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Abstract

We study material models for rate-independent inelasticity in situations where
no internal length scale is given and formation of microstructure for the deformation
gradients and the internal variables may occur. We develop a rational procedure
for deriving consistent macroscopic models which allow for the computation of non-
trivial effective quantities without resolving the fine scales. The method involves
the relaxation of variational incremental problems which are derived from an elastic
and a plastic potential. We use Young measures to describe the microscopic dis-
tribution of the internal variables as well as the quasiconvexification of the elastic
stored-energy density with respect to the deformation gradient. The resulting model
provides a new rate-independent model in terms of the deformation and the Young
measure. The approach is based on a derivative free, energetic formulation using
one functional for elastic energy storage and one for the dissipation distance. The
latter is derived from a dissipation potential defining the dissipation distance be-
tween internal states and hence the Wasserstein distance between Young measures.
This approach is strongly linked to an associated time-incremental problem which
is a minimization problem of the type used for several years now in the engineering
literature. The update algorithm for the incremental problem is discussed in detail,
and two simple examples are given.

1 Introduction

The aim of this paper is to give a theoretical foundation to material models for elastic
bodies which are described by inelastic internal variables whose evolution is governed
by a rate-independent evolution law of the type of flow rules in plasticity. We refer
to [Ric71, HN75, ZW8T] for the general setup of such models for generalized standard
materials. A special and important class of such models are those of elasto-plasticity,
[SO85, Sim88, MS92, Mie96, MAL(02]. Here we especially restrict our attention to mod-
els which can be described by purely energetic consideration, i.e., there is an elastic
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potential which describes energy storage and there is a dissipation potential which de-
scribes how energy is dissipated. Such energetic descriptions lead in a natural way
to variational incremental update by minimizing an update functional. This approach
was studied extensively within the last five years, having applications in elasto-plasticity
[OR99, ORS00, CHMO02, LMDO03, Mie02a, Mie03a, HH03, Mie03b], in shape-memory al-
loys [KMS99, Gol01, MTL02, Kru02, GMH02, Rou02, MRO03], in ferro-magnetism [RK02],
and in damage models [FM98, HSB02, KMR03].

Of course, such variational, incremental updates where used in the setting of infinites-
imal strains much earlier, for instance in Hencky plasticity and in the mathematical exis-
tence theory of Moreau [Mor76, Joh76]. For multiplicative plasticity the symmetry of the
consistent tangent operators in the incremental problems was also used a lot. Thus, it was
more or less implicitly clear that these incremental problems are in fact Euler-Lagrange
equations to an update functional. In general one should only expect that the solutions
are local minimizers of such a functional. Only for the convex case local minimizers are
also global minimizers. Our theory is based completely on the global minimization of the
update functionals. This is a major change in the model which leads to certain principal
advantages for the modeling and, especially, for the mathematical analysis.

Most prominently is the difficulty of finding a suitable definition for the term “local”, a
fact which is already discussed in the classical theory of calculus of variations where “weak
local minimizers” and “strong local minimizers” are quite different, see [Mor66, Dac89].
Since we want to describe the spontaneous formation of microstructure we certainly need
a notion of locality which allows for jumps in the deformation gradient which relates to
strong local minimizers. Unfortunately, until now no theory of strong local minimizers is
developed. Moreover, the notion of locality should be motivated on physical grounds, for
instance through viscous regularizations. For first mathematical attempts in this direction
we refer to [EMO04], however, there is still a long way to make this theory accessible to
nonlinear continuum mechanics. Meanwhile, we use the more phenomenological approach
using global minimization and a suitably chosen dissipation potential, as in [MTLO02,
Sect.3.1] it was shown that for simple examples local minimization can be replaced by
global minimization if the dissipation is increased in a corresponding way. Nevertheless,
the equations derived here form a new set of equations which sometimes provide different
solutions, see the discussion in Section 2.2.

In recent years the occurrence and evolution of microstructure has attracted the atten-
tion of quite a body of research, see e.g., [BJ87, MTL02, GMHO02] for work in the field of
shape memory alloys. The present work was mainly motivated by experimental and nu-
merical observations in finite-strain elasto-plasticity, see [OR99, ORS00, CHM02, LMDO03,
Mie02a, Mie03a, HH03]. Our aim is to develop a rational procedure for the derivation
of consistent macroscopic models which capture essential features of the microstructure
and thus allow for the computation of effective macroscopic quantities without resolving
the small length scales. In particular, we hope that our rather theoretical considerations
help to understand the general structure behind the modeling of microstructure evolution
in rate-independent models. Thus, we expect that this work can help to make numerical
computations more efficient.

We restrict our treatment to models were no material length scale is given, i.e., the
elastic stored energy ¢ depends solely locally on the deformation gradient F = D¢ and
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internal variables z € Z but not on their derivatives: ¢ = ¢(x,F,z). We allow for



models which are fully nonlinear to include cases like finite-strain elasto-plasticity where
the plastic deformation F,, with det F, = 1 is part of the internal variables; hence Z C R™
may be a nonconvex set such that simple averages of microstructures are meaningless.

In addition to the elastic stored-energy density ¢ we postulate the existence of a
dissipation potential A = A(z, 2) which is homogeneous of degree 1 in the rate Z. This
infinitesimal metric on Z defines a dissipation distance D on Z such that D(zg, z1) is the
minimal amount of energy dissipated when changing z from z; to z; along a continuous
path, see [Mie03b] for the first general description of this concept.

The rate-independent model is described by the flow rule associated with the dissipa-
tion potential A and the elastic equilibrium condition. We will show that this is just the
class of generalized standard materials as defined in [HN75, Hac97].

Using the global dissipation distance D it is possible to formulate the model in terms
of a stability condition (S) and the energy equality (E), see [MT99, MT03, MTLO02] for
its first occurrence. This framework has the major advantage that it does not make
any assumption on the smoothness of the constitutive functions or of the processes to
be described. Hence, it is particularly suited to describe systems where formation of
microstructure takes place. Moreover, there is a natural variational incremental problem,
which is defined via simultaneous minimization with respect to the deformation ¢ € F and
the internal state z € Z of the sum of the Gibbs’ energy and the dissipation distance. The
relevance of variational incremental problems was realized in several works independently,
cf. [MT99, OR99, Mie02a, CHMO02].

The formation of microstructure is now seen in the non-attainment of minimizers of
the variational problem. The relaxation we propose relies on the well-developed theory
of relaxation of one variational problem. However several new features appear. First, the
minimization is done here with respect to the deformation whose gradient F = D¢ occurs
in the elastic potential ¢ and the internal variable which appears in w and D(zoq, +) locally
and without any derivatives. Second, the coupling of the internal states zgq and zpey in
one incremental step leads to a coupling of the microstructures between different time
levels. This is the only point where we make an additional modeling assumption. Our
approach will account only for dissipational losses if the distribution functions associated
with the microstructure changes but not if the distributions stay fixed while the texture
of the micro-pattern changes, see Section 6.1. All the other steps of our approach follows
directly from mathematical considerations and do not need further assumptions.

The underlying mathematical theory is that of Young measures where YM(S2, Z) re-

places the classical set 2 < {z:Q — Z |z measurable } of internal states. A Young
measure p is a map from 2 into the set Prob(Z) of probability distributions on Z and
hence can be seen as a function with takes distributed values occuring in a mesoscopic
representative volume elements. Hence, we consider the Young measure as a macroscopic
object. Our final model is then a formulation in terms of the macroscopic deformation ¢
and the Young measure u by suitably extending the elastic functional and the dissipation
distance to FxYM(Q, Z).

Relaxations for one single minimization problem are well established and there is a
huge literature on this subject, including possible numerical implementations, see e.g.
[Dac89, Rou97, Kru98, DHI8, AP00, Kru02, Gol01, BCHO04]. However, there are almost
no results for the relaxation of time dependent problems. Our approach follows that
developed for shape-memory alloys in [MT99, MTLO02]. A numerical implementation is



given in [CP01, BCHO04]. Closely related rate-independent models for ferro-magnetism
are studied and used numerically in [RK02, Rou02]. A similar approach was applied in
[FMO98] to fracture in brittle materials.

A major point in our construction is that the relaxed problem on FxYM(S2, Z) has
again a natural incremental variational problem. We give a detailed discussion of the
update algorithm associated with this incremental problem. The crucial part is the con-
trol of the correlations between the Young measures on subsequent time steps. Moreover,
the Young measure for z corresponds to a gradient Young measure for the microscopic
deformation gradient which has to be taken into account. We show how the calculation
of all the correlations between different Young measures can be reduced as much as possi-
ble. Nevertheless, even after discretization the remaining minimization problems remain
extremely complex.

Finally we provide two examples for our general abstract evolution law. The first
is concerned with a one-dimensional example of nonlinear elasto-plasticity involving the
multiplicative split of the deformation gradient. We will show that formation of mi-
crostructure occurs in this model. The second example is taken from [CT03] and concerns
two-dimensional rigid plasticity with a single slip system. For applications in N-phase
shape-memory alloys we refer to [MTL02, CP01, GMHO02]. Numerical algorithms using
similar ideas as proposed here are implemented in two- and three-dimensional elasto-
plasticity, see [OR99, HHO03, Mie02a, Mie03a, MLO03].

2 Rate-independent material models

First we describe the general setup of our material models. They are given as the rate-
independent case of generalized standard materials described in terms of the deformation
and additional inelastic variables. Second we give a derivative-free energetic formulation,
which is based on two functionals and can be generalized to systems with microstructure.
Third we provide a time-incremental problem which consists of a sequence of minimization
problem with respect to the deformation and the inelastic variables.

2.1 Energy and dissipation functionals

The modeling concerns the two distinct physical effects of energy storage and energy
dissipation. The first is attributed to an elastic potential which may also include hardening
or latent energies and the second is attributed to frictional effects due to changes of the
internal variables.

We consider a body © C R? which undergoes a deformation ¢ : Q — R? such that
the deformation gradient F(z) = Dep(x) € R¥™? lies in GL, (RY) = { F € R¥™? | detF >
0 }. Additionally there is a vector-valued internal variable z = (z!,...,2") € Z C R"
which describes the internal state of the material. The elastic properties are given by
the dependence of the elastic potential ¥ on (z,F,z) via ¢ = ¢(x,F,z). For fixed
x and z we assume that the function {D\(x, 2): GLL(RY) — [0,00) is coercive (i.e.,
J(x,Rz) — 00 if (det F)™! + |F| — o00) and poly- or quasiconvex, see [Dac89, Rou97].
In addition, we describe boundary conditions and external loadings such that the total



energy of a given state (¢, 2) : Q — R% x R™ at time ¢ is given by the functional

E(t,p,2) = [ Bl Dp(x), 2(x)) da — (£(1), ),

where £(t) denotes the external loading and ¢ lies in the set F of admissible deformations
F={¢: QR @lr, = @y Dp(a) € GL, (R on Q }.

Throughout our notation is such that upper case calligraphic letters like £, F, Z, ... as-
sociate with quantities which are defined over the spatial domain ).

A basic assumption of our rate-independent model will be that a solution process has
to be in a stable elastic equilibrium for all ¢ € [0,T], i.e. ¢(t,-) : Q — R%is a (local)
minimizer of E(t, -, z(¢,-)) on F.

