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Preface

The present volume presents research carried out within the research group FOR 797
“Analysis and computation of microstructure in finite plasticity” (MICROPLAST),
financed by the German Science Foundation (DFG). The research group was es-
tablished in 2007 and came to an end in 2015. During this period more that thirty
researchers contributed actively to this endeavor, organized in eight sub-projects.

The aim of MICROPLAST was to understand and model dislocation based mi-
crostructure formation and evolution in materials, and develop tools to compute it
effectively. This is important because plasticity determines a number of industrial
and natural phenomena, ranging from the deformation of the earth crust to form-
ing of metals. Most plastic processes are strongly influenced by the formation and
evolution of dislocation patterns and other plastic microstructures. Classical plas-
ticity models were able to make useful predictions without accounting for the mi-
crostructure, and focusing on a phenomenological understanding of the macroscopic
material response. These models have, however, strong limitations, concerning in
particular the transferability of the results, the applicability to large deformations,
to small samples, and the treatment of ageing and fatigue.

The foundation of MICROPLAST was inspired both by new mathematical and
modeling developments and by new experimental techniques. Around the turn of
the millennium novel variational concepts became available allowing to formulate
finite plasticity and associated microstructure formation within a rigorous and pow-
erful mathematical framework. The systematic variational formulation of the evo-
lution of internal variables via dissipation potentials and dissipation distances made
it possible to apply the concepts of relaxation theory and I'-convergence, that were
originally developed for static problems, to the evolution of inelastic materials.

At the same time experimental techniques had advanced to a stage where it be-
came possible to perform in situ measurements of dislocation microstructures and
their evolution, thus giving valuable information for the development of the cor-
responding models. For this reason, MICROPLAST was established as an interdis-
ciplinary cooperation of scientists from the fields of mathematics, mechanics and
materials sciences, working closely together on a common goal.



VI Preface

This volume contains reports on the various achievements reached within
MICROPLAST. These range from experimental evidence on the mechanisms of
microstructure formation to micromechanical and multiscale models of these pro-
cesses. They include derivations of relaxed envelopes of non-convex energies using
novel developments of variational calculus, as well as full mathematical analysis of
the models established, and the development of suitable and fast numerical schemes.

It is our hope that we succeeded in giving an insight into a new developing field,
and that the readers will find the material in this volume interesting and beneficial
for their research.

The contributions in this volume have undergone an internal peer-review. We are
convinced that this process led to significant improvements in the papers contained
in this book.

Finally, we would like to thank the German Science Foundation for their generous
support and the always very pleasant and professional cooperation.

April 2015 Sergio Conti
Klaus Hackl

MICROPLAST
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Chapter 1

Numerical Algorithms for the Simulation
of Finite Plasticity with Microstructures

Carsten Carstensen, Dietmar Gallistl, and Boris Krdmer

Abstract. This article reports on recent developments in the analysis of finite ele-
ment methods for nonlinear PDEs with enforced microstructures. The first part stud-
ies the convergence of an adaptive finite element scheme for the two-well problem
in elasticity. The analysis is based on the relaxation of the classical model energy
by its quasiconvex envelope. The second part aims at the computation of guaran-
teed lower energy bounds for the two-well problem with nonconforming finite ele-
ment methods that involve a stabilization for the discrete linear Green strain tensor.
The third part of the paper investigates an adaptive discontinuous Galerkin method
for a degenerate convex problem from topology optimization and establishes some
equivalence to nonconforming finite element schemes.

1.1 Introduction

Mathematical models in the framework of nonlinear elasticity for phase transforma-
tions in solids [BJ87, CK88, BJ92] and for elastoplastic deformations [CHMO02]
lead to variational problems for which the existence of minimizers cannot be
obtained by the direct method in the calculus of variations, for further applications
and references see [CDK11, CDK13, CDK15] and the literature quoted therein.

Carsten Carstensen

Humboldt-Universitit zu Berlin, Institut fiir Mathematik,
Unter den Linden 6, D-10099 Berlin, Germany

e-mail: cc@math.hu-berlin.de

Dietmar Gallistl

Universitidt Bonn, Institut fiir Numerische Simulation,
Wegelerstrae 6, D-53115 Bonn, Germany

e-mail: gallistl@ins.uni-bonn.de

Boris Kriamer

Humboldt-Universitit zu Berlin, Institut fiir Mathematik,
Unter den Linden 6, D-10099 Berlin, Germany

e-mail: kraemer@math.hu-berlin.de

(© Springer International Publishing Switzerland 2015 1
S. Conti and K. Hackl (eds.), Analysis and Computation of Microstructure in Finite Plasticity,
Lecture Notes in Applied and Computational Mechanics 78, DOI: 10.1007/978-3-319-18242-1 1



2 C. Carstensen, D. Gallistl, and B. Kriamer

The infimization of the energy enforces oscillations of the infimizing sequence
on finer and finer scales called microstructures and converge only weakly but not
strongly. Typically the weak limit is not a minimizer of the original minimiza-
tion problem and has to be replaced by a generalized minimizer which involves
the gradient Young measure associated to the sequence of deformation gradients
[KP91, MS99].

The numerical simulation of problems of this kind is an onging challenging task
and a direct minimization of the nonconvex energy in a finite element space leads
to strongly mesh-dependent effects [Lus96, Chi00, Car01]. An alternative approach
is based on a minimization of the relaxed variational problem [Dac08] obtained
by replacing the energy density W by its quasiconvex relaxation W9°, that is, one
minimizes

I%(v) ::/ ch(e(v))dx—/f-vdx among all v in .7 := up + H} (Q:R?).
Q Q

(1.1)
Here the function up € H'(£2;R?) defines the Dirichlet boundary conditions for the
problem and the linear Green strain £(v) is the symmetric part of the deformation
gradient Du. Since the energy density in the relaxed minimization problem satis-
fies the necessary convexity conditions in the vector-valued calculus of variations,
problem (1.1) allows for a minimizer in . Moreover, any minimizer u character-
izes a macroscopic deformation of the original problem in the sense that there exists
a sequence (u;) jeny Which infimizes the energy of the original variational problem
and converges weakly to u. If this convergence is also strong in H' (Q;Rz), then
the minimum of the energy is attained and u is a classical minimizer of the original
problem.

This approach is extremely appealing, if an explicit formula for W9° is known.
In this case one can construct for a given deformation gradient F', a corresponding
gradient Young measure v with center of mass F' which realizes the relaxed energy,
WE(F) := (v,W) := [z2.o W(F)dV(F), and provides at the same time a represen-
tation for the stress variable 6(F) = DW(F) := (v,DW) := [p2.o DW(F)dVv(F);
see [BKKOO] and [CMO02] for a discussion of the regularity of the stress variable. In
this way one obtains the associated stresses which are of fundamental importance
in engineering applications. A successful example of this approach in the numerical
analysis of a relaxed problem can be found in [CP97, CPO1].

A posteriori error estimation for relaxed nonconvex problems or degenerate con-
vex problems typically encounters the reliability-efficiency gap [CJO3]. This means
that reliable a posteriori error estimators converge with a worse rate compared to the
true error and, hence, is not efficient: The efficiency index even diverges towards oo.

The motivation of effective numerical simulations of microstructures in finite
plasticity arose in [CHMO2], where it is shown that a typical time-step in finite
plasticity leads to a non convex minimization problem and that shear bands may
be seen as microstructures in the corresponding minimization process. The relax-
ation models in the post-modern calculus of variations [Dac08] appears as the only
feasible approach for a computer simulation in [Car0O1] and this provoked massive
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research on relaxation models of single- and multiple-slip systems and their time
evolution in this research group. The numerical treatment needs an extra justifica-
tion and, even if some convergence analysis arises naturally in [CP97] for a class
of convexified model problems, there remain severe open questions in the adaptive
mesh-refining [Car08] and in efficient and reliable error control [CJ03]. The math-
ematical understanding of the performance of the related discretization schemes
could not follow the lines of an implicit function theorem [CD04] because of the
too restrictive smallness and uniform polyconvexity assumptions. The latter at least
seemingly contradicts the concept of a related hull in finite plasticity. The research
of this project therefore started at the understanding of the convexified model prob-
lems of [CMO02, CP97, Car08] and their generalization to polyconvex problems with
standard [CP97, Car08] and nonstandard discretization [CGR12] and a focus on
adaptive mesh-refining with a complete a priori and posterior error analysis.

In the first part of this paper, we outline the convergence analysis for the re-
laxation of the classical model energy in a two-dimensional setting for which the
relaxation was obtained in [Koh91, LC88, Pip91]; see (1.6) below for the precise
formula. From the point of view of numerical analysis, one striking advantage of the
relaxed minimization problem is that the macroscopic deformation u can, in prin-
ciple, be computed with a strongly convergent sequence of minimizers in suitable
finite element spaces. The reliability-efficiency gap does not prevent the conver-
gence proof of the associated stresses for a large class of variational problems with
energy densities that fail to be strictly convex [Car(08].

The second part of this paper is devoted to the computation of guaranteed lower
energy bounds for the two-well problem of [Koh91, LC88, Pip91]. The nonconform-
ing finite element method serves as the main tool for deriving those lower bounds.

In the third part of the paper, we investigate a discontinuous Galerkin method for
a degenerate convex problem from topology optimization. The reliability-efficiency
gap motivated stabilized finite element methods (FEMs) [BC10, BC14] for degen-
erate convex minimization problems. The recent developments of [CL15] could im-
prove the reliability-efficiency gap with duality methods and nonconforming FEMs.
The discontinuous Galerkin method here appears as a natural choice of a stabilized
discontinuous method and this paper succeeds in establishing an equivalence to a
nonconforming finite element method. The conclusion in Section 1.6 connects the
research in this project with the achievements of this research group and contains
various open questions for future research.

1.2 Preliminaries and Notation

Let Q C R? be a bounded polygonal Lipschitz domain with outer unit normal v
along the boundary dQ. Let .7 be a regular triangulation of 2 into triangles in the
sense of Ciarlet, with edges .% and vertices .4". The interior (resp. boundary) edges
are denoted by .7 (Q) (resp. . (d€2)). Analogously let .4 (£2) denote the interior
vertices and .4 (d€2) denote the vertices on the boundary. The set of edges of a
triangle T € 7 reads .% (T'), the set of vertices of T is denoted by .4 (T'). For any
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T € 7 let hy = diam(7T') and define the piecewise constant mesh-size function 4 4
by hz|r := hy. The length of an edge F € .% is denoted by hp. For any interior edge
F € Z(Q), there exist two adjacent triangles 7'y and 7- such that F = 9T, NJT-.
Let v = (vr(1);vr(2)) denote the fixed normal vector of F that points from 7}y
to 7_. For F € .#(9dQ), let vp denote the outward unit normal vector of Q. The
tangential vector of an edge F is denoted by 77 := (—Vr(2);vr(1)). Given any
(possibly vector-valued) function v, define the jump and the average of v of across
F e Z(Q) by

VF =V, — V| and Wr =Wl +v|r)/2 along F.

For a boundary edge F € .Z#(dQ)N.% (T}), define [v|r :=v|r —up|r and (v)F :=
(v|F +up|r)/2 for the prescribed Dirichlet data up.

Forany T € .7, the space of polynomial functions of degree at most & is denoted
by P:(T). The space of piecewise polynomials reads

P(T)={ve*(Q)|VT € Tv|r € B(T)}.

The piecewise action of the derivative D is denoted by Dy.. The symmetric part
of the gradient reads € := symD and its piecewise action reads &. The L? projection
onto piecewise constants with respect to .7 is denoted by ITy.

Standard notation on Lebesgue and Sobolev spaces applies throughout this pa-
per; H~'(Q) denotes the dual spaces of H}(£2). The space of smooth functions
with compact support in  is denoted by Z(Q). The L?> norm over the domain Q
is abbreviated as || - [| := || - [| 2(q)- The L? inner product reads (-, ")12()- The inte-

gral mean is denoted by f. The space of real 2 x 2 matrices reads M = R?*2, The
symmetric part of a matrix A € M reads symA. The space of symmetric 2 x 2 ma-
trices reads S := symM. The dot denotes the product of two one-dimensional lists
of the same length while the colon denotes the Euclidean product of matrices, e.g.,
a-b=a'beRfora,bcR?>andA:B= Z§7k:1AjkBjk for 2 x 2 matrices A, B. The
measure |-| is context-sensitive and refers to the number of elements of some finite
set or the length of an edge or the area of some domain and not just the modulus of
a real number or the Euclidean length of a vector.

1.3 Convergent Adaptive Finite Element Method for the
Two-Well Problem in Elasticity

In this section we outline the convergence analysis for the relaxation of the classical
model energy

W(E) = min{; (C(E—A)),E—A1)+wy, :

5 (C(E—A2),E—A2)+wa2} (1.2)

in a two-dimensional setting for which the relaxation was obtained in [Koh91, LCS88,
Pip91]. see (1.6) below for the precise formula with given symmetric matrices A;
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and A, called the wells. It turns out that the quasiconvex relaxation is in fact the
convex relaxation if and only if the two preferred strains A; and A, are compatible,
see [Koh91, Lemma 4.1] for necessary and sufficient conditions for compatibility.
The case of compatible wells was analyzed in [Car08] and therefore we focus on the
incompatible case in this paper. Moreover, we assume that the matrix A; — A, is not
proportional to the identity matrix since in this case the uniqueness of minimizers
may be lost [Ser96, Remark 2.2]. Hence we assume that the eigenvalues 1; and 1,
of the matrix A; — A, satisfy

O<m<n. (1.3)

We refer to the problem as nonconvex since for incompatible wells the relaxation is
not convex but quasiconvex.

1.3.1 Review of the Model Problem

In this subsection, we recall the model two-well problem following the discussion in
[CD14]. The starting point is the nonconvex energy density W for a two-dimensional
model in linear elasticity with linear kinematics for a phase transforming material
with two preferred elastic strains A| and A, € S and elasticity tensor C for which

W(E) :=min{W,(E),Wo(E)} forallE €S (1.4)

with suitable constants w; € R and

2<C(E—Aj),E—Aj)—|—wj for j=1,2. (1.5)
The focus lies on the classical case of an isotropic Hooke’s law with bulk modulus
Kk > 0 and shear modulus it >0, i.e.,

CE := k(trE) 1352 +2udevE forany E € symM = S.

Since A; and A, are symmetric matrices, we may relabel the matrices in such a
way that the eigenvalues 1; and 1, of A| — A, satisfy 1, > |n2| and, after a suitable
change of coordinates, we may suppose that the eigenvectors are parallel to the coor-
dinate axes, i.e., A| — Ay = diag(n,m2). It is well-established (see, e.g., Lemma 4.1
in [Koh91]) that A; and A, are incompatible as linear elastic strains if and only if
12 > 0. The relaxed energy density W9¢ was computed by Kohn [Koh91], Lurie and
Cherkaev [LC88], and Pipkin [Pip91]. As mentioned, e.g., in [Koh91], Section 4,
the relaxation is piecewise quadratic and globally C!, and in the notation of this
reference given by the expression below. Define v := (k — u)/u as well as (for
i=12)
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no_ %

Yj = (k—p)tr(A; —Az)+2un; and g:=

Let

P, = {E €S|W(E)— WilE) + /2 <0},
P, = {E €S|W(E)~ WilE) — g/2> 0},
@rel:{EESHWI(E)_WZ(E”Sg/Z}'

),
),

~— ~—

The quasiconvex envelope of W [Koh91, Pip91, LC88] reads

Wi (E) ifE € 2,
wae(g) = { W2(E) | i ?fE € P,
Wi (E) — zg(Wz(E) —Wi(E)+8/2)" if E € Pl

for any E € S. This gives rise to the macroscopic energy

I1°(v) ::/QWqC(S(v))dxf/Qﬁvdx.

Let
vi=p(v—(v+2)p/n) for vi=(x—u)/u.

The translated energy utilizes the shifted energy density
D(X)=W¥(symX) — ydetX foranyX e M

and amounts to

E(v)::/(D(Dv)dx—/f~vdx forany v e 7.
Q Q

K+ p(u+2)

(1.6)

(1.7)

(1.8)

(1.9

It turns out [CD14] that this convex functional has (possibly non-unique) minimizers

in u € &7 which lead to a unique pseudostress T := D®(Du).

1.3.2 Adaptive Algorithm

This section describes an algorithm for adaptive mesh-refining. The following para-

graphs are (in parts) a repetition of material published in [CD14].

Given an initial shape-regular triangulation .%, this scheme generates a sequence
of triangulations .7 and corresponding finite element spaces v which are shape-
regular depending on the initial configuration. In particular, all constants are inde-

pendent of £.
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1.3.2.1 INPUT

The input required by the numerical scheme is a shape-regular triangulation % of
the bounded domain Q C R2, the associated finite element space V(©) = V(%)
of continuous functions which are on all elements affine polynomials with values in
R?, and a fixed parameter © with 0 < @ < 1 for the marking strategy. For simplicity,
we assume that the Dirichlet condition up is contained in v,

1.3.2.2 SOLVE and the Discrete Minimization Problems

Given the triangulation .7, £ € Ny, with the corresponding discrete spaces v =
V() and VO([) = Vo(Z;) on the level ¢, compute the discrete solution u; € up +
V()M) = 7 as the unique minimizer of the energy functional /¢ on .<7. For simplicity,
we suppose that the discrete solution is computed exactly. Then, the discrete stress
is given by

0r = DW (e(uy)) € L*(F}:S).

Note that DW ¢ is piecewise affine and globally continuous and hence globally Lips-
chitz continuous. Since €(uy) € Py(.7;;S) is piecewise constant, so is o € L*(.7;;S).

1.3.2.3 ESTIMATE

Suppose that T and T_ are two distinct triangles in J; with a common edge F =
AT NIT- € F(Q) of length |F|. The unit normal vector

VE = VT+|F = —Vr_ ‘F along F

is defined up to the orientation which we fix as the orientation of the outer normal
vr, of Ty along F. Given the discrete stress 6 = DW(e(uy)) € L*(.7;;S) of the
previous subsection, the jump of oy across the edge is defined as

[0]FVE = Ol7. Vi, + ¢l Vi = (Orlr, — O¢lr_) ve  along F.

Let .7 (T) denote the set of the three edges of a triangle T € .7} and %, (T) =
F(T)\ F;(dQ) the subset of interior edges. To each triangle T € .7; with area |T|
we associate the error estimator contribution 1,(7') given by

NA(T) = [T]1f +divoy oy, +1T12 S, [lonlevelZage,
FeFiu(T)

The sum
2 2
ng= Y, n;(T)
7
is indeed an error estimator for the accompanying pseudo-stress approximations
from the translated energy minimization problem, see [CD14]. However, the upper
bound 7, of the pseudo-stress error is not sharp, the reliable error estimator 1, is not
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efficient. This dramatic difficulty in the a posteriori error control is called reliability-
efficiency gap in [CJ03] and is caused by the degenerate convexity typically encoun-
tered in relaxed variational problems in the effective modelling of microstructures.

1.3.2.4 MARK and REFINE

Suppose that all element contributions (n?(T) : T € .7;) defined in the previous
subsection are known on the current level £ with triangulation .7;. Given the input
parameter © € (0, 1) select a subset .#; of 7 (of minimal cardinality) with

on; < Y niT)=:nj(4). (1.10)
Te,

This selection condition is also called bulk criterion or Dorfler marking [Do6r96,
MNSO02] and is easily arranged with some greedy algorithm.

Any marked element is bisected according to the rules in Figure 1.1 and further
mesh refinements may be necessary (e.g., via newest vertex bisection) such that
41 is arefinement of .7 with 4y C T\ Tp41.

Theorem 1.3.2 does not need the refinement with five bisections to obtain the
interior node property and may focus on green-blue-red or green-blue refinement
strategies.

SNANSN

green blue (left) blue (right)
3 bisections 5 bisections

Fig. 1.1 Possible refinements of a triangle (up to rotations)

1.3.2.5 ouTPUT and Convergence Result

For a given triangulation .7} the adaptive scheme generates the triangulation at the
next level .7, | by a successive completion of the subroutines

SOLVE — ESTIMATE — MARK — REFINE (1.11)
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Based on the input triangulation %, this scheme defines a sequence of meshes
N, A,7,... and associated discrete subspaces
0 1 ¢ (41 1O 2
V();v();...;v();v(+)g...gV:H(Q,R) (1.12)

with discrete minimizers uy € up + VO([), ¢ € Np. The main properties of this se-
quence of solutions are formulated in Theorem 1.3.1 and Theorem 1.3.2.

1.3.3 Convergence for the Deformation Gradient

The first main result of [CD14] shows strong convergence for three out of four
components in the deformation gradient. The fact that the last component cannot be
controlled is related to the degenerate convexity of the relaxed energy.

Theorem 1.3.1. Let u € o/ be a minimizer of 195, and let uy, be a minimizer of 19
in a finite element space up + Vj o with up € V;, and Courant finite element method
with respect to some shape-regular triangulation 7. Then there exist constants Cy
and Cy which depend on the triangulation only through the shape-regularity such
that, in a suitable coordinate system with A| — Ay = diag(n;,1M2),

101 (= )1 || 1) + )y Ok (= )
Jk=1,2;(jk)A(L,1)

< ' ey ) 79(,)) |
_C1Vher£1;£1rh-0(1 (vir) = 1%(u))

Ifu € H*(Q;R?) then

min  (19(v;,) — I9° < Goh||D%ul|.
vheumvh_o( (V) (u)) < Ch||D%u|

The second main result of [CD14] guarantees the convergence of the adaptive
mesh-refining process of 1.3.2.

Theorem 1.3.2. Suppose that the assumptions in Theorem 1.3.1 hold. Then the se-

quence (up)gen with uy € up —I—VOM), £ € Ny, computed by the adaptive scheme con-

verges with respect to the weak topology of H'(Q;R?) to the unique minimizer u
of the variational integral 19° in the class of admissible functions </ . Moreover, the
energies 19°(uy) converge, ie.,

Hm 19 (up) = 1°(u) = min I°(v),
Lo veup+HJ (Q:R?)

and, in a suitable coordinate system with A — Ay = diag(ny,M2), all components of
the deformation gradient except the (1,1)-component converge strongly L*(Q), i.e.,
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101 (= ue)ill-1Q) + )Y 10k (e — ) j[| = 0 as £ — oe.
]7k:172’(1/k)7£(l/l)

One key ingredient in the proof is the observation [Koh91] that the relaxation of
the energy (1.4) can be written as the sum of a convex and a polyaffine function
which in the case at hand is a multiple of the determinant. This special structure
has, e.g., been used in [Ser96, Ser98] to obtain uniqueness results and regularity of
phase boundaries while our approach is in the spirit of the translation method which
has been widely used in homogenization theory to separate nonconvex terms with
special structure, usually polyaffine functions, from others terms. The key lemma of
[CD14] reads as follows.

Lemma 1.3.3 (convexity control). There exists some matrix D with the maxi-
mal eigenvalue p(D) such that the constant Ay = max{1/(4(y} + %)), 4p(D)}
satisfies

M|DD(A) — DB(B)? < ®(A) — ®(B) — DD(B): (A—B) forall A,B € M.

Proof. The proof in [CD14, Theorem 4.1] leads to the existence of the constant A;.
The matrix D and the new explicit expression of A; are derived in the appendix of
this paper. O

1.4 Guaranteed Lower Energy Bounds for the Two-Well
Problem

The conforming finite element method from the previous section leads to upper
energy bounds. This section discusses the computation of guaranteed lower energy
bounds with nonconforming finite elements.

1.4.1 Nonconforming FEM and Discrete Energy Functional

The nonconforming P; finite element space (also named after Couzeix-Raviart) is
defined by

CR'(.7) :={v e P|(7) | vis continuous in the interior edges’ midpoints}.

The space of nonconforming finite element functions that vanish in the boundary
edges’ midpoints is denoted by

CR{(7) := {v € CR'(.7) | v vanishes in the boundary edges’ midpoints}.

Set
CR!(7;R?):= [CRY (7)) and CR}(7:;R?):=[CR}(T)].
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For a triangle T, the Crouzeix-Raviart interpolation Icg : H'(T) — P;(T) acts on
v € H'(T) through

Icrv(mid(F)) = ][ vds forall F € #(T)
F
and enjoys the integral mean property of the gradient

Vicry = ][ Vvdx. (1.13)
T

The following approximation property of Icr with the constant ¢ := \/ 1/48+j 1‘_% =
0.298234942888 is proven in [CG14].

Proposition 1.4.1 (Thm. 4 of [CG14]). For any v € H'(T) on a triangle T the
Crouzeix-Raviart interpolation operator satisfies

v —=1Iervllz(ry < 7hr [V (v = lIerv)ll 27 O

It is well-known that the classical nonconforming P, FEM may be unstable for
problems involving the linearized Green strain tensor due to the lack of a discrete
Korn inequality. Indeed, the nonconforming FEM allows for configurations with
piecewise (infinitesimal) rigid body motions v, € CR}(.7) such that Dycvy is a
nonzero skew-symmetric matrix field. The technique from [HLO3] employs, with
some positive parameter o, the stabilization term

o 2 th}FPdS.
FeFJF
The following discrete Korn inequality is proven in [HLO3].

Proposition 1.4.2 (Proposition 2.2 of [HL03]). For any o > O there exists a posi-
tive constant C(a) which only depends on the shape-regularity in 7 such that any
v, € CRY(.7) satisfies

C(a) M IDwevnll® < llewewn) >+ Y, o [[valrl*ds. O
FeFzJF

The discrete convex energy functional reads (for all v, € CR!(.7;RR?))

Evc(vp) := / D (Dycvy)dx+or Y, \ vilr|*dx — / f-vpds.
Q FeF
The discrete set of admissible functions reads
2R = Icrup + CR(])(,?;RZ)

and gives rise to the discrete problem
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uy € argmin,, ¢ o« Exc(va)-
Note that super-linear growth of Ey. (and thus well-posedness of the minimization
problem) follows with Lemma 1.4.3 below provided o > 0 is sufficiently large (de-
pendent on 7). This restriction on & is required because the term in (1.9) involves
the determinant of quadratic growth.
1.4.2 Lower Energy Bounds
Let Coy = 2min{u, x} denote the ellipticity constant that satisfies

CallE? <|E|2:=E:CE foranyE €. (1.14)

Lemma 1.4.3 (growth condition). The constants Cy := 2/Cep = max{1/u,1/x}
and Cy := Cy (max{|A{|c,|Az2|c} — min{w;,wy — g/2}) satisfy, for any E € S, that

|E|> < CiW®(E) +Cs.

Proof. Let E € S. In case that E € Py, the definition of P, yields |W;(E) —
W1 (E)| < g/2 and, hence,

zlg(Wz(E)—Wl(E)—i—g/Z)zgg/Z. (1.15)

For any j = 1,2, the Young inequality reads
1
5 |2 — 14,1z <IE—Ajl¢. (1.16)
The combination of (1.15)—(1.16) with the definition of W9¢ from (1.6) results in
1 .
5 \E\%C —max{|Ai|c,|Az2|c} + min{w;,w, — g/2} < WI(E).
The ellipticity (1.14) and elementary algebra conclude the proof. a
Lemma 1.4.4 (Korn-type inequality). Any v € <7 satisfies
IDV]|* < 4]l e()]]* + 5| Dup|*. (1.17)
Proof. The Korn inequality
|Dv||> <2[le(v)||* forany v € Hj (2;R?)

is an elementary consequence of the integration by parts formula. For a general
function v € A, the split v = vy +vp into vy € H& (Q; Rz) and the harmonic extension
vp € o of the Dirichlet data up|, o leads to
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IDv]|* <2[le(vo) >+ | Dvo|*.

The Young inequality 4ab < a* +4b* for any (a,b) € R? implies
0< lle(o)|I* +4lle(vp) > +4(e(vo),e(vD)) 12 ) -

Therefore,
! le(o)12 < 1)+ 2lle(vo) I+ 2(£(v0),£(v)) 2y = e () I+ 1)
’ o)ll” < 0 D 0),€(vD))12(@) D
Hence, the elementary estimate ||€(vp)| < ||D(vp)|| leads to

IDVI[* < 4]le)||* +5|[Dvp]*.
Since the harmonic extension vp minimizes the H'! seminorm subject to the bound-

ary conditions up|yo, any other extension up € <7 provides the upper bound
IIDvp|| < ||Dup||. This proves (1.17). O

Lemma 1.4.5. With the Friedrichs constant Cr, the constants C1, Cy from Lemma
1.4.3, and y from (1.8), any v € o satisfies

|Dv||> < 8CLE(v) —|—8yC1/ detDvdx +8|Q|Cy + 16CICH || f||* + 5||upl*.
Q
Proof. The Korn-type estimate (1.17), Lemma 1.4.3 and the definition of £ imply
le)|? < ¢ / ch(e(v))dx+/ Crdx
Q Q
= C1E(V)+C1/ f~vdx—|—C1}// detDudx+/ Crdx.
Q Q Q
The Friedrichs inequality with constant Cr and the Young inequality prove
ci [ fvax < il v]
Q
1
< CCr||fIHIDV < 2CRCEFIP + g 1DV

The combination of the foregoing displayed formulas proves the result. a
Lemma 1.4.6. It holds
M ||D®(Du) — DD (Dycleru)||* + Exe ()

< E(u)+ sl[hz fI| |(1 = To)Dul| + & Y, f |[crur|* dx.
FeFZJF



14 C. Carstensen, D. Gallistl, and B. Kriamer

Proof. The discrete problem shows that

ENC(M/’L) = min ENC(DNth)

VR EFCR
< ENC(ICRM) (1.18)
= 2 @D (Dyclcru)dx+ o 2 |[Icru] F| dx — /f Icrudx.
Te¢T7YT FeFJF

Lemma 1.3.3 for A := Du and B := Icru and an integration over T € .7 lead to
2,1 HD(D(DM) - DCD(DICRM HL2 / CD DICRM
< / @ (Du)dx+ / D®(DIcru) : D(u— Icru) dx.
T T

Since D@ (DIcru) is constant on 7', the projection property (1.13) shows that the
last term on the right-hand side vanishes. This, (1.18), and Proposition 1.4.1 lead to

21| D@ (Du) — DD (Dyclcru) || + Exc(up)

/(D Dyclcru) dx+ o Z |ICRu \ dx — /f Icrudx
FeZ

E(u)+o Y, + |[IcrulF| dx+/f (u—1Icru)d
FeFJF

< E(u)+#llha f|| |(1—Ho)Dul| + e 3,  [llcrulr|*dx. O
FeFJF

Let Cy; := maxyc 7 h3 /| T| be the shape-regularity constant.

Theorem 1.4.7 (guaranteed lower energy bound). Any v € &7 and

1/2
C(f,v) = <sclE(v)+8yc1/9detDvdx+8|Q|cz+16c12c%f||2+5uD2>

satisfy
Exc(un) < E(u)+C(f,v) (5 |h7 f|| +30Cs/ T2).

Proof. For any v € &, the term |, o detDvdx does not depend on the particular
choice of v but only depends on the boundary data up. Hence, the combination
of Lemma 1.4.5-1.4.6 leads to

Exc(up) S E(u)+ »|ha fIl C(f,v)+ 0 Y, £ |[lcrulr|*ds.
FeFJF
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For any edge F € .7, the Poincaré inequality along F and the the trace inequality
[DE12, eqn (1.42)] reveal for the edge patch @r that

7[ \lTcrulr [P dx < = >hr||0[Icrulr /95|72y < 7 *Cor| Daclerul 2 g
JF

The sum over all edges in % and Lemma 1.4.5 conclude the proof. O

Remark 1.4.8. The efficiency of the lower bound is topic of ongoing research. In
particular, the requirement of a sufficiently large stabilization parameter ¢ leads to
an additive shift in the lower bound. The numerical tests below will investigate the
dependence for a model situation.

1.4.3 Guaranteed Error Control for the Pseudo-stress

This section presents an application to guaranteed a posteriori error estimates for
the pseudo-stress. Let 7 := D®(Du) and 15, := D®(Dycuty,) denote the exact and
discrete pseudo-stress.

The computable a posteriori error estimator for ||T — 7;|| utilizes the conform-
ing companion operator J3 : CR!(.7) — P3(.7)NH' () from [CS15, Lemma 3.3]
which satisfies, for any v, € CR!(T) and any T € .7, that

/(vh —J3v)dx=0 and /DNC(vthgvh)dx:O.
T T
Proposition 1.4.9 (guaranteed a posteriori error estimate). The exact minimizer

u € o/ of E and its pseudo-stress T := D®(Du) and the discrete minimizer uj, of Exc
with discrete pseudo-stress Ty, := D@ (Dycuy,) satisfy

1
M HT— ThHZ < 2<ENC(Mh) —E(u) —‘r/ f- (uh —J3uh)dx) + Py ||DNC(uh —J3uh)\|2.
Q

Proof. The convexity control from Lemma 1.3.3 for A := Dycuy, and B := Du and
an integration over €2 lead to

Mlie-al < [ oDwan)ar— |
Q

(D(Du)dxf/ T : Dyc(up —u)dx
Q

Q
:Enc(uh)—E(u)—l-/Qf-(uh—u)dx—/QT:DNC(uh—u)dx.

The projection property of the companion operator J3 and the discrete Euler-
Lagrange equation reveal

/T:DNC(uh—u)dx:/(I—HO)T:DNC(uh—J3uh)dx+/f~(J3uh—u)dx.
Q Q Q
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The combination of the foregoing two displayed formulae with the Cauchy inequal-
ity results in

AIHT*ThHZSENC(“h)*E(”)+/Qf'(“h*JSMh)deFH(I*HO)TH||DNC(“h*]3“h)H~

The Young inequality reads
A 2, 1 2
(1= To) el 1D (s = Jsen) | < [ (1= Tho) "+ (1P aan = Jsaan) [~

The first term on the right-hand side can be absorbed to obtain the claimed
estimate. O

Remark 1.4.10. The term Eyc(u;) — E (1) in the estimate of Proposition 1.4.9 can be
estimated with the guaranteed lower energy bound of Theorem 1.4.7.

1.4.4 Numerical Experiments

This subsection numerically investigates the performance of the guaranteed lower
energy bounds on the square domain and the I"-shaped domain.

1.4.4.1 Numerical Realization

The material parameters under consideration read (cf. [CP0O0])

K =137, u =70, A= [063 81:| , Ay = |: 8-1 85:| , wir=wy=0.
The reference energy (referred to as “exact energy”) stems from a computation
with Pj-conforming finite elements on uniformly refined meshes and Aitken ex-
trapolation. The numerical experiments have been carried with the Matlab routine
fmincon.

In this simple model situation the problem appears to be well-posed for any
choice of or > 0, with constants that deteriorate as o¢ — 0.

1.4.4.2 Square Domain
Let Q = (0, 1)? be the square domain with f = 0 and Dirichlet data

(0, [L(1=2]x;—0.5]) ifx, =1,

u X1,X2) 1=
plaa(xx2) {(O, 0) else.

The guaranteed lower energy bounds are displayed in Table 1.1. The exact energy
reads 73.8253.
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Table 1.1 Guaranteed lower energy bounds for the square domain. The exact energy reads
73.8253

V2xh= 1 21 272 273 24 2-5 26

o=1 52755 8.02748 13.3979 24.7867 36.6346 43.458 46.2624
o=0.1 31.5893 31.8635 32.5132 35.0702 42.4706 54.2174 63.6917
o =0.05 33.0521 33.1891 33.518 34.8862 39.5763 49.7449 60.9973

1.4.4.3 [I'-Shaped Domain

Let Q = (—1,1)*\ ([0,1] x [—1,0]) be the I"-shaped domain with f = 0 and Dirich-
let data |
(O, 10(1*|X1D) ifx, =1,

u X1,X%2) 1=
plo(x1,%2) {(O, 0) else.

The guaranteed lower energy bounds are displayed in Table 1.2. The exact energy
reads 103.9553.

Table 1.2 Guaranteed lower energy bounds for the I'-shaped domain. The exact energy reads
103.9553.

V2xh= 1 2-1 272 273 24 273 2-6

o=1 21.1156 26.2638 37.2546 49.6945 58.2414 62.2028 63.6278
o=0.1 56.2229 56.8688 59.367 66.5721 78.4894 89.545 96.0492
o =0.05 58.1715 58.499 59.8371 64.3799 74.4118 86.5119 95.5195

1.4.4.4 Discussion of the Computational Results

In the numerical experiments, the problem seems to be stable for any o and the
guaranteed lower bound becomes sharper for smaller values of o. On the other
hand, the discrete Korn constant deteriorates for small o which implies that also
the mesh-size & is required to be very small in order to achieve the lower energy
bound. This effect can be observed in the numerical experiments, where the choice
of oe = 0.1 outperforms the lower bound for o = 0.05 on the triangulations under
consideration.

1.5 Discontinuous Galerkin Method for Degenerate Convex
Minimization Problems

This section discusses a discontinuous Galerkin FEM discretization for a degenerate
convex model problem from topology optimization.



18 C. Carstensen, D. Gallistl, and B. Kriamer

1.5.1 Optimal Design Benchmark

The optimal design problem analyzed here is to seek the distribution of two materials
of prescribed amount for maximal torsion stiffness of an infinite bar of given cross
section £2. The volume fraction of the materials is given by the parameters 0 < u; <
land tp :=1— .

The mathematical analysis of this problem [BC08] leads to the minimization
problem

min E(v) with E(v):= / W(Dv)dx—F(v). (1.19)
vEH (Q) Q

Since the problem is not convex, it is not clear from the beginning if there exists
any solution u for the problem at all. The non-convex nature of the original problem
leads to the occurrence of microstructures. In the prototypical numerical simulation
of Figure 1.2 one observes the arrangement of the two materials in an interior region,
a boundary layer and small transition layer between the two regions. These transition
layers are the microstructures, in which we can only determine the amount of each
material but not their position. The solution u describes the macroscopic, space-
averaged state. The relaxation of problem (1.19) employs the convex envelope E**
and leads to the degenerate convex minimization problem

sup min E™(A,v), (1.20)
AERVEH] (Q)
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Fig. 1.2 Example of microstructures. The colour indicates the volume fraction between the
two materials.
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where A is the Lagrangian parameter for the volume constraint of the two materials.
Kohn and Strang [KS86a, KS86b, KS86¢] proved that the original problem (1.19)
and the relaxed form (1.20) are equivalent. The functional E**(v), defined for a fixed
A, has the form

E*™(v) ::/S)W**(Dv)dxf/gfvdx, (1.21)

with the convex envelope W** of W. The energy density W(F) := g, (|F|) is de-
termined by the (scalar) stored energy function g, (¢) depicted in Figure 1.3 and
defined by

W(t?/2—1) forr <t
g1 (t) =1 nnuiat — A+ tp)  forn <t <t .
ui(2/2—2) forr, <t

The minimization problem with (1.21) can be analyzed with the direct method
of the calculus of variations [Dac08] leading to possible non-unique minimizers
u of the problem (1.19). It can be shown [CP97, Fri94] that the stress-field ¢ :=
DW (Du), which is also an interesting macroscopic quantity for the given problem
itself, is unique in the sense that two solutions #; and u; have equal o. Furthermore,
local regularity of ¢ € H. (£2) holds on polygonal domains while there is global

loc

H' regularity of o in case of a smooth boundary [CMO02].

] . : : : :

? L 4

sl 0, (1) 1
......... u.z[tz.-"?_-?\.)

]t R ) 1

4| ==y %2

0 05 1 1.4 2 25 3

Fig. 1.3 The stored energy function g, (¢) for A = 0.2, ; =1 and pp = 2.
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1.5.2 Discontinuous Galerkin Methods

The recent work [CL15] focuses on duality techniques based on mixed and non-
conforming FEMs for the optimal design problem. In the DG-FEM the continuity
condition over the edges is relaxed even more when compared with nonconforming
FEMs, namely that there is no continuity condition at all. This leads to a situa-
tion where the values in the nodes of the triangulation can be multi-valued. This is
schematically shown in Figure 1.4, where the black corners in the triangle symbol-
ize that at each node multiple values are possible depending on the actual triangles
T € 7 (Q) to which the node belongs. Let .7 be a shape-regular triangulation of
the bounded Lipschitz domain with polygonal boundary 2. The DG-FEM space Vj
is then defined by

Fig. 1.4 Discontinuous Galerkin FEM

V(Z):=P(7) and W(T):={veV(T) : v|jgo=0}.

