Xg) :
t— (u(t), H¢(t), HP(t))

is an energetic solution to the Gurtin model if the following properties hold true:
o Admissibility:

(u(t), HE(t), HP(t)) € A(w(t)) Y tel0,T], (3.55)

Global stability:

E(t) < Wilesym) + Yo(curl(p)) — (L(t),v) + H(p — HP(t))
YV (v,e,p) € A(w(®) Yte[0,T],  (3.56)

and H?

skew ave bounded variation as maps

 Bounded variation: HE .,

HP - [0,T] — BV(Q; M3 Y,

sym D,sym
kaew : [07T] — Ll(Q; Mjl?e?u) ’

e FEnergy balance:
t
E(6) + Vi (H?;0,1) = £(0) + / / CHE, () : Fir) dudr
0 JQ
t

—/t<ﬁ(r),u(7)> dT—/ (L(r),i(r) dr Yte[0,T], (3.57)
0 0

where

E(t) == Uy (HE, (1)) + Ua(curl(HP (1)) — (L(E), u(t)) . (3.58)

sym

Remark 3.2.1. The assumption H¢(t) € L%(Q;M3X3) for every t € [0,T]
is non-restrictive. Indeed, by the admissibility (3.55) and Proposition 3.2.1 it



follows 3
¢ w)=Vu—HS — HPe L2(Q;M3X3)

skew sym skew/ *

p
Moreover, H,;._,,

or My(Q; M3 ), equivalently.

skew

has bounded variation with values in the spaces L'(Q; M3 )

To make sense of the energy balance (3.57), measurability of u and Hg,,,

as maps from [0,7] into L%(Q;RP’) and L2(Q;M§’y§‘z’), respectively, is needed.

We now prove that admissibility, global stability, and the bounded variation of

p p . .
HE ., and Hg  are sufficient to guarantee it.

Lemma 3.2.1. Let
t = (u(t), Ho(t), HP (1))

be a map such that admissibility (3.55) and global stability (3.56) hold. Then
for every t € [0,T] and for every (v,e,p) € A(0)

/ CHg,, (1) : esym dz + uLQ/ curl(H?(t)) : curl(p) dx — (L(t),v)| < H(p).
Q Q

Proof. Let € € R and (v,e,p) € A(0). Let ¢t € [0,7T]. The triplet

(u(t) +ev, H(t) + ce, HP(t) + ep)

is admissible for the boundary value w(t). By the global stability condition
(3.56) we have

Wy (HE (1)) + ol enrl (P (1)) — (£(0),u(t)) < W3 (o (6) + <Caym)
+ Uy (curl(HP(t)) + e curl(p)) — (L(t), u(t) + ev) + H(ep) . (3.59)

From (3.59) we deduce that
21 (esym) + 2 W (curl(p)) + 5/ CHg,,, (1) @ esym dx
Q

+epl? /Q curl(HP(t)) : curl(p) de — e(L(t),v) + H(ep) > 0. (3.60)

By the positive homogeneity of H, dividing by € > 0 and letting ¢ — 0T in
(3.60), we obtain

/Q(C‘Hseym(t) : esym do+ pL? /Q curl(HP(t)) : curl(p) dz — (L(t),v) +H(p) > 0.
If instead we consider € < 0 and let € — 07, then

CHg,(t) = esym dx 4 pL? /Q curl(HP(t)) : curl(p) do — (L(t),v) —H(p) <O0.

The thesis follows by combining the last two equations. ]

Proposition 3.2.7. Let

t e (u(t), H(t), H"(t))



be a map such that admissibility (3.55) and global stability (3.56) hold. Then
there exists C > 0 such that for every t,ts € [0, 7]

1 H gy (t2) = Heym (1) 72 + || catl(HP (£2)) — curl(HP (t1))| 7.
<C[H sym( ) Hgym(tl)HBV—i_H skew( ) kaew(tl)”lzl

+ 1£(t2) = LD -1 + w(t2) - W(tl)HHl] : (3.61)

Proof. The triplet (v, e,p) defined by

v = u(tz) — U(tl) - (w(tQ) - w(tl)) )
e = H(t2) — H(t1) — (Vw(t2) — Vw(t1)),
p=H"(l2) — H"(t1),

is admissible for the zero boundary value. Therefore, by Lemma 3.2.1 we have

CHseym() (He ( ) Hsym(t1>) dzx

sym
Q Y

+ uL? /Q curl(HP(t)) : (curl(HP(ts)) — curl(HP(11))) dar
< H(HP(ts) — HP(1y) +/ CHE, (1) : (Bu(ts) — Bu(ty)) dx
+ (L(t), u(te) —u(t1) — (w(tz) —w(t1))) Vtel0,T]. (3.62)

Using the same argument with the triplet (—v, —e, —p), we obtain

[ CH (0 (Hy (1) = Hey(12)) do

+ul? /Q curl(HP(1)) : (curl(HP (1)) — curl(HP(t2))) da

< H(HP(t3) — HP (1) +/ CHE, (1) : (Bw(ty) — Buw(ty)) da

F (L), ult) — ults) — (w(t) — w(ta))) Vit € [0,T]. (3.63)
Combining (3.62) with ¢ = t5 and (3.63) with ¢ = ¢, we deduce that
DU (H, () — HEyy (1) + 20 (curl (P (1)) — cwrl (HP (1))
< QH(HP(t2) — H"(11)) / CHE m(ts) — ey (1)) : (Bw(ts) — Buw(ty)) da
+ (L(t2) = L(t1), u(t2) — u(tr) — (w(t2) — w(t1))) - (3.64)
Note that by definition of H there exists C' > 0 such that

2H(HP(tz) — HP(t1)) < C[|HE,,, (t2) — HE,p, (81) | BV
+C|| skew( ) kaew(tl)HLl‘ (365)

By the Hélder inequality, the coercivity properties (3.44)-(3.45), (3.64), and



(3.65) we obtain

ac| Heym (t2) — Heym (01) 172 + pL?| curl(HP(t2)) — curl(HP(t1))] 72
< C||HE,p (t2) — HEy (t1) | BV + CllHye,, (t2) — Hipeo (£1) s,

+ BellHgym (t2) = Hey (1) 2[lw(t2) — w(ta)[| g

+1£(t2) = L) w18 [[ulte) —ult)] 13

+ [1£(t2) = L(E1) w15 lw(ta) — w(ta)] (3.66)

3 .
wh2

We now focus on the term involving u. By Theorem 2.2.2 and Theorem 2.2.4
we deduce that there exists C’ > 0 such that

Hu(tQ) - u(tl)H wha < C/H sym( ) H§ym(t1)”L2

2

+ C'HE (t2) — HE,p ()l By + C'Jw(t2) — w(t)| g - (3.67)
Note that, since L is absolutely continuous, we have

sup [|L(t)]|y-13 < +00. (3.68)
te[0,7

Combining (3.66)-(3.68) we have shown that there exists a constant C' > 0 such
that

1Sy (t2) = Hyp (1) 72 + | curd(HP (t2)) — curl(HP (1)) |72

< C||HEp(t2) — HEyo (t1) | BY + Cl Hyye,, (t2) — Hy,, (01| 21

+ Cl|Hgyp, (t2) — Heyp (1) || 2]lw(t2) — w(ta)]| g

+ Ol Hyn (t2) — Heym (01) | 2| £(t2) — L{t1)[[w-15

+ Cl|L(t2) = L(G) [lw-rsllw(t2) — w(tr) ][ g - (3.69)

Therefore, by the Cauchy inequality, up to changing the constant C', we deduce
(3.61) ]

Suppose that a map
t (u(t), HO(t), HP(t))

satisfies admissibility (3.55) and global stability (3.56). Moreover, assume that
the maps

HP - [0,T] — BV(Q; M3 Y,

sym D,sym
1 3x3
HY 10, T] — LY QM ),
have bounded variation. Then HY, and HY . are continuous almost ev-
erywhere. Let ¢t € [0,T] be a point of continuity for H%, . and HY, . By

Proposition 3.2.7, t is a point of continuity for the map

HE, 2 [0,T] — L*(Q; M3%3).

sym sym



Therefore, by Theorem 2.2.2 and Theorem 2.2.4 ¢ is also a point of continuity

for ,
w: [0,T] — Wha(Q;R3).

Hence u and Hg,,, are measurable as functions on [0, 7] with values in the
corresponding spaces.
The next chapter will be devoted to proving the existence of an energetic

solution to the Gurtin model.



Chapter 4

Existence of an energetic
solution

In this chapter we will show the existence of an energetic solution to the Gurtin
model. We will construct piecewise-constant-in-time approximate solutions by
discretizing the interval [0,7] and by solving, at each discrete time, a mini-
mization problem able to enforce the global stability. Then we will show the
convergence of such approximated solutions to a proper energetic solution. The
chapter is organized as follows: in the first section we discuss the solvability of
the incremental minimization problems; in the second section we will construct
the approximate solutions and investigate their properties; in the last section we
will pass to the limit in the discretization parameter and exhibit the existence
of an energetic solution to the Gurtin model.

4.1 The minimization problem

To simplify the notation we will suppose, throughout this section, to have fixed
atime t € [0, 7] and we will write f, g, p, £, and w instead of f(t), g(t), p(t), L(t),
and w(t), respectively. The objective of this section is to show the existence of
a solution to the following minimization problem:

min {\Ijl(esym) + \Ilz(curl(p)) + H(p - pO) - <£a U)} ) (4'1)
(v,e,p)EA(w)

where pg is a given admissible plastic strain. To achieve this result we will use
the direct method of the Calculus of Variations. We will take a minimizing
sequence and show that is bounded in the correct spaces (for this step the safe-
load condition will be crucial). Then we will extract a convergent subsequence
and show that the limit is a solution to the minimization problem, owing to
the lower semicontinuity of the functionals involved. We start to pave the way
with some preliminary results.

Lemma 4.1.1. Let (HP),en be a sequence of plastic strains such that:

sup || curl HE||;2 < C',
neN

39



HE o — HE in BV(Q; M3 ),

n,sym sym D,sym
D * 14 . L As3x3
Hn,skew - Hskew m ‘%b(g’ Mskew) .

Then curl HP € L*(Q; M3*3) and curl HE — curl HP in L*(Q; M3*3), where
HP .= HP, + H”

sym skew*

Proof. Since L*(Q; M3*3) is reflexive, there is a subsequence (HZ )ren and a
function R € L*(Q; M**3) such that curl H?, — R in L*(€%; M**?). Then, for
every test function g € 2(92; M3*3) we have

<Ra g> = kli)Holo<Cu1“l H£k7g> = - kli}H;o<H’f€k’ Curl(gT)T> = _<Hpacurl(gT)T>
= (curl H?, g) .

By density we deduce that curl H? = R, so that curl H? € L?(2; M3*3). To
conclude the proof it is sufficient to show that the extraction of a subsequence
is not needed. Let g € L?(2; M3*3) and ¢ > 0. By density there exists
f € 2(Q; M3*3) such that ||f — g||z2 < e. Since by assumption (curl(HP)),en
is bounded in L2(£2; M3*3) and curl(HP) € L?(£2; M3*3), we have

|{(curl HE — curl H? | g)| < [{curl HY — curl H?, g — f)| + |(curl HE — curl H?, f)|
< || curl HE — curl H?||;2||g — fl|12 + |{curl HE — curl H?, f)|
<eC' + [(HE — HP, curl(f1)7)].

Passing to the limit we obtain

lim |[{curl H? — curl H?, g)| < eC’

n—o0

and this concludes the proof, since € and g are arbitrary. [

Proposition 4.1.1. Let (w,) C HY(Q;R?) be a sequence of boundary values
such that w, — w in H'(Q;R3). Let (u,, HS, HP) be a sequence of admissible
triplets such that

(un, Hy,, HY) € A(w,) VneN

Up = U in Wl’%(Q; R3),
Hz,sym - Hseym in L2<Q; ngﬁ) )
curl HY —~ R in L?(Q; M3*3)
Hﬁ,sym = Hgym n BV(Q’ M%Ts:;m) )
Hﬁ,skew = kaew in %b(Q; Mgl:e?u) :
Then, defining
HP .= nym—i—kaew, (4.2)
sekew = Vu—H? - H56ym ’
H® := HSym + Skew )



the triplet (u, H¢, HP) is admissible for the boundary value w and R = curl HP.

Proof. Note that properties (3.29) and (3.31) in the definition of A(w) are
automatically granted by the supposed convergences. In view of Lemma 4.1.1
we have R = curl HP. Finally, by (4.3), condition (3.30) holds true for the
triplet (u, H¢, HP). ]

The previous result is particularly important since it guarantees the closure
of the set A(w) with respect to the natural convergences. Given a sequence of
admissible triplets (u,, HS, H?) such that all the hypotheses of Proposition 4.1.1
hold true, we will usually denote its limit by (u, H¢, HP) implying that H? and
HE¢ are given by (4.2) and (4.4).