Changes of the internal variables during a slow loading or unloading process will give

rise to internal friction which dissipates energy via the dissipation rate A > 0. We make
the constitutive assumption

A=Az, 2 2) > 0 where 4(t,z) = 22, ),

which also means that there are no other dissipation mechanisms in the model.

We call A : QxTZ +— [0, 00] the dissipation potential [ZW87]. Rate-independency
is obtained by assuming homogeneity in 2 of degree 1, namely ﬁ(x, z, %) = aﬁ(x, z, 2)
for @ > 0. Furthermore, we assume that A(z, z,-) : T.Z ~— [0, 00] is convex and that A
satisfies ﬁ(x, z,v) > clv| for some ¢ > 0. (Here T,Z denotes the tangent space of Z in
the point z.) Note that 3(33, z,v) = oo is allowed to forbid softening or to include cases
where # has to lie in a strict subspace of T,Z, like for PP~! = devsymQ.

For each x € Q) the dissipation potential K(x, -, +) defines a distance metric on Z via

D(x; 29, 21) & 1nf{ fo ,2(8))ds | z € CH[0,1], Z2),2(0) = 20, 2(1) = 21 }.

Often A(x,-,) : TZ — [0,00] is called an infinitesimal (Finsler) metric on Z whereas
D : ZxZ — [0,00] is called the associated global metric or distance. To indicate the
globality, we will subsequently use the name dissipation distance for D.

The set of internal states is given by 2 & {2z:Q — Z |z measurable }. We define a
(possibly unsymmetric) dissipation metric D on Z via

D(zg, 21) f Jo D(z;20(z), z1(z))dz for 29, 21 € Z.
From the above definition of D it follows that D satisfies the triangle inequality
D(zold> Znew) S D(Zold> Z) + D(Z, Znew) fOI' all Z, Zold s “new S Z. (21>

Considering a process z : [0, T] — Z the dlssipation on an interval [tg, ;] is usually
defined by Diss(z; [to, t1]) = fQ x,z(t,x), 2(t,x)) dz dt. This notion relies on the
differentiability with respect to t. However, usmg the dissipation distance D from above
we have the alternative definition

N
Diss(2; [to, t1]) & sup{ 3. D(2(1j_1), 2(r;)) | N € N, to<ro<mi<...<ty<t1 }, (2.2)

j=1

which does not contain any derivative.



2.2 The derivative-free energetic formulation

As described above, our model is completely described by the elastic stored-energy density
v = Y(z,F, z), and the dissipation potential A = A(x, z, 2), and the external loadings

().

Definition 2.1 A process (o, 2) : [0,T] — FxZ is called a solution of the above rate-
independent model, if (S) and (E) hold:

(S) [Stability] For all t € [0,T] we have
E(t, p(t), 2(1)) < E(1,3,3) + D(a(t),2) for all (3,7) € FxZ.

(E) [Energy equality] For all ty,t; with 0 <ty <t; <T we have

E(tr, p(t1), 2(t1)) + Diss(z, [to, 1]) = E(to, (to), 2(to)) — f,, ((1), (1)) dt.

It should be noted here that this energetic formulation does no longer depend on
the derivation of D from the dissipation potential A. It suffices to take any dissipation
distance D : ZxZ — [, oo] which satisfies the triangle inequality (2.1) and to define the
dissipation of a process via (2.2).

Our energetic formulation using (S) & (E) is a weak form of the classical local flow
rules for generalized standard materials ([HN75]). If a solution of (S) & (E) is sufficiently
smooth (i.e., ¢ : [0,7] — F is continuous and the rate Z is defined), then the flow laws
are satisfied as well. The opposite is not true, see [Mie03b, Sect.5.3] for a counterexample.
Using the thermodynamically conjugate variables

def 5 def -~

= Zy(2,F,2) e R™ and ¢ = —Z4(z,F,2) € T:Z

we find the local versions of (S) and (E):

S ~
( )loc q(t7l'> v < A(.CE, Z(t, gj),’(}) for all v € Tz(t,x)Z.

(E)ie Jo Az, 2(t,x), 2(t,x))de < [ q(t, ) - 2(t, ) da.

{ Jo T:Dudz = (£(t),u) for all u with u|r,, = 0;

Here T,Z denotes the tangent space to Z in z and T Z the dual space.
Defining the subdifferential of the convex function A(z, z,-) : T,Z +— [0, 00) via

B A(z, z,v) = {qeT.Z| Az, z, v40) > Alz,z,v)+q-Tforall T € T,Z o (2.3)
we obtain the dual form of the flow rule from (E)j,. and the second equation on (S)jee:
q(t,z) € BPA(z,2,5) < 0€ Az, 2 3) + %@(x, F,z). (2.4)

The elastic region is given via Q(z, z) = 9,A(x, 2,0) C T:Z C R™ and the primal form of
the flow rule takes the form

t,x) € 0" Xy(a,o0,0)) (a(t, 7)) = Ny Q(z, 2(t, 1)), (2.5)

6



where Xy denotes the characteristic function of the set Q and N,Q(z, z) C T,Z denotes
the (outer) normal cone. This is an equivalent, mathematical form of the other two well-
known formulations of flow rules used more often in continuum mechanics. First there is
the variational inequality

((t,2), qlt, ) =) = 0 for all § € Q(a, 2(t,)
and, second, there are the Karush-Kuhn-Tucker conditions
£=AEd(z,q), P(z,) <0, A>0, Ad(z,9) =0,

where ® : (z,z,q) — R is the yield function defining the elastic domain Q(z,z) =

The first obvious advantage of our energetic formulation for rate-independent material
models is that neither the functionals £ and D (and hence ¢ and A) nor the desired
solutions have to be differentiable. The only appearing derivative is that of the loading /.

The stability condition (S) has a clear mechanical interpretation. Letting z° = 2(¢)
we have D(z(t),z) = 0 and the condition implies that ¢(t) is the global minimizer of
E(t,-,2(t)) on F, which gives the elastic equilibrium. Moreover, changing the internal
variable from z(t) to 2’ (and adjusting @ optimally) the dissipation must be at least as large
as the elastic energy release. The internal variable z will change (and dissipate energy)
as soon as the elastic energy release is large enough to compensate for the dissipation.
Thus, (S) relates to the “principle of maximal dissipation”. The energy equality (E) has an
obvious interpretation, since the work of the external forces is given by the last term. This
abstract setting has applications in many rate-independent continuum models. We refer
to [KMS99, GMH02, MTLO02] for applications to phase transformations in shape-memory
alloys.

2.3 The variational incremental problem

The second major advantages of the energetic formulation (S) & (E) is that it immediately
gives rise to a natural incremental algorithm where each step is realized as a variational
minimization problem. We discretize the time interval [0, 7] via 0 =ty <t; < ... <ty =
T and give a stable initial condition (¢, z9) € FX Z:

(IP) [Incremental Problem]
For k =1,..., N find iteratively (g, z1) € FXZ such that

(Soka Zk) € arg min (g(tkn P Z) + D(Zk—la Z)) :
(p,2)EFXZ

Here “argmin J” denotes the set of all global minimizers of the functional J, i.e., with
a = ming,ey J(u) we have arg min J o {ueld|J(u)=a}.

The fact that (IP) is very useful is manifested through the following result which states
that incremental solutions are always stable and satisfy a discretized version of the energy
equality; for the simple proof see [MT03, MTL02].



Theorem 2.2 If (v, 20) € FXZ is stable, i.e., (¢, 20) € argminS(O, p,2) + Dz, 2)
and if (@y, 2k )k=1,..N is a solution of (IP), then for k =1,..., N we have

(Z) St(lblllty Of (Soka Zk) at time ty, t.e. g(t/w P> Zk) < g(tkH P,z ) + D(Zka ) fO?" all (;57/2\)7
and

(i) the two-sided discretized energy estimate

Eth, Prr ) — E(th-1, Py, 21) = tt: 5E (s, Py, 2i) ds
< E(tks Py 21) — E(tk—1, Pr—15 26-1) + D(2k-1, 21)
' %8(37 Pr-1s Zk—l) ds = g(t/w Pr—1s Zk—l) - g(tk—b Pr—1s Zk—l)-

— Jtg—1

For this theorem we just need that the (possibly unsymmetric) dissipation distance D
satisfies the triangle inequality (2.1).

An important feature of (IP) is the local occurrence of z (i.e. no gradients appear

in the integrand defining £+D). This can be used to work out the minimization in z

pointwise. We define the condensed potential ¥ and the update mapping Zupdate yig

peond (x4 2, F) o mi? [@(x, F, z)—i—ﬁ(m, Zold, z)} ,
zE€
~ ~ ~ 2.6
Zwdate(z B 24) ¥ arg min [w(x, F,2)+D(z, zoa, z)} (2:6)
z€Z
and choose z = Z“pdate(x, F, 2,4) such that this is a minimizer in the definition of ¥eond,
The new constitutive function ¥ is uniquely defined by v and A and it contains
the most important information on the combined effect of the elastic storage and the
dissipational behavior of the material. See Section 8 for an explicit one-dimensional
example and [Mie03b, Mie03c| for an explicit two-dimensional example. Now we have

£t ) min.ez (£t 012) + Dlea )

= Jo U (21 (2); 7, Dep()) dw—(L(tr), ).
Thus, the kth step of (IP) is solved if we find a minimizer of £ (¢, ) on F. If ¢, is

Zk—1
such a minimizer, then (¢, zx) with zx(z) = Z“pdate(x,Dgok( ), zk—1(x)) is the desired
minimizer in (IP).

The minimization problem for ££°"%(t;, ) has the standard form of a problem of non-
linear elasticity, where yeond (2 1(93) ,+) plays the role of the elastic potential. Important
features of @b and A are inherited by \Ilcond For instance, if w is frame indifferent, then so
is weond e geond(z 4o, F) = Ueend(z 42 RF) for all R € SO(RY). Similarly, material
symmetries are inherited.

However, other properties like the coercivity with respect to F are nontrivial and de-
pend on hardening properties. If coercivity fails, the solvability of (IP) is not guaranteed,
and we have to expect fracture or localization (shear bands), cf. [Mie03b]. Moreover,
quasi- and rank-one convexity may no longer hold for Ud(z; z,-) and we have to expect
the formation of microstructure in infimizing sequences, see [OR99, CHMO02].

If Weond (22, 4) is mot quasiconver, then there is a loading t — ((t) such that
(IP) and consequently (S) & (E) does not have a solution, because of formation
of microstructure.

It is this problem which is the reason for developing our theory below.
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3 Two applications

We give two possible applications of the above theory which are well known to give rise to
the formation of microstructure. The first is the case of shape memory alloys, where the
internal variable z is a phase indicator taking values in the finite set of possible variants
of phases. In the second application we treat a model for finite strain plasticity, where
Z contains the matrix group of matrices with determinant 1. Other possible applications
involve damage models as treated in [FM98, HSB02, KMRO03].

3.1 Shape-memory alloys

The phase transformations in shape-memory alloys can be described most easily by as-
suming that the material can choose be be in one of n different phases which are character-
ized by the phase indicator z € Z = {1,...,n} and the associated stored energy densities
Y= QZ(%, F.i). For instance, in the case of a cubic to tetragonal phase transformation we
have n = 4 where one phase is the austenite and there are three martensitic phases.