The functions in the trial space are not continuous and thus there exists jump
terms in the distributional gradient, meaning that any continuous test functions ¢ €
[2(Q))? and v € H'(.7) (the space of piecewise H' functions) satisfy

/vdivq)dx:— ¢ - Vyevdx+ z o - [v]rds.
Q Q

FeZ(Q)YF

1.5.3 Lifting Operator R

The lifting operator R maps H'(.7) into Py(.7;R?). It is defined for all v € H'(.7)
and T € Py(7;R?) by

/R( tdy = — / W] vieds- (1),
Q FeF(Q)
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The discontinuous Galerkin (dG) method proposed here with the penalty param-
eter n > 0 employs the discrete energy functional
][ [v]rds
F

The term 1 Ype 7 (o) | f7[V] rds|? penalizes big jumps over interior edges. The lifting
operator R is needed to guarantee convergence of the numerical scheme, because
of inconsistencies in the distributional gradient of functions that are not globally
continuous. The discontinuous Galerkin FEM seeks uqg € Vo(7;) such that

2
E4c(v) ::/QW(DNCv+R(v))dx—F(v)+n D (1.22)

FeZ(Q)

uy, € argmin{Eqg(vy,) : vy € Vo(T7)}. (1.23)

The existence of discrete minimizers follows from growth conditions. In par-
ticular, any discrete minimizer uy, is characterized by the discrete Euler-Lagrange
equation

/ DW (Dycup +R(up))-Vondx+ 1 S 4 [lrlvaleds = E(vy). (1.24)
Q FeF(Q)/F
1.5.4 Connection with the Nonconforming Method

The following arguments employ the averaging operator Iy : H'(7) — CR}(7)
defined, for any v € H! (7), by

][IéRvds :][ (Wpds forall F e 7 (Q).
F F

This operator gives rise to the following explicit representation of the lifting
operator R.

Lemma 1.5.1. Any v, € H'(.7) satisfies
Dycvp +R(vh) = Iéth'

Proof. The proof is an elementary consequence of the piecewise integration by
parts. O

The following theorem establishes a connection between the dG method and the
nonconforming P; method.

Theorem 1.5.2. Let uj, be a minimizer of (1.23). Then ucg := I&guy, minimized Eqg
over CR}(7),

UCR € argmin{Edg(VCR) P VCR € CR(I)(Q)}
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Proof. Lemma 1.5.1 and the Euler-Lagrange equation (1.24) imply
/ DW (Dycléguy) - Vverdx = F(ver)  forall vy, € Vo (7). (1.25)
Q

This is the Euler-Lagrange equation for the Crouzeix-Raviart function ucr := Ifg .
This caracterizes all the discrete minimizers and, hence, ucgr is a minimizer of
Eq4G- O

1.5.5 Adaptive Finite Element Method

The AFEM is based on the following refinement indicator. Given a discrete mini-
mizer uy = up(7;) € Vo(.7;) define, forany T € .7,

W T) = b fllagy + % e o,
FeZ(T)

This motivates the following adaptive mesh-refining.
Input: Marking parameter 0 < 0 < 1, initial mesh %
Set: For / =0,1,2,3,... do

1. Compute a discrete minimizer uy € argminEqg(Vo(9;))
2. Compute refinement indicators (n} (us,T) : T € F)
3. Generate a set of marked elements.#; C J; such that

> ni(ue,T) <60 Y, nf(up,T)
Te, T,

4. Generate a J;, with newest-vertex bisection based on the marked set # as in
§1.3.2.4.

end do

1.5.6 Computational Experiments

A convergent adaptive finite element method (AFEM) in its primal form was in-
troduced in [BCO8] and a convergent adaptive mixed finite element method in
[CGR12].

AFEMs refine the mesh locally to save degrees of freedom and thus reduce the
computational cost when compared to a uniform overall mesh-refinement.

The numerical experiments consider two different domains, namely the I"-shaped
domain and the slit domain displayed in Figure 1.5.
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Fig. 1.5 I'-shaped domain and slit domain

1.5.7 T'-shaped Domain

The Aitken interpolation for the minmum energy of the problem leads to the refer-
ence energy £ = —0,244300.

—¥— §(uniform)

—O— §(adaptive)

nrDof

Fig. 1.6 Decay of the energy error &y versus number degrees of freedom on the I'-shaped
domain

The domain €2, has a reentrant corner at the origin which presumably limits the
regularity of the exact solution. Therefore, a higher resolution of this area is neces-
sary in order to obtain optimal approximations. The above error estimator in Figure
4.6 for the stress error behaves also like N~1/2 = h. Thus, linear convergence rates
for the error bound is obtained. A local refinement towards the corners and the reen-
trant corner in the origin is observed, leading to an improvement convergence rate
for the energy error &;. In total, the numerical results show clearly that the AFEM-
algorithm converges for the domain €2. Furthermore, the energy error converges
with a better rate for the adaptive mesh.

The microstructures show the expected structure, namely an interior region, a
boundary layer and small transition layer between the two regions.
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Fig. 1.7 Microstructures for .77 of £,

1.5.8 Slit Domain

The Aitken interpolation for the minimum energy of the problem yields E4 =
—0,161548.

—¥— &§(uniform)

—9— §(adaptive)

nrDof

Fig. 1.8 Energy error &y versus number degrees of freedom for the slit domain
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Fig. 1.9 Microstructures for 77 of €23.

A strong local refinement towards the reentrant corner is observed. This leads to
an improved convergence rate for the energy error because of the same reason men-
tioned for domain €2,. In total, the numerical results show clearly that the AFEM-
algorithm converges for the domain £2.

The microstructures show the expected structure, namely an interior region, a
boundary layer and small transition layer between the two regions.

1.6 Conclusions and Outlook

The application of discontinuous Galerkin methods was motivated by stabilization
techniques in [BC10, BC14] with penalty terms which imitate the surface energy in
microstructures. Therein, at least the underlying data structures suggest to utilize the
discontinuous Galerkin methods and their first applications in this work have been
successful in the sense that those can be used for relaxed problems — at least when
the relaxation hull is convex. However, the proposed scheme with its relation to non-
conforming finite element methods lead to the alternative use of nonconforming or
mixed finite element schemes and their discrete modification as in [CL15, CGR12].
This may finally lead to close the reliability-efficiency gap in the a posteriori error
analysis, typically encountered when relaxation hulls are not strictly convex [CJ03].
There remains an open question for future research whether a refined efficiency
analysis can provide sufficient conditions for this gap’s closure.

The applications of post-modern calculus of variations and the power of the re-
laxation theory has been demonstrated throughout the research group and, for in-



26 C. Carstensen, D. Gallistl, and B. Kriamer

stance, led to relaxations of single-slip systems which can be employed in a rigor-
ous computer simulation with a mathematical foundation that has to be developed.
One amongst the many challenges is that the relaxed energy, thought even poly-
convex in many cases, involves a non high-dimensional convex minimization on
the discrete level where globally-convergent fast solvers are unknown and urgently
needed. Despite the progress in [CD14], analyzed within this project, the first con-
tribution ever towards the mathematical foundation of the numerical analysis with
a relaxed and non-convex minimization problem, the treatment of pointwise con-
straints on the determinant is not justified. There are many heuristics, which are
reasonable for other linearized problems and justifiable for very smooth solutions
and strictly convex problems, that may be adopted. Their mathematical foundation
remains as an open issue for future research that may enable the rigorous numerical
treatment of the relaxation hulls in single- and multiple-slip systems arising in the
enforced microstructures in plasticity. The nonstandard discretisation thereof may
or may not enable upper and lower bound of the effective energy as in [CL15] in the
future. The first attempts in this paper illustrate that this is feasible in principle but
the interaction of Korn’s inequality with the constraints on the determinant are not
fully understood and suggest modifications of the strategy and the development of
new discretisations and algorithms for future research.

Within the scope of finite plasticity, there remain various open questions when it
comes to the time-evolution [HHM12, HM12, GKH15, Miel5]. For relaxation for
time dependent plasticity, see [KK11]. One difficulty is the lack of strong conver-
gence of the strain approximations and related internal variables even within one
time-step. Even from the modeling point of view it is unclear whether a relaxation
plus a stabilization via a surface energy or via higher-order model may be helpful.
The generalization of [BC10, BC14] to non convex but polyconvex problems is one
possibility to overcome those difficulties in the future.

The overall mathematical foundation of the various effective mathematical mod-
els developed within the research group for the microstructures in finite plasticity in
total remains an open question. This project has provided partial answers towards
this ultimative but open goal of the justification of a computer simulation in that
important class of applications in computational calculus of variations.
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Appendix A. Computation of 1,

This section is devoted to the explicit calculation of the constant A; from Lemma 1.3.3.
The quadratic form 7 : Ml — R reads

1 1
T(F):= 5 |symF |2 — 2 (symF : C(A; —A2))2 —vydetF forany F € ML

Throughout this appendix, identify M with R* via

ab
(c d) — (a,b,c,d).

Straightforward calculations prove for any E € S that

Kk+u 0 0 k—p
0 2u0 O
0 02u O
K—u 0 0 x+u

CE =AE forA :=

Any F € M satisfies

0 0 0 1/2
0 0 —1/20
0 —-1/2 0 0
1/2 0 0 0

detE=E'BE forB:=

Furthermore,

(symF : C(A; —A;))° =ETCE

Nk + ) +n3 (k=) +4xmm2 00 (M +m2)? (k> +1?)
for C := 0 00 0
ot 0 00 0
(M +m2) (% + ?) 00 N7 (k—p)+n3 (K +p) +4xnm

This implies
1 1
T(F)=E'DE forD:= _A'/2_yB— _C.
(F) or 5 B,

The derivative DT at F € M acts on any G € M as
DT(F;G) =2F 'DG.

The matrix D is symmetric an, hence, has 4 real eigenvalues. The largest eigenvalue
p (D) of D satisfies

|DT(-;A) — DT (-;B)|> = [2D(A — B)|* < 4p(D)T (A —B).
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Hence, the constant A3 of [CD14, display after (4.8)] equals 4Aj“*. The con-
stant A; of [CD14] therefore reads A; = max{1/(4(y} +73)), 444} as stated in

Lemma 1.3.3. O
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Chapter 2

Variational Modeling of Slip: From Crystal
Plasticity to Geological Strata

Sergio Conti, Georg Dolzmann, and Carolin Kreisbeck

Abstract. Slip processes are soft modes of deformation, characteristic of a variety
of layered materials. The layers can be at the atomic scale, as in the plastic defor-
mation of crystalline lattices, or on a macroscopic scale, as in stacks of cards or
sheets of paper and geological strata. The characteristic deformation processes in-
volve sliding of the layers over one another, leading to a shear deformation with a
specific orientation. If the forcing is not parallel to the layers, complex microstruc-
tures may form, which have a remarkable similarity over different systems and often
consist of alternating shears of different sign. We review here recent results on the
detailed analysis of slip processes in crystal plasticity based on the theory of re-
laxation, discuss the general variational framework for these microstructures, and
compare with available experimental results in different systems. We then address
the situation in which slip in several different directions may coexist in the same
system, as frequently observed in plastically deformed crystals.

2.1 Introduction

Plastic deformation of crystals can be modeled as a combination of slip processes
along specific directions, referred to as slip directions or slip systems, which depend
on the crystallographic structure of the material under consideration. In an experi-
mental set-up, typically only a few different slip systems are active at the same time
and it is not uncommon to observe only one active slip system. This fact is related
to the effect of latent (or cross) hardening, which penalizes deformations involving
slip along more than one slip system at the same material point. Macroscopic plas-
tic deformations are realized at a microscopic scale by fine mixtures of slip along
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different directions in different parts of the sample, see [OR99, CHMO02, MSL02]
for a modern energetic mathematical formulation of these mechanisms.

The orientation of these microstructures is to a large extent geometrically deter-
mined, the microstructures themselves can be understood as a variant of a buckling
phenomenon, in which the neighboring layers impede each other. The geometric
nature of the instability leading to the microstructure can be elucidated by estab-
lishing relations to and comparisons with other systems undergoing slip processes.
Even though the physical processes behind pattern formation are quite different and
involve widely different length and time scales, one observes striking geometric
similarities.

In this report, we review recent progress in this area and draw a parallel between
the subgrain microscale in materials science and macroscopic patterns in other sys-
tems briefly introduced in Section 2.2 below. In particular, we point out similarities
between the formation of laminates in elasto-plastic materials due to external load-
ing and the appearance of periodic kink band structures observed in rock strata under
tectonic compression [PC90], see Sect. 2.2.1, and in compressed stacks of sheets of
paper which are laterally confined [HPWO0O0], see Sect. 2.2.2. We note that there
are many other systems which exhibit similar structures, such as fiber reinforced
elastomers, see for example [BF94, Fle97, PGPR09, SPC14].

Our approach to the mathematical description and analysis of these effects is
energetic in nature. The investigation of variational integrals with nonconvex energy
densities in the framework of the calculus of variations in general and nonlinear
elasticity in particular offers an approach to the study of spontaneous appearance of
microstructure in materials [Dac07, Miil99]. Elasto-plastic deformations involving
a mixture of phases at different scales appear naturally as elements of minimizing
sequences. More specifically, we restrict our attention to the fundamental aspect of
the formation of single layers and to the response of layered materials to applied
external forces. By a layered material we mean a material that consists of relatively
stable layers, which are weakly coupled to one another. Typical examples include
a deck of cards or a stack of sheets of paper. A crystal lattice can also be seen
as a layered material with respect to several different orientations related to the
crystallographic structure of the material. The assumption that only one orientation
is relevant permits a substantial simplification of the analysis, focusing on a specific
type of microstructure.

A general theoretical explanation for the development of fine structures from a
variational viewpoint is that the system energy is not quasiconvex, and that struc-
tures at scales much smaller than the macroscopic length scale under considera-
tion may reduce the energy of the system and are therefore energetically favorable
[Mor52, Mor66]. Since these fine structures are known to have a crucial impact
on the behavior of the system on the larger scale, it is important to determine the
effective material response. This is the subject of the mathematical theory of relax-
ation [Dac07, Miil99], and we review some aspects of this theory in Section 2.4
as well. Recently interest has been also directed to an extension of this approach
to time-dependent microstructures [KK11, HHM12], we refer to [Miel5, GKH15]
for recent reviews. The concrete implementation of relaxation theory to problems in
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plasticity is still in its beginnings and will be a subject of important future research,
we refer to [CGK15] for a review of the current state of the art.

Following the general discussion of the underlying concepts of relaxation theory,
we review case studies in which the theoretical approach has been successfully ap-
plied. Our starting point are variational models in crystal plasticity with one active
slip system, for which we refer to Section 2.5. The effective behavior of these mod-
els in the geometrically nonlinear setting was studied in [CT05, Con06, CDK13a,
CDK13b, ACDO09]. It turns out that the underlying relaxation mechanisms are based
on simple laminates, which identifies them as the optimal structures also observable
in experiments, see Sect. 2.2.3.

Based upon these results, we draw parallels between microstructures in plasticity
and microstructures in the related systems described in Section 2.2. In fact, this en-
ergetic model transfers to the context of geological strata if the physical quantities
are reinterpreted in a suitable way, see Sec.2.5.4 for details. In this sense, the simple
laminated structures observed in elasto-plastic materials translate into chevron pat-
terns for layered sedimentary rocks. Moreover, the results obtained by the foregoing
analogy are in good agreement with experiments on the folding of a stack of paper
under high compression parallel to the layers, see Section 2.2.2 for a description
of the experimental set-up and results. The variational viewpoint outlined in Sec-
tion 2.5.4 gives a new perspective on and complements the existing models in the
field. A discrete model, which we describe in more detail in Section 2.3 and which
serves us as a comparison, was introduced in [HPWO0O] and further developed and
extended in [WHP0O4, WVHY12].

This report is concluded in Section 2.6 with an extension of the results to sit-
uations with multiple active slip systems, which correspond to different crystallo-
graphic orientations. This situation leads to a new type of microstructure, in which
slip along different systems may interact. The richer set of possible microstructures
renders the relaxation more demanding, indeed up to now a full relaxation has only
been achieved in the case of two slip systems with hardening [CDK13b]. We present
a partial relaxation result for the case of three slip systems at 120-degrees angles,
which may be seen as a first step towards the analysis of the set of slip systems
which appear in fcc or bee crystals, details will be given elsewhere [CD]. A full
relaxation result in a geometrically linear setting was obtained in [COO05].

2.2 Experimental Observation of Slip Microstructures in
Nature

In this section we present three different material systems in which laminated
structures can be observed. More specifically, we refer to chevron folds in rocks,
kink band structure in stacks of sheets of papers under compression and layers at
microscopic scales in single-slip crystal plasticity.
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Fig. 2.1 Chevron folds, Cornwall, UK. From Wikipedia [Sma].

2.2.1 Chevron Folds in Rocks

Chevron folds are a characteristic structure which is often observed in stratified
rocks, as for example turbidites, as illustrated in Fig. 2.1. These rocks have been
formed by sedimentation and contain alternating layers with different mechanical
properties. They can be visualized as a stack of layers, which are alternating strong
and weak, as for example sandstone layers separated by shales. The observed zigzag
patterns can be understood as originating from flat layers after longitudinal compres-
sion and a superimposed single, macroscopic rotation.

2.2.2 Kink Bands in Stacks of Paper under Compression

Fig. 2.2 shows an experiment on kink banding in layered structures [HPWO00], which
is often used as a simple reference for the effects happening in the geological context.
The set-up is such that the specimen consisting of a pile of papers confined by flexible
faces is compressed in the direction of the layers. The lateral confinement prevents
the paper from macroscopically buckling away from the initial configuration.
Depending on the intensity of the load, different phases and regimes can be dis-
tinguished. The observation is as follows, referring for definiteness to the case of
flexible confinement, (b) in Fig. 2.2. In the first stage of compression, slip in small
bands appears (first picture). These bands have an orientation of about 20 degrees
from the plane normal, in both directions (second picture). The bands where slip oc-
curs are separated by large regions in which the material has not undergone slip and
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(b) Flexible Faces

Fig. 2.2 An experiment with compression of a stack of paper. Reproduced from [HPWO0O,
Fig. 2] with permission by Elsevier.

the layers are simply translated to the left or to the right. With increasing compres-
sion the bands expand, reducing the size of the regions with no slip (left picture in
the bottom line). Ultimately, the entire sample has undergone slip, in both possible
directions (central picture in the bottom line). The overall structure is periodic and
has sharp kinks between approximately affine regions.
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Fig. 2.3 Atomistic view of a slip system and analogy with deck of cards. In this figure, s = ¢|
and m = e;.

Fig. 2.4 Experimental pictures using a combination of digital image correlation and elec-
tron backscattering defraction. Reproduced from [DDMRO09, Fig. 5] with permission from
Elsevier. We also refer to [DRMD15] in this volume for an explanation of the experimental
techniques and detailed findings.

2.2.3 Simple Laminates in Shear Experiments in Crystal
Plasticity

Plastic deformation of crystals is due to the sliding of neighboring atomic planes
with respect to each other, mediated by the motion of dislocations. It can be de-
scribed by the slip plane normal m, the slip direction s (two mutually orthogonal
unit vectors) and the amount of slip ¥ (a scalar), see Fig. 2.3. Macroscopically, the
corresponding deformation gradient is a simple shear, Id +7ys ® m.

The discrete symmetry of the crystal leads to the presence of few relevant slip
systems, which normally correspond to the most densely packed planes and to the
shortest interatomic distances inside these planes. In experiments, one typically ob-
serves that locally only one slip system is active, which is explained by a mecha-
nism of cross hardening in the system. This may lead to complex microstructures,
in which different simple shear deformations are mixed to generated macroscopic
deformations which are not simple shear, see Fig. 2.4. Mathematically, these mi-
crostructures can be understood via a variational model within the deformation the-
ory of plasticity [OR99, CHMO02, MSLO02], which is appropriate under monotonic
loading conditions.
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2.3 The Hunt-Peletier-Wadee Model for Kink Bands

In this paragraph we summarize the experimental observations and the mathemat-
ical models, which have been presented in a two-dimensional model originally in-
troduced by Hunt, Peletier and Wadee in 2000 [HPWOO]. This model focuses on the
reproduction of the early stages of kink-band formation, in particular the develop-
ment of the first single kink-band, see Fig. 2.2. For further developments we refer
to [WVHY12, BFA98, BEH03, WHP04, HORL11, DPBH12] and the references
therein.

The starting point is the idea that the observed strain concentration is not due to
plastic yielding inside the layers, but results predominantly from the interplay of the
following three effects: layer-parallel stiffness, lateral confinement, and (Coulomb)
friction between the layers. In the geological situation described in Section 2.2.1,
the overburden pressure plays the role of the lateral confinement. On the one hand,
the layer-parallel stiffness provides energy storage that leads to a jump phenomenon
observed at the beginning of the experiment, when the first kink-band forms. On
the other hand, interlayer friction creates the lock-up states of a kink, which cor-
respond to the experimental observation that a single kink once formed is stable
and keeps on folding towards a maximal angle. The lateral confinement is respon-
sible for chevron folds being favorable structures. Indeed, sharp kinks are optimal
in the sense that they keep the voids between the layers as small as possible, and
hence reduce the work against the lateral confinement, while at the same time they
do not cost too much bending energy. For a single kink, this modeling assumption
is motivated by a rigorous variational argument in [HPWO0O0, Appendix]. This argu-
ment gives a reason for the appearance of kink-like microstructures. It is based on
one-dimensional kinematics and does not, therefore, address the issue of the two-
dimensional geometry of the folds.

Resting upon the three pillars outlined above, Hunt, Peletier and Wadee [HPW00]
developed (under a few a priori assumptions like fixed kink-band width) a simple
model that approximates bending structures with discrete linear segments connected
by inline springs, forming a hinge with sharp corners and straight limbs, and takes
external loading into account. One building block with the acting forces is depicted
in Fig. 2.5.

The potential energy E of the system is the sum of the energy contributions of the
single hinge segments. These again are composed of the (elastic) potential energy
E} of the spring with stiffness & in the hinge (with neutral state of parallel limbs), the
(pseudo)energy contribution Ey. due to interlayer friction, as well as the work W,
and W, against the lateral confinement and the external loading, respectively. These
assumptions lead to

E=E;+Exz—We—W. (2.1

An explicit computation minimizing the system energy yields the equilibrium states
of this system. A stability analysis by means of the global Maxwell stability criterion
casts light on the jump phenomenon that leads to the emergence of the first kink.
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Fig. 2.5 A hinge segment with acting forces. Reproduced from [HPWO00, Fig. 2] with
permission from Elsevier.

In conclusion, this model provides good explanations for the effects observed in
the experiment of Fig. 2.2, and opens the road for further investigations needed to
clarify additional aspects. Firstly, the model focuses on the early stages up to the
formation of the first kink. An extended discussion of the development of the first
few kink-bands, among other modifications and improvements to the basic model,
is given in [WVHY 12]. We also refer to [BFA98], where the focus lies on kink-band
evolution, especially on band broadening and transverse kink-band propagation in
fiber composites. Secondly, the energy in (2.1) relies on the hypothesis that kinks
form, as well as on a priori assumptions on the character of the kinks. The condi-
tion of fixed kink-band width is relaxed in both [WVHY12] and [BFA98], where
it results from a minimizing procedure after adding a bending energy to the model,
which leads to an intrinsic length scale.

2.4 Variational Modeling of Microstructure

In the following, we briefly review a general variational framework for the study of
the spontaneous appearance of periodic microstructures in materials. The starting
point is the observation that lack of convexity of energy densities in variational
principles may cause oscillations of minimizing sequences; the fundamental tools
are quasiconvexity and the theory of relaxation, which permits to understand the
asymptotic behavior of minimizing sequences. We refer to [Miil99, Dac07, Rou97]
for a more detailed presentation. We shall later discuss in Section 2.5 its application
to layered materials, including crystal plasticity and the experiment on paper sheets
presented in Fig. 2.2.

Spontaneously formed microstructures in materials can in many cases be under-
stood as the physical realization of minimizing sequences for variational integrals
which may not have minimizers, as for example in the large body of work on marten-
sites, see [BJ87, CK88, BJ92, Miil99]. Indeed, the lack of a suitable convexity prop-
erty of the integrand leads to a failure of lower semicontinuity of the variational
functional with respect to the relevant topology. Consequently, the direct method in
the calculus of variations, which is based on lower-semicontinuity, cannot be applied
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to prove the existence of minimizers subject to appropriate boundary conditions. In
this situation, a study of the minimizing sequences gives valuable information about
the behavior of the system under consideration. Simple problems, like the one pro-
posed by Young [You69], which is frequently referred to as the sailor’s problem,
illustrate that oscillations can help to further reduce the energy.

A typical variational problem is given by

E(u) = /QW(Vu(x)) dx — min, ue g = u0+W()1’p(Q;R”), (2.2)

where Q C R", W : R — R is a continuous function with p-growth, i.e., there
exist p € (1,e0) and constants ¢, C > 0 such that

C|FIP—C<W(F)<C(1+|FP) forall F e R"™".

Here ug € W'?(Q;R") represents given Dirichlet boundary data. An important ad-
ditional assumption on W in continuum mechanics is the assumption of material
frame invariance, i.e., that W (RF) = W(F) for all R € SO(n) and all F € R"*".

The appropriate concept of convexity for variational functionals depending on
gradient fields is quasiconvexity, as introduced by Morrey [Mor52, Mor66]. Under
the p-growth conditions stated above, quasiconvexity of W is a necessary and suffi-
cient condition for lower semicontinuity of E with respect to weak convergence in
WP If W is quasiconvex, the direct method proves that (2.2) has solutions. Here we
say that the function W is quasiconvex if among all possible local microstructures
with affine boundary conditions Fx the homogeneous affine configuration u(x) = Fx
is optimal, in formulas

WF) = [ WV de< / W(F + Vo) dx 2.3)
0.1)" 0.1y

for all ¢ € WOl “((0,1)";R") and all F € R"™". If W fails to be quasiconvex, re-
laxation theory [DacQ7] suggests to replace (2.2) with the corresponding effective
problem, in which the local structures are already averaged out so that it describes
the macroscopic response of the system. Precisely, the relaxed problem is given by

E™ () = /Q W(Vu(x)) dv— min,  u€ 2. 2.4)

Here W9 denotes the quasiconvex envelope of W, meaning the largest quasiconvex
function below W. Under the foregoing assumptions, it is known that

inf E(u) = minE™ (u

ue? ( ) uey ( ),

meaning that relaxation preserves the total energy of the system. Moreover, there is
a one-to-one correspondence between minimizers of E™ and W!-P-weak limits of
minimizing sequences for E. An additional benefit of the knowledge of the relaxed
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A C B

Fig. 2.6 Energy reduction by convexification through microstructure. Left panel: if the en-
ergy is not convex, the average C of two states A and B may have higher energy than the
average of the energies of A and B. It is then energetically convenient to replace C by a fine-
scale mixture of A and B, if kinematically possible. Right panel: this decomposition is often
sketched as a “splitting” of C into A and B. See Fig. 2.7 for a sketch of one possible kinematic
realization of the splitting, in the situation that A — B is a rank-one matrix.

problem is that it allows for numerical simulations of elastic materials without a res-
olution of all the fine scale oscillation and may lead to a significant reduction of the
computational costs [CarO1, CDDO02]. The main difficulty, however, is to find an ex-
plicit representation for W9°. In fact, this amounts to solving an infinite-dimensional
minimization problem and requires a good idea of the optimal microstructures gov-
erning the relaxation process. So far, a full analytical relaxation has been found only
for very few special examples, see for instance [Koh91, DD02, CD14b].

In continuum mechanics, the condition of non-interpenetration of matter is often
included by requiring that W (F) is infinite whenever detF < 0. In order to avoid
infinite compression of materials one also adds the assumption that W (F’) diverges
to infinity if det F' \, 0. Obviously, the p-growth conditions formulated above cannot
hold for energy densities with these physically relevant properties and the general
theory of relaxation cannot be applied. An extension of this theory with a suitable
definition of W9¢ and appropriate growth conditions has been recently obtained, see
[KRW13, CD14a].

We conclude this section by pointing out the fundamental mechanism which re-
lates nonconvex energies to oscillations in minimizing sequences. A typical shape
of the energy density W as it appears frequently in nonlinear elasticity theory can
be seen in Fig. 2.6, depicted along a specific direction in the space of matrices,
ie. t — F, € R™" for a scalar parameter € R. Assume that this curve is in fact a
rank-one line, in the sense that

F,=A+tR

with Fy =A, F; = Band F; — F) = R = a®b for some a,b € R" with |b| = 1. Then
it is possible to construct for each convex combination F = AFy + (1 — A)F; with
A € (0,1) and every k € N a Lipschitz-function u; on (0,1)" with Vi € {Fy, Fi }
for almost every x € (0,1)". More precisely, we set
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;

Fig. 2.7 Laminates with different periods as elements of a minimizing sequence of the form
given in (2.5). The orientation of the layers is determined by the rank-one direction and given
by the vector b. The deformation gradient is constant in each layer and lies in {Fy, F} }.

u(x) = Fx+ ;{h(k(»b))a, x € (0,1)", (2.5)

where i : R — R is the continuous one-periodic function with #/ =24 — 1 in (0,1)
and b’ = A in (4,1). As Fig. 2.7 shows, b describes the orientation of the oscillations
by being the normal on the planar jump discontinuities of Vuy, while a and k are
the amplitude and the scale of the oscillation, respectively. As F is the average of
the oscillations between Fy and Fj, one has u; — Fx in WH>((0,1)";R"). In the
following, we refer to the construction in (2.5) as a simple laminate. Notice that the
way the functions uy are constructed in (2.5) does not make ¢y = u;, — Fx admissible
trial functions for (2.3). A modification of u; by a cut-off using affine interpolation
to achieve the boundary conditions Fx, though, produces only an error (measured in
the W'2-norm) of order &’(k~'). We denote this new function by vy.
The foregoing computations show that

W (F) < /(O W) e AW (EL) 4 (1= )W (E) + o).
Hence, the simple laminate construction gives an upper bound on W9¢, An improved
upper bound can be obtained by iterating the construction, leading to pictures with
layers within layers and to the concept of lamination-convex and rank-one-convex
envelopes, see [Dac07, Miil99]. Constraints on the determinant can also be included
by appropriately modifying the cutoff procedure, see [MS99, Con08]. A matching
lower bound can be found by the concept of polyconvexity [Mor52, Bal77, Dac07,
Miil99], which is based on the idea that the integral of the determinant of a gradient
field only depends on the boudary values. To the best of our knowledge, all explicit
computations of W9 for physically relevant problems are based on this strategy.

2.5 Models in Crystal Plasticity with One Active Slip System

This section applies the strategy for the reduction of energy described in Section 2.4
to the model energies which have been proposed for single crystals and their plastic
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deformation. We begin in Section 2.5.1 with the variational formulation of crystal
plasticity in a broader framework and focus then on the situation with rigid elasticity
and one active slip system. The mathematical relaxation result is presented and dis-
cussed in Section 2.5.2, the physical significance of the microstructure is explained in
Section 2.5.3. In Section 2.5.4. we then compare the mathematical results with the for-
mation of kink bands in rocks described in Section 2.2.1. We conclude the treatment
of single-slip processes with the discussion of more comprehensive models which ex-
tend and complement the ones presented here in various directions, including elastic
energy (Section 2.5.5) and higher order regularizations related to geometrically nec-
essary dislocations (Section 2.5.6). Multiple slip is addressed in Section 2.6.

2.5.1 \Variational Formulation of Crystal Plasticity

Let the function u : £ — R" be the deformation of an elasto-plastic body with ref-
erence configuration 2 C R”. As a fundamental assumption of crystal plasticity we
use the multiplicative decomposition of the deformation gradient in the sense of
Kréner [Kro60] and Lee [Lee69], i.e.,

F=Vu=F°F?, (2.6)

where the elastic part F¢ captures local rotation and stretching, and the plastic part
FP describes the irreversible deformations encoding the history of plastic flow. For
a discussion of the significance of the multiplicative decomposition (2.6) we refer
also to [LL67, SO85, MS92, CGO1, Mie03, MMO06, RC14] and references therein.
In crystals, plastic deformation happens along well-characterized slip systems (s,m)
consisting of a slip plane with normal m € R" and a slip direction described by s € R”,
with s and m orthogonal unit vectors as discussed in Section 2.2.3. The orientation
and number of the slip systems is specified by the crystallographic structure of the
lattice. For instance, for fcc crystals in three dimensions one has twelve slip systems.
Since models with only one slip system are more easily accessible to analytical
treatment, they have been subject of a number of works [CT05, Con06, CDKO09,
CDK11, CDK13a]. Besides their reduced complexity, single-slip models are inter-
esting as they describe the early stages of plastic deformation under the assumption
of an ideal single crystal as an initial configuration, i.e., when the first dislocations
emerge and start to move. In the single-slip framework the plastic part F? has the

form
FP =Id+ys®@m, YER, 2.7)

which corresponds to a simple shear deformation with y the amount of shear. A
related micromechanical model commonly visualized as a deck of cards (or just as
well a pile of paper) is depicted in Fig. 2.3.

Since elastic strains in metals are much smaller than the plastic ones, one often
restricts to the elastically rigid case [OR99], in which F* is locally assumed to be
a rotation, i.e. F¢ € SO(n) pointwise. Then, the total deformation gradient F lies
(pointwise) in the set
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M ={F eR":F=R(Id+ys®@m), R € SO(n), y € R}. (2.3)

We adopt here the time-discrete variational approach to elasto-plasticity proposed
by [OR99, CHMO02, MSL02], restricting ourselves to the first time step. This has to
be seen as a simplification that rules out preexisting microstructures and is appropri-
ate for (locally) monotonic loading conditions. The system energy in integral form
of the first incremental problem is related to the energies that appeared in the theory
of finite elasticity (see Section 2.4). Precisely,

E(u) = /Q W (Vi) dx+ 1(u) 2.9)

with [ the external loading and W the condensed energy density. The latter involves
three different contributions optimized over all possible multiplicative decomposi-
tions, i.e.,

W(F) :FInFiCI}W{We(Fe)+Wp(Fp)+Diss(FP)}, F e R, (2.10)
Here W, is the elastic energy density, which in the case of rigid elasticity is given
by W, (F¢) =0 if F¢ € SO(n) and W, = o otherwise, W), is the hardening function
and Diss is the dissipative energy contribution. In the following, we choose linear
hardening, meaning

k|y]> if F? =1d+ys @ m for some y € R,
oo otherwise,

WP(FP) = {

and specify

Diss(F?) {‘L’}/ if FP : Id+ys ® m for some y € R,
) otherwise,
with 7,k > 0 given material constants, where 7 stands for the critical shear stress
and x is the hardening modulus. Here s and m are regarded as fixed vectors. The
side condition can, of course, be enforced by only one of W, and Diss; we include
it in both functions to express the fact that for the present purposes they need only
be defined on the set .Z .
Thus, for W one obtains after performing the local minimization that

Tyl + x|y ifFe.,

. (2.11)
oo otherwise.

W(F)=We(F)= {

The quantity y is computed from F using (2.8). Since F = R(Id+7ys ® m) implies
|F|> = 2472, it is easy to see that |y| is uniquely determined from F. This en-
ergy density is non-convex and even non-quasiconvex due to geometrical softening
implied by the local rotations of F°.
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2.5.2 Relaxation Results in Crystal Plasticity with One Slip
System

We discuss here the known results on the relaxation of the condensed W; « defined
in (2.11). The underlying relaxation mechanism, and the laminates which are con-
structed to prove the upper bounds, give information on the physically optimal mi-
crostructures. At this point, it is an open problem to find an explicit formula for Wgc,(
with W¢ i the full energy density including dissipation and hardening. However,
several results have been obtained if only one of the two contributions is present,
namely, for W o and Wy i, which we present below. For notational simplicity we
only discuss the two-dimensional case here, for generalizations to three dimensions
we refer to [CTOS5, CDK13a]. The quasiconvex hull of a set K C R™*" can be un-
derstood as the set of possible averages of gradient fields taking values in K, see
[Miil99, Dac07] for a precise definition.

Theorem 2.5.1 (From [CTO0S, Con06]). The quasiconvex hull of the set defined in
(2.8) is
N ={F c¢R*?:detF = 1and |Fs| < 1}, (2.12)

in formulas N = M. For F € N,
Wy (F) = k(|[Fm[* — 1), (2.13)

and
W (F) =1\ IF -2, (2.14)

while WOq?c(F) = WEB(F) —oforF e RZXZ\J‘/.

A comparison between the results in the regimes 7 = 0 and k¥ = 0 shows that
the sets of macroscopic strains that can be achieved with finite energy are identical,
and given by .4 defined in (2.12). On .4 the formulas ng) and W(gf(, however,
differ qualitatively, which suggests that distinct microstructure govern the respective
relaxation process.

We sketch the basic ideas of the proofs of (2.13) and (2.14), since they are instruc-
tive for a good understanding of the fine microscopical patterns that can be observed
in experiments, as those discussed in Section 2.2. In both cases simple laminates as
in Section 2.4, are optimal, they will have different characteristics, though.

The proofs rely on matching upper and lower bounds for Wi (F) and W'.(F)

with F € R?*2, respectively. We first deal with the case F ¢ .#". Assume that a
function u € WH=((0,1)%;R?) is given, such that u(x) = Fx on the boundary and
We (Vi) € L'((0,1)?). Then detVu = 1 and |Vus| < 1 pointwise. This implies
detF = 1 and |Fs| < 1, against the assumption F ¢ .#". Therefore W' (F) = co.
The case F € .4 requires more work. The upper bound is based on the explicit
construction of an appropriate rank-one line through F, so that F' can be written
as a convex combination of rank-one matrices in .#. These two matrices repre-
sent the set of admissible gradients for the laminate construction leading to trial
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functions admissible for the minimization problem in the definition of quasiconvex-
ity. We point out that one particular difficulty is the fact that the energy densities are
extended valued, in contrast to the setting introduced in the previous section. This
is a technically demanding point which can be treated using the constrained convex
integration approach developed in [MS99], we refer to [CT05] for details. The lower
bound, on the other hand, guarantees the optimality of the construction and follows
easily by convexity.

We give here a sketch of the mathematical derivation of the laminates entering
the upper bound, and discuss later in Section 2.5.3 the heuristic motivation and the
physical significance of the constructions.

We start with the quadratic-growth case of Wy . The optimal rank-one line
through F € A\ . is given by

t—FE=F+tFm®s, teR.

Notice that the right-hand side in (2.13) is constant along F; and coincides with
Wo,x on .# . Moreover, one can find F_ = F,_, F, = F;, with7_ <0 <t such that
F_,F. € .# with the corresponding plastic slips y— and ¥4 =: 7. Then, Frm = Fm
implies |y |> = |Fm|> — 1, so that y_ = —7,, meaning that the amount of slip in the
two phases of the resulting simple laminate are the same, but oriented in opposite
directions. The geometry in matrix space is illustrated in Fig. 2.8 b). In this figure,
we use the representation

(FTF)\/2 = (“jbaib) —U, abccER, (2.15)

where a is given by a = v/1 + b2+ ¢2, since detF = 1 and U denotes the square
root of the matrix FTF. We fix for definiteness s = ¢ and m = e,. If F € .#, then
|Fei| =1 and the length of the first row of U is equal to one. Hence,

U= <C9s¢ Si“"’) . ¢ec[02n],z€R,

sing  z

and the constraint detU = 1 gives z = (1 +sin®¢)/cos ¢ and b < 0 in the represen-
tation of (2.15). In these coordinates, the set .# corresponds to the blue curve open
to —oo, as seen in the figure.

We now turn to the linear-growth case of Wqu) The relaxation mechanism also in
this situation based on simple laminates, but it is a different laminate. Consider the
rank-one line

t—F=F+tFyt®y, teR,

where the unit vector y € R? is chosen such that (Fy- Fy-)? = |[F|> —2 and
|Fy*| =1 (there are two solutions for y up to the choice of a sign), see Fig. 2.8 a).
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a) b)

Fig. 2.8 Construction of rank-one lines for a) W o and b) Wy , with s = e and m = e, in
the coordinates (b, c) introduced in (2.15). The blue curve denotes the matrices in .#, the red
curve the rank-one line 7 — F;. Note that the rank-one line through the matrix F with b = —1,
¢ = 0 intersects the set on which W; o and Wy i are finite in two points. The relaxed energy is
finite on the rank-one segments generated by all these pairs of points and infinite elsewhere.

This guarantees that the right-hand side in (2.14) is affine on F; for ¢ € [t_,74].
Then, by solving a quadratic equation, one finds for F € A4\ .# two matrices
F_=F_,F =F, witht_ <0 <t; such that F_,F € .# with ¥, :=y,. If Fy-
Fy* >0 (similarly for Fy- Fyt < 0), it can be shown that t_ equals —(Fy- Fyt),
which entails F_ € SO(2) or equivalently Y- = 0. Hence, one phase of the optimal
laminate does not experience any plastic deformation but results from pure elastic
deformation in form of local rotation.