We now show a few results for the functional H, that will be used to prove
some coercivity property. First of all, we note that

((A, B)7 (C’ D))'H = Asym : Csym + XAskew : Cokew + h*B:D

is an inner product on the vector space M3*3 x M3*3%3 The induced norm is

(A, B)l = /| Asym [ + X[ Asew? + B[ BJ2 (4.5)

for (A, B) € M3*3 x M3*3*3, We define

1 1
B = 1A+ L + B o
for (A, B) € M3*3 x M3*3%3, The next proposition states that (-, )5, and
|(-, )| are dual norms.

Proposition 4.1.2. The following property holds:

(A,B)ly = sup {A:C+B:D} (4.7)
[(C,D)]3,<1

for every (A, B) € M3*3 x M3*3%3,

Proof. Let (A, B) € M3*3 x M3*3*3 and let (C, D) € M3*3 x M3*3%3 be such
that |(C, D)|3; < 1. From the Cauchy-Schwarz inequality it follows that

A:C+B:D=Agym : Coym + Asiew : Cskew + B : D

1 1
A m - Csym + XAskew : <Xcskew> + h’B ( D)

h2
1 *
(A B) | (Copm + < o 5D | = (A Bl €. D)l < (4. B}
1
Now let (C, D) := M(Asym + XAskew, h*B). Clearly,

|(Ca D)‘;—l = |(Asym + XAskews hQB) H

|
I
—_

(4, B)lx



By the definition (4.5) of |(-, )|, we have

A:C+B:D=Aym : Coym + Asiew : Cskew + B : D
1

= A BTy, v+ Asyn + XAskew : Askew + W B) = (A, Bl .

With similar arguments one can show that |(-,-)|;, is the dual norm of
‘(.7 )’Ha that is
|(A,B)|3y = sup {A:C+B:D} (4.8)
I(C,D) <1

for every (A, B) € M3*3 x M3x3x3,

We now extend these results to suitable functional spaces. Let us define the
norms

ICE, Gl = /ﬂ |(F(2), G(x)) |3 de (4.9)
for (F,G) € L' (€; M3*3) x LY(Q; M3*3%3) and
I(E, G) I3 = ess Sup |(F(2), G())[3 (4.10)

for (F,G) € L% (2; M3*3) x L>(Q; M3*3%3). One can show that

I(F,G)ly = sup /(F:L+G:M) dx (4.11)
Il <179

for every (F,G) € L'(Q; M3*3) x LY(; M3*3%3) and

(L, M5, = sup /(F:L+G:M) dz (4.12)
IR <1 /9

for every (L, M) € L% (§; M3*3) x L>=(Q; M3*3%3). These results will be useful
in the next proposition since we have, by definition
Hi(H) = Yol|(H?, VHE,,) |2 -

sym

Proposition 4.1.3. There are two constants o, B > 0 such that
M) = [ oo Hlyy do > ol Hlyllov + Byl (413)

for every admissible plastic strain HP. In addition, we can choose the following
values for a and (:

a:mm{f‘;,;,/wg—wm} , (411



1 [xM(4Yy — M)

b=\ ——F— (4.15)

Proof. Let 0 < M < Y, be the constant given in (3.50) and let us define the
sets
K= {(r1,m,m3) € L®(Q ME3, ) x L9(05 M) x Lo(9; MP533)

D,sym skew

(71 + 72, 75)Il5, < Yo

K= {(71,72,73) € L®(Q; MP<3 ) x L=(Q MEZ3 ) x L°(Q; MP*33)

D,sym skew

M 1 [xMA4Yy - M h [M4Yy— M
Il < %= s Il < ) =, e < QW} .

By (4.11) we have that, for every (11,72, 73) € K,

H1(H”) — \/Q:OD sym dx >

L1 = )t Hly s HY 473 VO dr (126)

Note that & C K hence (4.16) holds true for every (1,72, 73) € K. Any function
M

f € L=®(Q, M3 such that ||f||= < - can be written in the form 7 — pp

for a suitable 71 € L™ (; M%Xs?;;m) with ||y ]|z < Yo— > Indeed, assumption
(3.50) implies that

M M
|f +pp| <Yy — o ae in QV feL®Q,M*®) such that | f||p~ < >

Therefore, passing to the supremum on K in (4.16) we find that

a(Hp) - /QpD sym dr > — HI—IsymHL1
xM(4Yo — M) h [ M(4Yy — M)
I el + S\ IV HE I (417)
Adding to (4.17) the remaining term Ha(HP), the proof is complete. ]

Remark 4.1.1. Proposition 4.1.3 gives a coercivity estimate with respect to
the norms || - ||y and || - [|z1. In the proof we have also shown that

HH?) = [ o By do =

This estimate will be relevant in Chapter 6 when we will study the asymptotic



behavior of solutions as h, L — 0.
We are now ready to prove the main result of this section.
Theorem 4.1.1. Problem (4.1) has a solution.

Proof. Let (uy, HS, HP) be a minimizing sequence for problem (4.1). Note that
(w, Vw,0) € A(w), so A(w) # (. Hence, there exists a constant C' > 0 such
that

Uy (Hy m) + Vo(curl(HE)) + H(HE — po) — (L up) <C V¥ neN.

n,8Ym

By Proposition 3.2.5 we obtain, for every n € N,
‘Ill(Hi,sym) + \IIQ(CUI‘I(Hg)) + H(Hﬁ - pO) - /Qp : Hz,sym dx
—/ pp : HE oy dz < C + (L(1), w) — / p(t) : Ew dx . (4.18)
Q ' Q

By (3.44) and the Holder inequality we infer

ac
lI’1(]{1i,sym) - ,/Qp : Hﬁ,,sym dx > ?H‘Hz,symH%? - ”p||L2||Hrc;,sym||L2

(loll 2 +1)*

> || H
2a¢

n,sym”L2 - (419)

Combining (4.18) and (4.19) with (4.13) we deduce that there exists C' > 0,
independent of n, such that

15 symll 2 + | cwrl(HP) | 22 + [ HE symllBy + 1H penllzr <C YV eN.

,skew
By the Korn inequality (2.5) we know that for some constant C' > 0

[Vl <"

Applying the Poincaré inequality (2.8), the norm HunHL 3 is uniformly bounded
with respect to n. Hence, up to a subsequence, we have:

Up — U in Wl’%(Q;R?’) ,
HfL,sym - HSym in LQ(Q; ngﬁ) )

curl HY —~ R in L?(Q; M3*3)
HP X HP in BV(Q; M3 Y,

n,sym sym D,sym
p * p ; L A3X%3
Hn,skew - Hskew mn %b(Q’ Mskew) .

By applying Proposition 4.1.1 we infer that R = curl H? and (u, H¢, HP) €
A(w). By Proposition 3.2.2 it holds

H(H” — po) < liminf H(H} — po) . (4.20)



Moreover, by the continuity and convexity of ¥y, ¥y and £ we obtain

Uy (HE,,) + \Ilz(curl(Hp)) + (L, u)

< l1m 1nf[\111( )+ Wa(curl(HE)) + (L, up)] . (4.21)

sym n

Combining (4.20) and (4.21) we deduce that (u, H¢, HP) is a solution for (4.1).
This concludes the proof. [

4.2 Discretized evolutions

In this section we will discretize the time variable to construct an approximated
energetic solution for the Gurtin model. This is a well-established approach to
solve rate-independent problems (see [17]). At the end of the section we will
prove the global stability condition (3.56) and a discrete energy inequality (3.57)
for such discretized solution.

Let us introduce some useful notation. For the rest of the chapter we will
denote by k € N the discretization parameter and write

:%T Vi=0,... .k keN.

Abusing this notation we will write [tf, ™) to denote the degenerate interval
[T,T].

We will use the subscript k to denote the right-continuous piecewise constant
interpolation of a function defined at the discrete times ti. As an example
consider

wnlt) = w(t) it t e [t 1),

We fix as initial condition an admissible triplet (ug, H§, Hf)) for the bound-
ary value w(0) and we assume that, for this triplet, the global stability condition
(3.56) holds true, that is,

U1 (H§ gym) + Wa(curl(Hg)) — (£(0),u0) < ¥1(esym) + Ya(curl(p))
—(L(0),v) + H(p— HY) V (v,e,p) € A(w(0)). (4.22)

We construct an approximate energetic solution for the Gurtin model in-
ductively. Let

(uo,kag,k7Hg,k) = (’LLO,HS,H(I;) VkeN.

For every i = 1,...,k let (u;, Hf), H}}) € A(w(t)) be a solution to problem
(4.1) with py = H 14 Now let us define ug, Hf and HY as the piecewise
constant mterpolants given by

p() =i VEE [t
Hi(t) == Hf), Vte [t th),
HY(t):= HY, Vtelt,t"),

e



for every i € {0,...,k}. In a similar fashion we define
Ex(t) 1= W1 (HE gym () + Po(curl(HE (t))) — (Li(t), uk(t)) ,

where L (t) is defined as in (3.27) with f = f; and g = gx. By construction we
have
(ug(t), Hg(t), HY(t)) € A(wg(t)) Vtel[0,T]VkeN. (4.23)

We are ready to prove the main results of the section.

Proposition 4.2.1. The following global stability condition holds true: for
every t € [0,T] and every k € N

E(t) < Vi(esym) + Wa(curl(p)) — (Ly(t), v) + H(p — HL (1))
YV (v,e,p) € A(wg(t)) . (4.24)

Proof. If t € |0, t1), the claim is true by assumption (4.22). Let i € {1,...,k}
and ¢ € [ti,¢:"!). By definition of the approximate solutions we have

W1 (H, gy (1)) + o (curl (HE () = (Lx(t), ur(t)) + HHE() — HE (7))
< Wy (esym) + Ua(curl(p)) — (Li(t),v) + Hip — Hy(th )
Y (v, e,p) € Alwp(t)) .

By the subadditivity of H the last term can be estimated in the following way:
Hp — HY (1) < Hip — HY(1)) + H(H () - H{ (7)),
concluding the proof. [

Proposition 4.2.2. The following discrete energy inequality holds: for every
keNand j €{0,...,k}

tj
E(t) + Vi(HP:0,) < £(0) + / ’“ / CHE (7 : Btb(r) daxdr
0 JQ ’

. t] o
— [F ) dr = [Fienm) o) drva veelddt, @)
where e, — 0 as k — +o0.

Proof. The claim is trivially true if ¢ € [0,¢}). Let us suppose j € {1,...,k}
and t € [t],#7"). Let i € {1,...,5}. Note that the triplet

(we( ) + we(ty) — we(ty, 1), HE () + Vwg(ty,) — Vg, ), HE ()

is admissible for the boundary value wk(t%). Hence, by definition of the approx-
imate solutions, we have

\111(H;§,sym(t§;)) + \Ilg(curl(H]f(ti))) _ <£k(t§€),uk(t2)>
+ H(Hg(t%) N Hﬁ(t;fil)) = \Ill(ng,sym(t;.;l) + Ewk(tz) — Ewk(t';;*l))



+ W (curl(HY (7)) = (La(th), un(ty ") + wi(th) —we(t7)) . (4.26)

We focus now on the right-hand side of (4.26) analyzing one term at a time.
The first one can be decomposed as follows:

\Ill(Hli,sym(t;c_l) + Ewk(ﬂc) - Ewk(t;c_l)) = \I}l(HE,sym(t;c_l)) (427)
Uy (Bup(t)) — Bug(ti) + /Q CH o (t57Y) : (Bun(th) — Bug(ti)) da.

Moreover, the last term in (4.27) can be rewritten as follows:
o) (Bunth) = Bun(t™) da
/ / T CHE 4 (67Y) : Bur)] drde (4.28)

—/ /t CHf gy (ti7 1) : Bi(7) drda = /t_ / CHf yym(7) : Biir(7) drdz.
The last term at the right-hand side of (4.26) can be manipulated to get
(£ (t cug(ty )+ wi(th) — we(ti7h)
Li(th) = L) + Lr(ti ) un(ty) + wilty) — wi ()
= (Lot ) ety ) + (Lr(th) = Lt ), welt) — wi(th)
(Lt ) wr(t]) — wr(ty ) + (Lh(t) — Lelty D), unty ). (4.29)

The last two terms in (4.29) can be rewritten in integral form:

i

(Lt () =t ) = [ 00u(6), 00 dr

k

_ /j“lwk(f), w(r)) dr, (4.30)

(Lr(th) = Loty D un(ty ) = [ (L), ue(t7h) dr

Lastly, let us define

O =V (Bwi(ty) — Bwg(ti )
+ (Lr(th) — Le(ty "), wi(t]) — we(t )] (4.32)

Combining the identities (4.27)-(4.31) and definition (4.32) into inequality (4.26)



we conclude that
Eth) + H(HL (ty) — Hy (1) < &ty )

t? "
4 [ / CHS ,n(7) - Bui(r) drda — / L (), i(8) dr
tz—l Q ’ 1

i
by

— /ttzl <,C(7-)7 uR(T)) dT + 6) 5 - (4.33)

i—
k

Summing up (4.33) for i =1,..., 5 we infer
t]
& (tk)+VH(H,f,0 1) < Ex(0 +/ /(CHkSym( ) B (7) drde
- [y ar- Mt d7+25m.