In addition to the elastic properties we also need to prescribe the dissipational behav-
ior. Since the internal variables are discrete, we cannot prescribe an infinitesimal metric
A but have to give the dissipation distance D:7Zx7 — [0, 00) directly. Hence, we have
to give constants D(i, j) > 0 such that D(i,i) = 0 and the triangle inequality holds:

D(i,k) < D(i,j) + D(j,k) foralli,j k€ Z.

The value 5(2, j) has the interpretation of an energetic threshold value which has to be
overcome in order to propagate an interface between phase ¢ and j by a unit volume, see
IMTLO02, GMHO02] for more details.

In particular, it is easy to obtain simple examples where ¥ is not quasiconvex.
Obviously we have

o (i g F) = min{ ¢ (x, F,5) + D(i,5) | j € Z }.

For instance, in the case ¢(F, j) = [E—¢,]:C[E—¢;] 4 ~;, where E = 2(F+FT)—I, rank-
one convexity does not hold whenever U (j; ) is not identical ¥ (z, F, ).

In these two references a relaxed, macroscopic problem is studied which is based on
phase fractions 6; € [0,1]. Thus, Z is replaced by the polyhedron

Pn:{9:<01,,9n)€Rn|9120, 22:19]:1} (31)

We will show in Section 6.3 that this model is nothing as a special case of our general
relaxation by Young measures.

3.2 Finite strain elasto-plasticity

In the case of elasto-plasticity we need to give specific constitutive assumptions, in par-
ticular for the internal variables z € Z. We follow here the recent papers [OR99, Mie02b]
and refer to [Mie03b] for more details.



Multiplicative elasto-plasticity uses the splitting F = D¢ = F.F,, where F, is an
internal variable and F. = FF s the part which accounts for elastic energy and stresses.
As internal variables we use

z = (P,p) € SLRY)xR™, with P =F, and SL(R?) = { P € R*?| detP =1},

where p € R™ denotes suitable hardening parameters. As shown in [Mie03b], P can be
taken from any matrix subgroup of GL(R?). In, particular, we consider GL(R') in Section
8.1 and { I+ vyes®e; |y € R} in Section 8.2.

For the constitutive functions 12 and A we now specify the associated symmetry con-
ditions. They involve the material symmetry group S C SO(R?) and they are supposed
to hold for all (F,P,p) € GL, (RY)xSL(RY)xR™ (for notational simplicity we suppress
the possible dependence on z € ):

(Sy1) Frame indifference:

o~ o~

Y(RF,P,p) = ¢(F,P,p) for all R € SO(RY) ;

(Sy2) Plastic indifference:

U(FG,PG,p) = (F,P,p), A(PG,p, PG,p) = AP, p, P, p) for all G € SL(R?);

(Sy3) Rate independency:

A(P,p,aP,ap) = aA(P,p, P, p) for all « > 0;

(/\Sy4) Material symmetry: . R .

»(F,SP, 7sp) = ¢(F, P, p) and A(SP, 7sp, SP, 7sp) = A(P,p,P,p) for all S € S.

The special assumption for elaAsto—plasticity is the “plastic indifference” (Sy2) which leads

to the multiplicative split in ¢ as well as to the correct time rates in the flow rules. We
find

~ ~

O(x, B, P,p) =d(x, FP L p),  A(z,P,p,P,p) = Alz,p, PP71p),  (3.2)

and the thermodynamically conjugated forces take the form

Q= —gpV(x.F.P.p) = PTF gi(x, FP~! p)PT € R,
5@ F.Pp) = — (e, FP ! p) € R™.

~

q=-

The elastic domain Q(z, P,p) associated to ﬁ(ar,Pm, -,+) is the set of all thermody-
namic forces (Q,¢) which are not strong enough to overcome the dissipational friction:

Q(z,P,p) = [ﬁ(p@)ﬁ(x, P,p,-,-)](0,0), see (2.3). Using (Sy2) and the Lie-group structure
of SL(R?), which gives

V € TpSL(RY) <= ¢ =VP ' esl(R?) ¥ TySL(RY) = { £ € R™?| trace & =0 }.
This leads us to the plastically indifferent form of the elastic domain:

(Q.q) € Q(z,P,p) < (QPT,¢) € Q(z,p) € Q(x,1L,p). (3.3)

The flow rule (2.5) takes the form

(PP_I,]&) S aX@(LP)(QP—ru Q> - N(QPT,q)Q(x7p>
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which is the well-known associative flow rule of multiplicative elasto-plasticity. It con-
tains the “plastically indifferent” plastic rate PP ! as well as the “plastically indifferent”
conjugate force QP T = FeTaiFe (z,Fe,p).

In [CHMO2, Sect.7] the following example for a condensed energy potential in the case

of classical isotropic von Mises plasticity with hardening is given. Let
¥ =P(Fo,p) = h(det F) + L tr FIF, + 2p°  with h(8) = A62/4—(\/2+1) log d.
For the dissipation metric we choose
A=Ap,&p)=r|é] for =€, tré=0and p+ €] <0

and A(p, &,p) = oo else. Then, ¥ ((L,0);-) : R4 — R is not rank-one convex. In
particular, the function o +— ¥°4((I,0); I+ an®n) is nonconvex.

Thus, for this example the formation of microstructure is to be expected analytically.
In [HHO3] the occurrence and evolution of microstructure is observed numerically.

4 Relaxation

The general philosophy of relaxation (see [Rou97]) is that of replacing a difficult (non-
convex) problem, which may be unsolvable, by a more general problem, which can be
solved easier than the original problem but still maintains the essential features of the
original problem. In particular, in problems developing microstructure one is interested
in deriving macroscopic models for generalized objects such that their spatial behavior is
better and small scales do not need to be resolved. The mathematical process is abstract
enough to allow for the identification of new macroscopic quantities and, hopefully, for
the derivation of evolution laws for these new quantities. Thus, an efficient calculation of
the macroscopic behavior of the essential features is possible.

4.1 Basic ideas of relaxation

We illustrate the concepts of relaxation with the help of a simple example, which however
relates to a single, static problem. Afterwards we return to incremental problems and
hence time-dependent problems. More details can be found in [Dac89, Rou97].

Consider the minimization for I on the set F = H'((0,2)), where

I(SO> = f02 f(377 QO(.CE), gp’(x))dx - 630(2),
with f(z, ¢, F) = min{(F—1)%, (F+1)*}} 4 (¢—32%)*.

We first note that I does not have a minimizer, i.e., arg min I is empty. For this purpose
we use the convexification 1™ (p) = f02 feo(z, p(z), ¢'(z))de — ep(2), where

X (F—1)%for F > 1,
J (w0, F) = (p=32°)" + 0 for |[F| <1,
(F+1)2 for F < —1.

11



Since 1°°™ is strictly convex, it has a unique minimizer ¢* on F which is given by

i Ta? for z € [0, 1],
PE) =915 1 12
72° 4+ 5(1—e'77) for v € [1, 2].

In particular, we have the identity 7°°™(¢*) = mingez 1°™ ().

However, we have also I°°"(¢*) = infyer I(p) S I(¢*). To see the first identity it
suffices to construct a suitable infimizing sequence (pg)ren in F with I(pg) — 1" (™).
One such sequence is obtained by letting @i (x) = p(z)* for x € [1,2] and taking ¢ (z) €
[p* (), p*(x)++] with the additional restriction |¢}(z)| = 1 almost everywhere in (0, 1).

The point is that all function ¢ € F satisfy I(¢) > inf I = I°™(¢*). Each test-
function stays above the desired value, but one can get as close as one likes. To approach
this infimum the functions have to develop more and more structure. It can be shown
that every infimizing sequence converges uniformly to ¢, i.e., supyg o |lr(7)—¢*(z)] — 0
for k — oo. However, the gradients ¢} (z) will oscillate wildly for z € (0, 1), since we want
to have simultaneously |¢x ()| & 1 and [ ¢} (z) dz & ¢*(z2) —¢*(21) = 2 (2o —1).

A triple (F,7,1) is called a relaxation of (F,I), if the following conditions hold.
(r1) J is an embedding of F into F, such that J(F) is dense in F.

(r2) J() = inf{ lim infy_o0 J (1) | T(04) — ¥ }.

For a given problem there are many relaxations. In our above example [°" is the
relaxation associated with the choice F = F. In this case I = 1" is simply called the
lower semicontinuous envelope. This standard relaxation is especially useful if we are only
interested in the macroscopic quantities of almost minimizers, since they are given via ¢*.
However, if we need information on the microstructure other relaxations are better.

One such relaxation is the Young measure relaxation which will be discussed in Section
5 in more detail. For the present example we consider F to be the set of pairs (¢, V)
such that ¢ € F and v : [0,2] — Prob(R) (set of probability measures on R) with the
compatibility condition ¢'(z) = [, Fv(x,dF) (mean value). Denoting by d4 € Prob(R)
the Dirac distribution located in A € R (ie., [, f(F)oa(dF) = f(A)), we define the
embedding 7 in the canonical way

F— F
J: ’
{QOH(QO,&D/).

Moreover, we define the relaxed functional I via

1(e.) = | st Pyt ar) e

The important point is now that convergence in F can lead to v-components which are
no longer Dirac distributions, which may be thought of a functions with uncertain values.
In particular, for the above problem every infimizing sequence () has the property that
it J(pp) converges, namely

225y + 225, for z € (0,1),

= ,5 12 F *, * th * =
j((‘pk> (Sﬁk ‘Pk) - (SO v ) Wi v (l’) { 5<p*/(z) for xz € (172)
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Of course, we have (¢*,v*) € argmin, ,\er I((p, V).

The solution (¢*,v*) to this relaxed problem contains information on the microstruc-
ture which is needed to realize solutions ¢, which are almost minimizing. For z € (0, 1)
we see that in a microscopically small neighborhood of z, i.e., [y—z| < § < 1 the gradients
©.(y) have to be either close to —1 or to +1, where the proportion for being close to —1

2—x

is =% and that for +1 is %T””. It is exactly this kind of information whose evolution we

want to understand in the time-dependent setting.

4.2 Relaxation of incremental problems

We return to the abstract setting of inelasticity with the internal variable z € Z and the
energetic formulation of the rate-independent model. Based on the associated incremental
problem we formulate basic properties of suitable relaxations. Formation of microstruc-
ture occurs, if minimization problems have no solution, cf. [BJ87, CHMO02]. This effect is
due to material instabilities. We say that the incremental problem (IP) has no solution,
if the infimum

ap = inf(, )erxz (5(% ®,2) + D(zk-1, Z))

is not attained, i.e., there is no (¢, 2) € Fx2Z with ay = E(tx, ¥, 2)+D(2k-1, 2). In this
situation we may consider the following approximate incremental problem.

(AIP). Given e >0 and 2y € Z, find (%, 2;,) € FxZ with

g(tk,QOi,Z]i) +D(Zlac—l>zlgc) S € +g(tk>90>z> +D<Zlf:—1az) for all (‘P?Z) € FxZ.

Obviously, this problem has solutions for all € > 0. The difficult, remaining question is
how the solutions (5, 2;) behave for ¢ — 0. As we have seen in the above example,
we cannot expect pointwise convergence but certain macroscopic quantities should have
limits for € — 0. To define an abstract notion of relaxation we introduce a generalized

convergence « %2 on an enlarged space W. As above, this space is connected to FxZ
via a continuous embedding 7 : FxZ — W. Prototypes of such embeddings are convex
locally compact embeddings as given in [Rou97, Rou00]. Moreover, generalized functionals
E:[0,7]xW — R and D : WxW — [0, 00] replace the elastic functional £ and the
dissipation distance D. We define the associated incremental problem for the initial
datum wy € W and the time discretization 0 = tg < t; < ... < ty =T as follows.