2.5.3 Heuristic Origin of the Laminates

To understand the mechanical origin of the laminates appearing in Theorem 2.5.1
it is useful to consider the following thought experiment, illustrated in Fig. 2.9. A
material with a single slip system, with s = e; and m = e;, is subject to tension
in direction m, that is, normal to the slip plane. If the material only deforms plas-
tically, any deformation gradient F” = Id+7ye; ® e, does not change the distance
between two planes orthogonal to e;, see the second sketch in Fig. 2.9 b). However,
many segments joining the two planes are made longer. For example, the segment
joining (0,0) with (0, 1), which has unit length, is mapped to the segment joining
(0,0) with (,1), which has length /1 +y2 > 1. Combining this deformation with
a rotation, one can have the two points (0,0) and (0,1) move to the points (0,0)
and (0, \/ 1 + 92), thereby increasing their distance to order y. This deformation is,
however, not appropriate for other parts of the sample, since it leads to a macro-
scopic rotation, see Fig. 2.9 b).

A more complex pattern permits to use the horizontal slip to make the sample
longer in the vertical direction, see Fig. 2.10. The plastic deformation is in this
case not uniform. The material divides into two parts; one of them slips to the left,
the other one to the right. The two images of the central segment are both longer
than the original segment, therefore one can rotate them so that they coincide (third



2 Variational Modeling of Slip 47

1d Id+ve; ® e

A=y
) 11111 D ]j

LELL

Fig. 2.9 Geometry for the orthogonal forcing problem, leading to the laminates of Fig. 2.10.
a) Material description: One has a single slip system, with horizontal slip direction and verti-
cal normal. b) Forcing: The material is in tension in the direction normal to the slip planes.

figure in Fig. 2.10 a)). If the operation is not performed on two but on many subsets
of the sample, all separated by parallel lines, a fine structure arises which permits
to elongate the probe in the vertical direction, and shorten it in the horizontal one,
see the last sketch in Fig. 2.10 a). The resulting pattern is a typical laminate, as
illustrated in Fig. 2.7. This construction turns out to be the optimal microstructure
for Wo .

In the case of Wy a different microstructure arises, see in Fig. 2.10 b). In this
situation, only one part of the domain transforms plastically, the other one is only
rotated. Again, if the domain subdivision is fine enough, the macroscopic deforma-
tion is approximately a compression in the horizontal direction and a stretching in
the vertical one. A related discussion, focused on the phenomenon of geometrical
softening in plasticity, is given in [OR99].

In order to understand qualitatively the difference between the two laminates, it
is important to notice that the effect used here is purely nonlinear and would not
be present in a geometrically linear theory. Indeed, the elongation is in both cases
second-order in the slip ¥, as the Taylor series

1
\/1+}/2:1+2}/2+0(}/4)

shows. Normally, nonlinear phenomena are larger if the intensity is large, which can
be achieved by concentration. To make this precise, let us first consider the energy
Wz 0, which has linear growth. For a given amount of energy e > 0 invested in the
deformation, the material can produce any distribution of y with average ¢/7 (in
the sense of the L'-norm). Since the elongation is quadratic in 7, it is larger if the
plastic slip is concentrated on a small part of the sample: a large slip on a small
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Id—v,e1®ep Id+y.e1®eg

Id Id+vy.e1®eq

Fig. 2.10 Illustration of laminate formation in the two regimes. a) Wy, with quadratic
growth: In this case there is only one possible direction for the lamination, namely, along
m = ey. b) W; o with linear growth: In this case there are two possible directions, symmetric
with respect to m = e;.

volume generates a larger nonlinear effect than a small slip over a large volume. In
other words, the average of the square is larger than the square of the average. This
is the reason why it is natural to expect that, in the case of the energy W o, slip and
energy are localized in a part of the sample. The localization cannot be complete,
as would be the case in a shear band, due to elastic compatibility requirements.
However, two symmetric patterns are possible, see Fig. 2.11.

The case of Wy i is different: here the energy is second-order in 7, therefore it is
not the average of y which should be considered fixed, but the average of its square.
In this case we consider the Taylor series in ¥, as above expanding up to the first
term which is nonlinear. Since our variable is 77, the first nonlinear term is y*. In
particular, the expression

VIiepR =1+ y2 y +0(Y°)

is sublinear in y?. This means, that for a given amount of energy invested in the
deformation, the maximal stretch is obtained if the slip |y is uniformly distributed,
hence the material chooses not to localize and || is uniform. Only its sign, which is
not seen by the energy, oscillates. The same effect is also present for p > 2, as was
shown in [CDK11]. In particular, for all p > 2 the same microstructure is optimal.
The two constructions presented above are quite different, and it is not clear
which microstructure is the correct one if both terms are present in the energy. In
fact, the formula for WTq_(,:c is unknown in the general case. However, for models with
small plastic slip 7|y| will be the dominating term, so that Wy o serves as a good ap-
proximation to the actual energy density, while for sufficiently large y the linear term
may be neglected and we may work with Wy ... This expectation is backed up by nu-
merical simulations. Indeed, a transition between one regime and the other was ob-
served in numerical simulations in [BCHHO04, CCO08], which were performed with
an energy where both 7 and k are positive. Precisely, it was observed that for small
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Fig. 2.11 In the linear-growth regime of W o, if the sample is thin with respect to the number
of slip bands, two different orientations of the bands may coexist. a) is the periodic pattern of
Fig. 2.10, which is possible for any sample geometry and any volume fraction; b) is the sym-
metric variant, which is completely equivalent; c¢) shows a pattern in which the two directions
are mixed.

deformations the sign of y oscillates between zero and a positive value, whereas for
large deformations, the oscillation is between two opposite values. Additional struc-
tures involving also elastic components were seen in [BCHH04, CCO08], since the
elastic coefficients were finite in the numerical relaxation.

2.5.4 Relation to Kink Bands in Rocks

We come back to the kink bands presented in Section 2.2.1 and 2.2.2. We propose
a variational, two-dimensional model for compression of layered materials, which
bears a close relationship to the approach of crystal plasticity discussed in Sec-
tion 2.5.1. Our model does not include any kinematic assumption on the geometry
of the deformation. It is stationary, and based on an energy-dissipation functional,
much like in the case of plasticity. The microstructure is then understood as a math-
ematical consequence of the non-convexity of the governing energy.

Let u : Q — R? be the deformation of a cross section Q C R? of the stack of
paper or a configuration of geological strata, within a plane-strain approximation.
The orientation of the layers is described by the pair of vectors (e, e2) with e; being
the normal on layers and e; being layer-parallel. We assume that the deformation
gradient F = Vu decomposes into

F=Vu=FF,

where F* =1d+7ye| ® e, with ¥ € R describes interlaminae shearing and F” € SO(2)
accounts for local changes in orientation of the material layers. In analogy to
Section 2.5.1, we consider the energy E given by
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Table 2.1 Analogies between models in geology and models in crystal plasticity

model in structural geology of strata model in single-slip crystal plasticity

layer orientation (e, e;) slip system (s,m)
interlayer shearing F* plastic slip F?

change of layer-orientation F” local lattice rotations F¢
amount of shearing y amount of plastic slip y
lock-up parameter K hardening modulus k
static friction coefficient 7 critical shear stress T

E(u) = /QW(VM) dx+1(u),

with / the external load due to tectonic compression or external loading and confin-
ing forces, and

W(F)= min {W,(F")+H(F")+Diss(F)}

_ {T}/ x|y ifFe.,

oo otherwise,

where 7,k > 0 are material constants. The dissipation is physically understood as
originating from the static interlayer friction, and 7 is the friction coefficient. Hard-
ening, modeled by the quadratic hardening function H, is a consequence of the
increased stiffness of prefolded structures, so we call k the lock-up parameter.

This model is from a mathematical point of view identical to the one introduced in
the previous section, see Tab. 2.1 for an overview of the relevant identifications. An
application of the mathematical results of Section 2.5.2 to this new context allows
one to predict the appearance of an arrangement of chevron folds, which consti-
tutes the analog to compatible laminate structures in crystal plasticity. The relevant
laminates are the same as discussed in Section 2.5.3. This fully two-dimensional
variational energetic approach extends the ideas of the one-dimensional analysis of
[HPWO00, WHPO04].

Fig. 2.12. shows a comparison of the laminates of Fig. 2.10 with the experiment
on the stack of paper discussed in Fig. 2.2 In particular, one observes also exper-
imentally the asserted transition between the two regimes, where either friction or
lock-up prevails. This shows that in the beginning, interlayer friction is the dominant
effect, while for stronger compression the hardening contribution due to locking of
the layers takes over.
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b)

c)

Fig. 2.12 Comparison of the laminates of Fig. 2.10 with the patterns in compressed paper
from Fig. 2.2 (reproduced from [HPWOO, Fig. 2], with permission from Elsevier). a) Large-
compression deformation, compared with the laminate for Wy ., with slip &=¥;. b) Small com-
pression, compared with the laminate for Wz g, which has y =0 and y = .. It is apparent that
in the experiment, just like in c), the slip has concentrated to a part of the domain. How-
ever, the interfaces are not all parallel, but instead use the two possible orientations, leaving
macroscopic regions in between, as discussed in Fig. 2.11 and illustrated in c).

2.5.5 Elastic Approximation

The results discussed in Section 2.5.2 are based on the assumption that the elasticity
is hard, so that the elastic strain F¢ is a rotation at each material point. This assump-
tion can be justified considering the limit of a sequence of functionals with larger
and larger elastic coefficients. Precisely, we set

1
Wi (F) = inf{_dise (F(1d—ys@m),S0(2)) + K|y},
(F)=n

where € > 0 is a small parameter, representing the ratio between the typical elastic
coefficient and the hardening coefficient. Although for lower growth energies of
this type may relax to zero [CDKO09], the variational problems generated by Wy
converge, in the appropriate sense, to the rigid-elastic problem discussed above.
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Theorem 2.5.2 (From [CDK11]). Let Q C R? be a bounded Lipschitz set. The
functionals

Ee(u) = / WE (Viu)dx
o 0,
converge in the sense of I'-convergence with respect to the strong convergence in L
to the functional

Folu) = /Q W&‘;(Vu)dx ifue Wh2(Q;R?) and Vu € N a.e.

oo otherwise.

The function Wy and the set A are those of Theorem 2.5.1.

We recall that I'-convergence implies that the minimizers of Ey are the accumula-
tion points of the minimizing sequences of the sequence E¢, see [Bra02, DM93] for
details. One key ingredient in the proof of this result is the statement that if E¢ (i)
is bounded, then u, has a subsequence converging to a function with gradient in .4
almost everywhere, in particular, with unit determinant. This assertion is based on
a generalization of the div-curl Lemma, see [CDM11]. Theorem 2.5.2 was general-
ized to three dimensions in [CDK13a], and to two slip systems in [CDK13b].

2.5.6 Higher-Order Regularizations

Even though the model introduced above predicts, depending on the application
in mind, zigzag patterns of kink-bands or microscopic laminate structures, it does
not have an intrinsic length scale, so that arbitrarily fine oscillations can occur, or
even have to be expected. To overcome this problem one can incorporate a suitable
regularization term that penalizes fast oscillations. In the case of crystal plasticity,
this is usually done via the theory of strain-gradient plasticity. In a geometrically
linear framework, this corresponds to adding the expression

/ |curl F?| dx
Q

to the system energy in (2.9), which corresponds to the line-tension energy of
geometrically necessary dislocations [CGO1, MMO6]. For a mathematical deriva-
tion of this expression from microscopic models, see for example [GM06, GLP10,
CGM11] in a geometrically linear setting and [SZ12, MSZ14, MSZ15] in a geomet-
rically nonlinear context.

The macroscopic effect of this regularization term was addressed for example
in [CO05, AD14, AD15] in various simplified models. In the current geometrically
nonlinear single-slip context, a first result was obtained in [Sch14]. These works
build upon a large body of mathematical literature on singularly perturbed noncon-
vex variational problems, which often leads to the identification of self-similar opti-
mal microstructures via the study of the scaling of the energy, and which started
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with the works of Kohn and Miiller on microstructure in shape-memory alloys
[KM92, KM94].

2.6 Beyond One Slip-System

As discussed in the introduction, latent hardening leads to the observation that lo-
cally only one slip system may be active. However, in real materials, there are quite
a few slip systems available and the assumption that laminates can be formed only
within one slip system is too restrictive. In this section, we go beyond this assump-
tion and present relaxation results for models in which several different slip systems
are available. In such a situation, the relaxed energy has typically different regimes,
some in which only one slip system is used and some in which different slip systems
interact.

2.6.1 Two Slip Systems in a Plane

We first consider a model with two orthogonal slip systems in a plane which are
given by e ® e; and e; ® e1, where e, e, denotes the standard basis in R2.If only
the dissipation term is present, then the energy is given by

Was(F) = (2.16)

N lyl if F=R(Ild+ye;®ei), YER, i=1,2, R€SO(2),
oo otherwise.

In this case, the rank-one convex and the polyconvex envelope can be determined
explicitly (for the definitions we refer to [Miil99, Dac07]). The quasiconvex enve-
lope, however, is not yet known. Additionally, the rank-one convex envelope cannot
be computed using simple laminates, and not even with a finite iteration of the lam-
ination construction, but instead requires a construction with laminates of infinite
order.

Theorem 2.6.1 (From [ACDO09]). The rank-one convex envelope szg of Wzs defined
in (2.16) is given by

(A —M)(F) if detF = 1, min{|Fe;|,|Fes|} < 1,
Y(|Fei|,|Fez]) if detF =1,1< |Fe;| < |Fey],
Y(|Fea|,|Fe1]) if detF =1,1< |Fey| < |Fey],

oo if detF # 1,

Wi (F) =

where

o S2
v(a,B)= 1 \/s2471ds+;(\/a2[32717\/a471).
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The polyconvex envelope szsc of Wzs defined in (2.16) is given by

WPS(F) = max \/\F|2+2\Fe1~Fe2\sin(26)+200s(29)—20056.
S 0c[0,7/2]

Further, W;;C < qusc < Wys, but for some matrices F one has W;;C # Wi,

Here A; (F) and A, (F') denote the signed singular values of F', i.e., the ordered eigen-
values of U in the polar decomposition F = QU, Q € SO(2), U = UT. They are
identified uniquely by the conditions

AL(F)+2A3(F) = |F)?, M(F)Ay(F) = detF X > M.

For the proof and a more specific discussion of the difference between Wzrg and V’l\/;f
we refer to [ACDO09].
We now turn to the case of quadratic growth and define

. 2.17)
o otherwise.

2 1 .
fF=R(Id iR e; eR, i=1,2, ReSO(2),
WZS(F)_{Y ! (Id+yei@e;), v ) L ) (2)
In this situation, a full relaxation result is available.

Theorem 2.6.2 (From [CDK13b]). The quasiconvex envelope of the function Wy
defined in (2.17) is given for F € R**? by

(|Fer|*—1) if detF =1,|Fes| < 1,
wee () | (Feal® = 1) if detF = 1,|Fei| < 1,
% v(max{|Fe| + Fe,|,|Fe; — Fes|}) if detF = 1,|Fey|,|Fey| > 1,
oo if detF #1,

where y(t) = (/(t* = 1)1 — 1)2, t € R, and where we use for a € R the nota-

tion (a)3 = max{a,0}°. The same holds for the rank-one convex and polyconvex

pc __ c __ qc
envelopes, Wy, = Wy = W,

The proof, including extensions to the case of p-growth with p > 2 and three dimen-
sions, is given in [CDK13b]. The relevant laminates are sketched in Figure 2.13.

2.6.2 Three Slip Systems in a Plane

Our last example concerns the situation in which three slip systems are active. We
assume that

Wi(F) = yI> if F=R(d+yvi@v)), YER, i=12,3, ReSO(2),
3 ] otherwise,
(2.18)
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Fig. 2.13 Construction of the relaxation for W»s which uses first-order laminates only. The
slip system e ® e, corresponds to the curve which is open to —eo, the slip system e; ® e to
the curve which is open to . In addition to the rank-one lines shown in Fig. 2.8 which use
only one slip system, the relaxation uses a laminate which is supported on both slip systems.
The rank-one line through the matrix F = (0,1) in a, b, ¢ coordinates intersects the set on
which Wy is finite in four points. The relaxed energy is finite on the surface detF' = 1.

) G () e

We define .4 () as the sets corresponding to the set defined in (2.12) for the three
slip systems,

where

N = {F e R detF = 1,|Fv| <1},

and <7 as the complement of their union,
o ={F € R¥? :detF = 1,|Fv;| > 1fori=1,2,3}.

Further, we let o7, be the set of points which is contained in none or at least two of
the .4 (0,
,!Z{* — U U (/V(i+1) N !/V(i+2))
=123

and .#; the rest, i.e., the set of points contained in exactly one of the .4~ @,

N, = U JV(l) \ (ﬂ(i-‘rl) UJV(i+2>).
=123

See Fig. 2.14 for an illustration. We use the same representation as in 2.15. Here
and in the following, the index i is understood cyclically, in the sense that ./” 0 =
A (+3) and so on.



56

S. Conti, G. Dolzmann, and C. Kreisbeck

M®B)

Fig. 2.14 Representation of the phase diagram for the system with three slip-systems with
120° degree angles in the (b,c) plane, with the coordinates defined in (2.15). The three red
curves represent the matrices of single-slip type, i.e., the sets . ) = {F = R(Id +yv; ®vi)}.
The regions A" () are “inside” the curves, the region 7 is the one “outside”.

Fig. 2.15 Blow-up of the central region of the phase diagram of Fig. 2.14 with some of the

relevant rank-one lines drawn.
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Our main result is the following.

Theorem 2.6.3. Let Wi be as in (2.18). Then

g (max |Fvi]) < WEE(F) < glmax|[Fvr)  ifF € A,

W;:(F) = h(miax|Fv,-|) if F € o,
and
Wi (F) =0 ifdetF #1.
Here, h and g are defined by
4, 2 4\/ 5
= — L —-3/4
hz)= 27— = 52 —3/4,

and
g(z) =min{z* — 1,£(2)},
where
flz) =2+42-2/1222-3,

and g** is the convex envelope of g.

f(2)

Z_ 24

Fig. 2.16 The function g and its convex envelope. The red segment is the double-tangent
construction, which differs from g in the interval (z—,z+ ). The right-hand-side panel shows
a blowup of this region. The difference g — g« is maximal at the cusp, which occurs at z =
\/ 7/3, and is of about 7%. The two functions coincide for z < z_ ~ 1.385, which corresponds
to a strain of about 40%.

The strategy of the proof is to construct upper bounds by simple laminates and
lower bounds by polyconvexity. The lower bounds follow easily from the definitions
of f and g**. The upper bounds are all obtained from first-order laminates, which
are different in different regions, see Fig. 2.15 for an illustration. This is the reason
for the definition of .¢% and .#;. The upper and lower bound s given do not coincide
in a region of relatively large strains, see Fig. 2.16. We remark that for moderate
strains, as for example for all F with detF = 1 and |F —Id| < 0.469, the two bounds
coincide and the relaxation is explicitly known.
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Chapter 3

Rate-Independent versus Viscous Evolution
of Laminate Microstructures in Finite
Crystal Plasticity

Christina Giinther, Dennis M. Kochmann, and Klaus Hackl

Abstract. In this chapter we investigate the variational modeling of the evolution of
inelastic microstructures by the example of finite crystal plasticity with one active
slip system. For this purpose we describe the microstructures by laminates of first
order. We propose an analytical partial relaxation of an incompressible neo-Hookean
energy formulation, keeping the internal variables and geometric microstructure pa-
rameters fixed, thus approximating the relaxed energy by an upper bound of the
rank-one-convex hull. Based on the minimization of a Lagrange functional, consist-
ing of the sum of rate of energy and dissipation potential, we derive an incremen-
tal strategy to model the time-continuous evolution of the laminate microstructure.
Special attention is given to the three distinct cases of microstructure evolution, ini-
tiation, rotation, and continuous change. We compare a rate-independent approach
with another one that employs viscous regularization which has certain advantages
concerning the numerical implementation. Simple shear and tension/compression
tests will be shown to demonstrate the differences between both approaches and to
show the physical implications of the models introduced.

3.1 Introduction

Laminate microstructures represent a frequent phenomenon in inelastic materi-
als. Essentially they may be understood as material instabilities caused by a lack
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of convexity of the corresponding free energy. They were initially observed in
the case of shape memory alloys, and this discovery led to the development of
an intricate and very successful theory of energy relaxation, described for ex-
ample in [Dac82, BJ87, Bha03]. For a long time, similar laminate patterns have
been observed to be produced by the motion of dislocations in single crystals
[CM95, CSMCO05, DDMDO09]. But it was possible to model them only after sig-
nificant progress had been made in the variational formulation of evolution laws
for inelastic materials in [OR99, CKMO02, MCJ03, ML03, MLGO04]. These works
made it possible to apply the variational concept of energy relaxation, especially via
lamination, to dislocation microstructures as well.

After the underlying framework has been established progress was made in vari-
ous directions. A rigorous mathematical foundation of the variational methods used
was established by Mielke and co-authors in a series of papers [Mie02, Mie03,
MSO08, Mie04, MMO09]. Closed form relaxed envelopes were found by Conti, Dolz-
mann and co-authors in [CT05, CO05, CDK09, CDK11, CDK13], and by An-
guige and Dondl in [AD14]. Finally, numerically based treatments of dislocation
microstructures may be found in the works of Carstensen, Hackl, Miehe and co-
authors [BCHHO04, BCC*06, CHHO06, CSO08, BC10, MGB07, MRF10, Mie14].

In this work, we focus on the time-continuous evolution of laminate microstruc-
tures governed by variational principles. In contrast to the papers cited above we will
employ a partially relaxed energy maintaining the inelastic microstructure param-
eters as variables and only eliminating elastically fast variables via minimization.
This energy will then be supplemented by a corresponding relaxed dissipation po-
tential which will allow to derive evolution equations for the microstructure param-
eters. We will undertake a comparison of rate-independent and viscous evolution
laws. In this context we will stress three essential stages of the material process:
initiation, rotation, and continuous evolution.

The present paper has the aim to review recent research of the authors on the
subject. It reports results published in [HK08, HK09, HK10, HK11, KH10, KK11,
HHM12, HHK14] along with novel results in a common context. This means that
some passages of this report appear in similar form within those works.

3.2 Variational Modeling of Microstructures

The energetic state of an inelastic material be described by a total energy of the form

E(t,u,2) :/qu(vu,z)dv—e(t,u), 3.1)
where W is the specific Helmholtz free energy, u the displacement vector, z a col-
lection of internal variables, ¢(¢,u) represents the potential of external forces and 2
is the body’s volume.

According to the principle of minimum potential energy, the actual displacement
field follows from
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u:argmin{é’(t,u,z) |u:u0 onl'{,}, (3.2)

where I denotes a subset of the body’s boundary d€2. The internal variables can
be computed from the principle of the minimum of dissipation potential [CKMO02,
HF08] according to

z:argmin{.i”(u,z,i) |z}, (3.3)
where we introduced the Lagrange functional
. d .
Z(u,z,2) = dr ¥Y(Vu,z) + A(z,7). (3.4)

Here A(z,z) is the so-called dissipation potential and the dot denotes differentiation
with respect to time. This Lagrange functional consists of the sum of elastic power
and dissipation due to changes of the internal state of the material [CKMO02, OR99].
Minimization of the Lagrange functional hence determines the changes of the inter-
nal variables. Note, that in contrast to (3.1) the functional in (3.4) is purely local,
i.e., the minimization principle (3.3) holds point-wise in the space of internal vari-
ables. Of course, the integrated form can be used as well if necessary. This fact will
be employed later on when we derive relaxed dissipation potentials.

If the free energy density is not quasiconvex it is unfavorable for the material
to accommodate an imposed macroscopic deformation gradient by a homogeneous
deformation field but rather by forming microstructural patterns that mix different
homogeneous states of minimal energy. The material body, aiming to reduce its
energy, does not respond by means of a homogeneous deformation state but breaks
up into multiple domains at local energy minima in such a way that it is compatible
with the overall imposed deformation or any given boundary conditions.

Here we will focus on so-called laminate microstructures, which in the case of
dislocation patterns is supported by experimental evidence [DDMDO09]. For concise-
ness we will restrict ourselves to first-order laminates. Everything stated in subse-
quent sections can be extended to general laminates in an essentially straightforward
manner.

A laminate of first order is characterized by N volume fractions A; separated
by parallel planes with normal vector b, as sketched in Fig. 3.1. To every volume
fraction i there corresponds a value z; of the internal variables. Moreover, in every
volume fraction we have a deformation gradient F; which we write as

F,=F(I+a;@b). (3.5)

This formulation ensures that deformation gradients differ only by tensors of rank
one, enforcing compatibility at laminate interfaces and hence ensuring the existence
of a corresponding deformation field u. We need to impose the volume average of
the deformation gradient

N
S LF =F, (3.6)
i=1

which is equivalent to
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2)(,,’3,’ =0. (37)

Let us consider the normal vector b as ingrained into the material since any change
of b would require a change of the internal variables and thus lead to dissipation.
The amplitudes a; on the other hand can be changed purely elastically. This suggests
to define a semi-relaxed energy by

N N
Pl (F,A,z,b) =inf{ ¥ 4,¥(F;,z)|a; : Y Aa;=0}, (3.8)
i=1 i=1
where we introduced the abbreviations A = {A;,..., Ay} andz={z,..., zy }. Note

that the energy is only partially relaxed since full relaxation would require further
minimization with respect to the internal variables (and in particular with respect to
b). If we assume that the lamination respects the ordering {1,...,N} and that the
normal vector b remains fixed, the relaxation of the dissipation is given by

, N N
A*()»,Z,A.,i) = Z)LiA(Zi,ii)+iIlf{ z AlijD(Zi,Zj) |A)L,'j :

i=1 i,j=1

N N
> Adij=Aj, Y, Adij = Ai,Adij =0 for |(i— j)modN| #1}. (3.9)
i=1 j=1

J

Here we have employed the so-called dissipation distance [Mie03] defined by

D(z9,21) = inf { /OIA(z(s),z(s)) ds | 2(0) = 20,2(1) = 21 }. (3.10)

Now we may apply the principle of the minimum of the dissipation potential to
the functionals in (3.8) and (3.9) in order to obtain evolution equations for A and z
for fixed b via

{f\.,i}:argmin{,,?(F,),,)',,z,i,b)M.,i}, (3.11)
A,
N,
F, % b N
F, %

Fig. 3.1 First-order laminate for N = 3 with normal vector b, deformation gradients F; and
internal variables z; (originally published in [KK11])
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where we introduced the Lagrange functional

ZL(F,AA,z,2,b) = i‘Prel(F,).,z,b)+A*().,z,i,i). (3.12)

3.3 Single Slip Crystal Plasticity

For conciseness we will restrict ourselves here to a model of crystal plasticity involv-
ing one single slip system. For a full description of the general case, see [KK11].
The split of the deformation gradient into an elastic part F. and an irreversible,
plastic part F}, yields the standard multiplicative decomposition F = F.F,. We will
assume an incompressible neo-Hookean material possessing an energy of the form

u

lP(]~'-"eap) = 2

(e F{Fe —3) +x|p|*, detF =1, (3.13)
where p denotes a hardening variable, and p > 0 is the shear modulus and x > 0
the hardening modulus.

Plastic deformation is accommodated by dislocation gliding along specific ac-
tive slip systems. Each slip system is characterized by its unit vectors s and m
(Is| = |m| = 1, s- m = 0), where s characterizes the slip direction and m denotes
the unit vector normal to the slip plane. For a single active slip system the plastic
deformation gradient can then be calculated as

_1 _
F,'=1-ys@m, (3.14)

where y denotes the plastic slip. For the hardening variable we consider the flow
rule [CKMO02]

p=17 (3.15)

with the initial condition p(0) = 0 (virgin initial state).

Dissipation occurs as a result of dislocation motion and is hence linked to changes
of the plastic slips. For the dissipation potential with only one active slip system we
simply assume [CKMO02, HKO08]

A(7) :r|7|+;72, (3.16)

where r is the critical resolved shear stress and s represents a viscosity parameter.
With ¥ and A given, the local material behavior is now completely determined
by the variational principle of the minimum of the dissipation potential (3.3).

3.4 Partial Analytical Relaxation via Lamination

Let us assume a first-order laminate microstructure with N domains having inter-
faces with unit normal b. We define the deformation gradient in domain i according
to (3.5). To every volume fraction i there correspond values of the internal variables
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% and p;. To ensure incompressibility of each laminate domain, we must enforce
that for every domain i we have detF; = 1, which is equivalent to

a;-b=0. (3.17)

Taking into account the constraints (3.7) and (3.17) by introducing Lagrange multi-
pliers A and p;, the semi-relaxed energy can be written as

lPrd(Fva'iv%j»pijvb)

N N
= inf { ‘; Y Ai[trCei—3—2A-a;—2pia;-bl+ k> Ailpi|*) |a; }. (3.18)

We denote by Ce; = F;»Fe?i the elastic right Cauchy-Green tensor in domain i with,
following (3.14) and (3.5),

n
Fe;=FF, | =F(I+a;,@b)(I-) ys;©m). (3.19)
j

Minimization in (3.18) with respect to the unknown quantities a; gives the relaxed
energy

lPrd(Fva'ivyivpivb) =

u u
K Ailpil* +

1 %%Ajakbijk_ 1
Z{'Vb}-L.ib =4 bj-bb-b  b-C'b

b;-b b Ch; o
+27L (b e >+2)Ltr( p7iTCFp7})—3], (3.20)

where
bi=b—7y(b-ms+b-sm)+yb-ss, (3.21)

see [KK11] for details.

For instructiveness of the following examples, let us finally reduce the present
model to a two-domain laminate (N = 2) and define the volume fraction of domain
2 by A.

The relaxed dissipation potential, based on (3.16) still has to be determined. For
a first order laminate consisting of two domains, the relaxed dissipation potential
due to the change of plastic slip can be easily found by weighting the dissipation
potential for each domain, given in (3.16), with the respective volume fraction. The
summation yields the total relaxed dissipation potential due to plastic slip as

AT = (=M [rlal+ 7| +a [+ 8] 622

Any change of volume fraction in the domains of the laminate is a dissipative pro-
cess, since the corresponding plastic slips in the altered areas have to change as well.
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Fig. 3.2 Viscous transition zone at the moving interface between regions with different in-
ternal variables

Hence, it contributes to the entire dissipation potential. We assume here that the vis-
cous part enters the dissipation by a viscous transition zone between the domains
instead of a sharp interface between the domains (Figure 3.2). This zone moves
with velocity v in the normal direction and has the width § (volume ratio). The
velocity can then be expressed in terms of the rate of A by

A
= _. 2
v=, (3.23)
Exploiting the intercept theorem, we find
_r—=nl;
= A 3.24
14 25 (3.24)

which allows us to calculate the relaxed dissipation potential due to the change of
volume fraction as

A3 (n.2) =r|72—71]l‘+;<722_671)2).2. (3.25)

The combined dissipation potential is then given as
Ao pid ) = A7 A7) +45 (1,1). (3.26)
and the Lagrange functional reads

LA pihJob) = § WA Kpib) 44 A A ). (G2)
Here, one of the major differences of the present model to previous approaches be-
comes apparent from the last term in (3.26): a change of the volume fractions (here,
of A) causes dissipation. However, we do not consider the dissipation required to
transform some region with originally no plastic history into a part of the increasing
domain (an increase of domain 2 would then mean A > 0 and A* = r|;L %2]). Instead,
we correctly account for the transformation of some part originally belonging to
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domain 1 into a part of the increasing domain 2. Therefore, the amount of dissipa-
tion depends on the microstructure at the beginning of each time step.

3.5 Rate-Independent Evolution

We have now all ingredients in hand to model the evolution of laminate microstruc-
tures. We will start with the rate-independent case, setting s = 0 in the expressions
for the dissipation potentials given in (3.22) and (3.25). We discuss separately the
three stages of initiation, rotation, and continuous evolution if laminate microstruc-
tures.

3.5.1 Evolution Equations

Via the principle of the minimum of the dissipation potential given in (3.3) we arrive
at evolution equations for A and ¥, i.e., the stationarity conditions from minimizing
the above Lagrange functional, which read

AP gA*
0 . 3.28
€ Ph + 91 (3.28)
IPrel lf/l'el AF
0e aa% + a&pi signy; + 8(9% , forall 1 <i<N. (3.29)

There is an aspect concerning the evolution of the hardening parameters p; we
still have to discuss. Any change of A results in mixing the formerly pure domains
in a small part of the body; e.g. an increase of A in the two-domain laminate will
raise the volume fraction of domain 2 (with history variables p,;) by adding certain
regions which were previously associated with domain 1 and hence exhibited history
variable values p1 ;. As a consequence, the hardening histories p,; should be updated
to account for a mixture of the two domains (see Fig. 3.3). We propose to obtain
the updated p;-values by computing the energetic average of the original values
weighted by the volume fractions. For example for a single active slip system and
for 4,11 = A, +AA and AL > 0 we have

(AnJrAl)pg’nH =M P%n‘i’Al P(ﬁn» Pln+1 = Pln; (3.30)
and analogously for AA <0
(1—7Ln—A7L)P(11,n+1 :(l—ﬂ,n)p(lx_n—Aﬂ, p(ZX,na P2n+1 = P2n- (3.31)

The corresponding formulations for multiple active slip systems are analogous
and assume no interaction between the different slip systems at this step (cross-
hardening is accounted for by the choice of '¥;). So, we omit these lengthy equations
here for conciseness; see [HK09, KK11] for details.
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—= - - = ~
‘( initial laminate| = Jvolume fraction change\ hardening updates
D, Dy
N Dia N Di

1N AX
N

Fig. 3.3 Schematic view of the update procedure: as the volume fractions change in the
initial laminate (here, the volume fraction of domain 2, A, increases), the updated, internal
hardening parameters are obtained from energetic averaging of the initial values (originally
published in [KK11]).

3.5.2 Laminate Rotation

As can be seen from Fig. 3.4, once a laminate microstructure exists a change of
the laminate orientation (i.e., a change of b) results in changes of the plastic slip in
certain regions of the deformed body and is hence associated with a specific amount
of dissipation given by

N
Db(l,l) = Z ),i),jD(Zi,Zj). (332)

i,j=1

The dissipation Dy, is proportional to the area of those regions which change their
domain membership upon rotation and to the dissipation distance required to turn
a region of domain i into a part of domain j. We assume that a jump in orientation
will take place as soon as it becomes energetically favorable. This gives

inf {¥™(F,A,2,b,41) — ¥ (F,A,2,b,) | bus1 : [byyt| =1} +Dp(A,2) <0
(3.33)

T T
rotating

AN E
phase-changing
regions

T
laminate

.

Fig. 3.4 Rotation of the original laminate (for simplicity with only two domains with volume
fractions A and 1 —A) from the old normal vector b, to the new normal vector b, 1. The
right graphic highlights the hatched regions which have changed their domain membership
upon rotation and hence caused dissipation (originally published in [KK11]).
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for given b,, A ,z. Eq. (3.33) completes the description of the inelastic evolution of

a first-order laminate. In the sequel, this formal concept will be applied to model

problems of crystal plasticity, where we follow ideas of [MLGO04, HK08, HK09].
From (3.32) (see also Fig. 3.3) it follows for a single active slip system that

Dp(A,1,7) =2rA(1 = A)[71 — nl. (3.39)

3.5.3 Laminate Initiation

A crucial issue is the initiation of the laminate microstructure from the originally
uniform crystal. We can treat this laminate initiation as follows. At the beginning of
each time increment, one computes the driving force g, = —d¥/dA with respect to
the volume fractions in the limit of a marginal amount of domain 2, i.e. for single-
slip

qO(Fv ", %2, P1 7P27b) = lhg})ql (vav ", %2, P1 ,pz,b). (3.35)

Maximizing this driving force with respect to b, 11 and % ,41, one can determine
the energetically favored values of these quantities in the arising domain 2, i.e.

(but1:V2n41) =

argmax {qO(Fn-H7yl,n772,n+l7pl,n7p2,n+lvbn+l) ’ P21 = | Vsl bpp1| =1 }
(3.36)

One then determines the actual value of 4, | by solving

FVin—Vont1] = @3 Fntts At 1, Vi Vort 1 P1s P21 = | Vongt | Dugr). (3.37)

If there exists a solution A, 1, a laminate forms with domain 2 having the deter-
mined values of A, 41, Y2 n+1 and b, 4.

3.5.4 Numerical Scheme

Our numerical scheme computes the microstructure evolution by incrementally min-
imizing the Lagrange functional. As we use the relaxed energy and dissipation
potential, this constitutes in principle a well-posed problem and we can resort to
solving the stationarity conditions. We here demonstrate the general procedure for
single-slip plasticity, i.e. we compute the updates of the plastic slips A, the his-
tory variable updates A p;, and the volume fraction update AA from the stationarity
conditions (3.28) and (3.29). For a given load increment [F,,F, ], each step starts
with the current state as initial values A, % ,, pi . and solves the stationarity con-
ditions in order to update all internal variables at time #,; with known load F, ;.
For the initially homogeneous material the interface normal b, ; as well as the
internal variables of the originating second laminate domain, A,11, % ,+1 and
P2.a+1, are determined from (3.36). Once a laminate has formed, the evolution of
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the internal variables A, ¥; and p; is computed using a staggered scheme. In a first
step a time-discretized version of (3.28) is solved for the increment AA for fixed
7 and 9. Afterwards, p; and p, are updated via (3.30) or (3.31). Then, in a sec-
ond step, (3.29) are solved for the increments Ay, and A}, for fixed A. Finally, the
updated values of A,¥1,7, p1, p2 are transferred to the next time-step.

Note that the order of solving the stationarity conditions is only of minor impor-
tance as long as the the load increment is kept small, which we tacitly assume. With
increasing load increments the order of solution gains influence; in particular, the
initial laminate formation requires very small increments to capture the actual onset
of lamination and thus the correct variables in the newly forming laminate domain.

3.6 Simulation of Rotating Laminates

Due to the special nature of the dissipation term (3.32) and the criterion (3.33) lami-
nate rotation tends to occur in a discontinuous manner, remnant of the stick-slip be-
havior of dry friction. In order to study this phenomenon a simplified model adapted
to this task has been introduced in [HHM12]. We repeat these results here, adapted
to the notation of the present work.

Let us consider a particular case of the model introduced in Section 3.3 charac-
terized by the fact that the plastic slip is only allowed to assume two distinct values
given by y = 7. Moreover, for simplicity we set ¥ = 0 in (3.13), i.e. allow no
hardening, and s = 0 in (3.16), i.e. restrict ourselves to the rate-independent case.
This may constitute a model for a (fictitious) shape-memory-alloy possessing only
two martensitic variants with transformation or Bain strains given by / £ . s@m.

Under these assumptions the relaxed dissipation potential reduces to

A*(A) =2ry|A|. (3.38)
The dissipation distance for rotation (3.34) becomes
Dp(A) =4ryA(1—2). (3.39)

The laminate energy, i.e. the argument of the minimization in (3.18) can be specified
as

plam(F 2,a,b) = AW(F(I+ (1 —A1)a@b)(I+ %s®@m))
+(1-A)PF(I—-2Laxb)(I—%s@m)), (3.40)

where a-b = 0. In the plane-strain case, we can specify the quantities above as
b= (cos¢,sin¢) anda=an (—sin¢,cos¢), m= (cosd,sind),s = (—sind,cos ).
The laminate microstructure is then fully described by the parameters ag, A and ¢.

In the absence of dissipation the energy will be minimized with respect to all
possible laminates resulting in a relaxed energy of the form

prebil(R A, ¢) = inf { P*"(F,A,a) |2 €[0,1],a0 R, ¢ € [0,7) }.  (3.41)
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However, with dissipation present in the model we calculate the partially relaxed
energy as

YU(F,A,¢) = inf{ ¥""™(F,1,a) |ag € R }. (3.42)
The principle of the minimum of the dissipation potential (3.3) now gives
alplam alplam .
0= 0e ignA. 343
dap o1 + rsign ( )

In a time-incremental setting this can be written as

alplam alplam
0= , Oe ign (A, — Ap—1), 3.44
Jao, o, +rsign(Ay — Ap-1) (3.44)
where the subscripts n — 1 and n denote the values of the specific quantities at the
beginning and at the end of the time-increment considered.
The condition for rotation of the laminate (3.33) becomes

f(Fn,)vn,q)n—lad)n)
=¥ (B, Any On) — P (Fo, Ay O 1) + 4% An(1—-2,) < 0. (3.45)

Note that in [HHM12] a more general expression is given where a change in the
parameter A during rotation is taken into account. The evolution of ¢ is now given
as

¢n =
{argmin{f(Fn,ln»(Pnla(P) } ¢} forinf{ f(Fu,An, 9n1,0) } 9} <0 . (3.46)

Pn—1 else

Given Fy,, ap -1, An—1, §»—1, the equations (3.43) and (3.46) can be solved for A,,
ao n, Pn. This allows one to compute the evolution of A and ¢ in a time-incremental
manner.