Note that by definition we have &(t) = Ek(ti,) and &,(0) = £(0). To conclude

k
the proof we just need to prove that e := > d;; — 0, as k — oo. First of all,

=1
by the Jensen inequality and the coercivity estimate (3.44), we deduce that

. , th
W1 (Bun(ty) - Bun(t) = ¥ ( | i) dT)
k
i 2 1 2
Bc /tk , Bc HLA .
<= E == 5= E
S t};‘l w(r) dr| dz o T/t;;_l w(r) dr| dx
/BCT 2
<5 t;;”E w(r) 2 dr (4.34)

Since L(t) is a linear and continuous operator for every ¢ € [0,7] and, in
addition, Li(t}) = L(t},) for every i = 1,...,k, we infer that

R(t) = Lr(t), wn(th) — we(t )] = ’w) £, [, i) dr)

, . t
<UL — £ s | [ o) dr|
ty, Wl’%
, . [
< swp [IL() ~ £ s / [l 1g dr- (4.35)
1=1,..., E

Combining (4.34) and (4.35) we deduce that

BT [T .
T | Exir(7)||72 dr
.71 T .
+ sup ||L(t;) — L(t], )||W—173/0 [ () g dr

i=1,....k



Finally, recalling that £ is absolutely continuous with respect to time with
values in the space W~13(Q; R3), we conclude that e — 0 as k — co. [ |

4.3 The existence result

To pass to the limit in the global stability condition (4.24) and the discrete
energy inequality (4.25) we need to establish some compactness for the approx-
imate solutions. To this aim, in the next proposition we prove some uniform
bound with respect to the discretization parameter k of the approximate solu-
tions.

Proposition 4.3.1. There are two constants Cy,Cs > 0, depending only on
T, ac, fc, Bw, B, p, p, and the initial triplet (uo, HS, HY), such that for every
ke N andt € [0,T] the following estimates hold:

H‘Hvlg,syﬂ"z(t)HL2 <C1, (436)
L2
MT” curl(HY (1) 22 + aV(HY :0,8) + BV(HY 3 0,) < Ca,  (4.37)

where o and B are the constants in (4.14) and (4.15). Moreover, there exists
a constant Cs > 0, depending only on T, ac, Bc, Fw, Ew, p, p,Cp, K, and the
initial triplet (uo, H§, HY), such that

1
luk(®)ll g < Co+=Cs VEkeNVEe[0.T]. (4.38)

wh3
where Cp and K are given in Theorem 2.2.2 and Theorem 2.2.4.

Proof. Let i € {1,...,k}. We can rewrite (4.26) using identity (3.51) to deduce

VA H gy (1)) + Wl (HR(4)) = [ plt}) < H (1) d

= [ on(th) s HY (1) do+ HCHE () = HEG)

< W (Hf (1) + Bun(t}) = Bun(t) + Balcurl(HE(6, 1))

= [ plth) s (Hf (871 + Bu(t}) = Bun(t)) do

= [ pn(th) s HY 4 (671) da. (4.39)

Let us define N ' '
(Skﬂ' = \I/1<E’U)k(t2) — Ewk(t};—l)) .

By (4.27), (4.28), and (4.39) we obtain
s (Hf () = || p(}) 5 (HE sy () — Bun(t})) do
+ Waleurl(HE(1))) + MU () — ()

- /QPD(t;c) : (Hlf,sym(ti:) - lec),sym(t;cil)) dr < \Ijl(Hl?,sym(t;;l))



= [ o) (g (67 = Bun(t) do+ Walcurl(HE (1))
- / (p(th) = p(ti 1) + (HE sy (1) — Bug(ty ) da
+ / L / CHE, gy (1) : EAd(7) drda + 0y (4.40)
Note that we can rewrite the second to last term as follows:
/ (p(th) = p(t1)) + (HE sy (1) = Bun(t7) do
/ p(7) + (HE gy (7) — Eun(7)) dadr . (4.41)

Let j € {1,...,k}. Combining (4.40) and (4.41) and summing up fori =1,...,j
we deduce
\Ij (Hk sym t] / P tk (ch sym(t]) Ewk(t])) dx
J
+Wa(curl(HY(])) + Y- [ ML) — )
i=1

= [ D (th) (B ()~ HE (6710 ] < 305 )
— [ 0(0): (. — Bw(0)) dx + Wa(eurl(H5)
/ " / (HE oy (7) = Bup(r)) dadr
+/t7 / CHy, oy (7) : Bio(7 )deerZam (4.42)

1=1

In the proof of Proposition 4.2.2 (see equation (4.34)) we have already shown
that ZZ 1 6k i is bounded by a constant C' > 0 that depends only on T', 5¢, and
Ew. Moreover, by Proposition 4.1.3 we have the lower bound

J
3 {H(H,f(ﬂ) HP (7Y / po(ty) s (HD,, () — HE (571 dx}
=1
J
>Z {aHHlfsym( ) Hgsym(tz_l)HBV + BHHIZc),skew(t%) B lec),skew(tz;_l)HLl}
=1
=aV(HY ,,:0,t) + BV(H] 4.0i0,1) YV Ee [t t1). (4.43)

Combining (4.42) and (4.43) we infer that there exists a new constant C' > 0,
depending only on T, ¢, Ew, p, Ew, and the initial triplet (uo, H§, HY)), such
that

W (H (1) do = [ plt]) s (H (1) = Bw(t])) da



+ Uy(curl(HE (1)) + aV(HE 0,t) + BV(HY 0,t)

,sym? ,skew?

<C= [ [ plr) s (HE gy(7) — Eun(r) dadr
0 Jo '
t) o
+ / ' / CHE y(7) : Bii(7) drdz ¥t € [t], t]). (4.44)
0o Ja ’
Using the Holder inequality and (3.44) we deduce from (4.44) that
ac e 2 J e J
5 I sym Oz = (8 L2 1R sy (8) — ()] 2

2
Hunt(HP(0) [ + V(HE 050, + SV(HY 1050.)

,sym.? ,skew?

t
<C+ [ NP2l (1) = Buw(r)12 dr
t .
# [ ICH qyu(Dllzz| Eo() 1 dr Ve € (661, (4.45)
0

Since the first term is quadratic, there exists a constant C’ > 0, depending only
on ac, p, Fw, such that

7||Hli,sym(t)H%2 - Hp(ti;)HlﬂHng,sym(t) - Ew(t;g)”LQ
> C/HHli,sym(t)H%Q - (446)

We now focus on the terms that contain Hf . in (4.45). By (4.46) we obtain

t
1HE cym (D172 < C+C/0 A2 + Bell B ()| 2) | Hy sym (T) || 2 dT (447)

for every t € [t},T] where C > 0 is a new constant, depending only on
T, ac, Bc, B, p, Ew and the initial triplet (ug, H§, H)). Note that up to a
change of the constant C' (but not of its dependence), (4.47) holds true also
for ¢ € [0,;). By the Lemma 5.3 in [15], since p, Ew € L'(0, T; L*(%; M2)3)),

(4.36) holds. By (4.36) and (4.45)-(4.46) claim (4.37) immediately follows. Ap-
plying Theorem 2.2.2 and Theorem 2.2.4 we obtain (4.38). |

Remark 4.3.1. Proposition 4.3.1 provides some bounds for the approximate
solutions. The same property holds for any energetic solution to the Gurtin
model and it can be proved using the same arguments with some minor changes.
Moreover, following the same lines of the previous proof and applying Re-
mark 4.1.1, one can show that

M
?V(Hg’ym;o,t;Ll) <Cy Vtel0,T], (4.48)
where V(HE,,;0,t; L') is the variation on [0, ] of

HP 2 [0,T] — L*(Q; M3 Y.

sym D,sym



Finally, C7 and Cs have the following form:
Ci = CU(HS, curl(H))| + CHHG pllzz + C. (4.49)

where Cf and C} do not depend on the initial triplet. This remark will be
useful in Chapter 6 where we will need to exploit the exact dependence of the
estimates (4.36)-(4.38) on x, h, L and the initial triplet.

We are finally in a position to prove the existence of a solution for the Gurtin
model.

Theorem 4.3.1. Let (ug, H§, HY) € A(w(0)) be an admissible triplet such that
(4.22) holds true. Then there exists an energetic solution for the Gurtin model
with initial datum (ug, HS, HY).

Proof. Let t — (ug(t), Hf(t), HY(t)) be an approximate solution, defined as
in the previous sections, starting from the initial value (ug, H§, H}). We will
show in this proof that it is possible to pass to the limit in (4.24) and (4.25)
as k — oo, at least along a subsequence, to obtain an energetic solution for the
Gurtin model. By Proposition 4.3.1, in view of Theorem 2.1.2, there exists a
subsequence (ky) and two maps with bounded variation

HP . [0,T] — BV(Q; M3 Y,

sym D,sym
HY o [0,T) — oty (2 M3
such that for every ¢ € [0, 7]
HY () = HE (1) in BV(Q; MBS ), (4.50)
Hlfn,skew(t) = ka:ew(t) in %b(Q; Mgl;e?u) . (451)

Let HP(t) := HY,,,(t)+ H,,,(t). By Lemma 4.1.1 and (4.37), without extract-

ing a further subsequence, we have
curl(Hy (t)) — curl(H?(t)) in L2 M%) Y te(0,T]. (4.52)

Applying Proposition 4.3.1 once again we deduce that, for every ¢t € [0, 7],
there is a subsequence (knm(t)), which a priori depends on ¢, and there exist

maps u(t) € Wl’%(Q;R?’) and H¢, (t) € L*(Q; M2*3) such that

sym sym
ug, (8 = ult) in W3 (Q:R?), (4.53)
oy (8) = Hyn (£) - in L2(4 MGZ) (4.54)

Since w is absolutely continuous, by (4.23) and Proposition 4.1.1 we have
(u(t), Hé(t), HP(t)) € A(w(t)) Vte|0,T]. (4.55)

In particular, by Proposition 3.2.1 H?_ " is absolutely continuous with respect

to the Lebesgue measure, thus it has bounded variation as a map with values



in L' (Q; M3%3 ). We first show the global stability condition (3.56) for the map

skew
t— (u(t), HE(t), HP (1)) .