(RIP) [Relaxed incremental problem]
Let wg € W be given. For k=1,..., N find iteratively wy € W such that

Wy, € argmin,, oy <E(tk,w)+ﬂ)(wk_1,w)>.

We do not ask for the conditions D(J (0, 29), J(0,21)) = D(29,21) and E(t, T (e, 2)) =
E(t,p, z). Hence, in general the relaxation will not be an extension.

Definition 4.1 A 4-tuple (W, 7,E,D) as defined above is called a lower (or upper)
incremental relaxation of (FxZ,E,D) if the following four conditions hold:

13



(R1) [Solvability] For each wy € W the relaxed incremental problem (RIP) has a solution.

(R2) [Approximation] J(F xZ) is dense in W.

..........

(RIP); and vice versa, if (wy,)r=1
(@ks 2k )k=1,...n solves (IP).

.....

.....

.....

(R4)ypp [for an upper incremental relaxation] If J (5, 25) Y, wy, and (5%, 28 )k=1,..N
solves (AIP)., then (wy)g=1.. N solves (RIP).

.....

Our definition implies that the relaxed problem has to be of the same energetic kind as
the original one; we just give up the clear distinction between ¢p € F and z € Z. Condition
(R1) forces us to consider only useful relaxations, namely those which have solutions. If
the original problem is already solvable, then we can choose W = FxZ, E = £ and
D = D, since no relaxation is necessary. Condition (R2) says that the new state space
W should not be unnecessarily big in the sense that every w € W can be approximated

by a sequence (¢°, 2%).~¢ of classical elements in FxZ, i.e., J(¢°, 2°) s w for & — 0.
Condition (R3) is very important as it says that the relaxation must maintain classical
solutions, if they exist for (IP) or if they are found by solving (RIP). Conditions (R4)ow
and (R4),pp link the rate-independent evolution of (FxZ, &, D) to that of (W, E, D) via
the approximate incremental problem (AIP)..

4.3 The relaxed time-continuous problem

Moreover the relaxed incremental problem (RIP) can be interpreted as the incremental
problem associated to the following relaxed energetic formulation of a rate-independent
time-continuous problem: The function w : [0,7] +— W is called a solution of the
relaxed problem (W E D), if (S) and (E) are satisfied:

(S) Stability For all t € [0,T] and all w € W we have
E(t, w(t)) < E(t, w) + D(w(t), w).

(E) Energy equality For all 0 < t; < ty < T we have

E(t1,w(t2)) + Disspa(w; [t1, t2]) = E(t1, w(ty)) — & (0(s), ®(w(s)))ds.

t1

Here ¢ = ®(w) is the macroscopic deformation ¢ associated to the generalized limit w €
W. The relaxed dissipation is given by Diss.e(w; [to,t1]) = sup Z;VZI D(w(Tj—1), w(r;))
where the supremum is taken over all N and all discretizations to < 79 < ... < 7y < 1.

A further desirable property for relaxations is the consistency for the time continuous
problem:

14



(R5) [Time-continuous consistency] If (¢, z) : [0,7] — FxZ solves (S) & (E), then
J(p,2) : [0, T] — W solves (S) & (E); and vice versa, if w : [0,7] — W satisfies
w(t) = J(e(t), 2(t)) and solves (S) & (E), then (¢, z) : [0,T] — Fx Z solves (S) &
(E).

Another way to define relaxations for rate independent problems of the type (S) & (E)
is proposed in [The02]. This definition avoids totally the usage of incremental problems
but needs instead a sequence of approximation operators S,, : W +— F x Z such that:

(R.i) For all (¢, z) € FxZ we have S,,(J (¢, 2)) 2, (p, 2) for n — oo.
(R.ii) For all t € [0, 7] and all w € W we have E(t, S, (w)) — E(t,w) for n — co.
(R.iii) For all weid, Wnew € W we have D(S,,(Woia), Sn(Whew)) — D(Wold, Whew) for n — oo.

An application of this theory to phase transformations is given in [The02].

5 Young measures

A special relaxation can be given by using Young measures which were introduced into
the field of continuum mechanics in [BJ87] and were further developed in the last 15 years,
see e.g., [Rou97]. One particular instance of the relaxation developed below was studied
in [MT99, GMH02, MTLO02|, where phase transformations in shape-memory alloys were
studied. In our terminology of micro-, meso- and macroscopic scales we consider the Young
measure as macroscopic object which is obtained by averaging microscopic fluctuations
over mesoscopic representative volume elements, see the discussion in the paragraph after
(5.2). After introducing the main notations for Young measure, we introduce the so-
called Wasserstein distance on measures which measures the minimal dissipation distance
between two Young measures. Finally we will study gradient Young measures which arise
as Young measures for the deformation gradient.

5.1 Basic notations for Young measures

We begin by recalling the definition and properties of Young measures, for more details
see [Rou97, Mie99]. Recall that Z is assumed to be a closed subset of R™ (which is not
necessarily convex, like SL(R?) C R¥9) and let ZP = { z € L?(Q) | 2(z) € Z a.e. } for
p > 1. We consider sequences of functions (z7);eny with 2/ € 2P, which may be obtained
from an infimizing sequence in some incremental problem. In general, we may only expect
weak convergence, i.e., there exist 2> € LP(Q, R™) such that for all h € Cy(£2, R™) we have

Jo#(x) - h(z)dz — [, 2°(x) - h(z)dz for j — oo. (5.1)

A major problem with weak convergence is that it is not compatible with nonconvexity
of Z. In general the weak limit 2 does not lie in ZP. For instance, det P/ = 1 does not
imply det P> = 1.

Weak limits are obtained by simple averages over mesoscopic test regions xg+e(@,
where Q = (0,1)¢, and the subsequent limit j — oo. In particular, (5.1) is equiv-
alent to the following convergence: for all xy € €2 and £ > 0 small enough we have
Jooieq P (@) da — [ o 2%(x)dx for j — cc.
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The Young measure does not average over these test regions but rather measures how
the values z(x) are distributed throughout the test regions xg+ec@). Denote by Prob(Z7)
the set of all probability measures on Z (contained in the set of Radon measures Cy(Z)* =
Lin(C(Z)o, R)):

Prob(Z) o { v measure on Z |v > 0, / v(dz) =1}.
zZ

The Young measures on ) with values in Z are given by

YM(Q, Z) o {p:Q Prob(Z) | uis weakly measurable }.

We say that the sequence (27);cn generates the Young measure u (written 27 RLIR w) if
for each xy € Q and sufficiently small € and every function g € Cy(Z,R) we have

fxOJrgQg(zj(x))dx = Japteo [, 9(zx)u(x,dz)dx  for j — oc. (5.2)

A function  — z(x) can be considered as a Young measure by letting (z) = 0.(,) where
J, denotes the point mass in a, i.e. §,(A) =1if a € A and 0 else.

In the above considerations we consider the small cubes x+c(@) as mesoscopic represen-
tative volume elements which have side length € > 0. On the one hand, the value ¢ > 0
is bigger than the microscopical fluctuations which appear in the sequence 27 : Q — Z
for j sufficiently large. On the other hand ¢ is smaller than the typical length scale on
which the Young measure u(x) € Prob(Z) varies with the macroscopic variable z € 2.
In mathematical terms this is expressed in the fact that the limit j — oo has to be done

before the limit & — 0. If 27 =5 1 we have, for all measurable W C Z and almost every
x € €, the identity

plz, W) = | plr,dz) = lime™ lim vol({y € w+2Q | 2/ (y) € W 1)
zeW -

In the sequel we will often consider probability measures on a product space Z;x 2,
which then is denoted by Prob(Z;xZ;) (or even Prob(Z;xZyxZ3) for a triple prod-
uct space); the associated set of YMs is denoted by YM(Q, Z;xZ5). A measure v €
Prob(Z;x Z5) denotes a joint distribution of the two variables z; € Z; and z5 € Z. Often
it is necessary to extract the so-called marginal distributions v; = M v € Prob(Z))
which give the simple distribution of z; € Z; neglecting the correlations to z3_;. Explicitly
vy is defined via its action on test functions g : Z; — R, i.e.,

[ gteomi@n) = [ gan(@a,dz) for g € Co(Z0,R).
Al AR
Similarly vy = Msrv € Prob(Z;) is defined via integrating out the variable z;. We may

also use the more intuitive form

Miv=r = / v(-,dzg) and Mov =1y = / v(dz, ).
22€2Z2

z1€21

Clearly M can be seen as a projection on the space of all measures. For a linear combi-
. . n . . n
nation of Dirac masses v = ) ;) a0k iy we simply obtain v; = 37/, akézf.
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5.2 The Wasserstein distance between measures

Given a (dissipation) metric D : ZxZ [0, 00], we want to generalize it to a metric D
on the space of Young measures which satisfies D(d,,,0,,) = D(zq, z1) for all 2,2, € Z.
Moreover, it should fit to the microscopic observation that microscopic changes from zy to
z1 can be arranged in the mesoscopic region zy+<(@) in an optimal way. Here optimality is
meant in the sense of minimal dissipation. Assume that at time level £,_; at a macroscopic
point & € Q the microscopic distribution of z is given via uy_1(x) € Prob(Z) and that
this distribution has to be changed into py(x). Assuming that both distributions are
realized on the mesoscopic region x+e@) via functions zj;_,, 2 : v+e@Q) — Z, we have a
lot of freedom to choose these functions to make the dissipation minimal. Note that the
dissipation only depends only the distribution of the values 2 inside of Z but not on the
microstructural arrangement of 25 as a function from r+e@ into Z.

This leads directly to the so-called Wasserstein distance between two probability mea-
sures. By DVa we denote the Wasserstein metric on Prob(Z) which associates to D:

DWVess (. vy, v1) = inf { foZ lA)(x, 20, 21)n(dzo,dz1) | n € Prob(Zx 2),

(5.3)
vo = Man, v = Man }
For given vy, v, € Prob(Z) we have to transport the mass from the start distribution vy
to the final distribution . Here n € Prob(ZxZ) is a probability measure such that
n(dzo, dz;) gives the amount of mass which from a neighborhood of z is transported into
a neighborhood of z;. We have to infimize the associated dissipation D with respect to n
under the given initial and final distributions.
We illustrate this by calculating the distance between two measures which have mass
only in finitely many points, i.e., v; = 3,7, ozk,é j with 2z € Z, g, > 0 and Zk 1 ozk =1.

For the distance the associated transport measures take the form 77 = >0 S By 100 21,
where B;; € [0,1] is the mass which is transported from z{ to z;. Thus, we find

mo mi mi
DWVass (1 vy, 1) = min{ > Zﬁle(x 20,20 | Bra > 0, Z Bri=af, > Bri=a? }.
k=1i=1 I=1

Thus, calculating the Wasserstein distance is a classical linear programming problem for
the case of measures with finitely many mass points.

The Wasserstein metric has a dual representation (which is well-known in probability
theory) using Lipschitz continuous functions, cf. [Rac91, Mie99]:

DWVass (g vy, v1) = sup{ fZg( v1(dz) fZg v(dz) | g € Co(Z,R),Lips(g) <1}

where Lipp(g) = sup,, .,cz 1g(21)—g(22)|/D(x, 21, z0). Hence, DV can be understood
as the restriction of a Banach-space norm to the convex set Prob(Z). This definition
of the norm is very useful in theoretical considerations but is less useful for the actual
computation of the distance.