(1) 1
E(t) =t for t € [0,2]. The model parameters chosen are: 4 = 75MPa, ¥, = 0.2,
2ry. = IMPa, ¢ = 7/10. Hence, the inelastic shearing deformation is misaligned
with respect to the applied shear.

In Figure 3.5 the laminate rotation angle ¢ is displayed as a function of &, once
as result of the minimization in (3.41), and once as result of the time-incremental
procedure in (3.46). The same is done for the volume ratio A as function of £ in Figure
3.6. In Figure 3.7 the difference in A of the results from (3.43) and (3.46) is shown.

It can be seen that ¢ starts to deviate from the solution found by minimization,
until finally the inequality (3.45) is satisfied. Then the minimization result is re-
trieved in a sudden way. This process repeats itself in a stick-slip-type behavior.
After every jump in ¢, the variable A remains constant within a certain interval,
until the differential inclusion in (3.43) becomes nontrivial again.

As an example we present a simple shear test of the form F = ( 51 0) , where
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¢
2.5

2.0

0.5 1.0 1.5 2.0 §

Fig. 3.5 Evolution of ¢ as function of &. Dashed line: minimizer of ¥™Lf! in (3.41), solid
line: solution via time-incremental evolution.

3.7 Viscous Evolution

The rate-independent model captures the microstructural characteristics of a first
order laminate as demonstrated in [HKO08, KK11]. However, a drawback of this
model is that the numerical calculations are cumbersome and often unstable. These
problems occur because calculating the evolution of the microstructure involves a
global minimization in every time step. However, the functional to be minimized
typically has extremely many local minima. Therefore, this approach leads to good

0.5 1.0 1.5 2.0 §

Fig. 3.6 Evolution of A as function of &. Dashed line: minimizer of ¥ in (3.41), solid
line: solution via time-incremental evolution.
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Fig. 3.7 Difference of A as function of & between the minimizer of ¥ in (3.41) and the
solution via time-incremental evolution.

results on the material point level but the application on macroscopic specimens is
questionable.

The model can be rendered purely local in all aspects by extending the dissipation
potential by quadratic terms in the rates of the internal variables, i.e. by setting s # 0
in in (3.22) and (3.25). Note that no change is necessary concerning the relaxed
energy (3.20).

3.7.1 Evolution Equations

The evolution equations for the history variables are found using the principle of the
minimum of the dissipation potential (3.3). For the respective dissipative quantities
A and v;, these read

rel s .

. 2
0c a2 +r|}/2—}/1|31gn7h+25(y2—71) A, (3.47)

rel

0e o +rA;signy; + sA; 7. (3.48)

Equations (3.47) and (3.48) can be solved analytically to give

[ 20 (’ oy
s(n— }’2)2 dA

o 1 8'}”61
== \| oy

rel

L2
—rin— }’2|) sign ; (3.49)
. I

and Sl
1Pre

—rA; | sign , (3.50)
) + %
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where (-)4 denotes the positive part of the respective expression.
The update of the hardening parameters p; is then performed in the same manner
as in the rate-independent case according to (3.30) and (3.31).

3.7.2 Laminate Rotation

Our aim is to replace the global criterion (3.33) by a local formulation. For this
purpose, let the normal vector b be parametrized by its angle ¢ with respect to a
reference direction. Then for fixed F, A;, %, p; the relaxed energy can be written as

ve(9) =" (F,A,%,pi,b). (3.51)

Condition (3.33) can be expressed as

inf{W(0ue1) — ¥(0) | G0t} +2rA (1= D)n—p <0 (B.52)

In order to be consistent with the viscous approach we would like the evolution
of ¢ to be governed by a dissipation potential of the form

AF =a(d, 1. %) 0] +b(A, 1. %) 6% (3.53)

Unfortunately, there is up to date no canonical way of determining the functions
a(A,v,7) and b(A,7,7). We therefore have a this point to resort to heuristic ar-
guments. Inspired by the expressions in (3.34) and (3.25) we set

9

a(A,n, %) = aDy(A,11,%) = 204 (1 = A) |0 — 1| |@
(3.54)

b(A,n,7) = BA(1—2)(n—1) ¢

introducing positive parameters a, 3. These terms have the advantage of possessing
the correct limit behavior for A — 0,4 — l and 71 — 5 — 0.

Using the proposed form of the dissipation potential, an evolution equation for
¢, analogous in form to (3.49) and (3.50), is obtained as

¢:_ 1 (’awrel
2B(1-2) (1 —p)* \| 99 99
(3.55)

Similar to the rate-independent case, the hardening parameters p; have to be updated
according to the approach in [KK11], as given in (3.30) and (3.31).

9 ll/rel

—20rA(1=2)|n —7/2) sign
+

3.7.3 Laminate Initiation

The Equations (3.49, 3.50, 3.55) in combination with (3.30) or (3.31), and (3.15)
form the final system of model equations that have to be solved. However, a closer
inspection of these equations reveals that (3.49) and (3.50) are not well-defined
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in the case A =0 or A = 1, or 1 = %. Hence, in correspondence to the rate-
independent model, an initiation scheme for the microstructure in terms of an initial
volume fraction and plastic slip is necessary.

We will do this in a similar fashion as in subsection 3.5.3, with the substantial
difference, that the initiated value 79,41 in the newly created laminate might be
arbitrarily far from 7; ,, while now it will only be allowed to deviate from it by a
small amount, resulting in a continuous evolution of all internal variables.

To be precise, let us compute the driving force for laminate initiation as

. 1
CIl(F»YlaPl»b): /lhmO }/*QQL(FJ»YI»YZ:YI+V»P17P2:Pl+|7k|ab)a (3.56)
—
Y —0

where once again g3, = —d'¥/JdA. Note the substantial difference to (3.35), where
7 could assume arbitrary values.

Maximizing this driving force with respect to b, gives the direction in which
the laminate is formed, i.e.

b1 = argmax {CII(Fn+17Yl7n»p1,nvbn+l) ’ [bys1] = 1}- (3.57)

In a subsequent step we set ¥* = Yini signq1(Fu+1,Y10s P10, Dnt1), Where Yini < 1
is a small fixed value, and determines A, by solving

7| Yinil = g2 (Fnt 15 Ant 1, Vs Vot l = Vi + Yinis Plns P21 = | Vant1 |, Bug1).-
(3.58)

If there exists a solution 4,1, a laminate forms with domain 2 having the deter-
mined values of A, 41, Y2041 and b, 4.

3.8 Comparison of the Laminate Evolution for the
Rate-Independent Case and the Viscosity Limit

For the computations shown in the sequel we will use the so-called viscosity limit for
comparison, i.e. the limit of the viscous evolution for vanishing loading velocities.
Numerically this will be realized by calculating a fixed number of time-increments
with constant external load w, before w is increased again. We control the loading
velocity by introducing a factor ¢}. This quantity is an integer that gives the number
of updates that we perform for a fixed external load w. The loading velocity is then
given as Aw/ (¥ Ar). In the examples presented here we choose ¥ = 10.

The numerical schemes outlined above (rate-independent and viscous approach)
can be applied to arbitrary materials, for which the relaxed energy density is known.
As the energy density employed in the preceding sections requires incompressible
material behavior, we restrict our following examples to volume-preserving defor-
mation paths only. We present results from applying the developed procedures to
different exemplary problems.
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Fig. 3.8 Microstructure development of a first-order laminate for a simple shear test with
a single active slip system. Two bifurcated laminate domains arise with common surface
normal b. The newly nucleated domain 2 exhibits finite plastic slip already at the onset of
lamination whereas the original domain 1 remains elastic first and eventually yields plasti-
cally, too. Volume fractions develop to finally recover the crystal in a stable homogeneous
state with uniform plastic slip.

For all calculations we use it = 2GPa, r = I MPa and ¢ = 4 in (3.13). The ac-
tive slip systems are characterized for plane problems by the orientation angle ¢
denoting the angle of the slip direction s with the x-axis.

Figure 3.8 illustrates the general nature of solutions obtained for those problems
considered here. First, the crystal behaves in a homogeneous elastic manner. At the
onset of lamination, a second domain arises out of the originally uniform single
crystal. This newly nucleated domain exhibits a finite amount of plastic slip already,
whereas the original domain may still evolve elastically, and it occupies only a small
volume fraction of the crystal. (Depending on the non-aligned slip system, plastic
flow may also occur before the onset of lamination.) Upon further loading both
domains eventually exhibit plastic flow and all internal variables evolve. Finally,
only one domain remains as soon as the external strain reaches values at the relaxed
and the unrelaxed energy coincide, leaving the crystal in a homogeneous stable state
with uniform plastic slip and uniform hardening variables.

The first example shown investigates the microstructure evolution during a plane-
strain simple shear test parametrized by the macroscopic deformation gradient

(3.59)

o = =
—_ o O

1
F=10
0

This deformation is schematically sketched in Figure 3.9. The results for both pre-
sented approaches are determined with k¥ = 0.1 GPa, the first approach is computed
with constant load increments of Aw =5-10~* up to a maximum of wp,x = 2.8.
The exact step size of the load increment is here of minor importance as long as
the increment is kept small. (This is of particular importance for finding the initial
laminate.) For the viscous approach, the step size is considered as Aw = 11073,
The slip system for both approaches is oriented under an angle of ¢ = 135°. For
the viscous approach the parameters are considered as s = rt* with t* = 0.01s, and
8 = rj with j = 0.1mm?/N.

Because of the non-aligned slip system the material stability of the homogeneous
deformation is lost for both approaches and microstructures arise. The evolution of
the volume fraction of the second domain A and the plastic slips y; and 7, for both
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Fig. 3.9 Plane-strain simple shear test
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Fig. 3.10 Volume fraction A of domain 2 and plastic slips ¥; and » of both domains for:
(a) Rate-independent approach, (b) viscous approach, plastic slip y“““"l' for homogeneous
evolution.

approaches is shown in Fig. 3.10. For the rate-independent approach the volume
fraction of the second domain begins almost directly to evolve and reaches a maxi-
mum value of A = 0.36 at w = 0.4. Then the volume fraction decreases again until
A =0atw = 2.35, from thereon the material is homogeneous again. For the viscous
model lamination will set in at approximately w = 0.10 when the volume fraction of
domain two starts to evolve. Therefore in comparison to the rate-independent model,
the initiation is delayed. This had to be expected because the plastic slip 7 has to
evolve continuously now. At approximately w = 2.35, a uniform microstructure has
established that only consists of the second domain of the laminate. At approxi-
mately w = 2.35, a uniform microstructure has established that only consists of the
second domain of the laminate.



3 Evolution of Laminate Microstructures 81

o, 0.6
0.5 0.5
0.4 O 12 0mret 0.4
. “N\ .
7N
03t 7/ \ 7 0.3
/ T
02t 4 \ ,/ 0.2
/ /
01, . , 0.1
w ,
05 1 \15 /2 23 05 10 15 20 235"
~ 7
-0.1
a b
v v
0 0.7
0.6
0.8 05
0.6 0.4
0.4 03
0.2
0.2 ol

0.5 1.0 L5 2.0 25

Fig. 3.11 Cauchy shear stress and free energy for: (a) rate-independent approach, (b) viscous
approach

Simultaneously to the evolution of the volume fraction, plastic slip evolves in
both domains of the laminate. Both models lead to similar results: For the rate-
independent model, the plastic slip in both domains starts to evolve directly. The
plastic slip in domain one decreases from zero to y; = —1.6. The plastic slip in
domain two jumps to 9» = 0.4 and then increases further to y» = 2.0. For the viscous
model, the evolution of the plastic slip in domain one is drastically delayed due to
the viscous effects and starts at w = 0.35. Thereafter, the plastic slip increases to
7> = 1.4, then the material consists only of the first domain. Except the delay at
the onset of the microstructure, the values of the plastic slip of the first domain
correspond to the absolute values resulting for the rate-independent model, only
the sign differs. The plastic slip in domain two is negative and jumps from zero to
1> = —0.15. During further loading, its absolute value increases slowly to | 72| = 1.9,
which is again similar to the absolute value of the results of the rate-independent
model.

Along with the evolving microstructure, the resulting Cauchy stresses

o= (FF,T-1) (3.60)

can be calculated for both models. In the upper part of Fig. 3.11 the Cauchy shear
stresses, determined (a) with the rate-independent and (b) with the viscous approach,
are presented. On the left side, the stresses of the rate-independent model are shown.
While the microstructure evolves, the resulting stress increases due to the hardening
slowly until the crystal is homogeneous again. From there on the stress increases
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with a larger slope. On the right hand side, the stresses of the viscous approach
are presented: during the first part of the shearing, the stress increases with slightly
decreasing slope. This follows from the non-linear neo-Hookean energy that we
choose. When the first domain of the laminate has evolved, hence plastic slip occurs,
the slope of the stress is reduced but still increasing. The total amount of plastic
deformation during this period remains still too small to influence the stresses.

However, when the plastic slip also evolves in domain one (in this case the larger
domain), the stress drops quite drastically. This surprising effect can be explained
in the following way. In the rate-independent model the laminate is initiated at a
load when the relaxed energy starts to differ from the original one. In the viscosity
limit, this happens essentially when the energy looses ellipticity, i.e. much later. This
means, that the energy will then increase with a smaller rate during laminate evolu-
tion to compensate for the higher starting value, resulting in smaller stresses. This
phenomenon is strong enough to counter even hardening effects. A similar effect
has been observed in [YBG11] using a related model based on energy relaxation.

At a loading larger than w > 2.35, there exists no further material that could
transform to domain two. Consequently, stress starts to increase again. Summarized,
the evolutions of the shear stresses for the two models are not very closely related,
as the precise values of the microstructure parameters have a great impact.

The free energies for both approaches are displayed in the lower part of Fig. 3.11.
The graph for the rate-independent model is convex. Due to the viscous delay of the
microstructure, the energy for the viscous model still exhibits a non convexity at the
onset and the ending of the microstructure. In addition, the energy obtained by the
viscous model is smaller than that for the rate-independent one which is physically
expected due to the additional term in the dissipation potential.

As a second example we investigate the microstructure evolution for a plane-
strain tension-compression test with the macroscopic deformation gradient

I+w 0 0
F= 0 1/(1+w)0 ]. (3.61)
0 0 1

The loading is illustrated in Fig. 3.12. Computations were carried out with k¥ =
0.01 GPa and the rate-independent model is tested with constant load increments
Aw=2-10"* up to the maximum load of wpyax = 2.5. For the viscous model, the
parameters coincide with those of the shear test. In both models, the slip system is
oriented under an angle of ¢ = 70°. Again, due to the loss of rank-one convexity, the
homogeneous deformation state becomes unstable and decomposes into a laminate.
The microstructure evolution, including the evolution of plastic slips and the volume
fractions, is summarized in Fig. 3.13. On the left side, the presented evolution is
based on the rate-independent ansatz, on the right side, the evolution is resulting
from the viscous ansatz.

In the upper part of Fig. 3.13 the evolution of the volume fraction of domain two
is presented for both models. Both results show similar characteristics: already for a
very small amount of loading a microstructure is established and the second domain
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Fig. 3.13 Volume fraction A of domain 2 and plastic slips y; and 9, of both domains for: (a)
rate-independent approach, (b) viscous approach.

increases monotonically from O to 1. From there on, the crystal is homogeneous
again, consisting only of the second domain. A closer observation reveals slight
differences, the volume fraction in the rate-independent model (left side of Figure
3.13) increases monotonously to one (reached at w = 1.9), while for the viscous
approach (right side of Figure 3.13), the volume fraction increases rapidly up to
a value of 30% before the slope is less pronounced. At w = 1.75, the process is
completed and A = 1.
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The evolution of the corresponding plastic slips in both domains for the outlined
approaches is presented in the lower part of Fig. 3.13. The plastic slip for the rate-
independent ansatz is shown on the left hand side of Figure 3.13. The plastic slip
in domain one is positive and increases monotonously from zero to y; = 1.9. The
plastic slip of the second domain jumps from zero to —0.6 and then decreases further
to 5 = —2.4. Meanwhile the plastic slip in the viscous model (lower part on the right
hand side of Figure 3.13) evolves similar: in domain one, the plastic slip increases,
after a small delay, up to y; = 2.4, which is rather similar to the results of the rate-
independent ansatz. The plastic slip of domain two jumps from zero to -0.15, then
it decreases further to -2.4 during formation of laminate two. Except the reduced
jump in the beginning, this also corresponds to the evolution obtained by the rate-
independent ansatz. Once again, the observed delays in the viscous model can be
explained by the viscous regularization of the microstructure initiation.
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Fig. 3.14 Cauchy normal stress and free energy for: (a) rate-independent approach, (b) vis-
cous approach

The Cauchy normal stress 07, and the free energy are presented in Figure 3.14.
The stress which is exhibited by the rate-independent approach (on the left hand in
the upper part of Fig. 3.14) increases linearly as the microstructure evolves. When
the crystal is homogeneous again, the slope increases. The normal stress of the vis-
cous model is presented on the right hand side of Figure 3.14. During the first load-
ing steps, the stress increases up to a maximum value of 0.12GPa. In these first
loading steps, the volume fraction of domain two is negligible: even though there is
a large amount of plastic slip in domain one, the total amount of plastic slip is too
small to significantly influence the stress.
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With the increase of volume fraction and the plastic slip in domain one, the stress
drops drastically (as in the case of shear loading) to 0.0 GPa and then remains con-
stant. At first glance, the zero stresses during the evolution of microstructure are
surprising since hardening is present. However, the hardening can be observed in
the individual domains only. Since plastic slip is identical in both domains, except
for the sign, the stresses will increase in every domain due to hardening, but cancel
each other effectively. No macroscopic hardening can be observed. While this be-
havior is very interesting, our simulations indicate, that it is not generic but occurs
only for specific parameter values.

The graph of the energy of the rate-independent ansatz (on the left hand in the
lower part of Fig. 3.14) appears convex. The energy of the viscous approach is
shown on the right hand in the lower part of Fig. 3.14. The graph of the energy
displays two characteristic kinks. This is once again due to the delayed initiation
and disappearance of microstructure caused by the viscous regularization.

3.9 Conclusion and Discussion

We have presented two strategies to model the time-continuous evolution of lam-
inate microstructures in finite-strain plasticity. For both studies we have in great
detail studied the aspects of laminate initiation, laminate rotation, and continuous
evolution, which all have to be treated in a different manner. We employed partially
relaxed approximations of the nonconvex potentials involved. For an incompress-
ible neo-Hookean material we have derived a closed-form, partially-relaxed energy
which corresponds to a laminate of first order. The relaxation of the laminate energy
is carried out only with respect to those variables that change purely elastically, in
our case the amplitudes of the deformation gradient in each domain. The course of
all remaining unknowns is determined from dissipative evolution equations, where
we employ the principle of the minimum of the dissipation potential.

The first approach is based on a dissipation potential leading to rate-independent
evolution. While the results obtained this way are very instructive, the numerical ef-
fort is rather high and the approach has a tendency to instabilities. Thus it is doubtful
that it can be applied to more complicated situations than treated here. Therefore,
the model has been modified by adding a quadratic term to the dissipation poten-
tial leading to viscous behavior. Now the evolution equations no longer require any
global minimization. They can be evaluated directly with standard approaches for
numerical integration. For the comparison of both approaches, a shear test and a
tension-compression test were performed. Both tests show good agreement between
the numerical schemes, except a delayed occurrence and vanishing of microstruc-
ture in the viscous case. This behavior, however, had to be expected due to the local
nature of all equations in the latter case.

While this paper concentrates more on the principal aspects of laminate evolution,
the focus of future work will lie on the extension of the present models to physically
more realistic ones, involving for example several slip systems, on the solution of
full boundary-value problems, and on comparison with experimental data.
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Chapter 4

Variational Gradient Plasticity:
Local-Global Updates, Regularization and
Laminate Microstructures in Single Crystals

Steffen Mauthe and Christian Miehe

Abstract. This work summarizes recent results on the formulation and numerical
implementation of gradient plasticity based on incremental variational potentials
as outlined in a recent sequence of work [Miel4, MMH14, MWA14, MAM13].
We focus on variational gradient crystal plasticity and outline a formulation and
finite element implementation of micromechanically-motivated multiplicative gra-
dient plasticity for single crystals. In order to partially overcome the complexity
of full multislip scenarios, we suggest a new viscous regularized formulation of
rate-independent crystal plasticity, that exploits in a systematic manner the long-
and short-range nature of the involved variables. To this end, we outline a multifield
scenario, where the macro-deformation and the plastic slips on crystallographic sys-
tems are the primary fields. We then define a long-range state related to the primary
fields and in addition a short-range plastic state for further variables describing the
plastic state. The evolution of the short-range state is fully determined by the evo-
Iution of the long-range state, which is systematically exploited in the algorithmic
treatment. The model problem under consideration accounts in a canonical format
for basic effects related to statistically stored and geometrically necessary dislo-
cation flow, yielding micro-force balances including non-convex cross-hardening,
kinematic hardening and size effects. Further key ingredients of the proposed al-
gorithmic formulation are geometrically exact updates of the short-range state and
a distinct regularization of the rate-independent dissipation function that preserves
the range of the elastic domain. The model capability and algorithmic performance
is shown in a first multislip scenario in an fcc crystal. A second example presents
the prediction of formation and evolution of laminate microstructure.
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4.1 Introduction

With the ongoing trend of miniaturization and nanotechnology, the predictive mod-
eling of size effects play an increasingly important role in metal plasticity. In this
context, two specific phenomena have recently received growing attention: plastic
laminate microstructure stemming from latent hardening and size effects stemming
from geometrically necessary dislocations (GNDs). In this work, we propose a gra-
dient plasticity model based on the framework of gradient crystal plasticity that
approximates the laminate interfaces in a phasefield like manner and incorporates
the effects of GNDs by use of the dislocation density tensor. Our considerations
are based on the work of Miehe et al. [MMH14] and inspired by ideas presented
in Hildebrand & Miehe [HM12]. A key challenge of the numerical implementa-
tion of gradient crystal plasticity is the complexity within full multislip scenarios,
in particular in context of rate-independent settings. We outline variational-based
formulations and efficient numerical implementation of gradient crystal plasticity
based Nye’s dislocation tensor in the free energy, which is well suited for large-
scale computations.

The physically-based phenomenological description of macroscopic plastic
strains in metallic single crystals has been guided by the pioneering works Tay-
lor [Tay34, Tay38], Schmid & Boas [SB35], Nye [Nye53] and Kroner [Kro60]. The
mechanism of inelastic distortion in ductile single crystals was found to be governed
by plastic slip on a certain set of crystallographic systems where the shear stresses
reach critical values. Mathematical continuum descriptions of elastic-plastic defor-
mations in crystals have been developed by Hill [Hil66] in the small-strain format
and by Rice [Ric71], Hill & Rice [HR72], Mandel [Man72], Teodosiu [Teo70],
Kroner & Teodosiu [KT72] and Asaro [Asa83a] in the context of finite strains, see
also the reviews Lin [Lin71], Asaro [Asa83b], Havner [Hav92] and Bassani [Bas93].
The geometric basis of what is often called the macroscopic continuum slip theory
of finite crystal elastoplasticity is a multiplicative decomposition of the local defor-
mation gradient into a plastic part solely due to multislip on given crystallographic
planes and a remaining part which describes elastic distortions and rigid rotations of
the lattice, yielding the standard definition F* := FFP~'. The constitutive equa-
tions which govern the slip resistance and the slip evolution can be motivated by mi-
cromechanical investigations of defects in crystals as reviewed in Cottrell [Cot53],
Seeger [See58], Nabarro [Nab67], Hirth & Lothe [HL68], Mura [Mur87], Hull &
Bacon [HB84] and Phillips [PhiO1]. The formulation of micromechanically moti-
vated hardening laws for multislip is a cornerstone of the continuum slip theory. We
refer to the reviews Kocks [Koc66], Kocks et al. [KAA75], Asaro [Asa83b], Perzyna
[Per88], Havner [Hav92], Bassani [Bas93], Cuitifio & Ortiz [Cn092] and references
cited therein. Algorithmic representations of local finite crystal plasticity models
suitable for the numerical simulation of initial boundary value problems in con-
text with the application of finite element methods were developed by Peirce et al.
[PANS2], Needleman et al. [NALPS85], Cuitifio & Ortiz [Cn0O92], Anand & Kothari
[AK96], Miehe [Mie96], Kothari & Anand [KA98], Ortiz & Stainier [OS99] and
Miehe et al. [MSS99, MSL02], who discuss alternative numerical schemes for the
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updates of the stresses and the active set of slip systems in the multisurface frame-
works of rate-dependent and rate-independent crystal plasticity. A current status of
computational local crystal plasticity at finite strains is outlined in Miehe & Schotte
[MS04].

However, the above mentioned local approach to crystal plasticity is not able
to describe size effects. Experimental evidence for nano indentation tests of sin-
gle crystals, torsion tests of microwires and microbending tests of thin films show
that inhomogeneous plastic flow at small scales is inherently size dependent, with
“smaller being stronger’, see Hall [Hal51], Petch [Pet53], Fleck et al. [FMAH94]
and Stolken & Evans [SE98], among others. As a consequence, an important field of
research in crystal plasticity treats advanced formulations that allow to model size
and boundary layer effects accompanied with additional hardening. Micromechan-
ical basis of such investigations are so-called geometrically necessary dislocations
(GNDs) occuring in inhomogeneous plastic deformations, which supplement sta-
tistically stored dislocations (SSDs) governing homogeneous plastic deformations.
Basic definitions for the phenomenological quantification of GNDs can be traced
back to Nye [Nye53], Kroner [Kro60], Ashby [Ash70], Fleck & Hutchinson [FH97],
Nix & Gao [NG98] and Arzt [Arz98]. A key ingredient here is the definition of the
dislocation density tensor, which can be related to Cartans torsion tensor. This owes
mainly to the description of defect distributions by objects of differential geometry,
as outlined in the classical works Kondo [Kon52], Bilby et al. [BBS55], Kroner &
Seeger [KS59] and Kroner [Kro60] which identifed the continuum-mechanical the-
ory of dislocations with a Cartan geometry. This geometric aspect was elaborated in
Steinmann [Ste96] with a view on multiplicative plasticity.

Continuum strain-gradient theories for single crystal plasticity which follow this
geometric viewpoint were outlined in Menzel & Steinmann [MSO00] in the small-
strain context and in Gurtin [Gur00, Gur02] and Cermelli & Gurtin [CGO1] for finite
deformations. Here, the central ingredient leading to size effects was to make the
free energy dependent of the lattice-curvature-based dislocation density tensor re-
lated in a geometrically consistent format to the curl of the plastic deformation map
CurlF?. It was shown in Mielke & Miiller [MMO6] that such an ansatz allows the
proof of existence theorems in finite plasticity. Similar but more physically-based
continuum models of gradient crystal plasticity based on dislocation densities de-
fined on crystallographic slip systems and their interactions are outlined in Arsenlis
& Parks [AP99], Arsenlis et at. [APBB04], Evers et al. [EBG04a, EBG04b], Gurtin
[Gur08], Kuroda & Tvergaard [KTOS] and Ertiirk et al. [EvGO09]. Detailed compar-
ative reviews on different modeling approaches to gradient crystal plasticity provide
Svendsen [Sve02] and Svendsen & Bargmann [SB10]. However, large scale three-
dimensional numerical implementations of gradient crystal plasticity are missing in
the literature, partly due to the complexity of the above mentioned models. This is in
particular evident with respect to the modeling of size effects in polycrystals. Here,
the current status of numerical implementation is often restricted to simplified gra-
dient models and idealized slip models for planar double slip, such as the works Ekh
et al. [EGRS07], Bargmann et al. [BERS10] and Wulfinghoff & Bohlke [WB12].
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The formation of laminate deformation microstructure during plastic deforma-
tion of single crystals has been experimentally observed e.g. by Dmitrieva et
al. [DDMRO09] and can have a strong effect on the hardening properties of the ma-
terial. Mathematically, the formation of laminate microstructure is triggered by a
non-convexity of the latent hardening function that favors an inhomogeneous state
of laminate microstructure of alternating states with fewer active slip systems over
a homogeneous multi-slip state for certain slip combinations. Such a dominance
of latent hardening over self hardening has been observed e.g. by Kocks [Koc64]
and Franciosi et al. [FBZ80]. One approach to the modeling of plastic laminates
is that of a minimization of the condensed non-convex free energy function with
respect to a parametrized laminate microstructure. This approach is referred to as
relaxation and restricts the possible microstructure. Examples for application of
relaxation to single crystal plasticity can be found in Ortiz & Repetto [OR99],
Carstensen et al. [CHMO02], Miehe et al. [MLGO04], Kochmann [Koc09], Kochmann
& Hackl [KH11] and Conti et al. [CDK09, CDK13]. Since these approaches do not
fully resolve the microstructure, an incorporation of size effects based on GNDs is
not directly possible. An alternative approach is obtained by a suitable slip gradient
regularization together with a nonconvex hardening function in the slips. A small
strain single slip example for this approach in one dimension with non-convex self
hardening is given in Yalcinkaya et al. [YBG11] and very similarly in Klusemann
et al. [KBS12]. A two-dimensional small strain double slip approach with non-
convex latent hardening and an isotropic gradient term is outlined in Yalcinkaya
et al. [YBGI12]. A model framework which combines strain-gradient plasticity and
lamination by partially relaxing the free energy function and hence restoring ex-
istence and uniqueness of solutions has been recently proposed by Anguige &
Dondl [AD14].

Following Miehe [Miel4] and Miehe et al. [MMH14], the aim of this paper is
to outline an efficient implementation of finite gradient plasticity suitable for large-
scale problems, that is in a rigorous format based on variational principles. To this
end, we outline a multifield scenario where the macro-deformation ¢ and the plastic
slips v* on crystallographic systems are the primary fields. The first ingredient is a
variational-based formulation of gradient crystal plasticity that exploits in a geomet-
rically consistent format the dislocation density tensor A := FPCurlF”/ det[F?]
defined in Cermelli & Gurtin [CG02]. To overcome the problem of active set
searches in rate-independent multislip scenarios, we apply a particular viscous
regularized technique. This regularization recasts the non-smooth setting of rate-
independent crystal plasticity in a natural way into a close related smooth set-
ting. The proposed regularization ansatz ensures the resolved shear stresses to be
bounded by the critical Schmid stress. This is in sharp contrast to standard regular-
ization techniques based on power laws with high exponents, used in the classical
literature of crystal plasticity. The next ingredient of the proposed formulation is a
systematic differentiation between long-range and short-range states. This differen-
tiation is based purely on the chosen algorithmic structure and does not imply any
physical properties. Directly related to the primary fields, we define as the long-
range state & := {V, v ...,4y™, Vvl .., Vy™} the deformation gradient, the
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plastic slips and their gradients. We then introduce as the short-range plastic state
£ .= {F? AT ~t1 .. 4t} the plastic deformation map, the dislocation density
tensor and scalar hardening parameters associated with the slip systems. It is shown
that the evolution of the short-range state is fully determined by the evolution of the
long-range state. This separation into long- and short-range states is systematically
exploited in the algorithmic treatment by a new update structure, where the short-
range variables play the role of a local history base. The evolution equations of the
proposed model of finite gradient crystal plasticity are governed by a rate-type vari-
ational principle, which represents a canonical two-field minimization structure as
outlined in Miehe [Miel4]. Following the general concept outlined in this paper, we
formulate a rate-potential that governs the minimization principle. The Euler equa-
tions of the minimization principle are the quasi-static equilibrium condition and
the coupled micro-balances which govern the slip on the crystallographic systems.
The formulation is specified for a simple model problem with isotropic constitutive
functions, that demonstrate a particular back stress response on the slip systems due
to the geometric dislocation density tensor. The algorithmic implementation uses a
particular update for the short-range plastic deformation map F”, governed by an
approximation of the exponential map suggested in Miehe & Schotte [MS04] that
satisfies exactly the plastic incompressibility constraint. In contrast, the dislocation
density tensor AT as well as the hardening parameters y*!, ..., ¥*™ are updated in
a semi-explicit manner based on a frozen sensitivity £ . This is a key ingredient
with regard to a geometrically consistent but efficient numerical implementation.
The computational formulation is governed by an incremental potential that is spa-
tially discretized by finite elements with nodal degrees for the deformation map as
well for the plastic slip.

The paper is structured as follows. We outline in Section 4.2 the theoretical for-
mulation, including the particular regularization technique and the concept of sepa-
ration into long- and short-range states. Section 4.3 contains the algorithmic formu-
lation, including the definition of incremental potentials which govern the geomet-
rically consistent implicit-explicit updates of the short-range state variables and the
finite element design. We then demonstrate in Section 4.4 the modeling capabilities
and algorithmic performance is demonstrated for a fcc crystal with 12 slip systems,
i.e. 3+ 12 = 15 nodal degrees of freedom. Section 4.5 then shows the capability of
the presented model to predict formation and evolution of laminate microstructure
stemming from latent hardening in crystals.

4.2 A Multifield Formulation of Gradient Crystal Plasticity

4.2.1 Introduction of Long-Range Field Variables

Let B C R< be the reference configuration of the crystal with dimension d € [2, 3]
in space and OB C R its surface with normal n as depicted in Figure 4.1. We
study the deformation of the crystal under mechanical loading in the range 7 C R
of time and are interested in predicting the macro-motion field at material points
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Fig. 4.1 Geometry of map-type finite plasticity. The reference configuration B € R> and
the current configuration S € R? are considered as differentiable manifolds. ¢ : Bx 7T — S
is the nonlinear deformation map that determines the current positionx € S.q: B x T —
M assembles o = 1...m plastic slips v

X € Battimet € T. Microstructural plastic slip mechanisms of the crystal are
described by micro-motion fields, which generalize the classical notion of locally
evolving internal variables to global fields driven by additional micro-balances. In
what follows, V(-) := 0x(-) and (-) := 0¢(-) denote the material gradient and the
time derivative of the field (-), respectively.

4.2.1.1 Macro-motion Field

In the large strain context, we describe the macroscopic motion of the body by the
macro-motion field

4.1

BxT —R?
(X, t) = p(X, 1),

which maps at time ¢ € 7T points X € B of the reference configuration B onto
points * = ¢(X,t) of the current configuration ,(B). The material deforma-
tion gradient F' := V(X ,t) is constrained by the condition J := det[V¢] > 0
on its Jacobian. The exterior surface of the reference configuration is decomposed
via OB = 0B, U 0Bp into a part 0B, where the macro-motion is prescribed by
Dirichlet-type boundary conditions ¢ (X ,t) = ¢ (X ,t) at X € 0B, and a part
0Bp, where a macro-traction ¢t (X, t) is prescribed by Neumann-type boundary
conditions as outlined below. Clearly, we have 0B, N 0Bp = 0.

4.2.1.2 Micro-motion Fields

For multislip crystal plasticity with m slip systems o = 1, ..., m, we introduce the
micro-motion fields
o, | BXT =R

U '{(X,t>Hva<X7t>, 4.2
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P.n=t 4 n=0
n n
Y =%p N =~
macro-motion micro-motions

Fig. 4.2 Primary fields. The basic fields of the coupled problem are the deformation map ¢
and the plastic slips v* defined on the domain B C R? of the reference configuration.

characterizing the plastic slip on the m slip systems o = 1,...,m. They de-
scribe in a homogenized sense the dislocation movement through the crystal due
to structural changes of the lattice on lower scales. The gradients of these fields
g* = Vy%(X,t) govern the compatibility features of gradient-type crystal-
plasticity. Their presence in the energy storage and dissipation potential func-
tions induce the balance-type structure of the partial differential equations for the
evolution of the plastic slips. With respect to each plastic slip field v, we decom-
pose the surface of the solid via 0B = 0By~ U OBy« into a part 9B.«, as de-
picted in Figure 4.2, where the plastic slip is prescribed by Dirichlet-type boundary
conditions yv*(X,t) = v%(X,t) at X € 9B, and a part OBg«, where micro-
tractions i%(X ,t) are assumed as Neumann-type boundary conditions. We have
0B« N 0Bg~ = 0. The Dirichlet and Neumann conditions allow the specification
of microstructural constraints for the plastic slips, for example at grain boundaries
of polycrystals.

4.2.1.3 Long-Range Constitutive State Variables

With regard to the subsequent specification of stored energy and dissipation poten-
tial functionals, we introduce the set of global constitutive state variables

& = {F,’yl,...,’ym,gl,...,gm} (4.3)

associated with the fields introduced above. Hence, the constitutive response func-
tions of the crystal are assumed to depend on the deformation gradient F’, the plastic
slips {7*}a=1...m on the m systems and their spatial gradients {g®},—1...m. The
introduction of these variables is consistent with a simple material of the grade one,
where the constitutive functions depend on both the macro- and micro-motions and
their first gradients. Note that the dependence on the macro-motion ¢ drops out due
to the argument of material frame invariance, which also restricts the dependence
on the deformation gradient F' in (4.3) to a dependence on the right Cauchy-Green
tensor C(X ,t) := FT(X,t)F (X ,t).
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4.2.2 Introduction of Short-Range Field Variables

In order to describe the plastic deformation and hardening of single crystals within
the framework of the continuum slip theory, we need to introduce several short-
range variables. They describe the microstructural changes with spatially short-
range actions and evolve by local equations, i.e. ordinary differential equations,
driven by the long-range variables introduced above.

4.2.2.1 The Plastic Deformation Map

The most important internal variable in the continuum slip theory of plasticity is the
plastic deformation map

dxd
Fp.{BxT—ﬂQ 4.4)

(X,t)— FP(X,t),

that determines the superimposed plastic deformation of the crystal solely due to
plastic shearing on the m slip systems a = 1, ..., m. The evolution of F' in time is
determined by the local evolution equation

d m
g FP =2 Floi® with Fl.:=°F (4.5)

in terms of the sensitivities Fp « with respect to the long-range fields {v*}o=1...m
and with the initial condition Fp (X,0) = 1.Here, M* := s ® n® are constant
second-order structural tensors, where the orthogonal unit vectors n® and s* define
the slip plane normal and the slip direction of the slip system «. The basic assump-
tion that plastic flow occurs by simple shearing induces the plastic deformation map
F? ¢ SL(3) = {FP|det[F?] = 1} as an element of the special linear group
SL(3) of unimodular second-order tensors. This so-called plastic incompressibility
constraint is a central ingredient of the Schmid-type continuum theory of crystals.

4.2.2.2 The Geometric Dislocation Density Tensor

The next variable needed in a physically-based theory of crystal plasticity is the
geometrically consistent dislocation density tensor

dxd

(X, t)— AT(X, 1)

that depends on the plastic deformation map F'? and its material curl via the defini-
tion

1
AT = 1T pPyFrT 4.
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Fig. 4.3 Geometric necessary dislocations. The storage of GNDs is induced by a lattice
curvature. a) GNDs in bending test with density p = /b, considered by Ashby and Nye. b)
GNDs induced by inhomogeneous plastic deformation with density p = 1/b 9v/0X.
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Fig. 4.4 Dislocation density tensor. Geometrically consistent measures for the incompatibil-

ity of the intermediate configuration. The closure failure of a line integral in the intermediate
configuration corresponds to the macroscopic Burgers vector 3.

see Cermelli & Gurtin [CGO1]. It plays a crucial role as an incompatibility mea-
sure of the plastic deformation. The tensor is needed as a macroscopic measure
for the amount of geometrically necessary dislocations (GNDs). The geometrical
relation between a plastic lattice curvature and the amount of GNDs goes back to
Nye [Nye53], see Figure 4.3. Taking the time-derivative of (4.7), we obtain the local
evolution equation

d

thT =Y {AL A+ AL g%} (4.8)

a=1

with initial condition A” (X ,0) = 0 and with the sensitivities with respect to the
plastic slips {y*}a=1...m and their gradients {g*}4=1...m

AL =mmAT + ATmT and AL = —s® @ [F? x (F""n®)]. (4.9)
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4.2.2.3 Hardening Parameters

Finally, to be able to model hardening effects on all slip systems, we introduce m
short-range accumulated plastic slip fields associated with the slips y* as

+a'{BxT%R 4.10)

TOOUXL ) e (X

for « = 1, ..., m. They are needed for the description of the typical latent hardening
of single crystals due to statistically stored dislocations (SSDs). We assume these
hardening variables to be governed by the evolution equations

d

dt’ﬁa = f'(%*)y* with ~+T*(X,0)=0 (4.11)

in terms of the long-range fields {7y} a—1...,m introduced in (4.2), with the sensitivity
f'. Here, the canonical choice is the non-smooth norm function

F*) =191 and  f/(4%) = sign(y7) , (4.12)

which characterizes the sensitivity in (4.11) to be the signum function. Hence, the
hardening parameter 7+ accumulates the absolute amount of slip activity on slip
system «. In what follows, we consider regularizations of the non-smooth norm
function, which are convenient for numerical implementations. A particular choice
is the regularized function

f(3*) = FoIn[cosh(¥*/40)] and f'(*) = tanh(4*/40) , (4.13)

where the the signum function is approximated by a tanh function in terms of the
regularization parameter y. A visualization is given in Figure 4.5.