Let t € [0,T] and let (v,e,p) € A(w(t)) be an admissible triplet. In order to
simplify the notation let A be any index of the subsequence k By (4.23)
the triplet

Mo (t) *

(v —u(t) +up(t),e — H(t) + Hy(t),p — HP () + Hj (1))

is admissible for the boundary value wy(t). Hence we can apply the global
stability condition (4.24) to obtain

Uy (Hf, gy (1)) + Pa(curl(H (1)) = (La(t), un(t)) <
Uy (esym — Hey (t) + Hf, qym (1)) + Wa(curl(p — HP(t) + Hj(t)))
— (La(t),v = u(t) + un(t)) + H(p — H" (1)),

or equivalently

0 < Wa(eaym = Hiyn () + | Clewyn = Hiy(0)) : Hi sy (8) da
+ Wy (curl(p — HP(t))) + pL? /Q curl(p — HP(t)) : curl(H} (t)) dx
—(Lp(t),v —u(t)) +H(p — HP(t)). (4.56)

By the convergences (4.52) and (4.54) and the absolute continuity of £, we can
pass to the limit in (4.56) and obtain

0 < Wy (eaym — Heyp(1)) di + /Q Cleaym — Hepn(8)) : HEypo (1) da

Uy (curl(p — HP (1)) + pL? /Q curl(p — HP(¢)) : curl(HP(£)) da

C(L(E) v — () + Hp — HP(2)). (4.57)
Adding to both members in (4.57) the quantity

U1 (Hgyn (1)) + Wa(curl(HP(2))) — (L(2), u(t))

sym

we conclude that the global stability condition (3.56) holds. We now prove that
the convergences (4.53) and (4.54) hold along the whole subsequence k,, for
every t € [0,T]. Let us fix t € [0,T]. In view of the global stability condition
(3.56) the pair (u(t), H¢(t)) minimizes the convex functional

(v,e) = Ui(esym) — (L(1),v) (4.58)

over the convex set {(v,e) | (v,e, HP(t)) € A(w(t))}. The functional (4.58)
is strictly convex in the second variable. Moreover, if v1,vs are such that the
triplets (v, e, HP(t)), (ve, e, HP(t)) are both admissible for the boundary value



w(t), then
V('Ul — 1)2) = 0,

hence v; = vy since they have the same boundary value on I'p. Therefore, the
minimizer of (4.58) is unique. By the Urysohn property we conclude that

we, (t) = u(t) in W3 (Q;R?), (4.59)
HE |y (t) = Hyn (1) in L2(Q5 M) (4.60)

It remains to prove the energy balance. To simplify the notation let us denote
by (k) the subsequence (ky),. Let us fix ¢ € [0,7]. We know that the discrete
energy inequality (4.25) holds, that is,

tj
En(t) + Vi(HP:0, 1) < E(0) + / ‘ / CHE y(7) : Eui(r) dadr
0 Q

. th
—/ (£(7), (7)) dr—/ (Lo(r), (7)) dr + e,
0 0

where j is such that ¢ € [ti,tﬁl) and g, — 0 as k — oo. Since |lug(t)]|
uniformly bounded with respect to k, we have that

[(Le(t), ur(t)) — (L), ut))] < |< k() = L), ur(8)] + [(L(E), ur(t) — u(t))]
<[Lx(t) = LOw-rsllun@] 13 + (L0, ur(t) = ult))] = 0. (4.61)

1giS
w2

Since ¥; and ¥y are weakly lower semicontinuous by convexity, (4.61) implies
that
E(t) < liminf E(t) .

k—o0

In view of Proposition 3.2.4,
Vy (HP;0,t) < liminf Vy (HY;0,t) .
k—o0

Finally, the right-hand side of the discrete energy inequality converges, by dom-
inated convergence, to

+/ /<c ¢ n(7) : Ei(7) dxdf—/otw(f),u@» dr—/otw(f),w(f)) dr.
In other words, passing to the limit we have proved that
E(#) + Vi (H:0,1) < £(0 +//<c ¢ (1) ¢ Bi(r) dadr
—/Ot<£(7),u(7)) dT—/Otw(T),w(T» dr.  (4.62)

We now prove the converse inequality. Let us fix ¢t € [0,7] and h € N. For



j=0,...,hlet S{L:%t. Let us fix j € {0,...,h — 1}. The triplet

(u(sh ™) = w(si™) + w(sh), H(s,7) = V(s ™) + Vu(s)), H(s3))

is admissible for the boundary value w(s{l). Therefore, by the global stability
condition (3.56), we obtain

U1 (Hey(5,7) = Buw(spt) + Bu(s))) + a(cwrl(H (s1)))
— (L(sh), uls ™) = w(sh™) + w(s))) + HH(5]7) = HY(s})
>0y (Hyp (57,)) + P2(curl(HP(s}))) = (L£(sh), u(s})) - (4.63)
Equation (4.63) can be rewritten in the following form:

Uy (Hey(s3,1) + a(curl(HP(s,71)) = (L(s}), U(Sfl))
HH(H(s3,7) = H'(s7,)) = W1(Heym (7)) + Vo (curl(HP(s]))

—(L(s} "‘/] /(C sym ( ]—H ) : Bw(r) drdz
—/h (L(7),u(s)Th) dT—/S]” (L(s™), (7)) dr 4 01 s (4.64)
where
Ong = —T1(Buw(si™) — Bu(s])) + (L(s]™) = L(s]), w(s]™) — w(s])) .

Let us define ﬂh,ﬁz and L}, as the left-continuous piecewise constant interpo-
lations of u, H¢ and L, respectlvely, obtained by taking the value at the point

?f on each interval (sh,sh ] Then, summing up (4.64) for j =0,...,h—1
we obtain
h—1 4
Et)+ S HHP (s — HP(s))) > £(0) + / / CH, ) (7) : Bur(r) drda
5=0
o,
—/O (L(7), Tn(7)) dT—/ (L (), i(7) d¢+25hd.

J=0

By definition of Vy it follows immediately that

t
E(t) + Vi (HP;0,1) > £(0) + / / CH;, ) (7) : Bir(r) drda
0 JQ
h—1

_ /Ot<£(7),uh(7)> dr — /Otwh(T), w(r)) dr + 3 6. (4.65)

j=0
We would like to pass to the limit in (4 65) Note that, arguing as in the proof

of Proposition 4.2.2, we can show that Z On,; — 0, as h — oo. By the absolute
J_



continuity of £ we already know that
Ln(s) = L(s) in W3R} Vsel0,T].

Hence, we can pass to the limit in (4.65) by dominated convergence if we prove
that for almost every s € [0, 7], the following convergences hold:

Tn(s) — u(s) in W3 (Q;R?), (4.66)
Hpyqym(5) = Hypn(s) - in L2( MG (4.67)
H?, . and HY,  —are by construction functions of bounded variation with values

in BV (¢ Mfyfg p) and LY(Q; M3 ) vespectively. Therefore, they are almost
everywhere continuous. Let s be a point of continuity for both maps. By
Proposition 3.2.7 s is a point of continuity also for the map

Hyp + [0,T] = LA Mg3) -
Finally, applying Theorem 2.2.2 and Theorem 2.2.3 s is a point of continuity
for the map

w:[0,T] — Wha(R?).

Therefore, convergences (4.66) and (4.67) hold almost everywhere. ]



Chapter 5

Constitutive equations and
the flow rule

In this chapter we will derive the constitutive equations for an energetic solution
to the Gurtin model. The chapter is organized as follows: in the first section we
will deduce the constitutive equations for the macro and micro stresses given
by (3.6), (3.7), (3.9), and (3.10); in the last section we will show how to give a
meaning to the flow rule (3.21) and (3.22). As a corollary we will prove that the
evolution of the elastic strain and the Burgers vector are uniquely determined
by the initial datum.
We will suppose for the whole chapter that the map

te (u(t), HO(t), HP(t))
is an energetic solution for the Gurtin model. We define the stresses
T(t) := CH®(t)

and
R(t) := pL? curl(H?(t)), (5.1)

as in (3.15) and (3.18).

5.1 Constitutive equations

Proposition 5.1.1. For every t € [0,T] the stress T(t) € L, (2, M33) satis-
fies the following conditions:

{ div(T(t)) = f(t)  in L2(Q;R3),
Ww(T(t) = g(t) on 'y,

where 7y, is the normal trace. The second equation has to be intended in the
following sense: for every iy € o> (0Q;R3) such that ¥ =0 H#%-a.e onTp

T 0) = [ g(t) v d?.

I'n

57



Proof. Let t € [0,T]. Let ¢ € H'(Q;R3) such that ¢ = 0 #?-a.e on I'p. Then
(u(t) + e, H* +eVe, H') € A(w(t)),
hence by the global stability (3.56)

U1 (Hy (1) + o (curl(HP (1)) — (L(1), u(t))
< WUy (Hgy,,(t) + eE¢) + Wa(curl(HP(t))) — (L(t), u(t) + o) . (5.2)

Equation (5.2) can be rewritten in the following form:
20, (E¢) + s/ﬂT(t) 1 Vo dr —e(L(t),d) > 0. (5.3)
Dividing by € > 0 and letting € — 07 in (5.3) we deduce
/QT(t) .V de — (L(1),6) > 0.
If e = 07, we obtain
AT@:v¢me£@¢»gu

Therefore, we conclude that for every ¢ € H'(Q;R3) such that ¢ = 0 #%-a.e
on FD

/Q T(t): Ve da = (L(t), d). (5.4)

In particular, if ¢ € 2(Q;R3), we have

(div(T / f(t) ¢ dx.

Hence, T'(t) € L%, (Q; M2%3) and

—div(T(t)) = f(t) in L*(Q;R3). (5.5)

Since T'(t) € dw(Q M32x%) the normal trace v, (T(t)) is well defined as an

element of H~ (6Q,R3). By (5.4) and (5.5), for every ¢ € H'(2;R?) such that
) =0 S#?-a.e on I'p, we have

T ©).0) == [ f©)-w dot [ T(0) V¢d$—/FNg(t)-¢d%2.

This concludes the proof. [

In order to prove the constitutive equations (3.9) and (3.10) we need to
define the plastic stresses for an energetic solution to the Gurtin model. This
is the aim of the next proposition.



Proposition 5.1.2. There exist maps

TP : 0,7] — L®(Q; M%)
Kaiss [0, T] = L=(; M0,
S [0,T] = (2 MES3)*

such that for every t € [0,T] and (v,e,p) € A(0)
/ T(t) : esym d:v+/ R(t) : curl(p) dx — (L(t),v)
/ Tp ipdr _/ Kdzss VA DPsym dr — <S(t)7 vSpsym> . (56)

Moreover, for every (A, B,C) € LY(Q; M®)x LN (Q; ME3%3) x .ty (4, M3<3%3)

D,sym D,sym
/QTp(t) D Adx + /QKdiss(t) B dx + <S(t),C)‘

< Yoll(A, B)lly + hYo|C[() VT €[0,T]. (5.7)

Proof. By Lemma 3.2.1 we have that for every (v, e,p) € A(0)
£) : eoym da + /Q R(t) : curl(p) do — (L(1),v)| < H(p). (5.8)

In particular, the linear functional ® : A(0) — R given by
(v, ¢,p) > /Q T(t) : eopm dz + /Q R(t) : curl(p) da — (L(t), 0)

depends only on p. Let us denote by X the linear subspace of

LN MEP) x LN (9 MP*3%) (9 MP*3%3) (5.9)

made of all triplets (p, V*Psym, V*Psym) such that (v, e,p) € A(0) for some e, v.
The functional ® is well defined on X since it depends only on p and by (5.8)
is continuous with respect to the strong topology of (5.9). Therefore, by the
Hahn-Banach Theorem it admits a continuous extension defined on the space
(5.9). Let us denote by ® such extension. By the Hahn-Banach Theorem, (5.8)
still holds on the whole space, that is,

(4, B,C)| < Yol|(A, B)|l3 + hYo|C|(%)
VY (A,B,C) € LI(Q;M%Xi%) x LM M3*3%3) s sy (Q; MP7353Y

By the Riesz representation Theorem ® can be represented by means of oper-
ators TP(t), Kgiss(t), S(t) as in (5.7). Finally, (5.6) holds by construction. =

Let Kgss, TP, and S be the tensors given by Proposition 5.1.2 for the
energetic solution
Ees (ult), HE(2), HP(2))



Let us define the tensor K (t) := Kg;ss(t) + Ken(t), where Ky, is given by

(Ken ()i = S (ROaenns — 565 X (R men - (5.10)

h h,m
Note that, by definition, K (t) € L?(Q; M}*?) for every t € [0, T).

Lemma 5.1.1. For every t € [0,T] and for every A € HY(Q; MP*®) the fol-
lowing holds:
R(t) : curl(A) = K., (t) : VA. (5.11)

Proof. Let t € [0,T]. Let us denote by P(t) the tensor given by

P(t) = (Z(Mﬂ)mﬁhkj)
ijk

h

and let us call F' the linear operator such that

(F(B))ij = Zeiqujqp V B e M3,
pq

It is immediate to see that
P(t):B=R(t): F(B) V B¢ M¥3%3
Let A € H'(Q; M}*?). Since F(VA) = curl(A4) by definition, we deduce
P(t): VA= R(t) : curl(A4).

Ken(t) is, by definition, the projection of P(t) on the subspace of deviatoric ten-
sors in the first two subscripts. Since A takes values in the deviatoric matrices,
we obtain (5.11). m

Proposition 5.1.3. For everyt € [0, T] the plastic stress K (t) € L2, (Q; My*3).
Moreover, TP(t) and K(t) satisfy

TP(t) = Tp(t) +div(K(t))  in L3(Q; MP*?),
Ww(K () =0 in H™2(90; M) .

Proof. Let 1 € C=(Q; M}*®) and ¢ € [0,T]. Clearly (0, —%,v) € A(0), hence
by Proposition 5.1.2 we have

—/ T(t) : o do +/ R(t) : curl(y) der +/ TP(t) : o do
Q Q Q
+/ Kasos(t) : Vi da = 0. (5.12)
Q
By Lemma 5.1.1 we can rewrite (5.12) in the following form:

—/TD(t):q,Z)dx+/Tp(t):wdx+/K(t):V¢ dr=0.  (5.13)
Q Q Q



The previous equation implies that K (t) € L3, (£ M%X3) and
TP(t) = Tp(t) + div(K(t)) in L2(Q; MP*%).