For two Young measures fig, 11 € YM(2, Z) we define the dissipation distance via

D(40, 1) = fmGQ DS (, po (), pu (x)) da,

which is an integral over a function which is local in the macroscopic variable z € €.
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5.3 Gradient Young measures

There is a special case of Young measures, namely those which are generated by sequences
which are gradients of functions, like the deformation gradients in continuum mechanics
F/ = Dy’ € R™4, The Young measures obtained as limits from gradients form a subset
of all Young measures and are called gradient Young measures (GYM). They are
characterized as follows (cf. [KP94, Rou97]):

v e GYM(Q, R¥?) «— {There exists ¢ : Q +— R? such that for almost

rad
every (a.e.) z €  we have y(z) € Probp ., (Réx4),

where

. (5.4)
Probersd (Rexd) 4<f {u € Prob(R%*?) ) for all quasiconvex h : R%4 s R

we have h( fyuu G1(AG)) < [rnea h(G) V(dc;)}

R
and Prob&™(R¥:4) & [, € Proberad(R*d) | [ Gu(dG) =F }.

We shortly write v € GYM,(Q, R™?) if y(x) € ProbgDrZ‘zx) (R™*?) for a.e. x € Q.1

The above condition y(x) € ProbgDrzc(lz) (R9*9) is essential as it reflects the information
of compatibility of different gradients. For instance, v = 06,+(1—6)dp with 0 € (0,1)
and A, B € R™ lies in Probe™(R¥?) if and only if rank(A—B) < 1. In contrast
to Prob(R?*?) and YM(Q2,R%*9), the sets Prob#?d(R™?) and GYM(, R¥9) are no
longer convex which makes calculations with GYM much more difficult than those with
simple YM. However, for fixed F the set Prob&!(R%?) is convex, and consequently
GYM, (92, R™9) is convex for fixed ¢.

A welcome feature of GYM is that the the condition v(z) € ProbgDrZ‘gx) (R?*4) is local
in the macroscopic space variable . The only coupling between the different measures
v(z) occurs through the mean value D (z) which has to be a gradient. Moreover, all
sets Prob&®!(R%4) can be obtained by translating Probg™(R%*?), i.e., Prob%!(R%*?) =
TyProb&™ (R™?) where (Tyv)(A) = v(A—F) for all A ¢ R™?. This can be used in
finite-element calculations, since most computations can be done parallel in each element.

A major problem is that the set of quasiconvex functions appearing in the definition
of Prob®? is not well understood. The construction of approximating sequences with
classical functions or other approximations are rather easy for usual YM, but very difficult
and not really understood for GYM, see [KP94, Rou97]. This is due to the fact that the
set of quasiconvex functions h : R¥™¢ — R is not understood at the first place.

5.4 Sequential laminates

There is one nontrivial construction for GYM which are called sequential laminates. It is
known that the closure of the set of sequential laminates (infinite sequential laminates) is a

'For mathematical reasons the above definitions have to be made more precise, such that the in-
tegrals [pu.a h(G)v(dG) are well-defined. For instance, one can restrict to measures v such that
Jaxa 14+]|G|Pr(dG) < oo and then considers only quasiconvex functions h with |h(G)| < C(1+|G[?).
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strict subset of all GYM. However, so far it is the only set which is computationally acces-
sible. Moreover, experimental observations show that almost all observed microstructures
have the form of sequential laminates with one up to three levels of laminates.

The basic lamination construction works as follows. For j = 1,2 consider p; €
GYM,, (2, R™?) such that rank(De¢,(2)—D¢,(2)) < 1. Then, for all functions 6
L>(€2,[0,1]) the YM o = Oy +(1—6) o lies in GYM,, (2, R™9), where ¢ = O, +(1—0)p,.
To show this one has to combine the two different microstructures in a laminated fashion
to form a new microstructure. Using F(z)—Fy(z) = a(x)®n(z), one forms on mesoscopic
patches fine laminates with normal vector n(x) and relative volumes 0(x) and 1—6(x).
The condition Fy(z)—Fs(x) = a(x)®@n(x) is needed to guarantee compatibility.

Starting with a trivial GYM of the form p; = dpy, and applying this process sev-
eral times leads to more and more complicated GYMs. This process is called sequential
lamination. It is known that this procedure does not yield all possible GYM, however,
the reachable set seems to be sufficiently rich for applications. We refer to [BJ87, Kru98,
OR99, ORS00, AP00, Gol01, GMHO02] for more details.

Finally, we indicate how this procedure can be used for measures which have mass only
at finitely many points. Obviously we have dg € Prob%(R%¢) and for each o € (0,1),
a € R? and n € R? with |n| = 1 the two matrices

Fi=F+ (1-a)a®n and Fy;=F —ca®n

are compatible since F;—Fy = a®n. This splitting procedure of dg into adp,+(1—a)dr, €
Prob&® (R%*?) is called branching in [ORS00]. Replacing F; and Fy by similar laminates
we reach a GYM which has mass in four points, also called leaves. After finitely many steps
we reach a general measure v = SV a0, which lies in Prob&*!(R**?). Moreover, such
sequential lamination can be associated with a tree, where every branch point corresponds
to a replacement of one gradient by a compatible pair. Since Prob&*!(R%*) is a convex

A F2 F2 F2
« 11—« —— —— ——

F, F
2 Fo3 Fo3 Fo3
0%} 1—ao
F, F F
F271 F2,2 F
2,1
Q21 1—ag;
Fo3 Fo3 Fox
Fy1. Fyio

Figure 5.1: A lamination tree with four leaves and the associated sequential laminate

set, we may also take convex combinations of several lamination trees associated with F.

For a given F a tree with k branchings lies in a 2kd-dimensional manifold, since at
each branch-point the weight o € (0,1) and the vectors a,n € R¢ with |n| = 1 can be
chosen freely. The construction of such measures is embedded in minimization problems
arising from the incremental problems; hence it will be of importance to understand how
the trees can be modified by changing the weights «, the jump vector a and the normal
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vector n as well as by adding further branches or, to keep complexity as small as possible,
by cutting of branches (called pruning) if their weight is too small, see Section 7.4.

6 Separate relaxation

6.1 Abstract separate relaxation

Whereas relaxation of single minimization problems is a standard tools nowadays, the
relaxation of time-dependent or incremental problems is not developed as much. There
are rather ad hoc methods in certain fields, but no general strategy seems to be available.
We refer to [Ott98, Bre99, Bre00, MTLO02| for such results.

Here we suggest a formal mathematical approach, which has the advantage that it
is relatively simple and stays in the framework of variational incremental problems as-
sociated with energetic formulations. In particular, when this approach is made con-
crete within the field of Young measures, it leads to the models treated by engineers
[OR99, ORS00, Mie03a, MLO03].

The separate relaxation is obtain by embedding FxZ via J densely into a larger
space W. The relaxed functionals E and D are abstractly defined as relaxation of £ and
D, respectively, in the sense of Section 4.1:

E(t,w) = inf{ iminf E(t, @, 2m) | T (Prns Zm) — w },

D(wg, wy) = inf{ lmioréf D(20.m, 21.m) | T (@, 20.m) W, wo, J (P, 21.m) W, wy }.
We call this separate relaxation, since in the relaxation process the energy storage and the
energy dissipation are treated completely separately from each other. These functionals
are given as the smallest possible limit of all sequences of classical functions producing
the correct limit in W.
This abstract setting is not very useful for practical purposes unless the form of E and
D is made more specific. However, we obtain a general result in terms of relaxation.

Theorem 6.1 If for all zy, z1 € Z we have D(J (0, 20), T (0, z1)) = D(20, 21) and if further
technical assumptions hold, then the relazation defined via W, J, E and D satisfies the
properties (R1)-(R3) in Definition 4.1 as well as (R5).

Proof: The existence of minimizers for the incremental problem E(¢, 2)+ID(z0q, 2) — min
is solvable since by construction E(¢,-) and D(zyq, ) are weakly lower semicontinuous.
Suitable assumptions give coercivity as well, hence infimizing sequences have a weak limit
which is a minimizer.

The consistencies (R3) and (R5) follow from the fact that the relaxation satisfies

inf{ E(t, ¥, 2)+D(201a, 2) | (¢, 2) € FXxZ } = inf{ E(t,w)+D(T(0, zo1a), w) | w € W }

for all t € [0, 7] and zoq € Z. Hence, stability in FxZ already implies stability in W. =

A major problem in the theory is that we do not understand under what conditions
the separate relaxation also satisfies the properties (R4)ow 0r (R4)ypp. The problems arise
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from the fact that, depending on the choice of W, we lose some or more information on
the microstructure in step k—1 and just remember wy_; € W. For instance, if W is the
Young measure relaxation discussed in the next subsection, we only remember mesoscopic
volume fractions of the infimizing sequence (z§_;)c>0 and lose information of their micro-
scopic arrangements (micropattern). Hence, our generalized dissipation distance D may
underestimate the dissipation if the distribution of the fluctuation changes only little but
the micropattern changes a lot. However, in situations we have in mind (elasto-plasticity
or shape-memory alloys) there is strong evidence that changes of the micro pattern are
always dominated by changes in the mesoscopic distribution. For instance laminates will
not rotate with given phase portions they rather grow by changes in the relative phase
portion.

Hence, we believe that the separate relaxation is a reasonably good model. In [The02]
it is proved mathematically for a two-phase shape-memory model that the separate re-
laxation is an exact relaxation satisfying (R4)oy-

6.2 Separate Young-measure relaxation

The abstract separate relaxation can be make explicit by choosing W suitably. We propose
a relaxation which uses the weak convergence in F C WH?(2, R?) and the Young measures
€ YM(Q, Z) to replace the states z € Z. Hence, in the abstract setting we let

w=(p,p) € FXYM(Q,Z) =W and J(p,z2)=(¢,d.).
For the convergence in W we choose the definition (7, 1) R (>, u>) if and only if
cpj — @™ in WhP(Q, Rd) and
VgeCo(Z): [,9(2) W/ (dz) = [, g(2) u>(dz) in L'(Q).
The convergence i n 1> as defined above is also called Young measure convergence and
it makes the set {d,]|z € Z} dense in YM(2, Z), cf. Section 4.1 and [Dac82, Bal89, Rou97].

The relaxed functionals are abstractly defined as Young-measure relaxation separately
for £ and D:

B(t, . ) = inf{ i inf E(1, 0, 2n) | T (10 2m) = (0:40) 1

. .. YM YM
D(po, pn) = f{ T inf D20 m, 21.m) [ 020, = H05 02y = 11 }-

This relaxation is useful since it allows for integral representations of the relaxed func-
tionals. These follow from abstract results as given in [Dac82, Rou97, MTL02].