4.2.2.4 Short-Range Constitutive State Variables

We denote the internal variables introduced above as the set of local constitutive
state variables
£:={FP AT 1 4ty (4.14)

which enter the stored energy and dissipation potential functionals besides the
global constitutive variables . Observe from (4.5), (4.8) and (4.11) that the evolu-
tion of these local variables is essentially determined by the evolution of the global
variables, such that we can write

d .
T 4.15
4E=Le ©, (4.15)
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fi=17%

b) d) f)

Fig. 4.5 Regularization technique. The non-smooth function fi; = |¥%| in a) has the subd-

ifferential in b). A common approximation is fo = mTL (¥%) m in c) with derivative in d).

We propose the regularization f3 = 4§ In[cosh(¥“/4§)] in e) with derivative in f).

where £ ¢ contains the state-dependent sensitivities as introduced in (4.5), (4.9) and
(4.12) or (4.13). This property is exploited in the proposed computational setting of
gradient crystal plasticity, where the variables F*, A” and 4+ form a local history.

4.2.3 Energy Storage, Dissipation Potential and Load Functionals

4.23.1 Stored Energy Functional

The energy stored in a crystal due to macroscopic lattice distortions and microscopic
stress fields takes the form

E(p, 7", .iy™ L) = /sz(e,s) av . (4.16)

The energy functional depends on the long-range macro- and micro-motion fields
@ and v* through the global constitutive variables &. The energy density ¢ =
(&, £) describes the stored energy per unit volume of the crystal and is a consti-
tutive function of both the global as well as the local state variables. We assume a
split of this constitutive function into three parts

VY =par(F, F?) +ssp(yT, .., v™™) + venp(AT) . (4.17)

The first term 1, o7 characterizes the energy storage due to macroscopic elastic
distortion of the crystal lattice. Following a standard argument of crystal plasticity
that assumes invariance with respect to previous plastic deformations, this energy
has the form ¢ a7 (F, F*) = pa7(F°) and depends solely on the elastic defor-
mation map F¢ := FF?~!. A simple example of this function is provided by the
isotropic Neo-Hookean function
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Fig. 4.6 Plot of the energy ©ssp due to latent hardening as defined in (4.19) with material
parameters 7 = 4.0 N/m2, 4 = 1.0 and b = 0. For the specific choice b = 0, ¥s5p does not
include self hardening, only cross-hardening. Further note that ¢, a1 is a nonconvex function.

brar(F) =1 [n(FTF) — 3] + ';[det(F“"TFe)g ~1], 4.18)

where 11 > 0 and 5 > 0 are material parameters specifying the elastic response.

The second term ¥ ggsp in (4.17) describes the stored energy due to micro-stress
fields caused by statistically stored dislocations (SSDs). It models hardening effects
on the slip systems due to forest dislocations with the typical latent hardening phe-
nomena. Here, we propose an ansatz

1. m. m +a\ AN
bssp(YH ™) = QTV[ZZ(V’? ) a(w(V’AY ) ]’ )
a=1p=1

where 7 > 0 and 4 > 0 are a reference resolved shear stress and a reference
slip strain, and a®” is a constant interaction matrix a®® = [q + (b — q)6°? ] For
n = b = 1, this formulations yields the bilinear ansatz of HUTCHINSON [Hut76]
or Kocks [Koc64]. For ¢ = b = n = 1, (4.19) results in isotropic Taylor-type
hardening with the linear hardening modulus h = 7/4 > 0, see TAYLOR [Tay38],
whereas ¢ > b leads to a non-positive definite interaction matrix a®? and describes
off-diagonal-dominant latent hardening of the slip systems. This induces the typical
laminate microstructures in plasticity, see below.

Finally, the third term g p in (4.17) describes the stored energy due to micro-
stress fields caused by geometrically necessary dislocations (GNDs). It is assumed
to have the isotropic form

A2
vanp(AT) = " AT (420)
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of the transposed geometric dislocation density tensor introduced in (4.7), where the
material parameter [ constitutes a length-scale, see e.g. Gurtin [Gur02] and where A
is another material parameter.

With the above constitutive functions at hand, we may define the rate of energy
functional

d

th

=/{8w-e’s+asw~mdv
B

E(@,4h3™) =

m

- /B[w P AD ey laV 4 /8 (Or ) - ] - pdA

Bp
+y° /8 BHg(agaw) -n]4*dA

a=1

“4.21)

at a given state {®, £}. Hence, we have introduced the variational or functional
derivatives 6,1 := —Div|[0p¢] and §,01) := 0,at) — Div[0ga1)].

4.2.3.2 Dissipation Potential Functional

We consider the evolution of the plastic slips to be governed by a dissipation poten-
tial functional

DY, 4™ = /qu("yl,...,"ym)dv, (4.22)

where the dissipation potential function ¢ = (%%, ...,4™) is assumed to be a func-
tion of the slip rates ¥* only and to be convex, which guarantees the consistency of
the proposed formulation with the second axiom of thermodynamics. A decoupled
representation is given by

m

¢= ;[ Te f(7) + 727@0‘)2 I, (4.23)

consisting of a rate-independent part governed by the constant critical resolved shear
stress 7. > 0 and a viscous regularization term governed by the viscosity parameter
n > 0. The function f is identical with the one defined in (4.12) or (4.13). For
the canonical non-smooth rate-independent response, we have f(¥*) = |¥|. In
analogy to (4.12), we consider regularizations of these non-smooth norm functions,
which are convenient for numerical implementation. Particularly, as given in (4.13)

we choose f(7%) = 4o In[ cosh(¥*/40) |.
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4.2.3.3 Load Functional

We assume an external loading of the crystal due to a body force field « per unit
volume of the reference domain B and a macro traction field ¢; per unit of the
surface. Hence, the loading power functional is a function of the rate ¢, particularly

Pear(@,1) :=/7(X,t)-<'pdv+/ N(X, 1) cpdA+Z/ ENY dA.
B s}

oBp dBpa
(4.24)
4.2.4 Rate-Type Variational Principle and Euler Equations
Based on the rate of energy, dissipation potential and load functionals £ := ;tE,

D and P,,; introduced in (4.21), (4.22) and (4.24) and conceptually drawing from
Miehe [Miel 1, Miel4], we define the rate-type potential

(@, 4 A™) = E(@, A s ™) + DY o 3™) = Pewi(pst)  (4.25)
~ ~ - ~ ~ - ~ ~ - N~ o~ 7
potential rate of energy dissipation external power

at a given state { @, £} at time ¢. The rate potential takes the explicit form

H:/deVJr/aBP[(apw) n—ty] godA—i-Z (Ogatp) - m]-¥* dA

dBHa
(4.26)
in terms of the rate bulk potential per unit volume

(@, ooy A™) = [0 — 7] - <,0+Z(5a1/)’y + (3, ™) . (427)

a=1

Note that the only nonlinear entry occurs through the dissipation function ¢. All
other terms are linear in the rates {¢, 4!, ..., ¥} of the macro- and micro-motion
fields. We assume that the rates of the macro- and micro-deformation fields at a
given state are governed by the variational principle

{#.9", 4™} = Arg{ infinf IT(#, 4", ..,5™) } (4.28)

Hence, the constitutive setting of gradient plasticity for single crystals has an un-
derlying rate-variational structure. Taking the variation of the rate potential (4.26)
with arbitrary rates ¢ € Wg and v* € Wga, where Wg and Wga are the admis-
sible rates that are zero on the Dirichlet boundary, we obtain as Euler equations the
coupled field equations of gradient plasticity

Divi[P]+4=0 inB and v, 0 —Div[pge] + ¢4 =0 inB, (4.29)
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for = 1,...,m, where P = g is the first Piola or nominal stress tensor and
where we have assumed ¢ as smooth. They determine the evolution of the plas-
tic slip and through (4.5), (4.8) and (4.11) the evolution of the plastic map F7,
Curl? F? and the hardening parameters v <. Furthermore, we obtain the Neumann-
type boundary conditions

(OrY) -m=tyondBp and (Jgat)) - m = t% on OBpe . (4.30)

4.2.5 Explicit Form of the Micro-force Balance Equations

We now outline the explicit form of the micro-balance equations (4.29), based on
the specific constitutive functions introduced above. With the additive split (4.17)
and the constitutive functions (4.18), (4.19), (4.20) and (4.23) we get

(T 75) = [+ A1/ (5%) +7* + Div[s] 4.31)
in B for « = 1,...,m. Here, we introduced the hardening contribution he =

0y+atPssp, the back stress 78 := 0,29 N p and the nonlocal contribution £ :=
Ogoc N p Which can be evaluated as

8 =N>A": [S)JI“AT + ATS)JI“T] and k* = —A\’s" - [ATF? x (F*"n®)].
4.32)

First, we observe the forest hardening of the slip systems related to statistically
stored dislocations (SSDs), governed by the not positive definite interaction matrix
a®?. Next, we recognize a back stress hardening response due to contribution TS,
related to the geometrically necessary dislocations (GNDs). Hence, the effective
Schmid stress on the slip systems « is determined by 7%, := 7% — 75. The di-
vergence term contains the length-scale-dependent contribution resulting from the
GNDs. Finally, we have a viscous regularization term governed by the viscosity 7.

4.3 Algorithmic Formulation of Gradient Crystal Plasticity

4.3.1 Time-Discrete Field Variables in Incremental Setting

The variational structure outlined above is of great importance with regard to the
time-discrete setting of gradient-type dissipative solids, see Miehe [Miel 1, Miel4].
To show this, we consider solutions of the field variables at the discrete times
0,...,tn,tnt1,..., T of the process interval [0, T]. In order to advance the solu-
tion within a typical time step, we focus on the finite time increment [t,,, t,41],
where

T+l = tpgt1 — tn > 0 (4.33)
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denotes the step size. In the subsequent treatment, all field variables at time ¢,, are
assumed to be known. The goal then is to determine the fields at time ¢, based on
variational principles valid for the time increment under consideration. In order to
obtain a compact notation, we drop in what follows the subscript n + 1 and consider
all variables without subscript to be evaluated at time ¢,, 1.

4.3.2 Update Algorithms for the Short-Range Field Variables

4.3.2.1 The Plastic Deformation Map

A geometrically consistent integration of the evolution equation (4.5) for the plastic
deformation map F that satisfies the plastic incompressibility constraint FX ¢
SL(3) in an algorithmically exact manner is provided by the exponential map, see
e.g. Miehe [Mie96]. It is given by

F? = exp[N|F?, with N :=) (v —~5)om” (4.34)
a=1

where v“ are the current accumulated slip on systems a = 1...m. The algorithm
preserves F? € SL(3) due to the property det{exp[IN]|} = exp{tr[N]} and the
deviatoric nature of 1. The efficient approximation of this exponential algorithm
proposed in Miehe & Schotte [MS04] has the two-step multiplicative format

FP = (det[F?)) P FP with FP:=[1—¢(N]7 [1+(1-€)N)JF? . (4.35)

The first step (4.35)2 considers a family of algorithms parameterized by the integra-
tion parameter £ € [0, 1]. For & = 0 this includes a fully explicit update of F” and
for & = 1 a fully implicit Euler update of F”. £ = 1/2 recovers the second-order
accurate trapezoidal rule, which can also be considered as the Padé approximation
of the exponential map (4.34). Clearly, this first step does not preserve the group
structure SL(3). This is achieved by the second step (4.35);, which enforces the
unimodular characteristic of the plastic map.

4.3.2.2 The Geometric Dislocation Density Tensor

The integration of the evolution equation (4.8) for the transposed dislocation density
tensor AT does not need to satisfy any geometric constraint. We hence use the
explicit update equation

AT = AT+ {Sn(y* =)+ S0 (g —g2) } (4.36)
a=1

in terms of the sensitivities (4.9) which we rename as

S =mAT + AT and S := -5 @ [FP x (FFTn®)] (4.37)
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evaluated in terms of the density tensor ArTL and the plastic deformation map F
at time ¢,. This linear structure guarantees the identical form of the variational-
based micro-balance equation as in the continuous setting. Note that the algorithmic
sensitivities of AT with respect to v and g* are determined by the constant tensors
S, and S;,. Hence, the second-order sensitivities vanish.

4.3.2.3 Hardening Parameters

Finally, the integration of the evolution equation (4.11) for the hardening parameters
~T4 is assumed to have the form

v =+ (0 = ml/T) (4.38)

in term of the norm function (4.12) or its regularization (4.13). The first- and second-
order sensitivities read

TR = =)/ and ARG = (W = nl/T)/Toas . (4.39)

where we introduced the Kronecker delta d,3.

4.3.3 Time-Discrete Incremental Variational Principle

Associated with the time interval (4.33), we define the incremental energy functional
of the crystal due to the coupled macro-micro-motion by

(e en™) = [{(0@.E(@) -0}V o)

at given constitutive state {&,,, £,,}, where E is the energy functional defined in
(4.16). It is governed by the free energy function ). Next, we define associated with
the time interval (4.33) an algorithmic expression for an incremental dissipation
potential functional

D7 (v, .. 4™) = T/B(b(hl — Y7 Y™ =A™ T) dV (4.41)

where ¢ is the dissipation function defined in (4.23). Finally, we consider the incre-
mental algorithmic form of the load functional (4.24)

PT(0) = / (o) AV + / (- )ATY / B (7 —12)dA
B oBp 8B a
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at given state ¢,, and <. Then, the time-discrete counterpart of the rate-potential
II in (4.25) takes the algorithmic form

HT(Qovlylv ey ,ym) = ET(Qov ’ylv ey ,ym) + DT(’Vlv 7’7m) PeTxt(Qo) . (443)
~ ~ - ~ ~ s~ ~ ~ -
potential energy dissipation work

We may write this incremental potential as

{77(B) —v-(p—¢,) }dV
(4.44)
| YdA — / —42)dA,
/: g (¢ — pn) Z o %)

where we call 77 the incremental internal work density. It has the representation

T(6) = (6, £7(8)) — b + 70 (v — i)/ [V = AT)/T)  (445)

in terms of the free energy function v and dissipation potential function ¢, respec-
tively. Then, the finite-step-sized incremental minimization principle

{e. 7", 7"} = Arg{ igfi;lanT(cp,vl, ™)} (4.46)

determines the macro- and micro-motion fields ¢ and 7!, ..., ¥™ at the current time
tp+1 as the minimum of the incremental functional I17.

4.3.4 Space-Time-Discrete Incremental Variational Principle

We now consider the spatial discretization of the coupled problem of gradient-
extended crystal plasticity by a finite element method. Let T" denote a finite ele-
ment triangulation of the solid domain B. The index h indicates a typical mesh size
based on E” finite element domains B* € T" and N" global nodal points. Asso-
ciated with the triangulation T", we write the finite element interpolations of the
long-range constitutive state (4.3)

6" =B(X)d (4.47)

in terms of the global nodal state vector d € R(d+m)N " , which contains the current
macro-motion ¢ and the m scalar micro-motion fields ', ..., 7™ at all nodal points
of the finite element mesh. B is a symbolic representation of a global interpolation
matrix for the coupled problem. We use quadratic interpolations for both the macro-
as well as the micro-motion fields, in what follows denoted as Q2-Q2-elements.
Clearly, this global array is never formulated explicitly, but represents symbolically
the interpolations on all finite element domains B" € T". It governs the space-
discrete representation of the potential (4.44)
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o™ (d) = /B 7" (Bd)dV +1.t., (4.48)

where the loading terms (I.t.) are not displayed in order to keep the notation com-
pact. Then, the space-time-discrete minimization principle

d = Arg{ ingTh(d) } (4.49)

determines the global nodal state vector d of the finite element mesh at the current
time ¢,,41. The necessary condition of the discrete variational problem (4.49) reads

ny = / BT [dgn™|dV — L =0 (4.50)
B

and provides a nonlinear algebraic system for the determination of the nodal state
vector d. L is the nodal load vector due to body forces and Neumann loads. A
standard Newton-type iteration scheme is applied to the fully coupled nonlinear
algebraic system (4.50) updates the global nodal state by the algorithm

d<d—[II"}) ' [I7}] with 117}, ::/BT[aéﬁwT]BdV 4.51)
B

in terms of the monolithic tangent matrix of the coupled problem I7 ’ng. Observe the
symmetry of the tangent matrix induced by the incremental variational structure of
the coupled problem. The update (4.51) is performed until convergence is achieved
in the sense | I17;| < tol.

The finite element residual and tangent are governed by the generalized stress
and tangent arrays 8 := den” (&) and € := 0% 7" (&), i.e. the first and second
derivatives of the incremental internal work density 77 defined in (4.45) by the

Fig. 4.7 Orientation of the fcc unit cell. The standard cartesian base {Ei}ing is rotated
to the base { E; };—1,2,3 aligned to the fcc crystal. The (111) slip plane of the fcc crystal is
marked by the shading.
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discretized constitutive state vector & at current time ¢,, 1. The partitioned structure
of the generalized stress array takes the form

pepr-T
8=0sm(B) | —(7% — 7%) + [ 7o + B> | f' (%) + 3 (4.52)

RO&

for = 1...m with the algorithmic expression ¥* = [y* — v2]/7.

4.4 Example 1: Analysis of an F.C.C. Crystal Grain Aggregate

4.4.1 Slip Systems and Euler Angles

With the space-time discrete algorithmic formulation of our gradient crystal plastic-
ity model, we are now in the position to carry out numerical simulations. We restrict
our attention to the example of copper, which has an f.c.c. crystal structure that is
characterized by four {111} slip planes defined by slip normals n and three (110)
slip directions § on each plane, yielding m = 12 slip systems {§%,n®} in total,
see Figure 4.7 and Table 4.1, where the slip directions and slip normals of all slip
systems are given with respect to an orthogonal frame {E A}A=1,2,3 aligned to the
crystal axes. A relative rotation of the crystal and thereby {E A}A=1,2,3 With respect
to the fixed orthogonal frame {E 4} 4=1 2,3 can be described by E4 = R E 4 with
R = Q3(¥3)Q45(Y¥2)Q (1) € SO(3) and where the matrices Q, Q, and Q4 are
defined by the explicit expressions

cos1 —sind; 0 1 0 0 cos¥3 —sinds 0
Q,=|sint1 cos¥1 0|, Qy=]0cos2 —sind2 |, Q3= |sind¥z cos¥3 0|,

0 0 1 0 sin?d2  cos vz 0 0 1

in terms of the Euler angles 1)1, 12 and 1J5 that parametrize rotations about the Z-
axis, the X-axis and again the Z-axis, respectively. This also governs the rotation of
the slip directions and normals, such that s = R §“ and n® = R n“.

Table 4.1 The slip directions 5% and planes n® of the 12 slip systems of f.c.c. crystals in
terms of a basis { £ 4} a—1,2,3 aligned with the crystal axes

V25 V/3a V25 /34 V25 /3a
A2[01T1(T11) A3[101]7(T11) A6[110]1(111)
B2[011](111) B4[101]7(111) B5[110](111)
CI[OI1](111) C3[101](111) C5[110](111)
DI[0O11](I11) D4[101](111) D6[110]1(111)
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Table 4.2 Material parameters for Copper

No. Parameter Name Value Unit
1. m shear modulus 54135.0 MPa
2. 154 exponent 2.125 -

3. To initial Schmid stress 1.0 MPa
4. q off-diagonal component 1.4 -
5. b diagonal component 1.0 -
6. n exponent 1 -
7. T reference shear stress 0.0 MPa
8. 4 reference slip strain 1.0 -
9. A energy density 54135.0 MPa

10. n viscosity 0.1 MPas
11 o rate regularization 0.1 st
12. l GND length scale 0.1 —20m

4.4.2 Voronoi-Tessellated Unit Cell under Shear

Consider the numerical example of a Voronoi-tessellated unit cell under shear de-
formation. The unit cell consists of five grains and has a periodic structure in all
three space dimensions. The unit cell has a dimension of 10 x 10 x 10 mm. In each
grain the initial orientation of the crystal lattice is supposed to be different. At the
boundaries of the cell 03, homogeneous boundary conditions are applied

e(X)=F(NX, with F(I''=1+Te;®E®, (4.53)

Here, e; for i = 1,2, 3 are the covariant basis vectors of the spatial configuration,
E® for ¢ = 1,2, 3 the contravariant basis vectors of the Lagrangian configuration.
The prescribed shear I” is applied with a rate of I" = 1.0 s~ '. Furthermore, at the
grain boundaries, “micro-clamped” boundary conditions for the plastic slips v are
applied v* = 0 for X € OBjrain. The geometric setup is depicted in Figure 4.8 and
the material parameters are given in Table 4.2. The Voronoi-tessellated unit cell is
discretized by 23.210 quadratic tetrahedral elements with 33.871 nodes. In the nu-
merical simulation, a time step of At = 1075 s is used. The unit cell is deformed up
to a shear of I" = 20.0 %. The numerical results obtained for two different length
scale parameters are shown in Figures 4.9 and 4.10. Figure 4.10 shows the accumu-
lated plastic slip 5 = > 7. Observe that the smaller length scale [ leads to a more
distinct transition zone between the micro-clamped grain boundaries and the interior
of the grains. Furthermore, the smaller length scale yield a higher amount of plastic
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Fig. 4.8 Three-dimensional Voronoi-tessellated unit cell under shear: Geometric setup
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Fig.4.9 Three-dimensional Voronoi-tessellated unit cell under shear: Resultant homogenized
shear stress 723 over the homogeneus strain Fb3 for different length scales [

slip activity 7 inside the grains. By means of homogenization we observe a stiffer
macroscopic behavior for the unit cell with higher length scale. This is visualized in
Figure 4.9 for three different length scales.

4.5 Example 2: Laminate Microstructure in Single Crystals
In the next example, we want to demonstrate the capability of our gradient crys-

tal plasticity model to predict the formation and evolution of plastic deformation
microstructure in f.c.c. Copper with same plane double slip.
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r= 5% "

0.0 y[-1 012

Fig. 4.10 Three-dimensional Voronoi-tessellated unit cell under shear: Evolution of accumu-
lated plastic slip 7 for different length scales and at different deformation states

4.5.1 Double Slip Systems

For the subsequent considerations, we restrict our attention to two slip systems with
common slip normal. Particularly, we choose the systems A2 and A6, see Table 4.1.
Assuming a relative rotation R of 97 = —30.00°, 99 = 54.74° and 93 = —45.00°
between the local crystal basis {E 4} and the global referential basis {E 4}, we
obtain the referential slip directions and slip normals as

1 [—V3 L[ V3 0
s = 1 |Ey, s*= 1 |Es and n=|0|E,s. (454
21 o 21 o 1

Figure 4.11b shows the orientation of the slip systems in the frame { E 4 }.
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Fig. 4.11 Slip systems of an f.c.c. crystal: a) Slip planes and slip systems in the coordinate
system E, aligned with the unit axes. b) Slip plane A and slip systems A2, A3 and A6 in
the rotated coordinate system E4 = RE 4 after rotation with the Euler rotation R with
Y1 = —30.00°, 92 = 54.74° and 93 = —45.00°.

4.5.2 Implications of Same Plane Double Slip

As mentioned above, for this example we limit our attention to the case of a single
crystal with only two active slip systems that lie on the same slip plane such that
m=2andn' =n? =n.

4.5.2.1 Plastic Deformation

Making use of the assumption m = 2 and n = n! = n?, equation (4.5) can be
directly integrated and leads to

2 2
FP(y")=1+Y 7%s"@n = F''(3)=1-) 1"s"@n. (455
a=1 a=1

Unlike general multi-slip, the assumption of same plane double slip thus allows the
derivation of an explicit relation between plastic deformation and slips as F” (v®).

4.5.2.2 Dislocation Density Tensor

For same plane double slip, (4.7) with (4.55) yields the simplified relation
2
AVAY) =D 5% @ [(Vy™ - s — (V™ - )s%] . (4.56)
a=1

Note from (4.56) that the dislocation density tensor A and hence also the measure
|| A||? are both independent of slip gradient components in the normal direction n.
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4.5.2.3 Stored Energy Functional

For the double slip problem with m = 2, with the explicit dislocation density tensor
(4.56) at hand, and introducing % = (1 — §°%)*";*" [(s* . s5)t™ @ ¢/ — (-
s7)s* @7 + (12 t7)s% ©5°] + 59 [t* @ t” + 5* ® 87| we can rewrite the energy
of GNDs ¥ anp defined in (4.20) as

« /\ 2 2 (03 (o3
vann(VY®) = Enp Y. > V- (b7VyP). (4.57)

a=18=1

Note that due to the structure of the tensors b” derived from the definition of A
and defined solely by the slip directions s* and the transverse slip directions t<,
the gradient energy ¥)gnp as given in (4.57) punishes all but the n-components
of the gradients V~*. However, the n-direction is exactly the direction in which
we expect the formation of plastic laminate interfaces. To see this, consider two
adjacent domains with equal elastic deformation F'® but with distinct plastic slip
states {¥',%2} and {¥', 42} and hence distinct total deformations

(7.4} = F=FF =F(1+(3's' +7°s°)®n), (458
(3"} = F=F°F' =F°(1 + (3's' +7*s*) @ n). (4.59)

By subtracting (4.58) from (4.59), one can see that the resulting deformation gradi-
ents F and F of such domains are rank one connected by an interface with reference
normal n,

F-F={F[# —-4")s' +(3* —7Y)s’]} @n. (4.60)

We hence see that the material can form laminate deformation microstructure with
coherent sharp interfaces with normals n between adjacent layers of (any two) dis-
tinct slip states. To regularize the resulting sharp interfaces, we add a gradient term
that energetically punishes only the n-components of Vv,

2
A
Yram (VYY) = 5 17 Z VA*(m@n)Vy®, (4.61)

a=1

where A > 0 is the material parameter associated with the energy density of lat-
tice defects already introduced in (4.20) and I > 0 is proportional to the length-
scale of the regularized transition between states of different plastic slip at the in-
terfaces. Introducing the set of structural tensors ¢®” = §*%(n ® n), reformulat-
ing the energy ¥y, aas in the spirit of (4.57), we can introduce the gradient energy
YGaRAD = YGND + Y¥ran given by

)\ 2 2 )
Yarap(V1®) =5 D> VA" [(anp b +17e)VA] (4.62)
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Table 4.3 Material parameters for Copper , taken from Dmitrieva et al. [DDMRO09] to fit the
experiment

No. Parameter Name Value  Unit
1. m shear modulus 48000.0 MPa
2. 154 exponent 2.125 -

3. To initial Schmid stress 100.0 MPa
4. q off-diagonal component 1.0 -
5. b diagonal component 0.0 -
6. n exponent 2 -
7. T reference shear stress  400.0 MPa
8. ot reference slip strain 0.01 -
9. A energy density 10000.0 MPa

10. n viscosity 100.0 MPas
11 o rate regularization 0.001 st
12. l GND length scale 0.5 m
13. lr regularization length ~ 0.05 m

that punishes all contributions of the slip gradients V~<. Choosing I < lanD
leads to an anisotropic gradient energy Ygrap (VY = [|[VAl||m!, V4?2 = || VA2
|[m?) with Yygrap(an, an) < Ygrap(am!, am?)vm!, m? # +n € R?Va €
‘R. This referential gradient anisotropy is somewhat similar to that introduced in the
context of martensitic laminates with a known rank-one direction in Hildebrand &
Miehe [HM12].

4.5.3 Laminate Deformation Microstructure in Single Crystal
Copper

The two numerical simulations are inspired by the shear experiments described in
Dmitrieva et al. [DDMRO09], where deformation laminate microstructure is observed
in a Copper single crystal with the orientation depicted in Figure 4.11b. The material
parameters are taken from Dmitrieva et al. [DDMRO09] to fit the experiment, and
given in Table 4.3. With this in mind, we consider a cubic domain with length L=1
mm, which we discretize by 40x40x40 finite elements. We prescribe homogeneous
boundary conditions

©(X)=F(NX, with F(IN=1+Ts®n, (4.63)

where 5 = (52 — s!)/|s? — s!| and where I" = 0.25 s~1. Note that (4.63) is a
time-dependent simple shear that cannot be accommodated by single slip on one
of the two slip systems. In all simulations, we use a time step of At = 0.0001s.
With this essential deformation boundary condition, we carry out two simulations
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Fig. 4.12 The homogenized stress-strain response Pis (F'13 = I') for laminate deformation
microstructure formation and evolution during micro-free and micro-clamped homogeneous
simple shear. The GND-governed boundary layer of the plastic slips in the micro-clamped
simulations yields a stiffer response.

with different micro-boundary conditions for the plastic slips. In one simulation,
we use natural micro-boundary condition of the form £y, = 0 on 9B and in the
other, we use essential micro-boundary condition of the form v* = 0 on 9. These
boundary conditions are sometimes referred to as micro-free and micro-clamped
boundary conditions, see e.g. Svendsen et al. [SBER10]. The results of the sim-
ulations are given in Figures 4.12-4.14. Under micro-free boundary conditions,
our model predicts that the plastic deformation state in 5 is homogeneous up to
—~' = ~2 2 0.015, see Figure 4.13a, which depicts a state slightly past this point.
The non-convexity of the latent hardening contribution 1/355 p then triggers the for-
mation of laminate microstructure with interface normal n as predicted, where in
one layer, ! &~ —0.015 stays constant while 2> accommodates further deforma-
tion, while in the other 42 = 0.015 stays constant while ' accommodates further
deformation, see Figures 4.13b-e. Note from the figures that the width of the smooth
transition between the states {—0.015,72} and {7*,0.015} is governed by the reg-
ularization length scale [, and that (4.13) very well approximates the accumulated
slips vt = |y%|. Under micro-clamped boundary conditions, our model predicts
that the plastic deformation state in B is homogeneous besides a boundary layer
up to —y' = 4% ~ 0.0175, see Figure 4.14a, which depicts a state slightly be-
fore this point. Then, again, formation of microstructure starts, see Figures 4.14b-e.
Note from the figures that the width of the smooth transition between the states
{—0.0175,+2} and {!,0.0175} in the direction n is again governed by the regu-
larization length scale [ while the width of the boundary layer at the boundaries
in £, and E,-direction is now governed by the GND length scale [. To show the
effect of the boundary conditions on the homogenized overall behavior, Figure 4.12
depicts the homogenized stress-strain relation Py3(Fy3). The figure nicely shows
the more pronounced hardening under micro-clamped boundary conditions caused
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Fig. 4.13 Snapshots of the distributions of v'(x) and v*(z) in S and of 7' (2), v*(2)
and projected values of v (Z), y72(Z) along the referential line connecting the points
(4L, 5L,0) and (L, }L,L) during micro-free homogeneous shear of all points on
0B, = 0B with p(X,t) = @(X,t) = (1 +I'(t)e1 ® E3)X:a)t = 0.0s, I = 0.0,
b)t = 0.25s, I' = 0.0625,c) t = 0.5s, [' = 0.125,d) t = 0.75s, I' = 0.1875 and
e)t =1.0s, " = 0.25.

by the inhibition of plastic slip in the boundary layer with width proportional to
lgnp. Comparing the stress strain curves to the ones measured by Dmitrieva et
al. [DDMRO09], we see from the slope of the curve Py5(Fi3) that our model dras-
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Fig. 4.14 Snapshots of the distributions of ' () and +*(z) in S and of 7' (2), v*(2)
and projected values of v11(Z), v72(Z) along the referential line connecting the points
(5L, 3L,0) and (L, )L, L) during micro-clamped homogeneous shear of all points on
0B, = 0B with (X ,t) = @(X,t) = (1 + I'(t)e1 ® E3)X:a)t = 0.0s, I' = 0.0,
b)t = 0.25s, I' = 0.0625, c) t = 0.5s, ' = 0.125,d) t = 0.75s, I' = 0.1875 and
e)t =1.0s, I" = 0.25.

tically overestimates the hardening and from the form of Py3(Fy3) that the chosen
bi-quadratic hardening function ¥ggp is not completely in agreement with experi-
mental results. Also, we note that the predicted deformation laminate microstructure
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with alternating activities of the A2 and the A6 slip systems is not in agreement to
that observed by Dmitrieva et al. [DDMRO09], where alternating activities of the A2
and the A6 slip systems are expected, but where it is concluded that in disagree-
ment with this expectation, the laminate consists of regions with A2/A6 activities
alternating with regions of C1/C5 activity. Such behavior can of course not be cap-
tured in the proposed double slip model. In summary, we see that our model is
capable of predicting the formation and evolution of plastic deformation laminate
microstructure in combination with length scale effects due to geometrically nec-
essary dislocations. The hardening parameters necessary to trigger the formation of
laminates lead to an overestimation of the overall hardening. However, due to its
strong physical basis and its canonical form, it is an ideal basis for extensions to
multi slip and also quantitatively realistic latent hardening laws.

4.6 Conclusion

We outlined a formulation and finite element implementation of micromechanically-
motivated multiplicative gradient plasticity for single crystals, which may be con-
sidered as a canonically simple setting. The central ingredient is a contribution to
the free energy storage in terms of the geometrically consistent dislocation gradient
tensor, that governs the GND-based kinematic hardening mechanisms. In order to
partially overcome the complexity of full multislip scenarios, we suggested a new
viscous regularized concept of rate-independent crystal plasticity, and exploited in
a systematic manner the long- and short-range nature of the variables involved, see
also Miehe et al. [MMH14]. The separation into long- and short-range states was al-
gorithmically treated by a new update structure, where the short-range variables play
the role of a local history base. The model problem under consideration accounts in
a canonical format for basic effects related to statistically stored and geometrically
necessary dislocation flow, yielding micro-force balances including non-convex
cross-hardening, kinematic hardening and size effects. Further key ingredients of
the proposed algorithmic formulation are geometrically exact updates of the short-
range state and a distinct regularization of the rate-independent dissipation function
that preserves the range of the elastic domain. We demonstrated the modeling ca-
pabilities and algorithmic performance by a large-scale numerical example for mul-
tislip scenarios of f.c.c. single crystals. Furthermore, the capability of the model to
predict the formation and evolution of plastic laminate microstructure due to latent
hardening has been shown in a reduced double-slip setting. We have demonstrated
this under micro-free and micro-clamped boundary conditions in combination with
length scale effects caused by GNDs. More detailed results on computational gradi-
ent plasticity are outlined in the recent works [Miel4, MMH14, MWA 14, MAM13].
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Chapter 5

Variational Approaches and Methods for
Dissipative Material Models with Multiple Scales

Alexander Mielke

Abstract. In a first part we consider evolutionary systems given as generalized
gradient systems and discuss various variational principles that can be used to con-
struct solutions for a given system or to derive the limit dynamics for multiscale
problems via the theory of evolutionary Gamma-convergence. On the one hand we
consider a family of viscous gradient system with quadratic dissipation potentials
and a wiggly energy landscape that converge to a rate-independent system. On the
other hand we show how the concept of Balanced-Viscosity solution arise in the
vanishing-viscosity limit.

As applications we discuss, first, the evolution of laminate microstructures in
finite-strain elastoplasticity and, second, a two-phase model for shape-memory ma-
terials, where H-measures are used to construct the mutual recovery sequences
needed in the existence theory.

5.1 Introduction

This work shows how methods from abstract evolutionary systems can be employed
for the study of material models which allow for small or finite-strain elastic defor-
mation y and are characterized by further internal or dissipative variables z which
may describe damage, plastic deformations, magnetization, polarization, or phase
transformations. The common feature of all models considered is their description
in terms of an energy functional & and a dissipation potential %. Hence the evolu-
tion of the state ¢ = (y,z) can be described by a generalized force balance, namely

0.€9;%(q(1),q(t)) +Dy& (2,4(1))- (5.1
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Here d;%(q,q) denotes the convex subdifferential of the dissipation potential %,
where for each state ¢ the function Z(q, -) is nonnegative, convex, and lower semi-
continuous and satisfies %(q,0) = 0. Thus, the possibly set-valued subdifferential
0;%(q,q) contains the dissipative forces generated by the rate ¢ if the system is
in the state g. These forces have to be balanced by the potential restoring forces
—-D,&(t,q).

The formulation of material models in terms of the functionals & and % instead
of general PDEs shows additional physical structure that can be exploited mathe-
matically. In particular, one can employ the rich theory of the calculus of variations,
even for evolutionary systems. As a first case, we see that a very useful time dis-
cretization of (5.1) can be obtained by the time-incremental minimization problem

Gkt+1 € Argmin <@@(fk+1 )+ (tee1—10) 2 (qs0, ,H]l_,k (Q—Qk)))- (5.2)
q

In the context of abstract evolutionary systems this scheme relates to De Giorgi’s
theory of minimizing movements, and one way of obtaining solutions is via De
Giorgi’s (#,%*)-principle, also called the energy-dissipation principle (EDP),
which is given by the simple variational characterization via

T T
E(T.q(1)+ | #(q.4)+ %" (q.-DE(1,q)) i < 60.9(0) + [ a&(t.q)ar.

This principle and its equivalence to (5.1) will be discussed in Section 5.2.1.

The EDP is also extremely useful for studying multiscale problems given in terms
of generalized gradient systems (X, &, %), where € € [0,1] is a small parame-
ter. The major question is under what conditions the solutions g¢ : [0,T] — X for
(X, 8%,%¢) converge to a solution g : [0,7] — X for (X, &y, %) in the limit € — 0.
If this holds and additionally the energies converge, i.e. &z (,q¢(t)) — &o(t,q0(t))

. . T,
we call this evolutionary I'-convergence. In general, the I'-convergences & — &

and X, Q X are not enough. We discuss some of the results from [Miel4] and give
applications to models with wiggly energies, where for € > 0 the dissipation poten-
tials Ze (q,v) = é (v,G¢(g)v) are quadratic and satisfy %, — 0, but the limiting dis-
sipation potential % is 1-homogeneous, such that (X, &y, %)) is a rate-independent
system (RIS), such as linearized elastoplasticity, see Section 5.4.2.

Moreover, the vanishing-viscosity limit € — 0 of generalized gradient systems
(X,&,%¢ ), where the “small-viscosity dissipation potential” has the form %, (¢q,v)=
¥(g,v) + 5 (v,Gv), can also be studied efficiently using a reparametrized version of
the EDP, see Section 5.4.3. This leads to the notion of balanced-viscosity solutions
(also called BV solutions) for RIS (X,&,¥,G), where G indicates the additional
viscosity structure which determines the jump behavior.

For purely rate-independent models it is advantageous to replace the infinitesimal
dissipation metric ¥ by the dissipation distance Z(qo,q1) between two states zg
and z;. This leads to the notion of energetic rate-independent systems (ERIS). In
particular, the time-incremental minimization (5.2) does not depend on the time
step and can be replaced by
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¢t e Argmin(o‘”‘(tk+1,q)+9(qk,q)). (5.3)
qeX

It was observed in [MTLO2] that all accumulation points of the piecewise inter-
polants of the solutions of (5.3) are so-called energetic solutions, see (5.5) for the
purely energetic definition of this solution concept.

A corresponding notion of evolutionary I'-convergence for ERIS (X, &, %) was
developed in [MRSO08], see also [MR15] for more details. Using this approach and
the general existence theory for finite-strain elastoplasticity from [MMO09, Miel0]
it was shown in [MS13] that linearized elastoplasticity can be derived as the evolu-
tionary I"-limit of finite-strain elastoplasticity, if the yields stress is tending to 0, see
Section 5.3.2.

In Section 5.5 we discuss two rate-independent material models that describe the
evolution of microstructures. The first one is a mathematical version of the model
proposed in [KH11], where laminates are considered as dissipative internal variables
and equipped with a physically motivated dissipation distance, see Section 5.5.1 and
[HHM12]. In Section 5.5.2 the two-phase model introduced in [MTLO02] is recon-
sidered using a new construction for mutual recovery sequences, which allows us to
generalize the original existence proof considerably.

In Table 5.1 and 5.2 we give an overview of the discussed topics in this work.