In particular the normal trace 7, (K (t)) is well defined in H 3 (09; M) and
is equal to 0 by (5.13). This concludes the proof. ]

5.2 The flow rule

In this section we will show that the flow rule given in (3.21) and (3.22) is
satisfied. To establish this result we will need to prove the existence of the time
derivatives for an energetic solution to the Gurtin model. Indeed, we will see
that all the involved maps are absolutely continuous. We start by proving the
constraint (3.24).

Proposition 5.2.1. The plastic stresses TP and Kgss satisfy the following
constraint: for every t € (0,7

1 1 ,
\/\Tfym(lﬁ)2 + §|T§kew(t)|2 + g Kaiss(D? < Yo a.e.in Q2.

Moreover, |[S(t)|.z; < hYo for every t € [0,T].
Proof. Let t € [0,T]. Choosing A =0, B=0 in (5.7), we deduce

’<S(t)70>’ < hYO”CH//Zb VY C e %b(Q’M%TS?;ﬁ) )

Hence,
1S()|l.zy < Yo

Similarly, setting C'= 0 in (5.7), we have

/Tp(t):Ada:Jr/ Kasss(t) : B dz| < Yo||(A, B) |l
Q Q

for every (A, B) € L'(€; M}?) x LY(€; MPCXY). Recalling (4.12) we deduce
that
[(TP(t), Kaiss ()3 < Yo

We now show the absolute continuity of the solution.

Theorem 5.2.1. The maps

w:[0,T] — Wha (R?),
H,,, o [0,T) — L2 (5 M2

sym sym
HE,, 2 [0,T] = BV(Q; MBS ),
kaew 10, 7] — LI(Q§ Mgkxei;)a



curl(HP) : [0, T] — L*(Q; M3*3)

are absolutely continuous.

Proof. We fix t1,to € [0,T] where t; < to. By the energy balance (3.57) we
have that

Uy (Hgym (t2)) — Wi (Hgy,, (t)) + Ya(curl(HP(t2))) — Wa(curl(HP(t1)))

— (L(t2), u(t2)) + (L(t1),u(tr)) + H(HP(t2) — HP(t1)) (5.14)
to to
/ /«: e d:ch—/tl (L), u(r)) df—/tl (L(7), (7)) dr.

The triplet (v, e,p) defined by

v =u(ty) —u(ty) — (w(ta) —w(ty)),
e = He(t>) — HE () — (Vuo(ta) — Vuo(tr))
p = HP(tz) — H"(t1),

is admissible for the zero boundary value; hence, by Lemma 3.2.1, we have

— [ CHE () s (Hy(t2) = ey () = (Bu(te) = Bu(t) do
- ;LLQ/chrl(Hp(tl)) : (curl(HP(tg) — curl(HP(t1))) dx
+ (L(t1), u(tz) — u(tr) — (w(t2) —w(tr))) < H(HP(t2) — HP(t1)) . (5.15)
Combining (5.14) and (5.15), we obtain

U (Hyn (t2) — Hﬁym( ))+‘I’2(Cur1(Hp(t2))—cuﬂ(Hp(tl)))

. t2
/ / CHgy,, ( ) dxdr — E (1), u(r /
tl t1 t1

— L(t1), u(t2)) + (L(t1), w(t2) — w(t1))
/(C ¢ (t1) : (Bults) — Bu(ty)) da

/ (CHE,,(7) — CHE, (1)) : Bio(7) dadr
_/ (L(7), ul(r) — ults)) dT—/th(T)—ﬁ(tl),w(T» dr . (5.16)

t1 t1

By Proposition 3.2.6 we can rewrite (5.16) as follows:

Ui (Hgym (t2) — Heym (t1)) + Wo(curl(HP (t2)) — curl(HP(t1)))

sym

< / / (CHE,,(r) — CHE,,, (1)) : Bio(r) dadr
[

(t2)) dxdr

sym sym



/ /pD D (HE (1) — HE, (t2)) dedT

— /:2 /Q(p(T) —p(t1)) : Ew(r) dxdr . (5.17)

Indeed, the previous inequality follows by observing that
to ta
- / (L), w(r)) dr + / ) dedr +/ (L), w(ts)) dr

t
/2/ (1) : Ew(ta) da:dT—/ (L(7),w(r)) dT + / ) dxdr
t1

= [P dT—/tQ/ptl ): Bui(r) dedr

t1

_ _/:jT[w( dT+/ /:2 d Fuw(r)] dr
+/tt ddT[<,c( w(ts)) dT—/ /ttz 4 1o(r) : Bu(ts)]dr
:ddT[w( dr- [ [2 L o) : Bu(r)] dr =0,

By the Holder inequality, (3.44), and (5.17) we deduce that

LN Hy(t2) - Hﬁym<t1))li2+“fucuﬂ(m(tg))_cuﬂ(m(tl))y@?
< b [ ey () = Hiyp (e B ()12
[ MO IS 7) = Hy (el
[ Ol 2y (1)~ H 1)1

+ [ 1) = plenllall B2 dr. (518)

Let
o(7) = [lp(7)ll2 + 1D (7)o + | Ew(T)]| L2 -

Given the regularity of p, pp, and w we know that ¢ € L'(0,T). Note that

Iotr) = plen)lz = | [ ots) ds L / 1) 2 ds < / o(s) ds. (5.19)

Therefore, by (5.18) and (5.19), there exists C' > 0, depending only on a¢ and
B¢, such that

2
[ H sy (t2) — Hﬁym(tl))lliz+%chr1(ﬂp(t2))—curl(H”(tl))lliz

< C/ sym ) Hgym(t1>HL2 dr



to
+C QT H Gy (7) — Hyp ()| 12 dT

+0/ OV L, () — HE,(£2) ] dT+C(/ o(r d¢)2. (5.20)

Therefore, by the Cauchy inequality there exists a new constant C > 0, de-
pending only on a¢ and B¢, such that

2
FS(£2) — F (00 32+ | curl (P (1)) — el (BEP (1) 3.
<c/ O Hiy (t2) — Hiy (72 d7

to 2
() dT) ) (5.21)

t1

e M)Hﬂm()&wxﬂmd7+0<

t1

Let s € [t1,t2). By Proposition 4.1.3 we have that

Oé” sym( ) Hspym( )‘|BV+ﬁH skew( ) H.fkew( )”Ll
< H(H(ty) — / pp(ta) : (HP, (1) — HE, (s)) dw.  (5.22)

Putting ¢t = s in (5.14), by (5.22) we deduce

Oé” sym( ) Hgym( )HBV_‘_ﬁHkaew( ) kaew( )HLl
< Uy (Hy (5) — Vi (HGyp (t2)) + Wa(curl(HP(s))) — Vo (curl(HP(t2)))

sym sym

T (L(t), ults)) — W [ [ B ) i) dadr
- [M e <»m—L<Aﬂwv»m
— [ pnlte) s (HEy(t2) = HEy () da (523)

Applying Proposition 3.2.5 and Proposition 3.2.6 we infer from (5.23) that

ol HE,,, (t2) — HE,p (s)BY + BIH ey, (t2) — Hpoy (8) ] 10
<‘If1(H§ym( s)) = Vi(Hgym (t2)) + Yo (cwrl(HP(s))) — Ua(curl(HP(t2)))

+ / (t2) : (Hgym(t2) — Hgyp(s)) da + / (t2) — ) Hyym(s) do
+mewwmmzwm M—fV’ Hiy(r) dodr (520
_ /:2 /Q,[)D(T) P () /tQ/ (CHE,(7) — p(7)) : Buo(7) dadr .

Indeed, we have the following identity:

(L(t2),w(t2)) — /Qp(tQ) : Bw(te) dx — (L(s),w(s)) —1—/9,0(3) : Bw(s) dx



—/St2<[’,(7),w(7)> d7'+/st2/9p(7'):Ew(T) d:L‘dT—/:2<E(T),w(7‘)> dr

v / plr) : Bi(r) dedr = {£(t2), wlta)) — [ plta) : Buits) de
+/ wls) do— [ L), () dr

+/ /tQ 1 o(r) : Bu(r)] dedr = 0.

By the Holder inequality and (5.24) we obtain

Oé” sym( ) Hgym( )||BV+ﬁH skew( ) kaew( )”Ll

” sym( ) Hseym( )‘|L2‘|H§ym(t2)+H§ym( )”L2

ML2
+ —|| curl(HP(t3)) — curl(HP(s))|| p2|| curl(HP(t2)) + curl(HP(s))]| .2

+ lp(t2) | 2l Hym (t2) — Heym (8)l] L2
+ [lo(t2) = p(s)l 2l Hgym ()l 2 + [loD(b2) = pD(8)]] Loc | H Gy (5) [l 1

to
4 [ 16 a2y 2 dr [ Uop () | HE () 2t

S

+ [ ICH () = el B2 dr (5.25)
Note that
to
lott2) = @iz = | [ o) ar| < [Tl ar. (520
L2 s
lon(t2) = p(s)li~ < [ lpp(r)le dr. (527

By the absolute continuity of p we also have

sup |lp(t)]|r2 < +o0. (5.28)

t€[0,T]
Moreover, by Proposition 4.3.1 and Remark 4.3.1 we have
Co

V(HE,,:0.T: L) < 22 (5.29)
sup H sym(t)HL2 <G (530)
t€[0,T7]
sup \/7L\|curl HP(t))|| 2 < Vo, (5.31)
teo, 7] V 2

where M is the constant in (3.50). Taking into account (5.26)-(5.31) equation

(5.25) can be rewritten in the following form:

Oé” sym( ) Hgym( )HBV + B||H§kew(t2) - Hspkew(S)HLl



< Oy 1) — Hiy ()12 + €'y 5 Ll cunl(B7(02)) = cant(HP(s)]

to
+C’ o(1) dr ¥ s € [t1,ta], (5.32)
S

where C’" > 0 depends only on fc, C1,C2, p, M, and [|HE,,,,(0)||z1. Note that,
using Remark 4.1.1 in place of Proposition 4.1.3, the same argument provides
us with an estimate for the L' norm of H 2ym(t2) — HE,, (t1) independent of the

constant « (hence, independent of h). More precisely,
||Hsym( ) Hspym( )”Ll < C”H sym( ) H§ym( )||L2 (533)

+ C”\/;L‘ curl(HP(t2)) — curl(HP(s))||z2 + C” /t2 ¢(1) dr Vs € [t1, 1],

where C"” > 0 depends only on f¢, C1, Ca, p, M, and ||HE,,,(0)||1. Combining
(5.21) and (5.33) we deduce

| HE () = HEypo (00)) 132 + 2 H curl(HP(t2)) — curl(H(t1))| 7

< [ o) - symm)up o (534

reyfir / ()| cusl(HP (7)) ~ cwrl(EP (1) 2 d7 +C ([ o(7) df)g :

where C' > 0 depends on ac, fc,C1,Ca, p, M, and ||HE . (0)[[z:. Applying
Lemma 5.3 in [15] we infer from (5.34)

[ H gym (T) = Hym (1)l 22 + \/nglcuﬂ(Hp(T)) — curl(HP(t1))]| 2

<C " (1) dr

t1
for some C' > 0 that depends only upon ac, 8¢, C1, Ca, p, M, and |[HE,,,(0)| 1.
Hence HE,, and curl(HP) are absolutely continuous. By (5.32) we deduce

sym
are absolutely continuous, too. Finally, applying Theo-

that HE, and H} .,
rem 2.2.2 and Theorem 2.2.4 we conclude that u is absolutely continuous. =

Since u, Hgy,,,

reflexive space, the time derivatives 1, H¢ sym» and curl(HP) exist almost every-
P ow @ @ map with values in .#,(Q; M33 ),
the time derivatives H?, Bym and HP shew €Xist as the weak® limit of the difference

quotients. In particular, we have proved the following corollary.

and curl(HP?) are absolutely continuous with values in a

where. Similarly, if we consider H”

Corollary 5.2.1. There exists a positive constant K1, independent of x, h, and
L, such that for almost every t € [0,T]

1
IIﬂ(t)HWI,% < (K1 + —K1)é(t),

|| sym( )HL2 < Kld)(t)a



| curl(FP(8)) 12 < Kio(t),
1, (1)l < 2 K1 6(1)

1
|| skew( )H///b < BK1¢(t),
IHE,, (8|l < K1é(t),

where
o(t) = lp@)lz2 + lpp @)l Loe + | E(t)]| L2

and «, 8 are the constants defined in (4.14) and (4.15). Moreover, by Proposi-
tion 4.3.1 the constant Ky can be chosen with the following form:

Ky = thb( sym(0>7cur1<Hp< )))|+K1H sym( )HL2 +Kl” sym( )HLl +K17

where K does not depend on the initial triplet.