Theorem 6.2 Under suitable technical assumptions the relazed functionals have the form

E(t @, 1) = [ Vra(z, Dep(x), u(2)) da — (€(t), ),
D(Nold; /Lnew) = fQ DWass(x7 Mold(x)> :uneW(x)) dx>
with DY2 from (5.3) and the relazed potential W, is given by

Ua(z, F,v) = inf{ f(O,l)d @(x, F+Dop(y), 2(y))dy | @ € Wy™((0, 1)),

(6.1)
v(A) =vol({y|z(y) € A}) forall AC Z }
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Moreover, for each py € YM(Q, Z) the relaxed incremental problem

(RH]P> (kav Vk) < arg min E(t/ﬂ ®, ,LL) + ]D)(/J“k—la :U/)
(p)EFXYM(Q,Z)

is solvable, i.e., the solutions (yp,vr) € FXxYM(Q, Z) exist for k=1,...,N.

The computational results presented in [OR99, ORS00, MAL02, LMDO03, Mie03a,
MLO03] are based on incremental problems of a very similar type as (RIP), the major
difference being that the dissipation distance D is approximated by a semi-implicit ex-
ponential ansatz. In [CPO1] a careful numerical treatment of (RIP) is given in the case
small-strain model for a two-phase shape-memory alloys. For a mathematical analysis of
some special cases we refer to [MTL02, MRO03].

As given in the Section 4.3 there is now a time-continuous, energetic rate-independent
evolutionary problem (S) & (E) associated to the function space W = FxYM(S, Z) and
the generalized functionals E and ID. It is of the same type as the previous problem for &£
and D defined on the space Fx Z. We only have replaced the (nonconvex) space Z by the
convexification YM (S, Z) and generalized the potentials accordingly. (This corresponds to
a locally compact convexification in the sense of [Rou97, Rou00].) However, the solvability
of (S)& (E) is much more complicated than that of (RIP). Having solvability of the
latter for a sequence of time steps tending to 0, one tries to show convergence (of a
subsequence) of the time-discrete, incremental solutions towards a solution of (S) & (E).
This convergence question will not be addressed here, and we refer to [MTL02, MRO3,
MMO3] for first results in this direction.

It should be noted that it would have been possible to define a larger relaxation by
including the fluctuations of the deformation gradient as well. We will see later that our
smaller relaxation is in fact equivalent, since we need to calculate the combined measure
of the gradient D¢ and z anyway in order to find the relaxed potential V... However,
since the only coupling between the time levels in the incremental problem occurs via the
internal variable z, it suffices to keep track only of the Young measure v as given above.

It remains the question how the relaxed incremental problem (RIP)

(¢, px) € arg min /Q (\Ifrel(D<P(x),u(x))Jerass(uk—l(l‘),u(@)) de — (€(tr), p)  (6.2)

()W

can be solved algorithmically. Here again the locality of the integrand will play a crucial
role. For (RIP) the important theorem 2.2 for the relevance of the incremental problem
holds in exactly the same fashion.

Unfortunately the definition of W, is rather complicated. In particular, it is not
obtained by integrating ¢ (x,F, z) with respect to v(dz). We always have U, (F,v) <
P QZ (F, 2)r(dz), and for nontrivial measure v we have strict inequality in most cases. This
becomes clear if we realize that F is the macroscopic strain while v relates to microscopic
fluctuations of z € Z, which have a counterpart in microscopic fluctuations of the strain.
The definition of W, shows that minimization with respect to the combined microscopic
arrangements in (the representative volume element) (0, 1)? of the internal variable z and
the fluctuation strain D¢ is necessary. We illustrate this in the following example.
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Example 6.3 Consider the case d = 1, Z = R, and (F,z) = (F—2)2. We obtain
U,a(F,v) = [F— [; zv(dz)]?, since in (6.1) we may Choose any z:(0,1)— R generating
v and then define ¢ via ¢(0) = 0 and ¢'(y) fo ds. Using fo )ds =
Jg zv(dz) the result follows. Moreover, we have

Ua(F,v) = [, 0 <fRzudz [fRzydz]>

which shows that W, is strictly less than the “averaged” energy density, if v is not a
Dirac mass.

Using the notion of gradient Young measures as introduced in the previous section we
may rewrite the relaxed elastic potential as

Uoa(z, F,v) = mf{ fRddezw(x G, 2)p(dG, dz) ‘,0 € Pr. }, where

‘ (6.3)
Pr, & {p € Prob(R>%x 2) )Mlp € ProbZ™ (R%*?), M,p = y}

See [Rou97] for the equivalence of (6.1) and (6.3). This construction is still very involved,
and it is necessary to find suitable algorithms to approximate W, . Since the sets Pg,, are
convex this is a classical linear convex programming problem, yet in infinite dimensions.
We will discuss this further in Section 7.4.

Remark 6.4 The minimizing measure p in (6.3) can be used for a post-processing to
find the microscopic pattern associated with the Young measures (these are the pat-
terns one expects to see in infimizing sequences as well as in experiments). Having the
macroscopic solutions (@, pu) € FxYM(Q, Z) of (RIP) we may consider the associated
Vi € GYM,, (2, R™%) which is obtained via yy,(x) = Mpy(z) from the minimizer py(z) in
(6.3) for calculating Ve (x, Doy (x), ux(z)). In the case that v (z) is a sequential laminate
the micropattern can be reconstructed as explained in Section 5.4.

Often in computations one needs to replace the exact relaxed potential ¥, by an ap-
proximate function; then it is important to keep its most important features, particularly
its convexity properties.

Proposition 6.5 The relazed potential U, is cross-quasiconvex, i.e. for all (F,v) €
R™?xProb(Z) we have

Jioays Vet (F+Dep(y), pu(y)) dy > U, (F, v)

for all o € Wy*((0,1)%) and p € YM((0,1)", Z) with [ 10 p(y) dy = v
In particular, this implies that W.q(-, v) : R™*? — [0, 00] is quasiconvex for each v and
that V. (F, ) : Prob(Z) — [0, 00| is convex for each F.

Cross-quasiconvexity is a special case of the more general A-quasiconvexity, see [FM99].
The proof of these results follows closely those in [FKP94, LDRO00].

An important feature of the update algorithm discussed below is that the calculation
of the relaxed stored-energy density ¥, and the calculation of the Wasserstein distance
DV (114, Vnew) have to be done simultaneously. And therefore it is especially useful to
employ the condensed energy density ¥4, cf. Remark 7.2(1).
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6.3 Relaxation of the shape-memory model

We close this section by returning to the rate-independent model for shape-memory alloys
with n phases as introduced in Section 3.1. The finite set Z = {1,...,n} for the values
of internal variables is just used to indicate in which phase the material is at a certain
microscopic point. With P, defined as in (3.1) we obtain

Prob(Z) £ P, and YM(Q,Z) ZLY(Q, P,).

Hence a Young measure p € YM(, Z) can be identified with a function 6 : Q@ — P,
where 6;(x) € [0,1] now gives the phase fraction (probability) of the jth phase in the
mesoscopic representative volume element x+e(@).

The relaxed energy potential W, has the form ¢ = W,q(z, F,6), where ¥, q(z,-,-) :
R>4x P, — [0,00] is cross-quasiconvex in the usual sense of [LDR00]. In [MTL02,
GMHO02] the form of W, is specified in more detail under the additional assumption that
the stored-energy densities @/D\(QE, - 7) : R4 — [0, 00| are given via linearized elasticity in
the form

U(@,F, j) = }(C@)[E-T;(@)]) : [E=T;(@)] +¢;(z) with E = J(F+FT)-T,
where the elasticity tensor C(z) is independent of the phase j € Z. Then, one finds
Ura(z, F,0) = >0 0500 (2, F, §) + wmix(0),

where the mixture term wy,;y : P, — (—00,0] is a convex function with wpi(e;) = 0, see
[GMHO02] for more details.

Finally we also indicate that the Wasserstein distance associated to the metric D in
Z, which is given via D(j, k) > 0, can be calculated explicitly. One obtains the surprising
result that

Dwass(eolda enew) = h(enew_eold)
for a suitable function h : R? — [0, 00) which is convex and homogencous of degree one
(see Prop. 4.7 in [MTLO02]). Here R = {0 € R" | >0, =0 }.

Thus, the relaxed function space W = FxYM(2, Z) takes here the form of the classical
function space W = HL(Q)xLY(Q, P,). Moreover, the relaxed time-continuous problem
(S) & (E) takes the form of a classical standard generalized material. However, we empha-
size that the relaxed energy W, (also called mizture function in [MTLO02| and free-energy
of mizing in [GMHO02]) as well as the dissipation potential h are derived on purely math-
ematical grounds from abstract coarse-graining principles. For this process no further
physical or mechanical knowledge about phase mixtures are needed.

Denoting by u = ¢p—id the displacement, the relaxed energy E and the relaxed dissi-
pation distance ID take the form

E(t,u,0) = [, Vrel(z,I1+Du, ) —fo (t, 2)-u(x) dz and D(hy, 1) = [, h( Oo(z))dz.

The flow formulation (cf. (2.4)) of the associated relaxed problem was ﬁrst derived in
[IMTLO02] and is implemented in [GMO1]. It takes the form

—div 81: rel( I+Du, 6) = Text (t, JI), 0
1
0e 8subh( ) + Op ¥ rel( ,I—i—Du, @) + NoP,.

In the case n = 2 and in certain cases also for n > 3 we have wyi(0) = —B:M(#) with
B =B' >0 and M(f) = diag §—0x0, see [Mie00, GMH02].
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7 Algorithms for updating the Young measures

In this section we want to address the question how the incremental problem associated
to (RIP) can be solved. For this purpose we cannot use the abstract form using E and D
nor the more concrete version (6.2) which still uses W, (2, F, Vpew) and DV (1o, Vnew )
The definition of the relaxed elastic potential ¥, involves the joint fluctuation measure
p € Prob(R¥™¢x Z,.,) and the definition of the Wasserstein distance D% involves a
transport measure 1 € Prob(ZoqX Zyew). Here Zggq = Znew = Z and the subscripts just
indicate what time level is associated with the corresponding internal variable z.

The calculation of all these measures must be part of the algorithm for solving (RIP).
However, we always assume that the original constitutive functions QZ and the (global)
dissipation distance D can be calculated directly (in the latter case this might be difficult if
only the infinitesimal metric A is given, cf. [Mie02b, Mie03b] for exact results and [ML03]
for semi-implicit approximations). Later on, we will assume that also the two derived
constitutive functions are available, namely the condensed potential W°d(z4; 2, F) and
the update function zyey = 2“pdate(x, F, zon)-

This means that we assume that everything which is needed for a numerical calculation
of classical solutions (i.e., without microstructure) is easy to calculate and already avail-
able. This does not mean that these algorithm are simpler or easier. Here we only study

what we have to do additionally to be able to calculate the evolution of microstructures
described by YMs.

7.1 Calculation of the full YM of F, z,., and z,q

We start with the formulation of (RIP) which is formulated in terms of the joint measure
7 € Prob(R¥™4x Z 14X Zyew) which contains the joint distributions of F, zgq and zyey. In
particular, 7 includes the transport measure 7 = Mjy3T = fGe]RdXd 7(dG, -, ), which is
needed to calculate the dissipation distance between the old and the new distribution of
the internal variable, and the joint distribution of present gradients and internal variables
p=MisT = fzoldEZold 7(+,dzo14, -) which is needed to calculate W,q (x, F, v) with v = Mj7.
It is essential for deriving a reasonable evolution for the microstructure to maintain the
full generality that 7 contains all the correlations between these distributions of F = D,
Znew and Zolq.