Table 5.1 A survey on the existence results discussed here via variational formulations

Topic Section  Reference

Energetic solutions for finite-strain elastoplasticity Sec.5.2.2 [MMO09, Miel0, MR15]
Energetic solutions for laminate evolution Sec.5.5.1 [HHMI12]

Energetic solutions for a two-phase SM material Sec.5.5.2 [MTLO02, HM15]
Balanced-Viscosity solutions Sec.5.4.3 [MRS09, MZ14, MRS 14b]
Finite-strain viscoplasticity Sec.5.2.1 [MRS15]

One-dimensional finite-strain viscoelasticity via Sec.5.2.1 [MOS14]
EVI

Table 5.2 A survey on the results on evolutionary I"-convergence discussed in this work

e-dependent multiscale problem limit problem Section Reference
wiggly-energy ODE scalar dry-friction model ~Sec.5.4.1 [PT02, Miel2]
system of bistable, viscous springs 1D pseudo-elasticity Sec.5.4.2 [MTI12]
finite-strain elastoplasticity linearized elastoplasticity Sec.5.3.2 [MS13]

5.2 Variational Formulations for Evolution

A main point of looking in different variational principles lies in the fact that theses
principles lead to different mathematical formulations. For instance, when looking
to global existence results for material models allowing for finite strains and the
associated geometric nonlinearities, it is highly desirable to use minimization prin-
ciples on the energy such that the rich theory of direct methods from the calculus of
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variations are applicable, such as weak lower semicontinuity, existence of minimiz-
ers, I'-convergence, and relaxation techniques.

5.2.1 Generalized Gradient Systems and the Energy-Dissipation
Principle

We now convert the formal ideas from the introduction into rigorous mathemati-
cal statements. We call a triple (X, &, %) a generalized gradient system (gGS), if
X is a Banach space, & : [0,T] x X — R., := RU{eo} is an energy functional, and
X : X x X — [0,0] is a dissipation potential, which means that for all g € X the func-
tional Z(q,-) : X — R.. is lower semicontinuous, nonnegative, convex, and satisfies
Z%#(q,0) = 0. We speak of a classical gradient system, or simply a gradient system,
if #(q,-) is quadratic, i.e. there exists a (viscosity) operator G(g) = G(g)* > 0 such
that Z(q,v) = é(G(q)v, v). However, plasticity requires non-quadratic dissipation
potentials, e.g. of the form Z(7) = Oyiewa|| 7|11 + ;“ViscHﬂHir In particular, the
rate-independent case requires Z(gq,Av) = A% (q,v) for all A > 0, which is incom-
patible with a quadratic form.

The following proposition from convex analysis shows that there are several com-
pletely equivalent formulations of the generalized force balance (5.1). The equiva-
lences of the points (ii) to (iv) are also called the Fenchel equivalences, cf. [Fen49].
The essential tools is the Fenchel-Legendre transform ¥* : X* — R.. of a convex
function ¥ : X — R., defined via

¥1(8) ==sup{(§,v) —¥(v)[veX}.
Note that in a reflexive Banach space we have (¥*)* = .

Proposition 5.2.1 (Equivalent formulations). Let X be a reflexive Banach space
and ¥ : X — R. be proper, convex, and lower semicontinuous. Then, for every
& € X" and every v € X the following five statements are equivalent:

(i) ve Arger)r(lin (P(w)—(&,w); (i) E € P (v);

(iii) W(v) + ¥ (&) = (&,v);

(iv) v e IP*(&); v) & GArg;nlin('P*(n)fm,v)).
nex*

Note that the definition of ¥* immediately implies the Young-Fenchel inequality
¥(w)+¥*(n) > (n,w) for all w and 7. Thus, (iii) expresses an optimality as well.

Defining the dual dissipation potential Z* via Z*(q,-) := (#(q,+))* we can ap-
ply these equivalences to reformulate (5.1) in the following ways:

(D Rayleigh principle [Ray71]
(HRP) ¢ € Argmin (%’(q,v) — (Df(t,q),v));
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(Il) Force balance in X* Rayleigh-Biot equation [Ray71, Bio55]
(FB) 0€d;%(q,q)+D&(t,q) € X™;

(IIT) Power balance in R De Giorgi’s (#,2*) formulation [DMT80]
(PB)  #(q,9) +%"(q,—D&(1,q)) = —(DE(1,9),4);

(IV) Rate equation in X Onsager equation [Ons31]
(RE) g€ d:%"(q,—D&(t,q)) €X;

(V) Maximum dissipation principle cf. e.g. [HFO8]

(MDP) D& (t,q) € Argmax ((5,(]) —%"*(q,f:)).

In fact, [Ray71, Eqn. (26)] also includes the kinetic energy %", which we omit in our
quasistatic approximation, namely § (D4.# (q,4)) +Dg%#(q,4) + Dy& (t,q) =0.

Note that we have changed the sign in (V) to justify the name of (MDP). The
reason for this will become apparent in the rate-independent setting where Z* only
takes the two values 0 and o, see (5.4) and [HF08].

Before returning to the general situation, we highlight the three different cases
(ID—(IV) for the classical viscous dissipation, i.e. % (u,v) = ; (Gv,v) and Z*(u, &) =
1(E,KE) with K = G~!. Then, we have

(FB) Gii=—Dé&(u) (RE) i =—KD&(u) = —Vg&(u)
(PB) ;<Gu,u> + ;(De?(u),KDé’(u)) = —(D&(u), i),

where (RE) can be seen as a “gradient evolution”, as Vg is the gradient operator.

The above forms can already be understood as variational formulations, since the
evolution is expressed by extremizing a functional or by variations or derivatives of
the two functionals & and Z. However, for mathematical purposes it is desirable to
have variational formulations for the whole solution trajectories ¢ : [0,7] — X. One
such principle can be derived on the basis of the power balance (PB) by integration
in time and using the chain rule and finally employing the Young-Fenchel inequality
¥(w)+¥*(n) > (n,w), cf. [DMT80] or the survey [Miel4].

Theorem 5.2.2 (De Giorgi’s energy-dissipation principle). Under suitable techni-
cal conditions on (X, &, %) a function q : [0,T) — X satisfies (I)~(V) from above for
almost all t € [0,T] if and only if the Energy-Dissipation Principle (EDP) holds:

ST.a(T)+ [ #(g.d)+F" (g, -DEG4) @
(EDP) 0

T

< 5(0,q(0))+/0 A&t q(t))dr.
Moreover, the EDP is equivalent to the energy-dissipation balance (EDB), where
“<”in (EDP) is replaced by “=".

It is obvious how to obtain (EDB) (and hence (EDP) from (I)—(V). For this one
simply integrates the power balance (III) in time and uses a abstract chain rule
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£4(0)) = E(ra(n)+ [ (DE(5(5),405)) + 2,6 (s.4(5)) .

Starting from (EDP) and using the chain rule one easily obtains the power balance
(II1) as an estimate, namely [ % +%*dt < [} —(D&,4)dr. However, the Young-
Fenchel inequality gives #Z + %* > —(D&,¢) for almost all ¢ € [0,T], so that the
power balance (III) has to hold.

Remark 5.2.3 (Brézis-Ekeland-Nayroles principle [BE76, Nay76]). This principle
exactly serves the same purpose, namely providing a minimum principle for whole
trajectories. It is similar to the EDP but in some sense dual. It applies to the case that
X is a Hilbert space, Z(q,q4) = 1||¢|l%» and an energy &(t,q) = ®(q) — (£(t),q)),
where @ is convex. Then, ¢ : [0,7] — X solves the force balance (FB), now in the
form g+ d®(q) # ¢(¢) if and only if

[ @a0)+ @@~ ~ (0, a0+ o)~ IO <O,

where the estimate “> 0” always holds. We refer to [Ste0O8] for a discussion and a
generalization to the doubly nonlinear case #(q,q) = ¥ ().

The importance of the EDP is that a discrete counterpart can be derived based on
the incremental minimization problem (5.2) and De Giorgi’s variational interpolants
gz In a classical Banach-space setting on can use the piecewise constant right and
left-continuous interpolants g; and ¢, as well as the piecewise affine interpolant g;
(all satisfying g (t;) = ¢x) and obtains the discrete version of EDP in the form

1 . Tk
8 (11Ge(00)) | (a5 )+ (42, ~DE(1,0))dt < E(11.G:(0) +[ 96 (t,2)dr
I I

Under suitable assumptions it is possible to take the time-step limit T — 0 and arrive
at the notion of weak energy-dissipation solutions, defined by the condition that

80,40+ [ 20,0+ (4.-DE(5.0)) ds < Eg(r) + [ 26 ) ds

holds for all € [0,T], s = 0, and almost all s € [0,T]. An existence proof for weak
energy-dissipation solutions for a model of finite-strain viscoplasticity using the
multiplicative decomposition is given in [MRS15]. There it is not possible to derive
the missing chain-rule estimate to return back to the differential inclusions (I)—(V).
Another very useful variational principle is only valid for classical gradient
systems, where it is possible to define a dissipation distance 2. If the energy
functionals &(z,-) are geodesically A-convex, then one reformulate the evolution-
ary problem via a so-called evolutionary variational inequality (EVI), see [AGSO05,
Miel4]. For an application of this theory of geodesically A-convex gradient sys-
tems in one-dimensional viscoelasticity we refer to [MOS14]. This one-dimensional
existence theory, where ¢ = y, relies on time-incremental minimization problems
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Yt :Argmin( .@(W,yk)z—i—é‘)(w))

2(tk1—t)
and establishes strong convergence of the solution even in the case of nonconvex &.

An approximative variational characterization of whole trajectories can be ob-
tained by the weighted energy-dissipation functional (WED functional), which is
defined via

e = [ (@040 + LEa0)d g0) =

and which was introduced in [MOOS] in the context of material modeling. It
was used earlier for elliptic regularization of parabolic problems, see [LM72] and
[[lm94] for the treatment of Brakke’s approach to the mean-curvature flow.

Under sufficient smoothness of & and % we see that the Euler-Lagrange equation
takes the form

D %(q,4)+DyE (t,q) =€ (i (Dy#(q,4)) *Dq«%’(q,ci))v D% (q(T);4(T)) =0.

Thus, we obtain an “elliptic regularization” of the original evolutionary problem.
The advantage is that showing the existence of minimizers g, : [0,7] — X for #¢
is usually much easier than establishing the existence of solutions for the gGS. Yet,
the major problem then is to pass to the limit € — O to find a limit g of the approxi-
mations ge. For the rate-independent case % (g,v) = ¥(v) this was done in [MOO08]
obtaining energetic solutions ¢. For classical gradient system Z(q,v) = é(Gv, V)
with G independent of ¢ the convergence g — g was established in [MS11].

The general aim of introducing the WED functional in [MOOS] was the possi-
bility of using relaxation techniques that are invented originally only for stationary
problems also in the context of evolutionary problems. First results on such relax-
ations are presented in [MOOS, Sec.4.4+5], mainly in the context of RIS. For a
proper relaxation of a viscous PDE we refer to [CO08, Sec. 4], where the case

X=12(Q), £(0)= [ FVaW) - fe)adr, 2(0)=, [ dds

was considered, with Q C R? and F(A) =0 for A € K := {#+(1,0),£(0,1)} and
else. It is proved that quasiminimizers g, of #; converge to solutions of the relaxed
evolution defined via the differential inclusion

1 1
g= _divo+ Zf’ where o(t,x) € dys(Vu(t,x)),

2

where S = convK = { (A},A;) € R?||A;|+|A;| < 1} and ys is indicator function of
convex analysis, i.e. xs(A) =0 for A € S and oo otherwise.
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Fig. 5.1 Primal and dual dissipation potential ¥ for RIS

5.2.2 Rate-Independent Systems and Energetic Solutions

The case of purely rate-independent dissipation is distinct from the general dissi-
pation potentials. It is characterized by the condition on %Z(q,Av) = A%(q,v) for
all A > 0. In that case we call (X,&, %) a rate-independent system (RIS). Then,
the force-velocity relation v — d,Z(q,v) is meant in the sense of subdifferentials of
convex functions, which are set-valued:

IY(v)={neX |VweX: Y(w) =¥+ (n,w—v)}.
For rate-independent cases we have

A#(q,Av) = d%(q,v) ={n € K(q) | #(q,v) = (n,v) },

where K(q) := d,%(q,0) is called the elastic domain. Moreover, for the dual dissi-
pation potential we find the simple form

Z(q,8) = Xk(g)(8) = { 2, fl%rréﬁ Zli(((q;)

see Figure 5.1.

In principle the five formulations I to V of the previous subsection are still valid
for RIS. However, one can use the special structure of d,% and Z* to simplify
the presentation. For instance, the maximum-dissipation principle reduces to the
simpler form

rate-independent MDP: D,&(t,q) = Argmax(&,q). (5.4)
GeK(q)

Second the energy-dissipation principle in the rate-independent case takes a simpler
form as Z* is either 0 or . A differentiable function g : [0,T] — X solves I to V if
and only if

(S)loc *Dqg(th) € K(Q) = av‘%,(q’o)’

T T
B E(T:q(T))+ /0 Z(g,d)dt = £(0,q(0)) + /0 38 (t,q)dr.
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We call the first condition a local stability condition, since the system stays in a state
¢(r) in which the driving force & (1) = D,&'(t,q(t)) is not big enough to overcome
the possible dissipative forces 1 € K(g).

The major problem for RIS is that the solutions will in general develop jumps,
i.e. the three values ¢(r—0) := lim, » ¢(s), ¢(t), and ¢(r+0) := limy, g(s) may
be different. In such a discontinuous situation the differential formulations are not
really useful. Of course, if there is enough convexity in the system the solution will
not develop jumps and the above formulations are optimal.

In general cases, the notion of energetic solutions can be used to character-
ize solutions with jump in a variational way. In that case the infinitesimal dissi-
pation potential %, which in mathematical terms plays the role of a infinitesimal
Finsler metric, is not suitable and has to be replaced by a dissipation distance
2 : X x X — [0,00] which is assumed to satisfy the triangle inequality Z(q1,q3) <
2(q1,92) + 2(q2,93), but the symmetry Z(q1,92) = 2(q2,91) is not needed. The
triple (X, &, 2) is called an energetic rate-independent systems (ERIS), and a func-
tion ¢ : [0,7] — X is called an energetic solution if for all ¢ € [0,T] the global sta-
bility (S) and the energy balance (E) hold:

(S) (t.qlt) < E(1,§)+ P(q(1),g) for all G € X:

T (5.5
(B) &(T,q(T))+Dissy (:[0,T]) = £(0,4(0)) + /0 3, (5, ) ds,

where the total dissipation along a possibly discontinuous solutions is defined via
' N
Dissg(q;[r,s]) =1 .Zlﬁ(q(tj,l),q(tj)) INEN, r<ty<ti<---<ty<s}. (5.6)
j=

For energetic solutions, possible jumps can be given a natural physical interpreta-
tion. First, (E) implies the exact energy conservation & (¢,q(140)) = &(t,q(t—0)) —
2(q(t—0),q(t+0)). Second, (S) implies that a jump immediately occurs if it is pos-
sible, which is called the principle of realizability in [MTLO02].

The notion of energetic solutions was first introduced in [MTLO2], and under
suitable technical assumptions it was shown that all limits of the piecewise constant
interpolants of the solutions of the time-incremental minimization problems

¢! € Argmin (.@(qk,ﬁ)—i—é‘)(tﬂlﬁ)) (5.7)
geX
converge to energetic solutions. We refer to [Miel 1b, MR15] for a detailed account
of this theory.

Note that in the incremental problems (5.7) one is doing a global minimization,
which is reflected in the global stability condition (S). This leads to a jump behav-
ior which is sometimes unrealistic, since potential barriers are not seen. To define a
notion of solutions that do not show the problem of too early jumps, one can treat
RIS as limits of rate-dependent systems, i.e. systems with a small viscosity propor-
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tional to € and then consider the vanishing-viscosity limit € — 0. The corresponding
notion of solutions is called Balanced-Viscosity solutions, which will be discussed
in Section 5.4.3.

The two major stimuli in the development of the theory of energetic solutions
for RIS were the theory of crack evolution in brittle materials, see [DFT05] for
linearized elasticity and [DL10] for finite-strain elasticity, and the theory of finite-
strain elastoplasticity, see [MMO09, Mie10]. In the former case the name irreversible
quasistatic evolution is used for what is called energetic solutions here. In both
cases, there is not a useful underlying linear structure in a function space X, and the
full strength of the abstract definition of energetic solutions is needed.

5.3 Evolutionary I'-Convergence

Following the notions in the survey article [Miel4] we consider families of gGS
(X 7503,%8)5610,1[ and ask the questions whether the solutions g, for these system
have a limit ¢ for € — 0 and whether the limit ¢ is again a solution to a gGS
(X, &0, %) Ideally, one might hope that it is sufficient that &; and %, convergence
in a suitable topology to &y and %, respectively. We will show that such results
exist, but we will also discuss situations where we start with quadratic Z, and end
up with a limiting dissipation %, that is rate independent.

We first give the general definition of pE-convergence, which is a short name
of evolutionary I' -convergence with wellprepared initial conditions. Hence, the let-
terE” stands for both, ‘E’volutionary convergence and ‘E’nergy convergence. while
the letter “p” stands for well ‘P’reparedness of the initial conditions, in contrast to
E-convergence, where the latter is not needed.

Definition 5.3.1 (pE-convergence of (X, &, %;)). We say that the generalized gra-

dient systems (X,&;, %) pE-converge to (X,&0,%), and write (X, &, %) PE
(X, 80, %), if

ge: [0, T > X Jg sol. of (X, &y, %) with g(0)=¢°
is sol. of (X, &%, %), and a subsequence g — 0 : 53
q¢(0) — ¢°, and = Vt €]0,T]: gg (t) = q(t) and (5-8)
&6(0,q¢(0)) — £5(0,¢%) <o e (e, (1)) — So(q(1)).

Similarly, we define the pE-convergence for ERIS (2, &%, Z¢) LK (2,680, %), if
“solution” is understood in the sense of energetic solutions.

In the following subsection we discuss some abstract results for pE-convergence.

5.3.1 pE-convergence for Generalized Gradient Systems

The first general approach to the evolutionary I'-convergence for classical gra-
dient systems, where the variational structure was exploited systematically, goes
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back to [SS04], see also [Serll, Miel4]. This approach is based on the energy-
dissipation principle for the gGS (X, &;, %) presented in Theorem 5.2.2, which
transforms the evolutionary system 0 € 9;%¢ (e, qe) + Dy&e(t,qe) into the upper
energy-dissipation estimate

Ee(t,qe(T)) + Fe(ge(’)) < ge(ovqe(o))JF/OT 056 (5,qe(s5)) ds,
where ()= [ Fela(0).40)) + R3a(0).~Dybelr.q(e))

Having a variational principle for the whole trajectory, one can now use variational
techniques to pass to the limit € — 0. First we observe that the first term on the
right-hand converges to the desired limit by the assumption of the wellpreparedness
of the initial conditions. For the second term on the right-hand side we may assume
that it is lower order and can be handled by compactness. In fact, often one has
Ee(t,q) = U (q) — (Le(t),q), then 0, & (t,q) = —(l¢(t),q) is linear in g and strong
convergence of £ (t) — £(t) is X* is sufficient.

Hence, it remains to estimate the two terms on the left-hand side. Here we can
take advantage that we only need an estimate from above, i.e. the liminf estimates

&(T.q(T)) < liminf&(Tqe(T)) and_Fo(g()) < limint Ze(qe())

are sufficient. For this, one has to derive suitable a priori estimates on the solutions
ge such that one is able to extract a subsequence gg, which converges in a sufficiently
strong topology to establish the desired liminf estimates.

The famous Sandier-Serfaty approach [SS04, Serl11] relies on the two liminf es-
timates

o Zo(qo(t),qo(t)) dt < Tliminfe_o fy Pe(qe(t),de(t))dr and
Z0(q0:=Dg&0(1,q0)) < iminfZe (qe, —Dy e (1, ge))-

However, the energy-dissipation principle (EDP) is even more flexible, since we
do not need these two separate lower bounds. In passing to the liminf for the total
dissipation fOT He+Xy dt we may even give up the special dual form Z + Z* of the
integrand. This idea, which was applied successfully in [AMP* 12, Mie12, MPR 14,
LMPR15], can be summarized as follows.

Defining the functional 7, : WH1([0,7];X) — [0,0] via

T
Felu) = [ el +- 1, ~De(u) i,

we have to find a sufficiently good lower bound for the I"-liminf, namely

i) ue(:) > u(-)inL=([0,T];X) = /OT%O(u(t),u(t))dtglign_j(r)lfjg(ug),
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where the integrand .# does not need to be of the form %, + %;. Hence, finding
the best (i.e. largest) .# is nothing else than finding the (static) I'-limit of the
functionals _Z¢. It suffices to find (X, &, %) and .# such that

(i) & = &

(iii) Ao(u,v) = —(Dé&p(u),v);

(iv) the chain rule holds for(X, &, %o );

) Ao(u,v) = —(Dép(u),v) = Zo(u,v)+%q(u,—Dé&y(u)) = —(D&y(u),v).

As before, we can start from the EDP &% (ue(T)) + _Ze(ue) = 6¢(ue(0)). Using the
wellpreparedness of the initial datum, (i), and (ii) we pass to the limit and obtain the
EDP

() + [ a0, 0)) < Gofut0)).

Now using the (iii) and the chain rule (iv) we find

T

%MW@%MU)/wﬂ(DOMt
< ) + [ Aute) i)t < 55(u(0))

Thus, we conclude that we must have equality in (iii) for almost all ¢ € [0, T], such
that we can use (v) to conclude that u is a solution for (X, &y, %,). Hence, the pE-

convergence (X, (52,%8) (X 8y, %) is established.

Section 5.4.1 summarizes the results of [Miel2, MT12], which show that the
above strategy can even be applied to justify the passage from small viscous dis-
sipation (i.e. %, (u,-) is quadratic) to a limit problem with large rate-independent
dissipation (i.e. Zo(u, -) is positively homogeneous of degree 1, see Section 5.2.2).

In fact, under a slight and natural strengthening of the conditions (i) to (v), it is
possible to construct %, directly from .. Indeed, assume that .#(u,-) is addi-
tionally even, convex, R-valued, and lower semicontinuous, then % , defined via

Ry (u,v) = Mo(u,v) — Ay(u,0)

is a dissipation potential. Moreover, using property (iii) we find the estimate

Ry (u,~Dép(u)) = sup ((-Dgo(u),v> — Mo(u,v) +///0(u,0)) < Mo(u,0).

Thus, we find the desired EDP &(u(T)) + [y Z.« + %", dt < E(u(0)). We em-
phasize that the choice Zy = % 4 in (iv) and (v) is admissible, but not unique. In
particular, it may be possible to find simpler % as is the case in the application
discussed in Section 5.4.1.
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5.3.2 pE-convergence for Rate-Independent Systems

A quite general theory of evolutionary I'-convergence for ERIS (X,&;, Z:) was
already developed in [MRSO0S], see also [MR15] for more details and applications.
For simplicity, here we restrict to the case that the energies have the form

6“’80761):98(61)*@30)»61% (5.9a)

where X is a reflexive Banach space. We allow for the case that .% is not convex
and that the dissipation distances Z, are not translation invariant. A typical set of
assumptions reads as follows:

Je,C>0Vec0,1],geX: Fe(q) > cl|q||> - C; (5.9b)
Vee[0,1]: % :X — R. is weakly lower semicontinuous; (5.9¢)
3C>0ve€[0,1]: [fellcr oy < C: (5.9d)
Ve [0,T]: Le(t) — lo(t) inX* as e —0; (5.9)

Pe(q1,93) < Ze(q1,92) + Ze(q2, 93),

5.9
Ze(q1,92) =0 = q1 = q>. (590

Vee[0,1]VgeX: {
In general, these conditions together with I" convergence of the energies and the
dissipation are not strong enough to show pE-convergence. Even for existence for a
fixed € we need additional conditions, e.g. weak continuity of Z; is sufficient.
Our first result on pE-convergence for ERIS assumes that the dissipation dis-
tances &, weakly continuously converge to %, viz.

C . —~ —~ ~ —~
Pe = Yy, which means that ge — o, Ge — Go = Ze(qe,qe) = Z0(q0,90)-

Theorem 5.3.2 (pE-convergence for ERIS). Assume that the ERIS (X, 8¢, D) sat-
isfy (5.9), & = &, and D¢ S Dy in X then (X, 62, 7e) "% (X, &, D).

We refer to [MRSO08] for the first proof and to [Mie14, Thm. 5.4] for a shorter proof.
In fact, it is rather straightforward to establish the EDP, i.e. (E) in (5.5) where “="
is replaced by “<”. The major difficulty lies in showing that the global stability
condition (S) holds for the limit € = 0. This stability then implies a “chain-rule
estimate”, which show that (E) holds even with equality “=".

The major tool for passing to the limit in the stability condition is the existence
of so-called mutual recovery sequences. (A very similar condition is already very
useful in showing existence of energetic solutions.) Given a family (g¢) ecfo,1] With
ge — qo and a test state go, we say that the family (ge)ec)o,1| is @ mutual recovery
sequences at time ¢, if

limsélp (éas(taZ]\S)_éas(ta‘k)‘f'@s(%azl\s)) < éao(f,fl\)—fgoo(f,CIO)‘f'@O(%,50)-
£—
(5.10)
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Clearly, if all g, satisfy the stability condition at time ¢, then all term in the limsup
are nonnegative; hence we conclude that the right-hand side is nonnegative, which
is the stability of g if the test state gy can be chosen arbitrary. Under the conditions
of the above Theorem 5.3.2 we see that the existence of mutual recovery sequence
easily holds, since it suffices to choose recovery sequences for the energy %, and
use the weak continuity of Z, and (4¢(¢),-).

In the case that X is a Hilbert space H, the energies are quadratic, and the dissi-
pation distances are translationally invariant, viz.

1

Felq) =, (Aeq,q) > cllglly and - Ze(g1,42) = ¥elg2—q1), (5.11)
one can construct mutual recovery sequences in the form gz = g¢ + w, with we —
4o — qo and exploit the better convergence g — ge = we — qo — qo (strong conver-
gence in H!) in the following terms:

~ 1 ~ ~
fe(‘]a) - «92.8(5]8) = 2<A8W£a‘I£+5]s> and @8(5]875]8) = %(Ws)~ (5.12)

Using this, the following result was derived in [LM11] and [MR15, Ch. 3.5.4]. Here

the Mosco convergence &; M &y means &;(t,-) LN &(t,-) and & (t,-) LN é(t,-) for
allt € [0,7).

Theorem 5.3.3 (pE-convergence for quadratic ERIS). Let (H, &, % )¢c(o,1) Sat-

isfy (5.9) and (5.11). If & 2 &, ¥ S W, and ¥ W, then (H, &, %) &
(H,&, ).

In contrast to Theorem 5.3.2 we need the continuous convergence ¥ S ¥ here
only in the strong topology of H. Applications of this theory occur in linearized
elastoplasticity in the context of homogenization in [MT07, GM11, Hanl1] and in
the derivation of elastoplastic plate models.

A highly non-trivial application of pE-convergence is treated in [MS13], where
the ERIS (X, &, Z,) for € > 0 describe models for finite-strain elastoplasticity
for which existence of energetic solutions was established in [MMO09, Miel0]. In
[MS13], the energy, the dissipation distance, and the loadings are scaled by € > 0
in such a way that the system converges to linearized elastoplasticity in the sense
of pE-convergence. The major assumption is that the yield stress (contained in Z)
scales in the same way as the displacement. Thus, linearized elastoplasticity is a
justifiable model only under the condition that the yield stress is so small that even
small strains can generate plastic effects.

5.4 Justification of Rate-Independent Models

In this section we discuss two distinct cases in which RIS arise as limits of rate-
dependent systems. The typical situation we are interested in is a system with slow
loading, where we always assume that the loading time ¢ € [0, T] is our relevant time
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scale. In fact, in mechanics this time scale is often called process time, since it may
be significantly larger than the intrinsic time scales inside the material.

In Section 5.4.1 we consider purely viscous systems, i.e. with a quadratic dis-
sipation potential % (g,v) = 8; (G(g)v,v), where the small parameter € indicates
that the relaxation times due to viscous effects are much smaller, namely of order
O(€%). However, to prevent the system to relax into a global minimum for each
macroscopic time we consider an energy that has microscopic wiggles that keeps
the system outside macroscopic minimizers.

In Section 5.4.3 we consider gGS with a dissipation potential consisting of a
fixed rate-independent and a small rate-dependent part, e.g. Z¢(q,v) = %:i(q,v) +
5(G(g)v,v). For € > 0 the solutions g¢ will be absolutely continuous with respect
toz € [0,T] and the task is to characterize the jumps that develop in the vanishing-
viscosity limit € — 0.

We also refer to [LORO7] for a derivation of macroscopic rate-independent be-
havior in the case of crack propagation.

5.4.1 Wiggly Energies Give Rise to Rate-Independent Friction

This section deals with the question how macroscopic RIS can arise from purely
viscous systems in the limit of vanishing viscosity € — 0. We refer to [PT02, MT12,
Mie12] for the full details. We stay in the framework of evolutionary I"-convergence
of gGS (X, &, e ). In particular, we will start with the cases % (q,v) = gza (Gv,v),
where obviously Ze — 0, and end up with a limit system (X, &y, %), where % is
rate-independent. The first example will show very clearly that %, is determined not
by %, but by microscopic variations in the energies &z, hence one uses the name
wiggly energies.

In [Miel2] the following slight generalization of the wiggly-energy model of
[Jam96] was studied. The latter was analyzed already in [PT02, PT05], but the gradi-
ent structure was first exploited in [Mie12]. As viscous gradient system (X, &, %; )
it takes the form

80(
X=R, &) =F(@)+eW(q q)— g,  Re(v)=", "
Here .# € C%(R) denotes the macroscopic part of the energy, W € C2(R x S!) de-
notes the wiggly part, and ¢ € C!([0, 1)) is the given time-dependent loading. Here
S! = R/Z indicated that W is nontrivially periodic with period 1 in the second vari-
able. In particular, writing W = W (g, p), we assume

p+(q) := max{D,W(q,p)| peS'} >0 and (5.13a)
p—(g) := min{D,W(q,p)| peS'} <0. (5.13b)
Defining &y(t,q) = % (q) — {(t)q, we see that the energies & uniformly converge

to the macroscopic limit & via |&x(t,q) — &o(t,q)| < Ce, i.e. the wiggles are not
seen on the energetic level. However, for the restoring force D,&¢(r,q) we see a
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strong deviation from D,éy(¢,q). In particular, the functions g — D,&;(t,q) has
many zeros (local equilibria of &%).
The ODE 0 = D% (q) +Dyé¢(t,q) generated by (R, &z, %) reads

0==e%G+.7'(q)+D,W(q, ;q) — €DW (g, 1q) — £(1). (5.14)

The aim of evolutionary I"-convergence is to show that the solutions g, of the
viscous gradient system (R, &, %) converge to a solutions of the RIS (R, &y, %)),
where the macroscopic energy & is given above and the rate-independent dissipa-
tion potential % is defined via

[ p+(z)v forv>0,
Holz,v) = {p_(z)v for v <0. (5.15)

Hence the solutions ¢ of the limiting RIS (R, &y, %) are given by the differential
inclusion
0 € 9;%0(4,9) +Dyé0(t,9)- (5.16)

We emphasize that the definition of %, does only involve characteristics of the
wiggly microscopic energy landscape of &, namely the p-derivate of the wiggle
function W(q, p).

The main convergence result states that the solutions g, of (5.14) converge to
solutions of the RIS (R, &y, %o).

Theorem 5.4.1 ([PT02, Miel2)). Let %, W, £, &, and X be as described above,
o > 0, and assume that the mutual-convexity condition

inf{ 7"(q) |q € R} > sup{ D,D,W(q.p)|[g€ R, peS'}  (5.17)

holds. Then (R, &, %s) 5 (R, 8, %)

The proof in [Miel2] relies on three major pillars, namely (a) suitable a priori
estimates, (b) a liminf-estimate for the energy-dissipation principle, and (c) unique-
ness of the limiting systems. For (a) and (c) the standard energy estimates and the
mutual-convexity condition (5.17) are used. The major difficulty lies in the limit
passage (b) for the energy-dissipation principle as described in Section 5.3.1. For
this we define the total dissipation functional

Fela) = [ (10000, 0)) 0 with Ael0,,) = el V) + B2 0Dy 1),

Inserting the specific forms of Z,, Z;, and &; we find

v 1
'%E(ta%v) = v2

2
2 +280‘ ’

.7 (q) —£(1) + D,W(q,9/€) + €D W (q,q/€)
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Homogenization arguments from [Bra02, Sect. 3] yield the liminf estimate

hmmf/g(qg) > %olq / Mo(t,q,q)dt with Ay(t,q,v) =B, F'(q)—L(t)),
B 6) = VK (4. )+ i (g,p,(0)(E)s a0 K(g,E) = [ 1E+D,W(g.p)ldp.

It is easy to check the conditions (ii)—(v) in Section 5.3.1 for &, and %, given above.
First note that (ii) and (iv) are trivial. Next observe K (g, &) > ||, which implies (iii).
For the crucial condition (v) we use that .#y(t,q,v) = —vD,é0(t,q) means & =
Dyo(t,) € [p—(9). p- (q)] and [V|K (g, &) = —vE. However, K(q&) = €| holds if
and only if & & ]p_(g), p+(g)[. Thus, the equivalence to 0 € 3,%(g,v) + & (or any
other of the five equivalent formulations in Proposition 5.2.1) follows easily.

5.4.2 1D Elastoplasticity as Limit of a Chain of Bistable Springs

A second evolutionary I'-limit with wiggly energies is established in [MT12]. The
system models a chain of N bistable springs with small viscous damping. Denoting
by e; the strain in the jth spring, the system reads

véj =~ (e)) +ul +G(1,j/N)+o(r) forj=1,..,N;
I oN (5.18)
on((ef)) == yXjm1ej = L(1t),

where the biquadratic double-well potential Fiq(e) := 4 min{(e+a)?, (e—a)?}
generates the bistability. The coefficients uf’ are biases that act as quenched disorder
(time-independent) and are chosen randomly, namely independently and identically
distributed according to a probability density f € L!([—u, i.]) with average 0.

The system is driven by the volume loading G € C'([0,T] x [0, 1]) and the con-
straint €y corresponding to a Dirichlet loading ¢ € C!([0,T]) prescribing the total
length of the chain, where o is the Lagrange parameter for this constraint.

Using e = (ey,...,ey) as a state vector, the system has the energy functional &y
and the viscous dissipation potential Zy:

N
; (Jblq ej) —uYe;+Glt, ]/N)ej) and Zy(e,e) 2N Ee

The total system can now be written abstractly as a viscous gradient flow via
0=D.%n(e,é) +D.En(t,e) +0(t)DEy(e) with Ey(e) ={(z).

Our small parameter is now € = 1/N, which is the ratio between the length of the
springs and the total length. Clearly, the energy &y is wiggly in the sense that there
are many local minimizers for a given constraint ¢y (e) = ¢, namely up to 2V.

The limit of particle number N — e and viscosity v — 0 can be studied by
embedding the system into a spatially continuous setting on the physical domain
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€ =0, 1[. The potential .Z;q has two wells and hence two phases for each spring,
which we characterize by the phase indicators z; = sign(e;) € {—1,0,1}. With the
indicator functions

1 f j—1)/N,j/N
CCE R 61

we define elastic and plastic strains via (e (¢), pV (7)) := Py(eM (1)), where

, RN — L2(Q) x L}(Q), 520
MY e=(ej) 1N (29’:169’<Pf’a027=127"’§y) 20

The definition of (¢V, pV) is such that we obtain a linear stress-strain relation

Fig(e" (1,0)) = k(e"(1,x) — p" (1,%)),
since the nonlinearity is moved into the definition of p via z; = sign(e;).

The limiting gGS (H, &y, %) describes linearized elastoplasticity with harden-
ing and is defined via

H=12(Q) xLX(Q), %’Mj))z/gku@(x)’dx,

So(ep) = |5 (el)=px))? + H(p() + Glr, e()

where the hardening potential Hy is a convex function that is uniquely determined
by the distribution function f for the random biases ,LL;-V . Indeed, defining Ly such
that L} = f one obtains Hy as Legendre transform of Ly, see [MT12].

Together with the constraint 6y(e) := [, e(x) dx = £(¢), we obtain the RIS
(H,8,%0,%0) with a 1-homogeneous dissipation potential %, given in terms of
the “yield stress ka”. The associated differential inclusion

0=D.&(e,p)+0o(t)DE(e) = k(e—p) + o, C(e) =L(1),

. . 21
0 € 0Z%(p)+D,é&(e,p) = kaSign(p) + k(p—e) + IH(p). (>-21)

describes one-dimensional elastoplasticity with Dirichlet loading «(¢,0) = 0 and
u(t,1) = £(z), if the displacement is defined by u(r,x) = [y e(,y)dy.

The following convergence result shows that the rate-independent evolution (5.21)
is indeed the evolutionary I"-limit of the finite-dimensional viscous systems (5.18).

Theorem 5.4.2 (IMT12, Thm. 5.2]). Assume vy = 1/N® for a fixed o« > 1. Con-
sider the solutions e" : [0,T] — RN of the gradient system (RN, &y, %y), where the
biases u;v are chosen randomly (and independently and identically distributed) ac-
cording to the distribution f. Then, with probability 1 with respect to the random
biases uj-v we have (RN, &y, %) LR (H,80,%) in the sense of the embedding Pn:
If the initial conditions e" (0) satisfy e]J-V(O) < 0 forall }j,
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‘@N(eN(O)) - (60,}70) in Hv and gN(OveN(O)) - 5(07607170);
then, for all t € [0,T] we have

Pn(e" (1)) = (e(t),p(1)) inH and &V (t,€"(1)) = &(1,e(t), p(1)),
where (e, p) is the unique solution of (5.21).

We again emphasize that the limiting dissipation potential %, is not related to
the original quadratic potentials Zy. In the definition of % the constants k and a
appear, which are part of the definition of the double-well potential Fp;q.

5.4.3 Balanced-Viscosity Solutions as Vanishing-Viscosity Limits

Assuming rate independence for an evolutionary system is always an approxima-
tion: the loading time-scale is taken to be much slower than all the internal relax-
ation processes. Moreover, in most material models there are two kinds of variables,
i.e. we write the state variable ¢ as a couple ¢ = (y,z), where y denotes the elastic or
fast variables, usually containing the elastic deformation ¢ : Q — R¢ or the small
displacement u : Q — R?. The variable z are taken to be internal variables which
are slower and may be modeled by rate-independent friction such as plastic yields or
activated phase transformation. Hence, a typical quasistatic material model (where
we still neglect inertial terms) will have the form of a coupled system

0=¢e%G(y,2)y+Dy&(t,y,2),  0€I¥(yz,2)+eGa(y,2)z+D.E(t,y,2),

where we again assume that the loading rate is scaled to be of order one, such that
the viscous relaxation times for the variable y are O(€”) while the variable z has
rate-independent terms (instantaneous relaxation is possible) as well as additional
viscous relaxation on the time scale O(g). Clearly, we have a generalized gradient
system (X, &, %) with

e €
X =YXxZ and %E(yvzvyvz.) = "P(y,Z,Z)+ 2 <Gl(y7Z)y7)}>Y+ 2<G2()’71)Z»Z>z

Again, we can ask the question of evolutionary I'-convergence of (X,&, %) to-
wards a limit system (X, &, ¥, Z), in the sense that solutions ¢, of the former con-
verge to the solutions gg of the latter system. Here the additional structure “=”
indicates that the simple RIS (X,&’,¥) needs to be enhanced by some information
characterizing the jumps.

To obtain a rate-independent limit, one is again interested in the case € — 0,
which is called the vanishing-viscosity limit. Formally, it is expected that the limits

qo = (Yo, 20) of solutions g = (ye,ze) will satisfy the different inclusion

0=D,&(tqo(r) and 0€ Q¥(qo(t).20(1) +D:E(tao(t)  (5.22)
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for almost all ¢ € [0,T]. However, in general the limits go : [0,7] — X will develop
jumps with go(—0) # go(+0) and (5.22) will not be enough to characterize these
jumps. Moreover, the jumps arising in the vanishing-viscosity limit will depend on
the different viscosity choices €*G(q) and €G,(q).

Indeed, in [MRS14b] the dependence of the exponent ¢¢ > 0 was investigated
in a situation where ¢ = (y,z) € R" x R™ and where &(z,-,z) is strictly convex.
It turns out that the jump behavior is quite different for the three cases o € |0, 1],
a=1,and o > 1. For o > 1 the component y can relax into the unique minimizer
of &(t,-,z(t)) much faster than any changes in z. Hence, it is possible to reduce the
situation by eliminating the variable y by defining y =Y (t,z) = Argmingcy & (2,7, 2)
and &(t,2) = &(1,Y(1,2),2).