As a remark, note that for almost every ¢ € [0,T] the triplet

(a(t), HE(t), HP(t))

is admissible for the boundary value w(t).

Proposition 5.2.2. Let t € [0,T] be such that the time derivatives nym( ),

Hg’ym( ), HY, ., (1), 4(t), and w(t) exist. Then
/T e, () — Bu(t)) da
—/QRt ewrl(EP(1)) da + (L(t), a(t) — w(?))
and

/Tp L HY dl"‘i'/ Kaiss(t) : VOHE,, (t) dx
(S(t), V*HE,, (1)
Proof. By Theorem 7.1 in [15] we have for every s € [0, 7]
Vi (HP:0,5) = /OSH(HP(T)) dr .

Therefore, differentiating the energy balance (3.57) with respect to time at ¢
we obtain

/T B d:c+/ R(t) : curl(FIP(£)) do — (£(8), u(t))

—(L(t),a(t)) + H(HP(t) = /QT(t)rEw(t) de — (L(t),u(t)) — (L(t), (1)) -



This proves the first part of the proposition. The triplet

(a(t) — w(t), HE(t) — Vi (t), HP(t))

is admissible for the zero boundary value, hence the second part of the thesis
follows from (5.6). |

Corollary 5.2.2. Let
t = (u(t), HE(t), HP(t))

be an energetic solution to the Gurtin model. The maps
te Hgy(t),  t— curl(HP(2))
are uniquely determined by the initial triplet (u(0), H¢(0), HP(0)).
Proof. Let
Ers (ua(t), HE(E), HY(E) .t (ualt), H (1), H (1))
be two energetic solutions to the Gurtin model with the same initial datum.

Let Ti(t) := CHY ,,,,(t) and Ty(t) := CHS ,,,(t). Let T}, K1 4iss, and Sy be
the plastic stresses given in Proposition 5.1.2 for the solution

b= (ul(t)7 Hf(t)v Hf(t» :
Similarly, we define T3, K3 4iss, and So. Finally, let Ry(t) = pL? curl(HY(t))

and Ro(t) = pL?curl(HY(t)). By Proposition 5.2.2 and Proposition 5.1.2 we
deduce that for almost every t € [0, 7]

/ Ti(t) ¢ (HS () — Eui(t)) da — /Q Ru(t) : curl(EP(1)) da
+(L(), wn (t) — (b)) = H(H] (1)) > / T(t) : HY(t) d
b [ Koaieot) s VO] 1 (6) do o+ (S2(0), Ty (8)
/:r2 (FIE (D) — Bui(1) da:—/QRg(t):curl(Hf(t)) dz
(L), (1) — i)
Therefore, for almost every ¢ € [0, ]

- /Q(Tz(t) —T1(t)) : (Hf gy (t) — Euir(t)) d
- /Q (Ro(t) — Ri(t)) : cwrl(HP(1)) dax < 0. (5.35)

With the same argument one can prove that for almost every ¢ € [0, 7]

_ /Q (T1(t) — Ta(t)) : (HS yym(t) — Eni(t)) d



_ /Q (Ri(t) = Ro(t)) : cwrl(FE2(1)) dzx < 0. (5.36)
Summing up (5.35) and (5.36) we have

[ (@alt) = T30)) (5 gy (0) = H sy (1))

+ /Q(Rg(t) — Ry(t)) : (curl(HY(t)) — curl(HY(t))) de <0 for a.e t € [0,T],
(5.37)

that is

% (W1 (H gy (£) = HE 4y, () + W (curl (HE (2)) — cunl(HT(2)))) < 0.

for almost every t € [0, 7. Since at ¢t = 0 we have
Uy (H 5y (0) = HY 540 (0)) + Ta(curl(H(0)) — curl(H{(0))) = 0
the proof is concluded. u

We are now in the position to derive the flow rule for an energetic solution
to the Gurtin model.

Theorem 5.2.2 (Flow rule in a weak form). Let t € [0,T] be such that the

time derivatives Hgy and HP_ — exist. Then:

m skew

1. for every (A, B) € L>®(Q; M*?) x L>®(Q; M7***?) such that ||(A, B)|)3, <
Yy there holds

/ (TP(t) — A) : HP(t) do + / (Kaiss(t) — B) : VI, (£) dz > 0
Q Q

2. for every C € My(Q; M3*3*3)* such that |Cll.zy < hYo there holds

(S(t) — C,V*HP (1)) >0.

sym
Proof. Let
X o= LM M33) x LL(Q; MP3%3) sty (Q: M3*33) |
We define the map
U:X —[0,00): (4, B,0) = Yol (A, B) |l + hYo|C|(Q)
and the set
K= {(A,B,C) € Lo M¥3) x Lo(0 MP¥3) (0 MP<3X3)

I(A, B)ll3, < Yo and [|C]ls; < hYo -



By (4.11) we have
\II(D,E,F)E/A:Dder/B:Edw+<C’,F>
Q Q

for every (A, B,C) € K and (D, E,F) € X. Note that

(HP(t),VHP, (1), V°HF (1)) € X .

sym sym

Moreover,
\If( P(t), VeHP

sym

(1), VP HE,, (1) = H(HP (1))
Hence, by Proposition 5.2.2 and (5.38) we deduce
[ @@ = ) Fr(e) o+ [ (Kusso(t) = B) s VOHZ,,(0) do
Q Q
+(S = C,V°HE,,. (1)) = 0
for every (A, B,C) € K. By Proposition 5.2.1 we have
(Tp(t)a Kdiss(t)’ 0) ’ (Oa 07 S(t)) er.
Hence, choosing
(Aa B, C) = (Tp(t)7 Kdiss(t)v 0) ) (Aa B, C) = (07 0, S(t))

in (5.39) proves the thesis.

Theorem 5.2.3 (Flow rule). Let ¢t € [0,T] be such that the derivatives HP

and ka cw €vists. Let x € €1 be a Lebesque point for Sym(t),

vaHgym( )) Tp(t); and Kdzss( ) If

T () + STt + Bl < 3,
then (HP(t,z V“Hg’ym( x)) = 0. If instead
\/|Tspym t,x)? + | Topew(t: )* + %|Kdi58(t,m)|2 =Y,
then
To(t, ) _v, ar, (tx) + xHY, (t,x)

(5.38)

(5.39)

sym

skew ( )

W2V HE,,, (t, x)

g (8, 2) 2 + x| D (8, 2) 2+ B2V FEy (2, 2) 2

Y

Kdiss(ta -’E) = YVO

VI (8, 2) 2+ XHP (,2)|2 + B2V Hly (1, 7)1



Proof. Let K be the convex set
K= {(4,B) € MPZ?® x M¥®5 . |(A, B)J3 < Yo}
For a given 0 < ¢ < 1 we define
P.(A, B) = (TP(t) + £(A — TP(1)), Kuins(t) + (B — Kuiaa(t)) ¥ (A, B) € K.
Let us fix a pair (4, B) € K. Note that we have
P.(A, B) € L™(Q; M%) x L°(Q; M3*373)
For a given r > 0 we define

P.(A, B)(y) for a.e y € By(x),

Fr(A, B)(y) = {(Tp(t,y)’ Kuiss(t,y)) for aey € Q\B,(z).

By the convexity of K, F;. is an admissible test function for the weak flow rule
given in item 1 of Theorem 5.2.2. Therefore,

9

3 UBT@ (T7(6) = A) : HP(t) da
/ (Kaiss(t) = B) : VO HE,, (t) dz| > 0. (5.40)
By ()

Passing to the limit as 7 — 0 in (5.40) and dividing by £ we obtain
(TP(t,x) — A) : HP(t,x) + (Kgiss(t,x) — B) : VIHP(t,2) >0 VY (A,B) € K.

Let us denote by Ny (A, B) the normal cone to K at the point (A, B). We have
proved that
(HP(t, ), VO, (t,2)) € N (TP (¢, 2), KDy (1, 7).

sym

If (TP(t,z), K

diss

(t,x)) lies in the interior of K, then

(EP(t,2), VOHP, (t,z)) = 0.

sym



If (TP(t,z), K%, (t,2)) € OK, then we have

. Tgym(tv ) Tfkew( )
HP(t,x) =9 ,
\/‘Tgym(ta .Z‘)’Q | sk‘ew(t’ x)‘Q + ﬁ‘Kdiss(ta x)‘Q
Kdzss(t $)
V“HSym -
sym 1' skew\ls T 75 48 diss (U, T
| Thym (t,2)|? + | (8 2)2 + 25 [ Kaiss (1, )|

for some § > 0, that is,

Tp(t’ x) — }/0 ,
0
h2VeHE  (t, )
ngss( ) =Yy fsym .
To satisfy the constraint
1
V'Tfym“’ D + [Tt D + g5 Kae(t,2) = Yo,

it must necessarily be that

0= \/Inym(t, )2+ X Hyey (8, 2) 2 + B2 VO HEym (8, )2

This concludes the proof.



Chapter 6
Asymptotic analysis

In this chapter we will study the behavior of the energetic solutions to the
Gurtin model as xy — oo and L,h — 0.

In the first section we will show that, as x — oo, the solutions converge in
a suitable sense to a solution to the model introduced by Gurtin and Anand in
[11] and studied by Giacomini and Lussardi in [6].

In the second section we will prove that, as h, L — 0, solutions to the Gurtin
model converge in a suitable sense to a solution to the Prandtl-Reuss model of
perfect plasticity studied in [15] by Dal Maso, DeSimone, and Mora. This result
holds independently of the behavior x.

6.1 Asymptotic behavior as y — o

6.1.1 The Gurtin-Anand model

Giacomini and Lussardi studied in [6] the model proposed by Gurtin and Anand
in [11] with the same energetic approach used in this manuscript. For the sake
of brevity, we will refer to this model as GA. In contrast with the Gurtin model,
in GA only the symmetric gradient is additively decomposed into an elastic and
a plastic strain
Eu= H®+ HP.

In particular, the GA model does not depend on the skew-symmetric part of
HP.

Given a boundary value z € H'(£; R?) we will say that a triplet (u, H¢, HP)
is admissible for the boundary value z in the GA model if and only if

ue Whi (R, H® e L} M2,
H? € BV(Q; MP3 ), cwrl HP € L2 (Q; M**?), (6.1)
Eu= H®+ HP, (6.2)
w=zin L2(T'p;R3). (6.3)
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We will denote by Aga(z) the set of all admissible triplets for the boundary
value z in the GA model.

We define the plastic dissipation functional for the GA model as follows:

Haa :BV(Q;MYS ) =R

HP Yo/ VIHP2 + B2{VaHP |2 do + hY,|V* HP|(Q) . (6.4)
Q

Hca is lower semicontinuous with respect to the weak™ convergence in BV. We
denote by V., ,, as we have already done for H, the Hga-variation. Argu-
ing as in Proposition 3.2.4, it is possible to show that Vy,, is weakly” lower
semicontinuous.

The free energy in GA is the same that we used in the previous chapters.
However, note that in GA

nL?

2
Uy (curl(HP)) = 5 /Q|cur1(]'17p)|2 dx

depends only on the symmetric part of HP.

Let us fix a boundary displacement w and some forces f, g as in (3.26) and
(3.25). We assume the existence of a function p as in (3.47) such that (3.48)
and (3.50) hold.