Algorithm for the relaxed incremental problem (RIP).
Start: Choose g € YM(, Zaia), €.g., let po(x) = 0.(z)-
Iterate for k =1,2,...,N:

(i) Find a minimizer (@, ;) € FXYM(Q, R*IX Z 10X Zpew) of the functional
Itk ,7) < —(U(tx), @)+
+ f f ['QD(.CE, Ga Znew)+D(xa Zold; Znew)] ’7'(33', dG7 dzold; dznew)dx
Q

Raxd x Zold X Znew
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amongst all (¢, 7) € WHP(Q R x YM(Q, R¥*¥ X Z g X Znew ) satisfying

M= [ [, o, 7(, dz, dZney) € GYMG(Q,R™Y)  (cf. (5.4)),

(7.1)
M3T - fRdXdXZnew T(7 dGJ ) dznewu) = Ug—1 € YM(Q, Zold>‘

(ll) Let uk(x) = fRdXdXZold Tk(.CE;dG,dzold, '), i.e., MU = Mng & YM(Q, Z)
(ili) If k = N exit, else increase k and return to (i).

The memory of the microstructure distribution py_; is implemented in the second con-
dition on 73 in (7.1) and the new distribution iy is transported to the next step via (ii)
and (iii). Note that we have written YM(2, Z) in (ii) while our notation would give
M1 € YM(Q), Zyew). However, in the next time step, the present Z,e, will be identified
with the future Z,q.

7.2 Calculating the reduced YM for F and z,q

The complexity of this minimization problem can be reduced by minimizing internally
with respect to the variable z,.,. For this, it is essential to have a good algorithm
to calculate the condensed potential ¥ : 7 ;xQxR¥>*? — [0,00) and the update
function Zwdate . QxRIxdx 7 . — 7 Note that these functions are classical function
whose arguments are finite-dimensional, not involving any measure. We find the following
reduced form for one time step of (RIP). For its formulation we recall the definition
Pr,, C Prob(R™x Z) from (6.3).

Proposition 7.1 Using U™ and Z"% (cf. (2.6)) the steps (i) and (ii) in the algorithm
for (RIP) (see (7.1)) can be replaced by the following equivalent algorithm:

—~

i) Find a minimizer (¢, 05) € FXYM(Q,R>¥x Z.14) of the functional
k

i(tk, p,0) © [ [ u(zge; 2, G) o(x; dG, dzga)dz — (U(tr), @)

(9] RdXdXZold

amongst all (p,0) € WHP(Q, R?) x YM(Q, R™4x Zq) satisfying o(z) € Poe, (2)u1(x)
for a.e. x € Q2.

—~

(i) Let p(x) = 2%z, -, )0 (2).

Here the push forward v = ®|*v € Prob(V) of a measure v € Prob(U) by a measurable

mapping ® : U — V is defined via v(A) oo v(®~1(A)) for all measurable subsets A C V.

In particular, for v = »77_, 0;0,, we obtain v = >7"_, 0;0,, with v; = ®(u;).
Proof: The essential point is the minimization of the inner integral in the definition of
I(t, @, 7) with respect to 7. Thus, we keep = €  fixed and suppress it in the remainder

of the proof. The minimum is attained for some 7 € Prob(R¥¥x Z 4 X Zyeyw) satisfy-
ing the constraints [pia,, 7T(dG, -, dznew) = pr—1(x) and [, %z 7(+, dzola, dZnew) €

d . . . . ) .
Probf? , (R™?). First assume that 7 is a finite convex combination of Dirac masses:
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T=Y1" N 5 L0 ) After adding suitable points with mass 0 we may write 7 in the

Zold? new

form
T = Z;r,lel 9]-,;5( 2D G0y with 6,; > 0 and Z]l 0 =1.
Minimizing a < Jairar s X Znew W(if G, Znew)‘i‘ﬁ(if Zolds Znew )| T(AG, dzoid, d2pew ) With re-

spect to z,(é‘lv), while keeping 6;;, G;, and zold fixed, leads to

CcOon l . u ate
a=3" 0,0 (2 Gy) and 2k = Zwdae(Gy, 29).

def

With 0 = M, 2T = Z;ﬂ,lzl 9]-71(5(Gj’zc()zl()i) S PD¢k(x)7Mk71(x) we find

a = f \chond(zold; G) O'(dG, dZold) and ,Mk( ) Z leézupdate(G (l)) — Zupdate| 0.

RdXdXZC,ld Jil=1 Fold

Thus, the desired forms of a and () are established if 7 consists of finitely many Dirac
masses. Using the density of such measures the general result follows. [

To solve the minimization in (i) it is not possible to decompose the problem into al-
ternating minimization with respect to ¢, and oy due to the restriction [ Zos ok (-, dzoa) €

GYM,, (92, R™4). However, conceptually we may define the following condensed relaxed
potential ¥4 and obtain a reduced, purely macroscopic minimization problem for ¢,
which is a classical minimization problem for nonlinear elasticity.

For fixed F = Dep(x) and voq = pr—1(z) we define the condensed relaxed energy

density
\Dcond(yold; z, F) & min fRddeZ lpcond(zold; Z, G) U(dG7 dzOld)' (72)

rel
UEPFvVold

If weond(y14; 2, +) is known, then ¢, can be obtained by solving the classical (pseudo-)

elastic minimization problem

@ € argmin, . B (t, )  with

Erd(t, ) = [, Uit (pp—r(2); 2, Dep(x)) dx — (U(), ).

—~

However, we recall from step (ii) that p;_; and ¢, are not enough to find py. Instead,
we need a minimizer 0 = X(2, F, voq) € Pro,y, 1-€.,

(7.3)

~

(2, F,voa) € argmin [paca, , ¥ (20105 2, G) 0(dG, dzona). (7.4)
TE€EPF,vq1q
Having a minimizer (z z, F, p;_1(x)) a the macroscopic deformation ¢, as solution of

(7.3) we define oy,(z) = S(x, D, (x), tir—1(x)) and obtain s via step (ii) in Proposition
7.1, ie., pp(x) = ZP% (1 )|*oy(z). This finishes the construction of the solution for the
kth step.

Remark 7.2 R
(1) Finding a minimizer ¥ is in fact a simultaneous relaxation and calculation of the
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Wasserstein distance from voq. However, we have contracted the effort to the minimal
information needed for realizing the relaxed incremental problem (RIP).

(2) The minimization in (7.4) can’t be decomposed into minimizations with respect
tAo Dirac masses for z,q. More precisely, assume Vgq = Z;nzl 0;0., and that o; =
Y(x,F,0.;) € Pry., are known. Then, o = > i, 005 lies in Pg,,,; however, in gen-
eral it is not a minimizer, cf. Example 6.3. The point is that the measures o; may be
associated with different macroscopic gradients F; as long as they are compatible and
have the correct average.

7.3 First and second derivative of the incremental potential

For solving the macroscopic problem (7.3) we need Wy (z, F) o weond (g, (x); 2, F) as

well as its first and second derivatives. They can be obtained if the minimizing Young
measure X(z, F, p—1(x)) is known. (Within a finite-element method we need this only for
a finite number of nodes z; € 2 and a finite number of strains F; € R¥?.) To simplify the

subsequent formulae we shift this measure in the G-component by its mean value F. Let

Ty : (G, 2) — (G+F, z) and define o} (z) € Po i, ,(2) Via oy (z;.5) o SE(2,F, jup_1)(TpS)
for all measurable subsets S of R¥¥x Z. Note that the Young measures o} (z) have mean

value 0 in the G-component
Proposition 7.3 With the above notations we have the following formulae:

\Ilk (I', F) - fRdXdXZ \chond(zoldv z, F+G> O']]::‘(,T, dG7 dzold)7

° . (7.5)
DF\Ilk (m, F) = fRddeZ ]:)F\I/COn (Zolda Z, F—|—G) Jk (m, dG, dzold)~

If of (z) depends sufficiently smoothly on F (as a distribution on R¥>*¥x Z ), then for all
F, H c R™ we have

DiVk(z, F)H,H] = [pura, , DEU" (204, 2, F+G)[H, H] o} (2, dG, dzow)

+ fRddeZ DF\Ilcond(Zol(Ib .T, F+G) [H] DFO—E (.T, dG’ dZOld) [H] (7 6)
= [oia, , DEUM (20 2, F4+G)[H, H] 0F (2, G, dzoq) '

— Jpaxay 7 V" (2o01a, 7, F+G)Dgof (2, dG, dzeq) [H, HJ.

We refer to [BKKO00] for a rigorous proof of the second formula in (7.5).
Here the distributional derivatives Dpa[H] and D%o[H, H] of a measures & with re-
spect to F in the direction H are again measures and are defined via the derivatives of

the linear functional fi— L(F) < Jraxay 5 [(G, 2)5(dG, dz) as follows:

def

fRddeZ f(G,2)Dro(dG, dz)H] = DFLf(F)[H]v

Juarar 5 f(G.2)D35(dG, d2)[H, H] & D3 Ly (F)[H, H],

for all sufficiently smooth test functions f : R™¥x 27 — R.
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These relations are best understood by assuming that the measure is given as a linear
combination of Dirac masses, i.e., of = > Aj(F)cSéj(F) 7, Lhen, we have Ly(F) =

>y Mi(F) f(G(F),z;(F)) and obtain
DpLy(F)[H] = >, (DFAj[H]f(éj,zj> + A;De.n f(G;,%;)[(DG;[H], DE]-[H])]),

where all functions A, éj and z; and their derivatives are evaluated at F. An analogous
formula holds for the second derivative; it involves first and second derivatives of the
functions f,A;, G, and z;.

7.4 Updates using sequential laminations

Altogether we have reduced the incremental problem (RIP) to finding the minimizer
o =3z, F,v) € Pr,, of (7.4). At present there is no easy method for solving this prob-
lem. However, the procedure called sequential lamination (see [Kru98, AP00, Gol01,
GMHO02] and Section 5.4) seems to provide sufficiently good approximations of minimiz-
ing gradient Young measures. Its usage in incremental problems was first highlighted in
[OR99, ORS00]. We indicate how this procedure can be adapted to the present context
where we have to find probability measure ¢ in Pg,, and thus have to take care of the
additional internal variable.

Assume that v has the form Z‘jjzl 050, A general o € Pg, which is a convex combina-

tion of finitely many Dirac masses has the form o = Zszl 5k0(Gy,z,)- However, v = Myo
implies { Z |k =1,..., K } C{%;|j=1,..,J }. Hence, we can use the ansatz

L; . L; .
o= ijl > 21 8130(Gy .2y With s ;> 0and Y 2 s =0 for j=1,...,J (7.7

We have to guarantee that v = Z}]:1 S s1;0, , lies in Prob§™ (R%*4), which is the
most difficult restriction and is now replaced by the somewhat stronger restriction that
is a convex combination of sequential laminates, as defined in Section 5.4.
The major difficulty here is that the partial measures v; = ZZL:]1 %(5(;1 - need not lie
1 \J

in Prob%?d(RdXd) for any F;. Thus, the compatibility of the microstructural deformation
gradients can be achieved by using different internal variables zj, see Example 6.3.

Since the condition on 7 being a gradient YM is the most severe one, a typical algorith-
mical approach is the following. One assumes that the minimum defining ¥¢94(v; z, F)
is attained at a measure o € Py, such that 7 = Mo is a single lamination tree and to
each leaf there is associated a single value of z;, see Figure 7.1. In practical application it
is of course sufficient, that the minimum over the restricted class is very close to the true
minimum. (However, it is to be expected that in general situations the minimal measure
is a more complex measure which consists of several independent lamination trees or of
a tree which has more than two branches coming out of one gradient, like two different
sub-laminates.)