For oo <1 the situation is much more difficult and new jump phenomena occur,
which are not yet understood, see [MRS14b] for some first results.

In light of the above discussion for oc > 1 we restrict ourself to the case X =
Z and consider gGS (Z,&, %) with the simplest “vanishing-viscosity dissipation
potential”

Re(v) = P(v) + §<Gv,v>, (5.23)

where W is positively homogeneous of degree 1 and G = G* > 0. The important ob-

servation is that G generates a Hilbert-space norm ||v|y := ((Gv,v)) 1/ > which s de-
fines the Hilbert space V. Throughout, we assume that Z is continuously embedded
into V, which is certainly the case for the model system studied in [Miel 1b, MZ14]:

Z-1'(Q), V=1%Q), %g(v):/ v+ £ dr,
(MS) Q 2
and éa(t,z):/ ;\Vz\erW(z)—E(r)zdxforzeH(l)(Q),
Q

where Q C R is a smooth bounded domain, W is the double-well potential W (z) =
(z2 —1)?/4, and / is a smooth loading. The evolutionary equation is

0 € Sign(z) +&z— xkAz+W'(z) — £(t) for (t,x) €[0,T] x £, s
z(t,x) =0 for (t,x) € [0,T] x 09, (5:24)
which is extensively studied in [MZ14] by direct PDE methods.

For passing to the limit € — 0 and still controlling the jump behavior it is useful
to reparametrize the solutions ¢ — (z,z¢(f)) € [0,T] x Z in the extended state space
and study the convergence there. This idea was introduced in for RIS in [EMO06]
and turned into an energetic framework in the series of papers [MRS09, MRS12,
MRS14a, MRS 14b].

For the reparametrization we let ¢ = t(s) and z(t) = 3(s), where s € [0,S] is now
an arclength-like parameter. We write 3'(s) = 4 3(s) and note z(t(s))t' (s) = 3'(s).

Definition 5.4.3 (Parametrized solutions). Let the RIS (Z,&,%,G) and V be
given as above. Then, a pair (t,3) : [0,S] — [0,7] x Z is called a G-parametrized
solution, if (t,3) € W'1(0,T;R x V) and there exists A : [0,S] — [0, o[ such that
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t(0) =0, t(S)=T, t'(s) >0, A(s) >0, A(s)t'(s) =0,
, , a.e.on [0,5]. (5.25)

0€d¥(5 (s)) +A(5)G5'(5) +D:E(t(s),5(5)),
The definition clearly displays the rate independence of the notion of G-parametrized
solutions, since 3’ only occurs in the rate-independent term 0¥ or together with A
which can be scaled freely.

For a variational approach we transform the EDP, cf. Theorem 5.2.2, by time
rescaling and obtain for (t,3) the following identity:

S+ [ Fell(6).50), D15, 3(5))
= &(mf1(0) —l—/ ;& W (s)ds, (5.26)
where PBe(7,V,&) = 12 (LV) + 125 (E). (5.27)

Using the special form of %, we obtain a quite explicit form for 3¢, namely

Pel(1,V,6) = ¥(V) + ) (GV.V) + ) My(£)” with My() = inf [E=nlly-

It is now easy to see that the I"-limit of P : [0,00[ X Z X V* — [0, 0] for € — 0 takes

the form
YV)+¥*(&) fort>0,

Po(z,V,8) = { (V) +[[VIvMy (&) for T=0.

Clearly, Po(7,V, &) > —(&,V) for all (1,V,&). Moreover, equality holds if and only
if0€d¥(V)+¢&inthecase T>0and 0 € ¥ (V) +AGV + & in the case T =0 see
[MRS12, Sec. 3.2]. Thus, all parametrized solutions satisfy the limiting EDP

+/ Po(t'(5).3'(s), ~DzE(t(s),5(5))) ds (5.28)
0)+ /OSM’ (t(s),3(s))t (s)ds,  (5.29)

and vice versa, sufficiently smooth solutions of the EDP are parametrized solu-
tions. The advantage of (5.29) is that we do not need to assume 3 € WH1([0,T]; V).
All solutions (t,3) with t € W"1(]0,7]) and 3 € BV([0,T];Z) N C°([0,T];V) of
(5.29) are called parametrized balanced-viscosity solutions of (Z,&,%¥,G). Here
the term “balanced viscosity” relates to the subtle balance of rate-independent
and viscous dissipations along jumps, that is seen in Bo for 7 = 0 in the term
W(V)+ Vv My (£).

The advantage of reformulating subdifferential equations like (5.24) and (5.25) in
terms of the reparametrized EDP (5.27) is that we can control the limit € — 0 easily.
In particular, if the define the solutions of (Z,&, ¥, G) to be parametrized balanced-
viscosity solution, then we have evolutionary I'-convergence of (Z,&, %) (with
He from (5.23)) to (Z,8,%V,G).
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However, the introduction of the parametrization may appear ad hoc and dis-
turbing. So one can define the notion of Balanced-Viscosity solutions as follows:
7:[0,T] — Z is called a BV solutions for (Z,&’,'¥,G) if there exists a parametrized
balanced-viscosity solutions (t,3) : [0,S] — [0, 7] x Z such that for all € [0, T'] there
exists an s € [0,S] with r = t(s) and z(r) = 3(s). This simply means that the image
of (t,3) in [0,T] x X contains the graph of z: [0,T] — Z.

One major achievement in [MRS12, MRS14a] is a proper intrinsic definition
of BV solutions without referring to parametrizations. For this one defines a new
(time-dependent) dissipation distance A(z,-,-) that measures the minimal dissipa-
tion according to 3¢ along all curves connecting to states zg and z;:

At,21,2) ::inf{ /0 lmo(o,g(r),_nzg(t,n(r)))dr
y e Cl([0,1];V), n(0) =z1, n(1) = 2 } (5.30)

Note that A is defined with time ¢ as a frozen parameter, i.e. ¥(r) = 7 = 0.
Clearly, we have the triangle inequality A (¢,z0,22) < A(t,z0,21) + A(#,21,22) and
the lower estimate A(¢,z1,22) > W(z2—z1). For the definition of BV solutions
we use a supplemented dissipation functional Diss, s defined on functions z €
BV([0,T];X). Here J(z) C [0,T] is the jump set of z, i.e. all the times ¢ where the
three values z(#—0), z(¢), and z(r+0) are not equal. The new dissipation functional
Disson »(z: [f1,12]) is bigger than the purely rate-independent functional Dissy de-
fined in (5.6), because it properly accounts for the additional dissipation through the
viscous terms during jumps:

Dissy (2 [11,12]) := Dissy (23 [11,12]) + A (t1,2(11), 2(t ) +A (12, 2(15 ), 2(82))
+ Yoy (Al2(7),2(0) +A(1,2(0),2(7)),

where Z(r,z(),z]) =A(t,20,21) — ¥(z1—20) > 0

Definition 5.4.4 (Balanced-Viscosity solutions). A function z € BV([0,T];Z) is
called a Balanced-Viscosity solution, in short BV solution, for (Z,8,%¥,G), if

Vi€ [0,TI\J(z): z(t) € HAoc(t) :=={z€Z|0€ I¥(0)+D,&(t,z)} and (5.31a)

V€ 0.T]: £(,20)+ Disson o5 [0.1)) = £0,20))+ | "398 (1,2(1)) dr. (5.31b)

It is interesting to see that the definition of BV solutions again consists of a static
stability condition and an energy balance as in the case of energetic solutions, see
(5.5). However, now the stability is local instead of global and it is only valid at
continuity points of the solution. To compensate for this the dissipation is enhanced
at jumps deriving from the additional dissipation through balanced viscosity.

We now use the advantage that BV solutions are defined as functions from the
time interval [0, T] into the state space Z like the viscous approximations. Thus, the
natural question is how the solutions z, converge to BV solutions. This question
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was first answered in [MRS12] for the finite-dimensional setting and in [MRS14a,
Thm. 3.9] for a general infinite-dimensional setting.

Theorem 5.4.5 (Vanishing-viscosity limit gives BV solutions). Under suitable
technical conditions on (Z,8,%¥,G) and the initial condition 20 € Z, the solutions
261 [0,T] = Z of (X, &, %) with z¢(0) = 2° and %, from (5.23) exist and there exist
a subsequence &, — 0 and a BV solution 7 : [0,T] — Z for (Z,&,%¥,G) such that

Vi€ [0,T]: zg(t) —z(t) inZ and &(t,z¢,(t)) = &(t,z(t)) fork — oo.
Moreover, any pointwise limit z of a subsequence of (z¢)e>o is a BV solution.

Our final result concerns the vanishing-viscosity limit jointly with time dis-
cretizations, which provides an easy way of numerically calculating BV solutions.
We discretize the time interval by partitions IT = (fo,1y,....,tn;) With fineness
¢ (IT) = max{#—tr_ |k = 1,...,Ny }. The incremental minimization problem for
the viscous problem reads

£
2(te—ty—1

) Hz—zi,l Hf,, % =2"

z; € Argmin, ;& (t,z) + W (z—25_;) +
We denote by z/€ : [0,T] — Z the piecewise constant interpolant. The following
result was first proved in [EM06, MRS12] for the finite-dimensional setting. For a
quite general infinite-dimensional version we refer to [MRS14a, Thm. 3.10].

Theorem 5.4.6 (Convergence of viscous time discretizations). Assume suitable
technical conditions on (Z,&,¥,G) and zy € Z (see [Miel1b, MRS14a]) and con-
sider a sequences (IT,)nen and (€,)yen such that

& — 0 and ¢(I1,)/e, — 0. (5.32)

Then, there exists a subsequence nj — o and a BV solution 7 for (Z,8,¥,G) such
that the piecewise constant interpolants z/" satisfy

Vee[0,T]: Mo (r) = z(t) in Z and & (1,2 (1)) — &(t,2(t)) forl — oo.

Moreover, any such pointwise limit of a subsequence of (21" ey is a BV solution.

5.5 Rate-Independent Evolution of Microstructures

The theory of RIS provides an ideal framework for studying microstructures in
the sense of the calculus of variations, namely those given by laminates or more
general Young measures. The starting point of most of these works was the sem-
inal paper [OR99] on microstructures in finite-strain plasticity. In the sequel a
lot of work was done for the relaxation of a single elastoplastic time step, see
[CHMO02, CDK13b, CDK13a]. We also refer to [HK14, Heil5, Heil4] for the
characterization and numerical calculation of quasiconvex hulls.
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In contrast, the evolution of microstructures in plasticity is mathematically much
less developed, see e.g. [Mie04, CTO5]. However, the same theory was soon trans-
ferred to easier dissipative material models such as damage (cf. e.g. [FG06, GL09,
Miella]) and phase transformations in elastomers (cf. e.g. [DDO02]) or shape-
memory materials (cf. e.g. [BCHHO04, BH09, KH11, CLR15]).

In the following we discuss two applications of the evolutionary theory, both
based on energetic solutions for RIS, see Section 5.2.2. The first application is
treated in [HHM12] and deals with the evolution of microstructure in the form of
laminates, where laminates are explicitly takes as an allowed microstructure with
an appropriate dissipation distance as proposed in [KH11]. The second application
reconsiders the evolutionary model from [MTLO02], where the microstructure is cap-
tured by a macroscopic phase fraction z(z,x) € [0, 1].

5.5.1 Laminate Evolution in Finite-Strain Plasticity

We summarize the results in [HHM12], which analyze a rate-independent model for
finite-strain elastoplasticity with microstructure. The state of the system is described
by the deformation ¢ : Q — R? and by a Young measure A : Q — . C Prob(K),
where K := R?*? x SL(R?)), and SL(RY) = { P € R¥*¢| detP = 1} is the special
linear group containing the plastic strains, whereas R¢*? will contain microfluctua-
tions of the deformation gradient.

The main idea is to specify a physically relevant subset .Z of admissible Young
measures, like laminates of a fixed order as in [OR99], to define a suitable dis-
sipation distance between these measures, and to prevent formation of different
microstructures by a suitable regularization. Following [KH11] the simplest set of
admissible probability measures are laminates of first order:

L = {a8((1-cypen) + (1) _apenry | @ €[0,1], b,ne R?, R,Q € SL(R?) }.

Of course, more complicated lamination trees on the sense of [OR99] would be
possible. The point is now to define a dissipation distance Djyy, : -Z X £ — [0,9]
between such laminates, which properly accounts for changes in the microstructure.
In particular, one wants to model the fact that it is very difficult to rotate the nor-
mal vector n in such microstructures. When keeping n fixed, then the deformation
fluctuation b € R? may change without dissipation, while changes of the volume
fraction o dissipate according to the distance Dgy.(Qo, Q1) or Dsr(Ro,R}).

The ERIS is now constructed via the state space 2 = Y x % with
Y = WP (Q:RY) and 2 = {A € YM(Q;K) | A(x) € £ ae. } and the energy
functional

E(t,0,A) // W (Vo (I;+A)P~ ")+ H(P))A(dA,dP) dx

4 0Y(A) — (£(1),8) with Z(A //dw|x yd+ep)) dxdy,
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where dyw defines a 1-Wasserstein like norm on ., namely
dwlAo.Ar) = sup{ | 8(4,P)A1(d4,0P) — [ g(B.Q)A0(dB.dQ) |Lipg() <1}.

Thus, ¢¥(A) serves as a spatial regularization for the laminate field A : Q — .Z
which prevents the formation of further more complicated microstructures.
The dissipation distance 2 : 2 x 2 — [0,e0] is defined as

D (Ao, Ay) = /Q Diam (Ao (x), A1 (x)) dx

Under suitable assumptions on the polyconvex energy density W and the harden-
ing energy H it is shown in [HHM12, Thm. 2.4] that the ERIS 2, &, 2) has for each
stable initial condition (¢°, A®) an energetic solution describing the laminate evolu-
tion. Indeed, using the regularizing term ¢ one has a compactness for the laminate
fields, which allows to establish suitable lower semicontinuity results for & and &
as well as mutual recovery sequences in the sense of (5.10).

5.5.2 A Two-Phase Shape-Memory Model for Small Strains

Finally we present some new results for the rwo-phase model for introduced in
[MTLO2]. In fact, this model was the origin for the development of energetic so-
lutions.

The two elastic phases are described by linearized elasticity with the same elastic
tensor C, but have different transformation strains A ;. On the microscopic level one
may use the stored energy density

~

W (e) = min{ ; (e—A1):C(e—A1) +cy, ; (e—A3):C(e—Az) + 2},

where e = e(u) := ) (Vu+Vu") is the infinitesimal strain tensor. The relaxation of
W with given volume fraction z € [0, 1] for phase 2 was derived in [Koh91]:

W(e,z) = (1-2)(3(e=A1):Cle—A1) +c1) +2(; (e—A2):Cle—Az) +c2) —pz(1—2),

where the relaxation coefficient p > 0 can be calculated explicitly.
The ERIS studied in [MTLO2] is given by Q = H},(2;R?) x L'(€2;]0,1)),

g(t,u,z)=/QW(e(u),z)—€(t)-udx, and Z(z0,21) = 0ljzi—z0ll1 (5.33)

for some smooth loading and some dissipation coefficient 6 > 0. A first existence
result for energetic solutions was obtained in [MTL02, Thm. 5.1] under the unnat-
ural assumption that the energy &(¢,-) is convex. A corresponding numerical al-
gorithm using space-time discretization and incremental minimizations (cf. (5.7))
was developed in [CPO1]. Using the abstract theory for ERIS in [Miel 1b, MR15],
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the existence theory was recently improved, see [HM15], by a new construction of
mutual recovery sequences, see (5.10).

Theorem 5.5.1 ([HM15]). The ERIS (5.33) with £ € W1([0, T]; H}(2)*) has, for
each stable initial state qo = (uo,z0), an energetic solution (u,z) : [0,T7] — Q.

The proof relies in reducing the system to a problem in z alone. For this note that
the equation D, & (t,u,z) = 0 is a linear elliptic PDE for u with a right-hand side
that is linear in z and £. Hence, the unique solution u = U (z,£) € H}(€2;R%) can be
inserted into & to obtain the reduced ERIS (%, .#, 2) with

Z =LY (Q;[0,1]) and Z(1,2) = &(t,U(z,4(t)),2) = ;<Lz+}/(t),z>+(x(t).

Here L is a pseudo-differential operator of order 0, and the symbol, which can be
calculated explicitly, is non-negative by the explicit formula for p from [Koh91].
The symbol attains the value 0 along the optimal laminates and p is the largest
number such that the symbol remains non-negative.

Because of the constraint z € [0, 1] the quadratic trick indicated in (5.12) cannot
be used for showing the closedness of the set of stable states. Indeed, from the
incremental minimization problem (5.7) we obtain piecewise constant interpolants
ZF:[0,T] — Z that are globally stable, i.e. (S) in (5.5) holds at t = k7 for k € N.
For a subsequence 7, — 0 we have z%(t) — z(¢) and we have to show that z(¢) is
stable as well.

Since stability is a static concept we can fix ¢ and drop it for notational conve-
nience. To establish stability of z we start from the stability of z, in the form

I(t,7n) + D(zn,20n) — I (t,z0) > 0forallz, € Z.

To pass to the limit we can only use z, — z, but may choose a suitable mutual
recovery sequence z, — z for a given test state z. In [HM15] the following choice
was introduced:

)

x)

) for Z(x) < z,
Zn(x) =2(x) + g(x) (zn(x)—z(x)), where g(x) = lA for zZ(x) =z,

&) for2(x) > .

IS}

(
(

IS}

]7
1—z
Clearly we have z, € %,7, — Z and sign(z,—z,) = sign(z—z). Decomposing € into
Q. and Q_ such that 7 > z and Z < z, respectively, we obtain

l@(znvz\n) = |lza=Zullr = f9+2n_zndx+f_o, Zn—zndx

= Jo, E(=z)dx+ o “TFadr — o F-zdrt fo z—2dv=19(2.2).

To control the energy differences % (f,z,) — .7 (t,z,) we exploit the quadratic
form of the energy. In fact, the sequence v, := z,—z — 0 generates an H-measure
1 > 0 which exactly characterizes the limit of the quadratic energy, namely



5 Variational Approaches for Dissipative Material Models 151

n—yoo

lim .7 (t,2,) = y(;,z)+/9/w6§d7l 1 (@) (x,do) dx,

where X (w) > 0 is the symbol of L. The construction of z,, gives v, :=2, — 2 =
gvn — 0, such that ¥, generates the H-measure g2t Thus, we obtain

lim (J(Z,En) — J(tvzn))

n—yoo

— -0+ [ [ (e@P DI e)u(xdo)dx
Q Joesd-!
Now, using g> < 1 we conclude the desired limsup estimate

0 < limsup (ﬂ(t,fn) + D(zn,7n) — f(t,Zn)) <I(,20)+2(z2) — A (t,2).

n—seo

Since 7 was arbitrary, the global stability (S) of z is established.

We refer to [HM15] for a detailed analysis, which includes the convergence of
space-time discretizations in suitable finite-element spaces as well as the strong con-
vergence of certain Riesz projections related to the directions of the microstructures
between the two phases.
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Chapter 6

Energy Estimates, Relaxation, and
Existence for Strain-Gradient Plasticity
with Cross-Hardening

Keith Anguige and Patrick W. Dondl

Abstract. We consider a variational formulation of gradient elasto-plasticity
subject to a class of single-slip side conditions, and show how the non-
convexity effects induced by such conditions can be not only resolved math-
ematically, but also tested physically. We first show that, for a large class
of plastic deformations, a given single-slip condition (specification of Burg-
ers’ vectors and slip planes) can be relaxed by introducing a microstructure
through a two-stage process of mollification and lamination. This yields a re-
laxed side condition which only prescribes certain slip planes, and allows for
arbitrary slip directions in these planes. The relaxed model should be a useful
tool for simulating macroscopic plastic behavior without the need to resolve
arbitrarily fine spatial scales. After deriving the relaxed model, we discuss a
partial result on the existence of minimizers. Finally, we apply the relaxed
model to a specific physical system, in order to be able to compare the ana-
lytical results with experiments. In particular, a rectangular shear sample in
which only two slip planes are active is clamped at each end, and is subjected
to a prescribed horizontal shear, which requires a certain amount of energy.
We show that above some critical aspect ratio the energy is strictly positive
and below that aspect ratio it is zero. Moreover, in the respective regimes
determined by the aspect ratio, we prove energy scaling bounds, expressed
in terms of the amount of prescribed shear, and we show that the scalings as
well as the critical aspect ratio change radically if the single-slip condition or
the strain gradient penalization is neglected.
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6.1 Introduction

The formation of complex subgrain dislocation patterns in plastically de-
formed crystals has been observed by many authors [HBO10, HLCH97,
HCLH98, NGHS85] over several decades. Such dislocation microstructures are
known to have a substantial effect on a number of aspects of plastic be-
haviour, such as work hardening and the Bauschinger and Hall-Petch effects.
At present, these effects are commonly modeled in a phenomenological man-
ner. However, the resulting models often fail to capture correctly the behav-
ior of specimens on the micron scale [UDFN04, DRR10], and the appropriate
modelling approach in this case is still under debate.

In the framework of continuum plasticity, Ortiz and Repetto proposed
a mechanism for subgrain pattern formation in their seminal work [OR99].
The basic idea is to model plastic evolution by an incremental time-stepping
procedure, where in each step the sum of the potential energy and the dissi-
pation potential is minimized. Under certain conditions, such discretizations
can be shown to converge to a suitable gradient flow in the limit of small
time steps [MMO09], and furthermore the framework of incremental energy
minimization makes the models amenable to variational treatment. The dis-
sipation term in such models of crystal plasticity is naturally non-convex: if
dislocations from different slip systems meet, then they form energetically
favorable (but sessile) atomistic reaction products, such as the so-called
Lomer-Cottrell locks. This increases the dissipation potential for any plastic
deformation that does not occur in single slip and is the origin of microstruc-
ture formation in those models. We will introduce this non-convexity in a
simplified manner, precluding material deformation in more than one slip
system, i.e., enforcing a single-slip condition which states that at each mate-
rial point, the plastic deformation has to occur in single slip. For a detailed
discussion on non-convex potentials and their relation to microstructure for-
mation in plasticity, see [CHMO02, Mie06].

A strain-gradient term, such as [ | curl F},|, modeling the potential-energy
contribution of geometrically necessary dislocations, is commonly added to
the energetic formulation, and in fact such a term may be necessary to re-
cover a physically realistic description of hardening in some models [FCO14].
Historically, the introduction of a curl-type strain-gradient term goes back to
Nye [Nyeb3] and, independently, to Kondo [Kon52].

In the following we will, similarly as in [CT05, CDK13, ACDO09], adopt
the framework of incremental energy minimization proposed by Ortiz and
Repetto, applied in particular to a strain-gradient plasticity model with cross
hardening. Section 6.2 will give a term-by-term introduction to the modeling
ingredients. The model introduced there, in both its geometrically linear and
nonlinear forms, will serve as the basis of our further investigations. In par-
ticular, we introduce a special curl term which accounts for non-cancellation
of dislocations in collinear slip in Section 6.2.3.
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In Section 6.3, following closely the procedure in [AD14b], we discuss an
inherent problem with our single-slip condition, showing that, for the pur-
poses of efficient numerical simulation and (relatedly) obtaining existence of
minimizers, this condition needs to be relaxed in a suitable way. In partic-
ular, the strain-gradient term does mot regularise the problem fully, since
we show that the resulting energy is not lower-semicontinuous. Hildebrand
et al. [HM12] already observed this issue in numerical simulations. They
used exactly a model of single-slip plasticity with penalization of geometri-
cally necessary dislocations, and discovered a mesh-dependent microstructure
when the sample was placed under a shear load within a slip plane, but not
in a Burgers’ vector direction. There, the problem was solved by introducing
an ultra-fine full-gradient-penalty regularisation, thus rendering the mini-
mization problem well-posed. Such a penalty term, however, introduces an
even finer length scale which needs to be resolved in simulations. In order
to remedy this, we thus propose a relaxation of the single-slip condition to a
single-plane condition (where coplanar slip-systems are allowed to be active
at the same point), and show that the resulting relaxed energy is an upper
bound for the lower-semicontinuous envelope of our model.

Under exactly what assumptions our relaxed model does in fact admit
a minimizer is currently an open question. We are, however, able to show
that the single-plane side-condition is preserved along converging minimizing
sequences, which is a necessary condition for lower-semicontinuity. The main
ideas underlying the proof of this result are presented in Section 6.4.

It is of course natural to ask whether the strain-gradient term and the
cross-hardening side condition are in fact relevant for modeling, and whether
their implications are visible in experiments. Therefore, in Section 6.5, we
propose an experiment that can be used to measure the effect of the com-
bination of these two modeling ingredients. In fact, it turns out that their
implications are quite drastic, since they yield a change in the optimal scal-
ing of the energy of a specimen undergoing shear deformation. This section
closely follows the corresponding discussion in [AD14a].

Finally, some conclusions and a look ahead to some further possible avenues
of investigation are presented in Section 6.6. In particular, we continue our
discussion about the existence and regularity of minimizers of our relaxed
model, which still poses a number of unresolved questions.

6.2 A Continuum Model for Strain-Gradient Plasticity
with Cross Hardening

In the following, we will introduce the individual components of our contin-
uum model for crystal plasticity—except for the specific form of the penalty
term for geometrically necessary dislocations, this model is commonly used
when considering the mathematical foundations for continuum plasticity.
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6.2.1 Plastic Shear

We consider an elasto-plastic body in its reference configuration 2 C R3,
together with a mapping
y: 2 - R3

which satisfies suitable boundary conditions. For sufficiently smooth deforma-
tions y, we define the deformation gradient F' = Vy, such that the row-wise
curl of this tensor vanishes: Curl F' = 0.

Current Configuration

Fcl

-5

F = FaFy /‘F 1
P!

Intermediate Configuration

Reference Configuration

Fig. 6.1 The deformation described by the deformation gradient F' is decomposed
into a plastic part Fj,; and and elastic part Fe. The plastic deformation generates
an intermediate configuration.

Now, following [LL67], we make the fundamental assumption that this
deformation gradient can be decomposed into, first, a purely plastic strain,
consisting only of a rearrangement of atoms through plastic slip, generating
an intermediate configuration, and, second, a purely elastic deformation. We
denote the plastic strain by F},; and the elastic strain by Fgj, and refer to
Figure 6.1 for an illustration. We note that the validity of this multiplicative
decomposition is still under debate, and refer to [RC14] for a recent discussion
of the issue.

The decomposition thus allows us to identify an elastic energy for the
crystalline specimen depending only on the elastic strain Fg = F ij 1 We
furthermore postulate that the dissipation potential, in the sense of the im-
plicit time discretization, can be written as a function of the increment in
plastic strain. In the following, we will restrict ourselves to a treatment of the
first such time-step, and thus arrive at an energy for the elastic strain and
the dissipation of the form

/Wel(FF;)_ll)+/Wpl(Fpl)v
9] 9]
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with a suitable frame-indifferent elastic energy density W, and a dissipation
potential Wi,.

It is well known that plastic deformation in crystals is ultimately mediated
by the motion of dislocations through the body. At moderate temperature,
each such dislocation travels predominantly on a given crystallographic plane,
a so-called slip-plane - after the dislocation has passed a point on the plane,
the atoms above the plane have been moved by one Burgers’ vector relative
to those below it. Each type of dislocation is associated with a fixed slip-plane
and a fixed Burgers’ vector lying in the slip plane, and each such pair consti-
tutes a slip system. Kinematically, therefore, the plastic strain can be written
as the product of a number of simple shear deformations, each with a given
crystallographically determined shear normal and shear direction, and arbi-
trary shear angle. In the common face-centered-cubic crystalline metals, for
example, there are twelve such slip systems, given by four slip-plane normals
and three different Burgers’ vectors in each slip-plane.

6.2.2 Locks and Cross-Hardening

Cross-hardening [WBL91, Koc64, FBZ80] describes the phenomenon whereby
activity in one slip system suppresses activity in all other slip systems at the
same point, and this immediately leads to a loss of convexity in the dissipation
potential Wy, introduced above [OR99]. Corresponding to this, Wy (Fp1) will
(roughly speaking) be minimal if F, is a pure simple shear in one of the
given crystallographic slip systems.

Mostly in fatigue experiments, but also in experiments involving only
a single-pass deformation, lamination-type microstructures with alternating
slip-system activity are observed [RP80, JW84, BHHK92, DDMRO09]—this
effect is believed to stem from cross-hardening [OR99, DDMRO09]. In the fol-
lowing, we make the simplifying assumption of infinite cross hardening, such
that F},; must be in single slip at each point. Similar assumptions have been
made for example in [CDK13, CDKO09], among others. In [DDMRO09] it was
shown that the predicted laminate microstructure arising from the assump-
tion of infinite cross hardening does indeed match experimental results, while
evolution models of such laminate structures have been analyzed in [KH11].
Our main result, namely that the single-slip condition should be relaxed in
a specific manner, carries over to models where multiple slip is penalized, for
example by an off-diagonally-dominant hardening matrix.

The effect of cross hardening arises from the formation of energetically fa-
vorable, and sessile dislocation products, when two dislocations from different
slip-planes meet. These so-called Lomer-Cottrell locks have been obeserved
in experiments [FZ82] and studied in detail in atomistic simulations [RP99].
In order to continue the plastic deformation with activity in more than one
slip-plane, these locks have to either be broken or new dislocation loops have
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to be formed, thus leading to an increased dissipation in directions involving
more than one slip-system in Fj,.

In line with the above discussion, we will thus assume that the crystal
structure admits a set of slip-plane normals M = {mj}évzl, each with a

given set of Burgers’ vectors B; = {bij}fi(lj), and that Fj, takes the form

N K(j)

Fo() =Td+ >3 sij(@)bi ©my, (6.1)

j=1 i=1

with the single slip condition s;js;; = 0 if ¢ # k or j # [ for almost every
point x € (2. Note that, under this condition, the product of simple shears
assumed above simplifies immediately, such that there is only one non-zero
summand at each point, and that the plastic deformation proposed above
therefore satisfies det Fj,; = 1 everywhere (despite its simplified form as a
sum, not a product of simple shears).

6.2.3 Geometrically Necessary Dislocations

As noted in the introduction, a strain-gradient penalty term is often in-
cluded in models of crystal plasticity. Such a length-scale-introducing term
corresponds to a penalization of geometrically necessary dislocations in the
crystal. The basic idea is the following: while the deformation gradient F is
required to be kinematically compatible, i.e., there exists a sufficiently reg-
ular function y: 2 — R3? such that F' = Vy, neither the plastic strain F},
nor the elastic strain F,) need admit this property. Consider, for example, a
cubic specimen with a slip plane aligned with one of the axes, and then shear
two parts of the crystal in opposing directions (forming a small-angle grain
boundary). For an illustration see for example [Lejl0], Fig 2.2. Clearly, F,
and therefore also Fy), are not gradients. The surface where the two differ-
ently sheared subdomains meet admits a density of geometrically necessary
dislocations. In [CGO1] an argument is made that the correct term for the
density of geometrically necessary dislocations must be

1
dot F 1(Cur1 Fo)Fy| (6.2)
p

(see also [MMO6] for a brief discussion of this matter, as well as a general-
ization to arbitrary dimension). Here and below, Curl denotes the row-wise
curl of a 3 x 3-matrix, and |A| = VTr AT A for a matrix A.

Considering the term in (6.2), together with the fact that our single-slip
side condition yields a very specific form of F},, it is easy to see that both the
volumetric prefactor as well as the multiplication with Fg can be disregarded.
We thus arrive at the simpler term
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|Curl F,] .

This term does, however, have certain undesirable properties. To see this,
consider a specimen with two abutting subdomains deformed in collinear slip
(i.e., slip in different slip planes, but in the same Burgers’ vector direction).
Such a plastic strain is completely curl free, since the subdomains are rank-
one connected, and thus the geometric dislocation density tensor would vanish
due to cancellations of dislocations with opposite sign. However, it has been
shown in atomistic simulations by Devincre et. al. [DHK05, DKHO7], that
these cancellations are not complete, and a density of dislocations remains on
the surface between the subdomains. We thus introduce a different measure
for the dislocation density in order to avoid such cancellations of dislocations
from different slip planes. For a discussion of this assumption in a simplified
scalar model, see [CO05, Chapter 4]. Concretely, our dislocation density is

taken to be
K(j5)

N
=> ’Vm;%‘ ;

j=1 i=1

(6.3)

i.e., we take the sum of the lengths of the vectors given by the planar gradients
(gradients only in the directions perpendicular to m;) of the respective plastic
slips s;;. We note that this term, as well as the curl-terms above, are in general
non-negative measures.

Regarding the physical validity of our modelling assumptions, we have
shown analytically in [AD14a] that in rectangular shear samples of small
size, the strain-gradient energy and single-slip condition, taken together, play
a dramatic role. Specifically, for a particular crystallographic configuration,
there are three qualitatively different energy-scaling regimes, which are de-
termined by the aspect ratio of the specimen—moreover, if either the curl
penalty or the single-slip condition are dropped then the intermediate scal-
ing regime vanishes. Corresponding to the high-aspect-ratio case, one conse-
quence of this is that a micron-sized sample consisting of only a few grains will
easily shear off if a slip system under stress connects free surfaces [UDFNO04].
This is laid out in more detail in Section 6.5.

6.2.4 The Model

The geometrically nonlinear elasto-plastic energy, which encodes the elements
described above, is taken to be

Blu, F,) Jo Wea(Fa)dz + [, G(Fp1) + [, |[Fpi|dz - if (SSC) holds,
bl) +00 : otherwise,

(6.4)
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Note that we have taken Wpyi(Fp1) to be a simple L'-rate-independent dissi-
pation potential. As mentioned above, cross-hardening is taken account of in
the single-slip condition (SSC):

Fpi(r) =1d + s(x) @ m(z) almost everywhere,
with
K ()

m(z) = ) € M and s(x U Span{b;;)} C R®.

i=1

6.3 Relaxation of the Single-Slip Condition

The goal of this section is to show that instead of the (SSC) introduced above,
one should only enforce the relaxed slip condition (RSC)

K(9)
m(x) = mj) € M and s(x) € Span U {bij} C R

i=1

We claim that this (RSC) is the natural relaxation, preserving the exclusivity
of slip in different slip planes, but allowing the mixing of coplanar slip.
Suppose thus that we have a displacement u € H! on 2 C R? satisfying
some Dirichlet condition, and a C*, relaxed plastic strain F}, of the form (6.1).
Furthermore, for each slip-plane normal, m;, we make a fixed choice of two
admissible Burgers’ vectors, by;, ba; such that (with coefficients ¢;;),

N 2
Fpl =1Id + Z S$; ®@my and S; = Zcijbij, (65)

Jj=1

thus exactly satisfying (RSC).
Then, for any such selection of Burgers’ vectors, we claim that the following
functional is a good candidate for the relaxation of the energy E:

Jo Wel(Fer) + [ Glam (Fp1) + [ | Foilyay, ¢ if (RSC) holds,

Erel(u, Fpl) -
400 : otherwise,
(6.6)
where the laminated curl is given by
N
ghm Z Z ’V LC” (67)

Jj=11i=1
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Note that we explicitly take the curl of the (unique, as per our assumption)
coefficients of the decomposition of the relaxed slip in its Burgers’ vector
components. Moreover, the laminated dissipation is given by

N 2
| Fotlim = D > lesj| da, (6.8)

j=11i=1

again, taking the norm not of the slip, but of its decomposition.

The reason why we take (6.6) as our expression for the relaxed energy
is that a smooth, relaxed strain F}, can be approximated by a sequence of
laminated single-slip strains (F7})72 in which the slip alternates between the
two chosen Burgers’ vectors in each slip patch, and such that

/Q G(FT) — /Q Gram (Fp), (6.9)

and
/|F§1|—>/ [ Fotl g » (6.10)
Q 0

as n — oQ.

Our main theorem is then

Theorem 1. Suppose that W, : M3*3 s [0, 00) is continuous and satisfies
a p-growth condition

—c1 + 02|F|p < Wel(F) < (i + CQ‘F‘p (6.11)

for1l < p < co. Suppose furthermore that we have a Lipschitz domain 2 C R3
and that we have (u, Fy1) on §2, such that w € WP satisfies a Dirichlet
condition on a Lipschitz subset of 02, F}, satisfies the relazed-slip condition
(RSC) with the j-th slip normal active only on £2; C (2, and the relaved
energy (6.6) is finite. Assume that the sets {Qj}é-v:l where Fyp1 = Id+ s ®@m;
satisfy the regqularity condition H*(982; \ F2;) = 0.

Then, for each € > 0, there exists a pair of test functions (ue, Fple) satis-
fying the same Dirichlet condition and the single-slip condition (SSC), such
that ue € WhHp, Iy € L™ and

E(Ueanl,a) < Erel(u,Fpl) +e. (612)

This theorem provides an upper bound for the relaxation of the original
functional at points with a certain regularity. The question of whether it is
in fact the relaxation is open at present, in particular, it is not clear that the
Eq) is necessarily lower-semicontinuous. For a partial result see Section 6.4.



166 K. Anguige and P.W. Dondl

A major technical obstacle to proving this result is to show that a non-
smooth Fp,; satisfying the relaxed slip condition can be approximated by a
smooth F},; . without violating (RSC) or increasing the curl. This, however,
can be done by a double-mollification-and-cut-off procedure, provided the
slip patches (2, satisfy the mild (but rather irksome) regularity condition
H?(092; \ F2;) = 0—i.e., the reduced boundary of each §2; should be H?2-
almost-all of 92;, which very roughly means that {2; must have no cuts.

The necessary single-slip lamination of an Fj,; which satisfies (RSC) is
done as follows. We fill each {2; with a stack of bi-layers, each parallel to mj

n € N, and then define on each successive bi-layer

and having thickness 21",

an alternating (in the mj-direction), single-slip plastic strain, Fl, by
n_ 2¢15b1; ® my : top slice, (6.13)
pl 2¢25b2; ® mj : bottom slice, '

where the s;; (coming from (6.1)) are evaluated on the centre-plane of the bi-
layer in (6.13), all slices have the same thickness, and the (n+ 1)-th laminate
is obtained from the n-th by bisecting each of the bi-layers along a slip plane.

The laminated curl and hardening which result from this construction has
the following property which is useful for obtaining the energy scalings in our
proposed shear experiment (Section 6.5).

Proposition 1. If we have a fized m; € M, then for a finite-energy Fp,1 =
Id+ s ®mj with s = Zle cijbij, we have

N
[ 3|V <
M
253

14 \blj bajl /
/_Q glam(Fpl) S \/2 ( b2J| ) Z ‘VMLS

and an analogous statement holds for the laminated dissipation.

(25011 +|sz~bfj|)/ Glam (Fp1) < \/2/ Glam (Fp1)
(9} (9]

(6.14)
and

(6.15)

Furthermore, a convexity property regarding the laminated curl and dissi-
pation holds [AD14b, Proposition 2.3]. This ensures that the laminated curl
is lower-semicontinuous with respect to weak convergence of the gradient of
s, despite its somewhat cumbersome definition involving the gradients of the
decomposition in Burgers’ vectors.

A final ingredient in the proof of Theorem 1 is to note that, in order to
accommodate the laminated plastic strain without excessive expenditure of
elastic energy, a small zig-zag perturbation must be added to the displace-
ment of the relaxed test function, u. This perturbation, denoted by ., is
constructed as follows. On a given bi-layer of the F7j-laminate, we set i, = 0
on the bottom boundary, then on the b;;-slice we set
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Fig. 6.2 Laminate construction of the plastic displacement. The figure illustrate
the decomposition of a deformation with gradient in the direction [011]® (100), i.e.,
s = [011] and m = (100), into alternating components in Burgers’ vector directions
[010] ® (100) and [001] ® (100). The curl of such a construction vanishes if s is
constant.

Oty

8tj =S5 — 2Ci]‘bij, (616)

where the right-hand side of (6.16) is evaluated on the centre-plane of the

bi-layer. By construction, this implies that @, = 0 on top of the bi-layer,

and so this procedure can be carried out consistently on the whole slip patch

£2;. Also, by the differentiability of Fy, both 4, and V,, .4, are O (;n),
J

uniformly on §2;. Thus, by defining u,, = v+ 4, and ﬁ;?l = F}j — Iy, we get

o 1

and then an easy calculation shows that the elastic energy of (un, F}j) con-
verges to that of (u, Fp1) as n — oo: in other words, the lamination commutes
sufficiently well with the multiplicative decomposition of the strain.