An energetic solution for GA is a map
t= (u(t), H(t), HP (1))
such that the following properties hold:
o Admissibility:

(u(t), H°(t), H?(t)) € Aga(w(t)) Vte[0,T], (6.5)

Global stability:

E(t) < Wile) + Wa(curl(p)) — (L(1),v) + Haalp — HP(¢))
V (v,e,p) € Aga(w(t)) Y tel0,T], (6.6)

¢ Bounded variation: H? has bounded variation as a map
HP :[0,T] = BV(% MY,
e Energy balance:

E(t) + Vy,,(HP;0,t) = £(0) + /Ot/QCHe(T) : Bw(r) dzdr

—/t<£(7),u(f)> dT—/ (L(r),ib(r)) dr Yte[0,T], (6.7)
0 0



where
E(t) := VU (H(t)) + Vo(curl(HP(t))) — (L(¢), u(t)) .
6.1.2 The convergence result

Let (xn)nen be a sequence of positive numbers such that x, — +oo and let
(uon, HE,,, HS) be a sequence of initial data such that

Uom — o in W2 (Q;R?), (6.8)
HG,, ym — H§ in L?(Q; M2X3) (6.9)
HE, gy — HY in BV(Q; M3 ), (6.10)
H, skew — 0 in (2 M) (6.11)
curl(HY ) — curl(HE) in L*(Q; M3*3) (6.12)

In particular, we have the convergence of the free energy
U(Hg,,curl(HY ) — U(H§, curl(HY)) . (6.13)

For every n € N let
t = (un(t), Hy (1), Hi(t))

be an energetic solution to the Gurtin model with x = x,,, boundary datum w,
and initial datum (uoy, H§,, HY,)-

Owing to Theorem 5.2.1 and Corollary 5.2.1, we can apply Theorem 2.1.1
and infer that there exist

u e AC(0, T; Wha (Q; R?)),
H® € AC(0,T; L*(; M3%3)),

sym

HP € AC(0,T; BV(€; M3X3)),

skew

and a subsequence (), ) such that for every ¢ € [0, T

U,y (1) = u(t) in Wh3(Q;R?), (6.14)
e _. e : 2/0. 1g3%3

HE, () = HE(t) i L35 MEX3), (6.15)

H?, o (t) = HP(t) in BV(Q; MPS ). (6.16)

Indeed, the sequences (un)nen, (Hy sym)nen, and (HE . )nen are equiabso-

lutely continuous with respect to n with values in the corresponding spaces.
Note that, by construction, the map

HP - [0,T] — BV(Q; M3*3 )

D, sym

has bounded variation. For every ¢ in the predual of ., (Q2; M 3x3 ) we have

skew

’<H£k7skew(t)7q>’ S HHSk,sk;ew(t) - Hgk,sk;ew(o)u-%b”quco
+ [ Hy, skew(0), @) < VHE, 50,1)lallco + (H}, e (0): )] -



By Proposition 4.3.1 and Remark 4.3.1 we have

P O,t)gﬁ—m,

Nk

V(H

ny,skew’

where 3, is defined as in Proposition 4.1.3 with x = xp,. Therefore, we deduce
that for every ¢ € [0, 7]

B skew(t) =0 0 a(2; M) (6.17)

We now show that the map
e (u(t), H(t), HP (1))

is an energetic solution for GA.

Proposition 6.1.1. The admissibility (6.5) holds for the map
te (u(t), H(t), HP (1)) -

Proof. Let t € [0,T]. The sequence (curl(Hf, (t)))x is uniformly bounded
with respect to k owing to Proposition 4.3.1 and Remark 4.3.1. Hence, by
Lemma 4.1.1 and convergences (6.16)-(6.17) we have

curl(HE (t)) = curl(HP(t)) in L*(Q; M**%) Vte[0,T7]. (6.18)

Therefore, condition (6.1) hold. By the decomposition

Eunk (t) = sz,sym(t) + Hgk,sym(t) VkeN
passing to the limit we obtain (6.2). Finally, (6.3) holds trivially. ]

For the rest of the section we denote by H, the plastic dissipation for the
Gurtin model with x = x,, and by &, the functional £ defined as in (3.58) for
the map

t = (un(t), Hy(t), HY(1)) -

Proposition 6.1.2. The global stability condition (6.6) holds for the map
t= (u(t), H(t), HP (1)) -

Proof. Let t € [0,T] and (v,e,p) € Aga(0). The triplet (v,e + (Vv — Ev),p)
belongs to A(0). Hence by Lemma 3.2.1, for every k € N

< Hay, (p) -

/ CHy, sym(t) : e dz + [LLQ/ curl(HE (t)) : curl(p) dx — (L(t),v)
Q Q

Since p takes values in the space of symmetric matrices, we have H,, (p) =
Heaa(p). Therefore, by convergences (6.15) and (6.18), passing to the limit as
k — oo we obtain

/ CH(t) : e d + pL? / curl(HP (1)) : curl(p) dz — (L(t), )
Q Q




< Haalp). (6.19)
Consider the convex functional
F(v,e,p) = Wi(e) + Wa(curl(p)) — (L(t),v) + Haalp — HP (1))

defined on the convex set Aga(w(t)). Now let (v,e,p) € Aga(w(t)) and X €
(0,1]. By convexity we obtain

Flv,ep) — Fult), H (), B (1)) = {[F(u(t), H(5), B (1)
FNF (0, e,p) = Flult), H(E), HP (1)) — Flut), HE (), H (1))
zivwm Ao = u(®), HE(E) + Ale = HE(0), HY(6) + Mp — H'(1)))
(u(t), HE(6), HP(2))] = M1 (e — HE(1)) + As{eurl(p — H?(1)))
/ CHE(t) : HE(t)) dx +,uL2/chrl(Hp(t)) : (curl(p — HP(t))) dx
(£(t), v — u(t) + Haalp — HP(1) (6:20)
Note that the triplet
(v = ut), e~ H(t),p — HP(1)

belongs to A4 (0), hence by (6.19) the right-hand side of (6.20) is nonnegative.
Therefore, we have proved that

F(v,e,p) = Flu(t), H(t), HP(t)) 2 0V (v,e,p) € Aga(w(t))

that is, the global stability condition (6.6). ]

Proposition 6.1.3. The map
te (u(t), HO(t), HP(t))
satisfies the following energy inequality:
t
E(t)+ Vy,(HP;0,t) < £(0) —|—/ / CH(t) : Bw(r) dxdr
0 JQ
t

o
—/ (), u(r)) dT—/ (L(r),i(r)) dr Y te0,T].
0 0
Proof. Let t € [0,T]. By definition of energetic solution we have
En () + Vi, (HE;0,8) = / /c < m(T)  Bi(7) dadr

—fwvwm<»m—/wv><»m-w6mfy
0 0

for every k € N. By dominated convergence and (6.13)-(6.15), the right-hand



side converges to

t

5(0)+/0t/QCHe(T):Ew(T) da:dT—/ (£(7), u(r)) dT—/th(T),w(T» dr

0

Since Wy, ¥q, and L(t) are weakly lower semicontinuous with respect to the
natural convergences, we obtain

£(t) < liminf &, (t).

n—oo

Let 0 = tg,...,t, =t be a partition of [0, ¢]. By definition of Hg4 we have

0,8) > > Hay (HE, (i) — Hy, (ti-1))

)

M-

w
Il
—

Vi, (H},

v
.M:

@
I
—

HGA(Hgk,sym(ti) - Hgk,sym(ti—l)) .

Passing to the supremum over all partitions of the interval [0,t] we obtain by
the weak™ lower semicontinuity of Vi,
ko SYm> k;o’t)'

Viga(H;0,1) < liminf Vigg, (HE, i 0,8) < limint Vi, (H}

Combining all these results together the proof is concluded. [

Finally, arguing as in Lemma 7.3 in [6], the converse energy inequality can
be proved. Therefore, the map

te (u(t), H(t), HP(t))

is an energetic solution for the GA model.

6.1.3 A few considerations

The Gurtin-Anand model is obtained from the Gurtin model assuming that the
body is plastically irrotational, i.e., the plastic spin is null. For this reason we
have to assume condition (6.11) on the initial data. With this assumption we
fully recover the energetic formulation given by Giacomini and Lussardi in [6].
If, instead, we assume that

Hp

On,skew

A Wo in (0 M3 (6.21)

skew

with Wy #£ 0, the same argument as in the previous section shows that

HP

ny,skew

(t) 2 Wy in M(QM3) Yiel0,T].

skew



Therefore, the body has constant, but nonzero, plastic spin. At the limit one
obtains a free energy of the form

1 L?
V(H®, HP) = 5/ CH®: H® dx + %/ curl(H? + Wy) dx . (6.22)
Q Q

In particular, we do not recover a solution in the framework given by Giacomini
and Lussardi. However, one could modify the notion of admissible triplets
and the definition of free energy for the GA model accounting for a fixed and
constant plastic spin Wy. More precisely, we could require

curl(HP 4+ W) € L*(; M3*3)

instead of
curl(HP) € L*(; M3*3)

in (6.1) and define the free energy as in (6.22). The model obtained should still
satisfy the same flow rule. Moreover, we expect to retrieve a solution of such
model when y — +o0 if we assume (6.21) in place of (6.11).

We conclude the section by observing that for every initial datum (ug, H§, HY)
for the GA model it is always possible to construct a sequence (uon, H,, Hb, )n
of initial data for the Gurtin model that satisfies convergences (6.8)-(6.12).
Indeed, one can simply take

(U()n, Hgm Hgn) = (”U,(), Hg + (VUO — EUO), Hg) .

6.2 Asymptotic behavior as h, L — 0

In [6] the authors show the convergence of energetic solutions to the GA model
to energetic solutions to the Prandtl-Reuss model of perfect plasticity studied
in [15] by Dal Maso, DeSimone, and Mora. In this section we aim at extending
this result to sequences of energetic solutions to the Gurtin model.

We will assume in this section that Q and I' are of class C? where T is the
shared boundary of I'p and I'y (with respect to the relative topology on 0f2).

6.2.1 The Prandtl-Reuss model

We briefly introduce the Prandtl-Reuss model, henceforth abbreviated as PR.
As in the GA model, there is no dependence on the skew-symmetric part of the
strains.

Given a boundary value z € H'(£2; R?) we will say that a triplet (u, H¢, HP)
is admissible for the boundary value z in the PR model if and only if

u€BD(Q),  H®e L*(Q;M3%3),

sym

HP € My(QUTp; M3 Y, (6.23)

D,sym



Bu=H®+ H”, (6.24)
HP = (w—u) ®@vA? onTp. (6.25)

Here BD(£2) is the space of functions with bounded deformation (see Section 2.1)
and v is the outer normal vector to 9Q. We will denote by A, (z) the set of
admissible triplets for the boundary value z in the PR model.

The plastic dissipation functional is defined once again using the notion of
convex functions of measure introduced in [9]. More precisely,

HP
| HP|

Hpop o Mp(QUTD; MPS ) - R: Hp»—>Y0/
’ QUl'p

d|H?|, (6.26)

HP
where |HP| is the total variation of HP and | is the Radon-Nikodym deriva-
tive of HP with respect to |HP|. In particular, if H? is absolutely continuous
with respect to .Z3, then

M, (H) = YO/Q \HP| da .

H . is lower semicontinuous with respect to the weak®* convergence in ./, (22U
Tp; M3%3) by construction (see Theorem 3 in [9]). As a result, the H -

sym
variatioyn, denoted by Vg, is weakly* lower semicontinuous, too.
In the PR model the free energy does not depend on the Burgers vector and
reduces to V;.
Let us fix a boundary displacement w as in (3.26) and the forces

f e AC(0,T; L3(QR3)), g € AC(0,T; L>=(T'n; R3)). (6.27)

Here we need to assume that g takes values in L°°(I'y;R?) since the trace of
admissible displacements belongs to L'(9Q;R3). We assume the existence of a
function p as in (3.47) such that (3.48) and (3.50) hold.

An energetic solution for the PR model is a map

t e (u(t), H(t), H"(t))

such that the following properties hold:
o Admissibility:

(u(t), HE(t), HP(1)) € A, (w(t)) Y te0,T], (6.28)
« Global stability:
Epp(t) < Wi(e) = (L), ) + Hpp(p — H(1))
YV (v,e,p) € A, (w(t) Vitel0,T], (6.29)
« Bounded variation: HP has bounded variation as a map

HP :[0,T] — My(QUTp; M3 Y,

D,sym



e Energy balance:
Enrn(t) + Vi (HP;0,8) = €, ( +/ /CHﬁ : Bu(7) dadr

—/t<£(r),u(7)) dr—/ (L), d(r) dr ¥ i€ 0,T], (6.30)
0 0

where

Epp(t) = Wi (H(t)) — (L(1), u(?)) -

6.2.2 The convergence result

Let (Ly,) and (hy,) be sequences such that h,, L, — 0. As done for the derivation
of the GA model, we assume to have a sequence of initial data (ugy, HS,, HY,)
such that

Uon — U in BD(Q;R?), (6.31)
Hp sym — Hi  in L2 M3X3) (6.32)
HE, oy — HE i (S M%Xsim) . (6.33)

Moreover, we assume that the sequence (curl(H},)),, is bounded in L?(; M3%3).
Hence, we deduce the convergence of the free energy

L2
Wi(H5,) + 15 [ Jeurl(HE)? de - i (115). (6.34)
For every n € N let
t = (un(t), Hy (1), Hi(t))

be an energetic solution to the Gurtin model with h = h,,, L = L,,, and initial
datum (ugn, HS,, H),). The next lemma grants the existence of a suitable
converging subsequence of energetic solutions.

Lemma 6.2.1. There exist a subsequence (ny) and two functions

u € AC(0,T;BD(Q))
H® € AC(0,T; L*(; M3X3))

sym

such that for every t € [0,T]

Up,, (1) = u(t) in BD(Q;R3), (6.35)
He o ym(t) = HE(t) in L*(Q; M2)3) . (6.36)

Morevoer, there exists a function HP € AC(0,T; . #,(Q U FD,M]%XS?;m)) such

that for every t € [0,T], by setting H}, ;,,.,(t) = 0 on T'p for every n € N, we
have
HY, oy (t) = HP(t) in M,(QUT D MPS ). (6.37)

Finally, for every t € [0,T] the triplet (u(t), H¢(t), HP(t)) is admissible for the



boundary value w(t) in the PR model.