To start the minimization in this class, it is common to construct a candidate in this
class from the data of the previous iteration step. Since this candidate is not a minimizer,
we have to adjust the parameters in the lamination tree to make it minimal. However,
the freedom in the lamination tree is restricted by the condition Myo = v = Zij 0z
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Figure 7.1: A measure in Pg, with four leaves:

0o =uw 5(F1,Z1) + (1—Oé> [aQ (a2,15(F2,1,1,Z2,1,1)(1_a2,1)5(F2,1,2,Z2,1,2)) + (1—0&2)5(1:\2’27,2272) .

Since, only one of the values z; is associated to each leaf, we obtain J conditions on the
weights in the branches of the tree. Thus, we need more branchings than the number J to
be able to modify the weights. Recall that a lamination tree with m branchings contains
m+1 leaves and m weights. Thus, the weights are restricted, whereas the m lamination
normals n, € S and jump vectors a, € R? are free to be modified.

During the minimization process one has to test for each leaf whether it is advantageous
to replace this leaf by a simple laminate. This process is then called branching. After this
process the two new leaves will have the same value of z. The opposite of branching is
called pruning, i.e., we replace two leaves by one. This can be done if the weight of one
of the leaves is very small or if the jump vector a is small and the two values of 2z are
the same. In exceptional cases, even a longer branch may be pruned because its weight
is very small.

Now, assume that the minimization is finished, i.e., we have found oy € Ppy, (2),u4 1 (2)

in the form (7.7) as a lamination tree with m = 3.7 L; leaves. Then, p(z) has to

—~

be defined as in (ii) of Proposition 7.1, namely ju(z) = 337 ZlLJ §1,j0 Zupaate(q, ;). ONe
problem is now that in general the number of values attained in puy is actually m, the
number of leaves, and is, hence, much bigger than J, the number of values in p_1(x).
Thus, in a post-processing step one has to reduce the number again to keep the complexity
of the problem in a reasonable range.

We refer to [ORS00, MLO3] for implementations of quite similar algorithms.

8 Examples

Here we present two examples which can be treated analytically. For further applications
we refer to [MT99, GM01, MTL02, CP01, GMH02, MR03], where models for N-phase
shape-memory alloys are studied. Numerical algorithms using similar ideas as proposed
here are implemented in two- and three-dimensional elastoplasticity, see [OR99, HHO3,
Mie02a, Mie03a, MLO03].
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8.1 A one-dimensional example

To illustrate the above concepts we consider a one-dimensional example with Q = (0,1) C

R, i.e., d =1 in the above. For the internal variables we use z = (P,p) € Z o (0,00)xR

and let in accordance with Section 3
W(F,P,p) = W(FP) + h(p) and A(P,p,P,p) = AP/P,p).
The hardening energy is h(p) = e —p for p > 0 and h(p) = 1+3p for p < 0, moreover

€] for v > [¢],

LFi4F4-2) for F, > 0
W(F,) = {4( eTEe ) for ) 1
o0 else.

00 for F, < 0;

and  A(€,v) = {

We apply external forcing by imposing the boundary conditions ¢(t,0) = 0 and ¢(¢,1) =
Oy (1) 411 and let ((t) = 0 for the loadings. As initial conditions for the plastic
parameters we choose (Pg, pg) = (1, —1).

For the elastic domain @(p) =P'Q(P,p) we find @(p) ={(m,q¢|In+q<1, ¢<0}

o~

and the dissipation distance D : ZxZ — [0, o0] reads

D((Po, po), (P1,p1)) = { llog(P1/Py)| for p1 > po-+ |log(P1/Py)|,

00 else.

JFrom this and the special choice of the elastic potential W and the hardening function
h the condensed potential can be derived explicitly. We have

eond((Py, po); F) = 0o (p; FPy) with U (p, F,) = Ud(p, F; ) and

W (F) + h(p) for 1 <F* < F~'+4bys,
weerd(p; F) = § W(F,) + 4log(F/F,) + h(p) for Fi <F* < s,F},
s(VIH0,FI-1) —p  for F* > s;(F*+b,);

where b, = 4e*, s, = max{1,e ™} and F, = (v/5+2)/* ~ 1.435 is the unique solution
of F1 = F;*+4. (For more details of the calculation and related examples we refer to
[Mie03b].)

The most important feature of this model for our present purposes is that the con-
densed potential U (p; ) is not (quasi-) convex in F for p < 0 on the interval [F,, e PF,].
Thus, the system may develop microstructure since the hardening in the corresponding
regime is not strong enough. Note that the loss of quasiconvexity occurs only for F > 1,
whereas convexity holds for F € (0,1). This manifests the typical feature of nonlinear
elasticity that compression and extension behave differently. B

An important role in the analysis will be played by the convexification of Wend(p; .). It
coincides with Weend(p; -) outside of an interval which is a strict superset of [F,, e ?F,]. For
p = —1 this interval is given by [Fy, Fy| with Fy =~ 1.22 < F, < eF ~ 3.90 < F; ~ 5.6.
On this interval the convexification is given by the segment connecting the two points
(Fo, Uerd(—1:Fy)) and (Fy, Uend(—1;F,)), which is the tangent to ¥4 at both points,
see Figure 8.1. We define (Py,p;) = Z‘E’date(Fl, (Po,po)) which is the unique pair for
which \Ilcond(po; Fl) = W(F1P1)+h(p1)+D((P0,po), (Pl,pl)).
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Figure 8.1: The function Uerd(—1; .) (full line) and its convexification (broken line).

We look for a spatially homogeneous Young-measure solution w(t) = (¢(t), v(t)) with
a trivial macroscopic deformation ¢(t,z) = ®p;(t)z and v(t) € Prob(R?). Using the
times ¢y and ¢; given by ®p;,(¢;) = F; the solution can be described a follows:

t € [0,t0]: No plastic flow occurs, the solution has no microstructure: v(t) = d¢1,-1).

t € (to,t1): Microstructure develops such that F(t) is a mixture of Fy and Fy. We have
the solution v(t) = [1-0(t)]0,-1) + 0(t)d(p, p,) With 0(t) = (t—to)/(t1—to).

t € [t1,00): The microstructure has disappeared and the solution is again classical: v(t) =
O py With (P(2),p(t)) = Z%((1, —1), Ppi(1))-

We note that for this one-dimensional problem the solutions of (S) & (E) are highly
nonunique. Choose any function © : [tg, t1]xQ2 — [0, 1] such that for all x the function
t — O(t,z) is decreasing and such that [, ©(t,z)dz = 6(t) = (t—ty)/(t1—to). Then, for
t € [to, t1] the pair (¢(t,-), u(t,-)) with

o(t,z) = [y (1-O(t,y)]Fo + O(t, y)F1) dy
and p(t,x) = [1-6(t, )]0 ,0) + O, 2)d(p, p1)

defines a solution as well.

8.2 The rigid plasticity model of CoNTI & THEIL

In [CT03] a model for plasticity is presented which is fully nonlinear and can be analyzed
analytically in quite some detail. It is motivated by [OR99] where microstructure for-
mation in crystal plasticity was studied for the first time. We describe the model in our
notation of Section 3.2 and give the results which concern our theory. In particular, the
example treated in [CTO03, Sect.4] provides a special case of our relaxation in Section 4
where (R1) to (R5) can be proved rigorously. For more details see the original paper.
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We consider a body Q € R? (related results are also obtained for d = 3). The set Z
of internal variables a one-dimensional subgroup of GL(R?) which corresponds to slip in
a single slip system. For simplicity we choose the slip system as S = e;®es, i.e.,

G [/
Fp:Pﬁ:HﬁsGZd:f{(O i‘)

There is no hardening assumed, the dissipation potential is A(P g, Pg) = | 3 | which gives

a€ R} C SL(R?).

the simple dissipation distance D(P., Ps) = |f—al. The stored-energy density is such
that it has infinitely hard elastic response, i.e., F, = D@P~! must lie in SO(R?).

(E.P) = { 0 for FP~! € SO(RY),

oo else.

This defines the full model if we additionally specify suitable loadings and boundary
conditions. For simplicity we stay with the example given in [CT03] which imposes time-
dependent homogeneous boundary conditions ¢(t, z) = $p;,(t)x for all x € 9N for a given
curve ®py, : [0, 7] — GL(R?). Moreover, we impose the initial condition P(0,-) =T on all
of Q.

With these definitions the incremental problem (IP) is well defined. The formulation
of the time-continuous problem (S) & (E) is somewhat more complicated here since on the
one hand the space of admissible deformations F(¢) is time dependent via ®p;,(¢) and on
the other hand @ is not continuous. Note that the energy functional satisfies

0 if ¢ € F(t) and FP5' € SO(R?) a.e. in Q,

oo else.

E(t, e, Pﬁ) = {

The condensed energy potential and the update function take the form

(|8—al, Py) for FP, € SO(R?),

lIICOHd P.F Z\update F.P —
< ( 5? )7 ( ) 5)> { (OO,@) else,

The separately relaxed functionals E and D on W(t) = F(¢)xYM(S, Z) can also be
calculated explicitly as stated in Theorem 6.2. For this we introduce

M® X {RP,|R€SOR?), 0 €R} = { G| detG =1, |Ge;| =1} and

NOY G| detG =1, |detG| <1} > M,

The relaxed energetic potential W, now takes the form

0 if Fe N® and v € N(F),

oo else,

\Ijrel(Fy I/) = {

where NV(F) & { v € Prob(Z) | 37 € Prob&*(M®): v = R|*y }, where R : M® — Z

is defined via R(G) = Py with 3 = (Ge;)-(Gey). It is shown in [CT03] that N® is the
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quasiconvexification of M) hence N (F) is nonempty for each F € N . The Wasserstein
distance D is easy, since D is simply the distance on the straight line Z C R?*2.
Without going into detail with all the other constructions presented above, we now
study a particular shear experiment, which shows that microstructure occurs through
simple laminates. For this consider the Dirichlet boundary conditions defined via ®p;.(t) =
I+tK with K = (})®(7') for t € [0,1] (which is exactly the interval for which ®p;(t) €
N® holds). Defining F; =1 = ®p;,(0) and Fy = I + K = ®p;,(1), we immediately have

F,e M® Fy,—F =2K=a®n and Op;(t) = (1-1)F; +tF,

Thus, the simple laminate v(t) = (1—t)dg, + t 0, lies in ProbiTSi(t)(M(z)) and v(t) =
R|*y lies in N (®Ppy(t)) which implies E(Ppi(t), v(t)) = 0. Since R(F3) = P_y we find
D(F1,Fy) = 2 and the Wasserstein distance gives, for 0 < t; < t5 < 1, the identity

]D)(V(tl), l/(tg)) = DiSSrel(V, [tl, tz]) = 2|t1—t2‘

It is shown in [CT03] that this solution is the unique Young measure limit of our ap-
proximate incremental problem (AIP). of Section 4.2, whereas the classical incremental
problem (IP) has no solution. Moreover, it is also the solution of the relaxed time-
continuous problem (S) & (E), and thus provides, in addition to [The02], another non-
trivial example where the separate relaxation leads to a useful relaxed problem satisfying
(R4) of Section 4.2.
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