Proof. Since I'p is open in 92 there exists U C R3 open such that I'p = 0QNU.
Let Q:=QUU. We define

ﬁ”(t):{uw " ﬁssym<t>={ﬂﬁ’sym(t) on
w(t) on Q\Q : Euw(t) on O\

ﬁ'p (t) _ Hﬁ,sym(t) on 9
sy 0 on Q\Q

By Corollary 5.2.1 and convergences (6.31)-(6.34), the sequences (H¢ ,,,,) and

n,sym

(HE ...,) are equi-absolutely continuous with respect to n as maps with values

n,sym N
in L2(8; ngfg’) and L'(€; M%f;m), respectively. Observe that
By (t) = HE () + HP (1) on Q. (6.38)

Therefore, by Theorem 2.2.5 (izn) is equi-absolutely continuous with respect to
n as maps with values in BD(€; R?). Applying Theorem 2.1.1 we deduce that
there exists a subsequence (ny) and maps

@ € AC(0, T; BD(; R?))
HE € AC(0,T; L* (9 ME2)),

HP € AC(0, T;44,( M3 ),

such that for every ¢ € [0, 7]

B yl®) = 0 in LMD,
I (0) 5 HP(0) ity MBT, )

We define u and H¢ as the restriction of 7 and H €, respectively, to €. Similarly,
we define H? as the restriction of H? to QUT'p. Therefore, convergences (6.35)
and (6.36) follow immediately. On Q\Q it must be H? = 0, thus, convergence
(6.37) holds. Let ¢t € [0,T]. Passing to the limit in (6.38) we obtain

Eu(t) = He(t) + HP(t) on Q.
Since on Q\$ it must be u(t) = w(t) and He(t) = Bw(t) we deduce that on I'p
HP(t) = Eu(t) = (w(t) — u(t)) © v?.

This proves that the triplet (u(t), H¢(t), HP(t)) is admissible for the boundary
value w(t) in the PR model. |

Let u, H¢, and H? be the maps given in Lemma 6.2.1. We are now in a



position to prove that the map
t = (u(t), H°(t), HP (1)) ,

is an energetic solution to the PR model. By the previous lemma we only need
to prove the global stability (6.29) and the energy balance (6.30).

Proposition 6.2.1. The map
t = (u(t), Ho(t), HP (1))
satisfies the global stability (6.29).

Proof. For every t € [0,T] let T'(t) = CH®(t). In view of Theorem 3.6 in [15] it
is sufficient to prove that for every ¢t € [0, T]

{div T(t) = f(t) in L?(;R3),
Ww(T(t) =g(t) onTy,

and |Tp(t)| < Yo almost everywhere in Q. The condition on the normal trace
has to be intended as stated in Proposition 5.1.1. Let ¢t € [0, 7] and let T}, (t) =
CH¢ (t). By Proposition 5.1.1, for every k € N we have

ng,sym

{—diank (t) = f(t) in L2(R3),
Yw(Tn(t)) =g(t) onln.

By convergence (6.36) we deduce

Ty, (t) = T(t) in L*(Q; M2%3). (6.39)

sym

By a density argument similar to the one used in Lemma 4.1.1 it is possible to
prove that div T}, (t) — div T'(¢), hence,

—divT(t) = f(t) in L*(;R?).

In particular, by the definition of v,, we infer that ~,(7'(t)) = ¢(t) on I'y.
Let T2 , Ky, diss> Kny.en, and Ry, (t) be the plastic stresses given by Proposi-

ng?

tion 5.1.2, (5.10), and (5.1) for the energetic solution
t = (un, (), Hp, (1), Hp (1)) -
By Proposition 4.3.1 and Remark 4.3.1 we have

| R (0)]l 2 = nL2, || cwrl(HE, (£)) | 12 < 2L /Tt = 0.

Therefore, Kp, en(t) — 0 in L2(2; M3*3). Since by Proposition 5.2.1 the con-
straint

1 .
\/|T7€’k sym( hT|Kmmdiss(t)|2 <Y, a.e. in (6.40)
Nk



holds for every k € N, we deduce that
Koy aiss(t) — 0 in L(Q; Mp33) .
Hence, K, (t) — 0 in L?(Q; M}*3*®). By Proposition 5.1.3 we have that
TP aym(t) = T 0 () + (div(EKn, (£)))sym in L*(Q MP?P) VkeN. (6.41)

Combining (6.40) and (6.41) we deduce that the sequence ((div Ky, (t))sym ) is
bounded in L2(; M3*3), thus

(div K, (£))sym — 0 in L2(Q; M>*3). (6.42)
Finally, by (6.41) we infer
TP m(t) = Tp(t) in L*(Q; MP?). (6.43)
We define
K={AerX(M}?) : |Ayn| <Ypaein Q}.

Since by Proposition 5.2.1 T% (t) € K for every k € N and K is closed with
respect to weak convergence, we deduce that Tp(t) € K concluding the proof.
[ |

Before introducing the next proposition it is important to recall that the
weak* convergence in BD(£2;R?) is sufficient to guarantee convergence of the
volume force term, but not of the surface force term. Indeed, the trace operator

v : BD(Q;R3) — L1(09; R?)

is not continuous if we equip BD(Q; R3) of the weak* topology. The safe-load
condition will be crucial to overcome this problem.

Proposition 6.2.2. The map
= (u(t), H(t), HP (1))
satisfies the following energy inequality:
Epn(t) + Vapn (HP50,1) < €, (0) + /O t /Q CHE(r) : Bi(r) dadr
—/0t<,c'(7),u(f)> dT—/Otw(T),w(r» dr Vielo,T).
Proof. By definition of energetic solution, we have
Enn(t) + Vi, (HE50,1) = £,,(0) + /0 t /Q CHE, () : Bii(7) dadr
t

—/t<£(7),unk(7)> dT—/ (L(r), (7)) dr Y te[0,T] (6.44)
0 0



for every k € N, where

e ,J/ TL
Euu(t) = W1 (H () + 55 [ el (HE, () do = (£(t),ny (0)
and H,, is the plastic dissipation for the Gurtin model with h = Ay, .

Let t € [0,7]. Integrating by parts, (6.44) can be rewritten in the following
form:

L2
WS 1))+ 52 [ eurt(a, ()P e Vi (4,0
t
/<£( ),y (7)) d7 = Uy (HE, o / | curl(HZ, (0))[? da

+/ /C nisym (T) B (T )dxdT—/Otw(T)vw(T» dr . (6.45)

Owing to convergences (6.34) and (6.36), the right-hand side of (6.45) converges
by dominated convergence to

t
L(H(O +/ / CHE(r) : Bus(r) dudr —/ (L), (7)) dr.
0
By convexity ¥y is weakly lower semicontinuous, hence,
Ty (H(t)) < hkmlnf [\Ill(sz sym / | curl(HP, (t))|? dw] .

To conclude it is sufficient to prove that

lim nf [vﬂn( H? .0.1) - /O L), i () dT]
> Vo (HP;0, 1) — /Ot<£(7),u(7)> dr

= Vipn(H?;0,8) + (L£(0),u(0)) — (L(t), u(t)) + [ (L(r),u(r)) dr.

0

Applying Theorem 7.1 in [15] we write

Van HE 50,t) = /an d7'>/ /Y()] . Sym T)| dedr. (6.46)

By Proposition 3.2.5 we have

/t<£(7-) iy (7)) dT—/ (L(7) dff/ / ) dudr
—I—/ /p nksym d;vd7'+/ /pD : nk Sym( 7) dxdr

= (L(t), w(t)) = (£(0),w(0)) —/ (L(7) dT+/ dx



/p : Bw(t d:L‘+/ /p : Bw(r dw—l—/ p(t) : Hy, gy (t) dx
/P nk sym dl‘ _/ / p : nk,sym( ) dx
4 / / pp(r) B (r) dudr. (6.47)

Combining (6.46) and (6.47), by the convergence (6.36) we obtain

lim inf {VHH (H?,;0,1) - /0 L), i (1) dT]

k—o0

—(L(8), w(t)) + (£(0), w(0) +/t £(r),w(r)) dT—/Qp(O)

/ : Bw(t da:—/ / d:c—/Qp(t):He(t) dx
+ /Q p(0) : HE(0) dar + /0 /Q p(7) : HY(7) da . (6.48)

Owing to Proposition 2.2 in [15] we rewrite the right-hand side of (6.48) as
follows:

> lim inf / [ YOI,y (7) = 97+ HEy ()] dadr

h&gf/ / Yb’ nk,sym ’ ,0D< ) . Hgk sym(T)} dxdr
+(£(0),u(0) - )+ [ u(r) dr oo (0) : HO)(QUT)
+[po(t) : HY(D)(QUTD) - / [pp(r): H(r)(QUTp) dr. (6.49)

where [pp(t) : HP(t)] is the measure defined in section 2 of [15]. Therefore, the
proof is concluded if we show

liminf/ / YO\ B sym (1)] = pp(7) : Hﬁk’sym(r)} dxdr

k—o00
2 VHPR<HP70ﬂt) [pD(O) : Hp(o)](QUFD)
—lpp(t) s HP(H))(QUTp) + /0 Upp(r)  HYOIQUTD) dr. (6.50)

Let ¢ € C*(Q) be a function such that 0 < ¢ <1 and ¢ = 0 on I'y. By (3.50)
we have that |pp(7)] < Y almost everywhere in Q2 for every 7 € [0, ¢]. Hence,
the function

YO‘ nk7sym( )’_pD( ) Hgk sym(T)

is positive almost everywhere in Q for every 7 € [0,t]. Therefore, applying once
again Theorem 7.1 in [15] we deduce

[ [0l a0 = () + )] s



> [ ] [l >|—pD<T>:wH£ksym<f>} dodr
:VHPR(SDHgk,symv iy / /pD nk sym( )d(L‘dT (651)

Passing to the limit in (6.51) we obtain, by the lower semicontinuity of the
H , ,-variation

liminf// Y0| B sym (7)] — pD(T):Hﬁksym(T)} dzdr

k—00

> Vapr(pHP; 0, +11m1nf{ / /pD HE Sym( )d.CUdT:| . (6.52)

Integrating by parts we write

[ [ o) Gl () dir = / p(E) : GHE, y(t) do
+/QpD(0) HY oy dJ:Jr/ /pD HY oym(T) dxdr . (6.53)

Since W3 (€2, R?) is continuously embedded in L?(Q;R3), for every k € N and
for every 7 € [0,¢]

(Pun (7). 5, (7) + Vo © u(r), oHE (7)) € Alpu(t).
Hence, by Proposition 3.2.6 we have
[ 50+ G2, ) dadr = = [ () u(r)) dr
+/ /p( . pEw(r dxdT—ir/ / . (Vo ©w(r)) dedr
//p HE, da:dT—/ /p (Ve ® tn, (7)) dadr
- /0 (L), Pum (7)) d . (6.54)
Similarly, applying Proposition 3.2.5 we deduce
[ 0(0): T, 1y (0) dz = ~(£0), 5w(0) + [ p(0): Ew(0) do
+ [ 60 (Ve ©w(0) do— [ p(0): pHE, oy (0) do
— [ £(0): (V0 n, (0)) d+ (£(0), pun, (0) (6:55)

and

— [ 0(t) s QHE o (®) do = (L) pu(®) = [ (1) pBul) da



— [ o0 (Ve @wit) dot [ p(0): Hf, ynt) da
+ /Qp(t) (Vo ©up (t) do— (L(1), pun, (£)) - (6.56)
It is crucial to observe that ¢u,, is zero on I'y, thus, for every 7 € [0, ¢]

(L(7), pun, (1)) = (L(7), pu(r))
(L(7), pun, (1)) = (L(7), pu(7)) .

By (6.53)-(6.56), the convergences (6.35)-(6.36), and Proposition 2.2 in [15] we
deduce

lim inf {— /(:/QpD(T) : ¢H£k78ym(7) d.CUdT:| = /QUFD ¢ d[pp(0) : HP(0)]

k—o0

- /QUFD ¢ dlpp(t) : HP(t)] + /Ot /QUFD @ d[pp() : HP(1)] dr.
(6.57)

Combining (6.52) and (6.57) and passing to the limit as ¢ — Lqur,, we finally
obtain (6.50), concluding the proof. ]

Applying Theorem 4.7 in [15] the opposite energy inequality can be proved,
showing that the map
t—= (u(t), H(t), H? (1))

is an energetic solution to the PR model.
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