Strictly speaking, the above perturbation applies to u away from 0f2;.
However, since we only need to assume that the support of our relaxed plastic
strain restricted to any (2; is Lipschitz and compactly included in §2;, a
standard argument can be made to taper the displacement perturbation down
to zero near each 0f2; with negligible cost in elastic energy. An illustration

of the laminate construction is given in Figure 6.2.
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6.4 Some Remarks about Existence of Minimizers

While a complete existence theory regarding the relaxed energy has not yet
been obtained, the following result is very promising, since it demonstrates
the lower semicontinuity of the plastic energy along minimizing sequences.

Theorem 2. In a domain 2 C R™, forn =2 orn = 3, consider iji — I} in

L1, q>1, as j — oo, such that iji satisfies (RSC) and that fQ Qlam(Fgl) <
00. Assume furthermore that there are either four non-degenerate slip-plane
normals, in the sense that any set of three is a basis (as in fec crystals, for
example), or that all slip plane normals are linearly independent. Then Fp)

also satisfies (RSC).

This result is proved by contradiction, with the aid of a very useful lemma,
which encodes the relaxed slip condition, due to Conti & Ortiz (Lemma
4.3,[CO05]). The lemma basically allows us to show that arbitrarily fine mix-
tures of slip patches are inconsistent with finite curl. In some sense the proof
is reminiscent of that of a div-curl-lemma.

Thus, if the limit F,; does not satisty (RSC), then ‘phase-mixing’ occurs on
a set of positive measure, S: assume the slip normals m; and mso are active
on S. The set S can be covered by small parallelepipeds whose edges are
aligned with my, my and my X ms. Then, since Fgl satisfies (RSC), one can
show that Lemma 4.3 of Conti & Ortiz, together with the Poincaré inequality,
implies that the modified curl is large if the parallelepipeds are small and n
is large enough. Finally, letting the size of the parallelepipeds tend to zero,
while n — oo, we see that the curl becomes infinite, which is a contradiction.

6.5 Energy Estimates for a Shear Experiment

In this section we address the following question: can one devise an experi-
ment to determine whether the single-slip condition (introduced above), taken
together with a surface energy which penalises geometrically necessary dislo-
cations, is a relevant constraint which needs to be factored into macroscopic
models of crystal plasticity? The model considered will, for analytical sim-
plicity, be a geometrically linear version of the energy F introduced earlier.
Kinematically, we restrict ourselves to the case of a cubic crystal structure
with (011) {100} slip systems. This means that plastic deformation occurs
only on planes with normal parallel to one of the three cube axes, and in the
direction of one of two Burgers’ vectors lying diagonally in these planes. The
reference configuration is a cuboid, given by 21, = (0,1) x (0, L) x (0,1) C R3,
and we consider the geometrically linear problem of minimizing the energy

EL(yanl) = / ‘(F_Fpl)sym|2 dz+o glam(Fpl) +7'/ |Fp1|lam dz,
QL -QL QL
(6.18)
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1

Fig. 6.3 Geometry of the sample and arrangement of slip systems. There are
three slip planes corresponding to the faces of the 45 degree rotated cube, and two
Burgers’ vectors in each slip plane (on the edges of the rotated cube).

among vector-valued displacements y: £2;, — R3 and matrix-valued plastic
strains Fp1: 2 — R3*3, for non-negative coefficients ¢ and 7, such that
F = Vy. Here, the subscript ‘sym’ denotes taking the symmetric part of the
matrix in parenthesis. The first term in (6.18) is the linearised elastic energy
of the specimen, and the second and third term are as in the geometrically
nonlinear E: the third term will mostly be neglected by taking 7 = 0.

The setup we describe here is the same as in [AD14a]. For convenience, we
repeat the main points in this review. The admissible displacements for the
minimisation problem are all functions y(x) = x + u(x) such that u(-,0,-) =
(0,0,0), u(-, L, -) = v(1,0,0) for some parameter v > 0, and such that (y, Fp)
has finite energy for some F},;. This results in a clamped specimen undergoing
a shear of magnitude v with free boundary conditions on the sides (since other
conditions here would not be realizable in an experiment). The plastic strain
F3,) is not constrained by any boundary conditions, however its row-wise curl
must be a finite measure.

The single slip condition is as follow. For 8 = F;; — Id, we have

1/v2 1 1/v2 1

5($)€{s(x) —1/V2| @ (1] ,s(z)| —1/vV2|® (1], (6.19)
1 0 ~1 0
1/v/2 1 1/v/2 1
s() [ 1/v2|®[-1),s(x) [ 1/v2|®[-1],
1 -1 0

1 0 1 0
sx) 1] ®[0],s(zx)|-1]&X |0 },

1 0 1
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a.e. in 2, for some s: £2;, — R. Materials with B2 (caesium-chloride) struc-
ture, such as the intermetallic compounds Yttrium-Zinc [CBW*10] or Nickel-
Aluminium, indeed exhibit such a slip-system structure. The arrangement of
slip systems and the geometry of the specimen are illustrated in Figure 6.3.

Given these assumptions, it is then possible to prove the following state-
ment.

Theorem 3. Let 21, = (0,1) x (0,L) x (0,1), and consider Ep(u, Fp1) =
Jo, I(Vu = B)sym|[* + an Glam (Fp1), i.e., (6.18) with T = 0, subject to the
boundary conditions u(-,0,-) = 0,u(-, L, ) (v,0,0). Then

inf B, =0 L >2,
cron® < < mi {72 } L 1<
J+\/02+2cm inf E;, < min 2L,2\/270 1< L <2,

30 —L) <inf B <min{3;, 2 (1= L) +epor) s L<1,
if 0 > 0 and the single slip side condition (6.19) is enforced, and

inf B, =0 L L>1,
infB, =3 (1—-L): L<1,

otherwise.

As usual, the upper bounds are proved by construction of explicit test
functions, while the lower bounds require a little more analysis. In particular,
for the intermediate case when o > 0 and (6.19) holds, we have to use a new
version of Korn’s inequality which is specially adapted to the L! curl penalty
in order to get the required energy scaling.

These results can be described heuristically as follows. We have shown that
the inclusion of both cross-hardening and surface energy significantly affects
the energetic scaling in a very specific simple-shear experiment which is real-
isable for single crystals with B2 structure. Without either cross hardening or
surface energy, the energy infimum in our system is zero (or equal to a certain
amount of plastic work if a strain-hardening energy is included) when the as-
pect ratio of the crystal (base-square side-length/height) is below one, while
the energy increases quadratically with the imposed shear magnitude when
the aspect ratio is above one. The behaviour is qualitatively different when
multiple slip is forbidden and geometrically necessary dislocations penalised:
now the energy only vanishes for aspect ratios smaller than one half, while,
again, for aspect ratios above one, the energy grows quadratically with the
strain imposed by the boundary conditions. For intermediate aspect ratios,
a new regime of linearly growing energy arises. Thus, we conclude that the
experiment proposed here can be used to discriminate between those models
with surface energy and cross hardening, and those without, and hence to
determine whether the inclusion of these effects in macroscopic models for
single-pass plastic deformation is physically reasonable.
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6.6 Conclusions

We have shown that, in crystal plasticity, instead of the single-slip side con-
dition, one should use a relaxed condition such that mixing coplanar slip is
allowed, but slip in two or more different slip planes is still forbidden at every
point of the crystal domain. Such a relaxation should improve numerical sim-
ulations by removing the need to resolve an artificial small length scale, which
would otherwise be required to prevent mesh-dependent microstructures from
forming,.

There are two main open questions relating to the relaxed model. First, in
our existence result, we assume weak convergence of the plastic strain. This
is of course perfectly fine if one introduces an LY, ¢ > 1-type dissipation into
the hardening. However, there are some indications that such a hardening is
not present in single crystals undergoing single slip [FCO14]. Thus, if one only
relies on a more natural L!-bound on Fy, the limits of minimising sequences
will in general be measures, and then lower-semicontinuity results are much
more difficult to obtain.

The second open question is whether minimizers of our energy, assuming
for example L9, ¢ > 1 hardening, are regular enough to allow the lamination
necessary for relaxation. As indicated in Theorem 1, up until now, we have
only managed to derive an upper bound for the relaxed energy evaluated at
test functions with sufficient regularity.
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Chapter 7

Gradient Theory for Geometrically Nonlinear
Plasticity via the Homogenization of Dislocations

Stefan Miiller, Lucia Scardia, and Caterina Ida Zeppieri

Abstract. This article gives a short description and a slight refinement of recent work
[MSZ15], [SZ12] on the derivation of gradient plasticity models from discrete dislo-
cations models. We focus on an array of parallel edge dislocations. This reduces the
problem to a two-dimensional setting. As in the work Garroni, Leoni & Ponsiglione
[GLP10] we show that in the regime where the number of dislocation N; is of the or-
der log é (where ¢ is the ratio of the lattice spacing and the macroscopic dimensions
of the body) the contributions of the self-energy of the dislocations and their inter-
action energy balance. Upon suitable rescaling one obtains a continuum limit which
contains an elastic energy term and a term which depends on the homogenized dis-
location density. The main novelty is that our model allows for microscopic energies
which are not quadratic and reflect the invariance under rotations. A key mathemat-
ical ingredient is a rigidity estimate in the presence of dislocations which combines
the nonlinear Korn inequality of Friesecke, James & Miiller [FIM02] and the linear
Bourgain & Brezis estimate [BBO7] for vector fields with controlled divergence. The
main technical improvement of this article compared to [MSZ15] is the removal of
the upper bound W (F) < Cdist?(F,SO(2)) on the stored energy function.

7.1 Introduction

Classical theories of plasticity are scale independent. Nonetheless experiments show
a notable size dependence of plastic behaviour in the micron and submicron range.
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A number of phenomenological strain gradient theories have been developed to cap-
ture this behaviour, see, e.g., Fleck & Hutchinson [FH93] or Hutchinson [Hut00] for
a discussion and further references to the literature.

Here our goal is to understand how strain gradient theories can arise from a math-
ematical limiting process if one starts with dislocation based models.

One option is to start with fully discrete dislocation models. Recent models in-
clude the model of Ariza & Ortiz [AOO05], which is based on the concept of discrete
eigenstrains and harmonic interactions and employs ideas of algebraic topology. An-
other recent model is the general nonlinear model of Luckhaus & Mugnai [LM10]
which is set purely in the actual configuration and avoids the recourse to any global
reference configuration (see also Luckhaus & Wohlgemuth [LW 14] for further de-
velopment of this model).

Another option is to start from a continuum model of dislocations (see the clas-
sical works by Kroner [Kr658] and Kondo [Kon64] and further developments in
the physics literature by Kleman & Toulouse [TK76, KT77], Mermin [Mer77] and
Michel [Mic80]; in the mathematics literature Davini & Parry [DP91a, DP91b] have
classified all invariants and Cermelli [Cer99] has put the idea of patching together
local deformations in the natural setting of flat torsion-free connections and uses
DeRham currents supported on the defect manifold to describe the singularities).
One then uses a cut-off on the lattice scale to avoid diverging strains. Such a cut-off
seems reasonable if one focusses on the total energy of the system since the energy
in the lattice-size core of the dislocation is by a factor of |loge| smaller than the
self-energy of the dislocation (here and in the following & denotes the lattice size
or, more precisely, the ratio between the lattice size and the macroscopic size of the
body under consideration). This heuristic argument has been made precise, e.g., in
the case of an array for screw dislocations, see Ponsiglione [Pon07]. In the follow-
ing we will use the continuum model of dislocations with a lattice-scale cut-off as
our starting point.

To simplify the geometry and the analysis we focus on an ensemble of straight
and parallel edge dislocations. This reduces the problem to a two-dimensional do-
main Q C R?. So far most rigorous results have been restricted to this setting, but
in recent work of Conti, Garroni & Ortiz [CGO15] the line tension limit has been
derived in a full three-dimensional setting for linear elasticity and in the dilute limit
(see also [CGM14], [SvG14]). Thus an extension of the results below to a more
general three-dimensional setting might be possible, but is far from obvious. In the
following we will always assume that Q C R? is simply connected, bounded and
has a Lipschitz boundary. We will also focus solely on the stored energy and will
not discuss dissipation or dynamics. To set the stage we first recall the conventional
setting of linearized elasticity.

In this case we consider the elastic strain y: 2 —
energy

R?*2 and the quadratic elastic

/QW(y)dx with W(g):;c&é,

where C is a symmetric linear operator from R?*? to itself which satisfies
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cilsymE? <CE-E <cp|sym&f VEeR¥? with 0<c;<cp. (7.1)

Note that the elastic energy is independent of the skew-symmetric part of 7y, reflect-
ing invariance under infinitesimal rotations. If no dislocations are present then the
elastic strain y is the gradient of the displacement field: Y = Vu where u : Q — R2.
This in particular implies that along any closed curve ¢ in £ one has [, yrds =0,
where ¢ is the unit tangent vector of the curve and ds denotes the length measure. If
a dislocation with Burgers vector b is present at a point xy € €2 then we have instead

/ytds:b

for any curve which does not contain xy and encircles xy once (and in the positive
sense). In particular we have for sufficiently small €

/ ytds=b. (7.2)
9dBe(xp)

Local minimization of the elastic energy subject to the constraint curly = bdy,
gives the strain field of a single dislocation. This field diverges like |x — xo|~! near
xo. Hence the integral |, Q\Bs(x0) Cy- ydx diverges logarithmically in 6. Let € denote

the lattice spacing. One introduces a core cut-off and looks at the regularized energy

W(y)dx.
/Q\Be(xo) ( )

As mentioned above this is motivated by the observation that in fully discrete models
one expects the energy in a lattice size core to be a factor of log é smaller than the

energy in a region By (xo) \ Be(xo) (see also Section 7.3).

We are interested in the cumulative effect of many dislocations. Assume that
there are N dislocations at positions x; with Burgers vectors b;. We assume that the
dislocations are well separated, i.e., there exists pe > € such that

i —xj > 2pe i ).

We consider the total dislocation density

and set
N
Qg = Q \ UBg(xl).
i=1
Then we seek to minimize

W(y)dx subject to / ytds=b; Vi=1,...,N. (7.3)
Qg aBg(x,-)
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In order to make connection with the continuum theory of strain gradient plas-
ticity we want to take a limit as € — 0 and N = Ng — oo. From the point of view
of physics it is more natural to fix the lattice spacing and to consider domains é!)
of increasing size. Upon elasticity scaling both points of view are equivalent and
fixing € rather than the lattice spacing is more convenient for the analysis. Thus
¢ really is a dimensionless parameter of the order of lattice spacing divided by the
macroscopic dimension of the body. For brevity we will nonetheless often refer to €
as the lattice spacing.

The main result of [GLP10] is the following (see Section 7.4 for a more precise
statement in the context of the geometrically nonlinear theory). Assume that

1
N ~ 1o
€ gg

and that we are given dislocations at (well separated) points x; (i = 1,...,Ng) with
Burgers vectors &£, where £ are of order one. Define the (R?-valued) measure

Ne
He 1= 28 & 5x§
i~
and set 2 = Q \ |J; B¢(x?). Then the functionals

1 1
Cy-vyd bject t / tds=¢€Ef Vi=1,...,N,
e2[logel2 Ja, 2 Y- vdx subject to . ytds =€Ef Vi A
(7.4)

I'-converge as € — 0 to the functional

1
/ (C}/-}/dx+/ 0] ( H ) d|u| subject to curly = . (7.5)
Q2 o \d|u

Here ¢ : R? — R is a function which can be determined explicitly by solving an aux-

iliary problem for a single dislocation in R? and j\ﬁl denotes the Radon-Nikodym

derivative of the R%-valued Radon measure u (see Section 7.4 for a more detailed
description).

Moreover for any family (7, i) which satisfies the constraint in (7.4) and for
which the energy in (7.4) is uniformly bounded there exists subsequence &; — 0
such that ejllclg g;| e converges weakly to y in L? (after subtraction of constant
skew-symmetric matrices) and ej“;g ¢;| He; converges weak* in the sense of Radon
measures to 1. Together with the I'-convergence this implies that a subsequence of
minimizers of the problem (7.4) converges to a minimizer of the problem (7.5). Of
course the minimization of the limit functional in y and v yields the trivial solution
1 =0 and y= 0, but since I'-convergence is a very robust notion it is not difficult
to show that convergence of (a subsequence of) minimizers still holds if one adds a
Dirichlet type boundary condition of the form
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Yet = ¢€|logelg ondQ where ¢ denotes the unit tangent of 9.

Note that the relation between ¥, and e implies the compatibility conditions

1
(Q) = |10g£| ziléiv

20° " 8|log8\”E
where 0 Q is positively oriented. Then in the limit problem one obtains the boundary
condition yr = g on d2 and this in general leads to nontrivial minimizers.

The first term in the limit functional (7.5) is the usual elastic energy of the con-
tinuum theory and the second term reflects the strain gradient energy. In this setting
the strain gradient energy depends only on the dislocation density 1 = curly and
is one-homogeneous in . The first term arises from the interaction energy of the
dislocations while the second term arises from the self-energy of the dislocations.
The scaling N ~ log é is distinguished because only in this scaling both terms are
of equal strength. If Ny < |loge| then the self-energy of the dislocations domi-
nates, while for Nz > |log €| the interaction energy dominates, see Section 7.3 for
a heuristic discussion of the scaling regimes and [GLP10], Theorems 12, 15 and 18
for precise statements.

To go beyond the linearized theory and in particular to incorporate invariance
under rigid motions (and not just infinitesimal rigid motions) one has to replace the
quadratic elastic energy density by a frame indifferent energy density W(f3) where 8
now denotes the local elastic deformation gradient (i.e., Y = 8 —Id in the linearized
theory). Natural assumptions on W are

W(RF)=W(F) VYReSO(2),F ¢ R*™?  (frame indifference),  (7.6)

W(F)>W(d)=0 VYFecR?>*?  (normalization) (7.7)
W is C? in a neighbourhood of SO(2) (local smoothness), (7.8)

Je > Osuch that W(F) > cdist?(F,SO(2)) VF € R¥*2, (7.9)

Assumption (7.9) is a natural counterpart of (7.1). Indeed if we assume (7.8) and set
C := D*W(Id), then (7.1) holds if and only if (7.9) holds for all F close to SO(2).
Requiring the inequality W (F) > dist>(F,SO(2)) for all F amounts to the additional
assumptions that W(F) > 0 if F ¢ SO(2) and that W (F) grows quadratically as
F — oo,

Since

/ Idtds =0
aBe(XO)

the constraint (7.2) corresponds to

Btds=b.
/338()‘0)
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In [MSZ15] it is shown that in the same scaling regime as above and under an
additional technical growth condition one obtains the same limiting problem (7.5),
after the elimination of a global constant rotation. We give a precise statement and
a slightly improved result in Section 7.4.

In the nonlinear setting it is actually more natural to use a map from the actual (or
‘deformed’ or ‘spatial’) configuration back to a (locally defined) reference lattice to
define the Burgers vector. Thus let Q%7 C R? now denote the actual configuration
and let G : Q% — R?>*2 denote a field of linear maps such that G(x) infinitesimally
maps the actual configuration back to a (local) reference lattice (in a setting without
dislocations and a global reference configuration G(x) is just the inverse of the de-
formation gradient). If ¢ is a curve in 2% which encircles a single dislocation at x
then the Burgers vector b is defined as

/ Gtds=—b (7.10)
9B (xp)

(the change of sign is natural if one notes that G = B! and considers the lineariza-
tion B & Id + y which implies G ~ Id — 7). If W(A) denotes as before the energy (per
unit reference volume) needed to perform an affine deformation A of the reference
lattice then the elastic energy associated to the field G is given by

W(G™!) detGdx.
Qsp
Thus if we define
W(G)=W(G ') detG

then we are back to the previous formulation with W replaced by W, B replaced
by G, €2 replaced by Q2° and b replaced by —b. Note that assumption (7.6) is
equivalent to

W(GR) =W (G) VReSO(2), VG e R>2, (7.11)

The assumptions (7.7) and (7.8) hold for W if and only if they hold for W. The
inequality W (G) > cdist?(G,SO(2)) holds for G close to SO(2) if and only if it
holds for W and G close to SO(2). Moreover it is easy to give reasonable conditions
on W such that this inequality holds for all G.

To put the results discussed so far in perspective let us briefly mention some
related work in scaling limits of nonlinear elasticity and elastoplasticity. First, im-
mediately after the appearance of the nonlinear counterpart of Korn’s inequality
(see (7.14) below) Dal Maso, Negri & Percivale [DMNPO2] realized that it could
be used to show rigorously that nonlinear elasticity converges to linearized elas-
ticity in the low-energy limit. Our scaling also corresponds to a low-energy limit,
so it should not be surprising that the limit problem is essentially linear (up to the
freedom of a single rotation). Very recently Mielke & Stefanelli [MS13] solved the
much more difficult problem to rigorously show that the evolutionary problem of fi-
nite strain elastoplasticity converges to linearized plasticity. A key idea is to extend
variational concepts such as I'-convergence to evolution equations, see Mielke’s



7  Gradient Theory for Geometrically Nonlinear Plasticity 181

survey [Miel5] in this book. An existence theory for a single time step in elasto-
plasticity theory with multiplicative decomposition was developed in [MMO06]. For
an existence theory for energies [, W(f3) dx with the constraint that curl 3 is given
by a single dislocation loop see [MP08]. In the static setting a hierarchy of scaling
limits of a discrete dislocation model is discussed in [GPPS13] and [SPPG14] in the
context of dislocation pile-ups.

It is also interesting to compare the setting discussed above to the setting of min-
imization problems in crystal plasticity which is discussed in the articles by An-
guige & Dondl [AD15] and by Dmitrieva el al. [DRMD15] in this book (see also
[AD14b, AD14a]). For this comparison consider first a single dislocation in the ge-
ometrically linear setting. For definiteness assume that the dislocation is at 0 with
Burgers vector €e;. In the geometrically linear setting we have been looking for
y: Q\ B:(0) — R**2 with

/ ytds =b=gey, curly=0 in Q\ B¢(0).
9B¢(0)

No such ¥ can be the gradient Vu of a C' map u : Q \ B¢(0) — R2. There exist,
however, maps u which are smooth away from a half-line X, satisfy

/ Vutds =¢€e; forall r > e with B.(0) C Q
dB(0\Z
and jump across 2. Indeed one can take, e.g.,

u(x)=¢€e;,, 6, wherex=r(cosf,sinf), withr>0,0<6 < 2.

2r
Then u jumps across the half-line ¥ := {(x;,0) : x; > 0} and is smooth other-
wise. The distributional derivative Du of u consists of a smooth part (written as
Vu.#?, where 2 denotes the two-dimensional Lebesgue measure) and a singular
part which is given by a one-dimensional measure concentrated on the half-line X:

Du=Vu—¢ge,@er#' /3.

Note that e; is the normal to X. The space of L! functions for which the distributional
derivative is the sum of an L' function and a Radon measure concentrated on a
codimension 1 set is known as SBV (special functions of bounded variation).
One usually interprets the regular part as the elastic strain y and the singular part
as the plastic strain
Y= —cey@er /5.

The plastic strain then corresponds to a tangential slip with Burgers vector €e; along
the slip line ¥ with normal e;. Note that curl Du = 0 and

curly, = —curlVu = —ge| Oy,

in the sense of distributions in £2.
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One is thus led to consider the minimization of

1

2 Jas.(0) C(Du—1vp) - (Du—v,)dx

over SBV functions u and plastic strains ¥,. If one admits all plastic strains 7y, which
satisfy

curly, =0 in Q\ B¢(0), /83 o Yptds = —ge;

then one recovers the minimization problem (7.3) discussed above (in the special
case of a single dislocation). In crystal plasticity one considers only those fields 7,
which correspond to a superposition of slips across a given set of slip planes and
corresponding Burgers vectors, see, e.g., [AD15] or [CGO15]. Similarly one can
consider multiple dislocations and their corresponding slip lines.

In some simple cases one can see easily that both approaches yield the same
minimal energy. Consider, e.g., as above the geometrically linear two dimensional
setting and let y: Q¢ — R?*? be the elastic strain satisfying

/ ytds = b;, curly=0 in €,
9Bg(x;)

where x; are the dislocation locations. Assume that the admissible slip lines are
parallel to the two coordinate directions and that the Burgers vectors are of the form

bi=¢€zey or b,=¢€ze; withzeZ.

Then for a dislocation at x; there exists a line segment X; parallel to b; (and hence to
one of the coordinate axes) whose endpoints are x; and a point on d€2 as well as a
map v which is smooth outside %; and jumps by —b; across ;. For b; = €ze| such
a map was constructed above; for b; = €ze;, one can rotate the previous construction
by 90 degrees. Set v =73 v(). As above let Vv denote the density of the absolutely
continuous part of Dv and let 7, denote the singular part of Dv. Then by construction
7, is of the form required in crystal plasticity. Moreover curl(y— Vu) = 0 in Q, and

—VV)tds =0
/aww v)tds

for all i. Thus there exists a function w € SBV such that Dw = y— Vv in . Note
that the singular part of Dw vanishes (and w is hence in the Sobolev space W'!).
Set u =v—+w. Then

Du—y,=Dv—v,+Dw=Vv+(y—Vv)=7.

Thus in this example every field y : Q¢ — R2*? which satifies the circulation con-
straints can be written in the form Du — 7, where u is in SBV and 7, corresponds to
a superposition of single slips across the allowed slip lines.
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Taking a slightly different point of view we can view the minimization problem
in (7.3) (or the minimization of [, W(G)dx subject to (7.10)) as a global min-
imization problem which involves only the elastic strain, but no global reference
configuration. The maps G capture only the local deviation of the actual configura-
tion from a perfect lattice and the strains 7 are the linearized counterparts of G~!.
A ‘plastic strain’ is not required in this approach. By contrast, in crystal plasticity
(and other versions of elastoplasticity which keep track of both the elastic and the
plastic strain) one starts from a global defectless reference configuration and the
plastic strain keeps track of global reordering of the lattice, while the elastic strain
measures the local distorsion of the lattice. If one has an atomistic picture in mind
the elastic strain only cares about the actual position of the atoms while the plas-
tic strain keeps track of where they have come from. For a recent discussion in the
context of the multiplicative decomposition in elastic and plastic strain see [RC14].

7.2 Key Mathematical Challenges

In the linearized setting one key difficulty is that the energy density Cy -y depends
only on the symmetric part of . Hence control of the energy alone is not sufficient
to get control on . If u = curly =0 (and if Q is simply connected) then ¥ = Vu.
Thus Korn’s inequality allows one to estimate the L> norm of the skew-symmetric
part of Vu in terms of the L? norm of the symmetric part (up to an irrelevant skew-
symmetric constant). If i # 0 one can use the Hodge decomposition y = Vu+ Vv
with Av = u. Hence by standard elliptic regularity one obtains that if y is in L?
(with I < p <2) then Vv is in LP” with p'* = 117 — é with a corresponding estimate.

Unfortunately we only have control of the total mass of the measure pt. This
corresponds to the borderline case p = 1 and in this case standard elliptic regularity
does not provide an estimate for Vv in L? but only in the weaker Marcinkiewicz
space L>. This difficulty is overcome by a striking estimate of Bourgain & Brezis
[BBO7] which states that for f € L' (Q;R?) with div f € H%(Q)

[ llg-1 < CUA =+ [[div £l g-2)- (7.12)

This estimate extends to the case that f is a Radon measure with bounded mass and
applying this estimate to f = (curly)! and using that div f equals a linear combina-
tion of second derivatives of symy we get f € H~! and

I skwyll;2 < C(||symyl|l;2 + || curly| ) if /stwy:O, (7.13)

see [GLP10], Theorem 11.

In the geometrically nonlinear setting the natural counterpart of Korn’s inequality
is the rigidity estimate of Friesecke et al. [FIM02]. If U C R" is a bounded domain
with Lipschitz boundary then there exists a constant C(U) such that for every u €
W12(U;R") there exists a rotation R € SO(n) with

IVu—R||,>» < C(U) || dist(Vie, SO(n))]| 2. (7.14)
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In our setting we do not have 8 = Vu, but we only have curl 3 = y where u is a
Radon measure with finite mass. A key idea in [MSZ15] is to show that one can
combine (7.12) and (7.14) to establish the following result.

Theorem 1 (Rigidity estimate with dislocations, see [MSZ15], Theorem 3.3). Let
Q C R? be a bounded and simply connected domain with Lipschitz boundary. Then
there exists a constant C(Q) with the following property. For every B € L*(Q;R>*?)
with curl B € .4 (Q2;R?) there exists an R € SO(2) such that

1B —Rllp2 < C(€2) (|| dist(B,SO(2)) |2 + [ curl B||) - (7.15)

This is the key ingredient to extend the analysis of Garroni et al. [GLP10] to the
geometrically nonlinear setting. The proof of Theorem 1 proceeds in two steps.
One first shows an estimate in the weak-L? space L>* using [CDM14]. Then one
improves this estimate to an L> estimate by a careful Taylor expansion.

A version of the estimate in the language for 1-forms and exterior derivatives and

in dimensions d > 2 (with || curl B||_ replaced by || curl B||zr, p = ,2¢ if d > 3) can

~ 2+d
be found in a recent preprint by Aumann [Aum15].

7.3 Heuristics for Scaling Regimes

7.3.1 The Core Energy of a Single Dislocation
A toy energy
Set B, = B,(xo) and assume that y € L*(B, \ B¢; R**?) and
curly=0 inB,\Be, (7.16)

/83 yids = b. (7.17)

Here the first identity is understood in the sense of distributions. It follows from
curly = 0 and 7 € L? that the tangential trace y7 is well defined as a distribution in
H~'/2(9B¢) so that the second identity makes sense.

From (7.16) and (7.17) one easily obtains the lower bound

1
[ hPar=, tog2 b Vrele.p/) (7.18)
By, \B, 2r

and it follows that p
2 2
dx 2 lo b|”. 7.19
/BP\BSW\ 210g (") 1) (7.19)

To prove (7.18) note that (7.16) and (7.17) imply that

s ytds=> (7.20)
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for all ¥/ € (g,p). Since |y| > |yt| it follows from Fubini’s theorem and Jensen’s

inequality that
2r
/ mzdxz// y12ds dr’
By, \B, r 33,/

2r 1 2

>

—Jr 2mr yids

1
dr = _ log2 |b|*.
s, 5 1082 10|

xt

This lower bound is in fact sharp as can be seen from the choice y = zlnb ® P

A lower bound in linear elasticity

The estimate (7.19) suggests the natural scaling of the core energy, but is not im-
mediately relevant since the linear elastic energy depends only on symmetric part
symy and Jensen’s inequality does not give a lower bound for [ |sym | ds. We
claim that nonetheless there exists a ¢ > 0 such that '

/\B|sym}/\2dx2c|b\2, vrele.p/2]. (7.21)
2r\Pr

To see this, we follow [GLP10] and use the condition curly = 0 to apply Korn’s
inequality. We first note that in view of the rescaling ¥(x) = y(rx), b = b/r it suf-
fices to prove the estimate for » = 1. We claim that Korn’s inequality holds in the
following form

culy=0 inB\B, —
JA skew-symmetric |[skwy—Al| 25, 5,) < Cllsym¥ll25,5,)- (7-22)

To prove this set & := || sym7Y||;2(g,\ 5,) and write B \ B as the union of two open,

simply connected sets U™ und U~ with Lipschitz boundaries. Then there exist u™ €
H'(U*;R?) such that Vu* = yin U. Thus by the usual Korn inequality there exist
skew-symmetric matrices A* such that

| skwy — Al 2+ < Cllsym ¥l 2 ) < C8.
Since U NU ™ has positive measure it follows that
AT —A"| < C8.

Thus we also have || skwy—A7[[;2(y+) < C8 and this implies ||y — A~ [ ;2(5,\5,) <
C$§ as claimed.
To prove (7.21) let A be as in (7.22) and note that [;, ,Atds =0 and thus

1

2 2 N
b:/ tdd’:// fAtdd':/ A a.
1 8Br,y sar 1 33,/(y Jidsdr Bz\Bl(y )|x| .
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Hence
‘b| S CH’y_AHLZ(BZ\B]) S CH SmeHLz(Bz\Bl>

which is the assertion.
Geometrically nonlinear setting

As observed in Scardia & Zeppieri [SZ12] one can extend the lower bound to the
nonlinear setting if one replaces the Korn inequality by the rigidity estimate in
[FIMO02]. More precisely if 8 € L*(Bp \ B¢, R>*?) and

curl =0 inB,\Be, /a Brds="0b (7.23)
Be
then
/ \ dis?(8,S0(2))dx > c|b> Vre[e,p/2] (7.24)
By \Br
and thus
/ dis®(B,50(2)) dx > log (p) 1b[2. (7.25)
Bp\Be £

Note that in view of the rescaling ff(x) = B(rx) and b = b it suffices to show the
result for r = 1. To do so we argue exactly as in the case of linearized elasticity. First
we note that

curlf =0 inB,\B) =
JReSO(2) |IB —R||Lz(32\31) <C| dist(ﬁ,SO(2))||L2(32\BI>. (7.26)

This is deduced from (7.14) in the same way (7.22) was deduced from Korn’s in-
equality. Now

2 2
b:/ tdd’:// thdd’:/ ~R)" dx.
1 aB,_,ﬁ = aBr,(ﬁ Jrdsdr 32\31(13 )\x\ g

Thus
b] < C[|B =Rl 2(5,\,) < Clldist(B,SO(2)) [l 12(5,\8,)

which is the assertion.

7.3.2 The Core Energy of Many Dislocations

We now consider N dislocations at points x7 € £ and we assume that these points
are well separated, i.e., there exists s € (0, 1) such that

i —x5|>2¢" ifi#j and dist(x{,0Q) > €.

We assume that the Burgers vectors are of the order of the lattices spacing, i.e.,
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bf = 851'87
where £f belong to a given lattice of order 1. We assume that
curly=0 in Qg := Q\ ¥, B:(x?)

and
ytds =05 =€€f Vi=1,...,N;.
/Bg(x) 5 €

Then

/ |symy|>dx > Z/

A similar lower bound holds in the geometrically nonlinear setting where symy is
replaced by dist(8,SO(2)). Thus the total core energy of the dislocations scales like

1
symy\zdszgssz log< > .
)\Be (xf €

Ecore ~ Ng 82 ‘ IOgg"

7.3.3 The Interaction Energy

Here we want to understand the behaviour of y (or B, in the geometrically nonlinear
setting) away from the immediate neighbourhood of the dislocations. In this region
7Y is not dominated by the behaviour of the nearest dislocation but rather by the
cumulative effect of all dislocations. At this point we are only interested in a rough
estimate of orders of magnitude. We thus assume that €2 has area of order 1 and
contains Ng > 1 dislocations. We assume that the dislocations are roughly equally
spaced, i.e., the typical distance between two neighbouring dislocations is

1
VNe:

We also assume that each dislocation has a Burgers vector of order €. The strain
field of a single dislocation at x? is of order |x—8x.€|' Now fix a point x € Q and
1

le ~

let r > I.. Then the annulus Ba,(x) \ B,(x) contains approximately r?/I> ~ Ngr?
dislocations. The strain field of a single dislocation in this annulus generates a strain
field of order ¢ at x. If we ignore possible cancellations the total strain field of
the dislocations in the annulus is given by eNer. Applying this with r = 2*I, for
k=0,...,Ke where K¢ ~ log, ;! and summing over k we see that the total field of
all dislocations outside By, (x) is of order éNg. The disc By, (x) contains only finitely
many dislocations. Let x{ be the position of the dislocation closest to x. Its strain
field at x is of order ‘X_gxg . Thus we have two cases

il
i
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o If [x—xf|> 1\18 ~ [2 then the strain field of the dislocations outside By, (x) domi-
nates and we have the bound

|7(x)| < &N

o If[x—xf| < A}g ~ 12 then the strain field of the single dislocation at x{ dominates
¥(x) and we have

Y@ 2 > €Ne.

€
e = xf]

Thus we get
| hParsen:.
Qp

If we believe that the cancellations between the strain fields of different dislocations
do not change the order of magnitude we expect that the interaction energy is of
order

FEinter ~ 82N3~

Thus we see that the core energy (concentrated near the dislocations, i.e., in
Ui Bz (x7)) and the interaction energy have the same scaling if

Ne ~ |loge|.

This is the regime we will consider below. If Ny < |loge| then the core energy
dominates, if N; > |loge| then the interaction energy dominates.
For a slightly different view we consider the normalized dislocation measure

P _1%1;;?5 —1N€§£3
e N ET N A e T N, A
where the £F are of order 1. Then
curl Y = Ae.
eN;

If the x{ are roughly equidistributed then A¢ converges (in the weak™ topology) to a
uniform measure A. Solving the equation curl ¥ = A we see that ¥ is of order 1. This
again suggests that y is of order éN;. More generally one can show that the equation
curly = e has a solution such that , 11\,8 y is globally bounded in the weak-L? space

L>>. By removing small regions near the dislocations one can show that outside this
regions one actually has a uniform bound in L? rather than L*>.
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7.4 Main Result
7.4.1 Set-Up

Let Q C R? be a simply connected, bounded, Lipschitz domain representing the
horizontal cross section of an infinite cylindrical crystal. Let S be a set of admissible
normalized Burgers vectors, e.g., S = {e1,e2}. Let

S :=Span,S = {z1b1 + b : 21,22 € Z}.
For 0 < &€ < 1 let pe be such that

Pe

lim 0 = ¥s€(0,1), (7.27)
lim |loge|p2 = 0. (7.28)
e—0

One possible choice is pe = |loge| ™.
We denote by .# (Q;RZ) the set of R2-valued Radon measures on Q with finite
total mass. Given € > 0 we define the set of admissible dislocation densities as

Xe:={ue.#(QR*):u= fsgi 8y, M €N, B, (x;) C Q, (7.29)
|x; — x| > 2pg for evelrz;j #k, & €S\ {0} for every i}. (7.30)

For 1 € X¢ and r > 0 we define
Q) =2\ U B (7.31)

x;ESuppyL

Given U € X, the set of admissible strains is defined as

o Se(1) == {B € L*(Q;R**?): B =1d in Be(supp )
curl  =01in Q. (u), /3 ( Btds=u(y) Vyesuppu}. (7.32)

Be(y)

The choice B = Id in B¢ (supptt) is somewhat arbitrary (we could also set § =0
in B¢ (supp 1)), but sufficient for our purposes. Note that for every measure i € X
there exists a unique finite set {x1,...,x)} and unique vectors &;,...&y such that

p=3M, €8, Then the conditions in the definition of &7S () can be written
more explicitly as

M
B=1d in | JBe(x), /a L Prds=es vis1m
i=1 Be (xi
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Let W : R?*2 — [0, 0] be an elastic energy density. Then we set

Ee(u.):= [ W(B)dx.

Motivated by the heuristic considerations in Section 7.3 we define the rescaled en-
ergy functional as

82|l(;gg‘2E3(lu7ﬁ) if ueXe, BedSe(u),

(7.33)
+oo otherwise in .# (Q;R?) x L?(Q;R>*?).

g&‘(“vﬁ) = {

The last ingredient in the set-up is a formula for the energy of a single dislocation
and its relaxation. For & € R2 and C which satisfies (7.1) we define

v(&): Cno-nodx (7.34)

= lim
50 |log 6| 2 JB,\B;

where 1 : R? — R?*2 is a distributional solution of

In = in R?,
curln =& & in ) (7.35)
divCn =0 inR-~.
Note that two different solutions of (7.35) differ only by a smooth function and
hence give the same limit in (7.34). Moreover there exists a unique — 1 homogeneous
distributional solution

1
Mog(x) = T£(6) (7.36)

where (r, 0) are polar coordinates and the map & — Fg is linear (see, e.g., [BBS78]).
For 1 of the form (7.36) one sees immediately that the limit 6 — 0 in (7.34) exists.

In [GLP10] it is shown that y(&) corresponds to the minimal core energy of a
dislocation, i.e.,

m mi
e-0 |loge|

. 1 1
viE) =1 o{} ) Cnndss nessa @)
BPe\BS
where
o Se (€)= {n € L*(B,\ B¢;R?) : curln =0 in B, \ Be, / Ntds = é}
JdB¢

We want to approximate dislocation measures u € . (£;R?) which are abso-
lutely continuous with respect to the Lebesgue measure by linear combinations of
Dirac masses Y, €&;8,, where &; € S. Since there are many different ways to approx-
imate a uniform measure & dx it is natural to define the following relaxation of .
Here we also incorporate the effect of possible constant rotations which will emerge
naturally in the proof. For & € R? and R € SO(2) define
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M M
¢(R,&) = inf{zlkllf(RTfk) DY M =8 MeN, 1 >0,& € S}. (7.38)
=l =1

From this definition it follows easily that £ — @(R, &) is convex and 1-homogeneous.
Note also that y is 2-homogeneous and in particular (&) > c|&|? with ¢ > 0. From
this one deduces easily that there exists a constant M (which only depends on the ra-
tio ¢ /c1 of the constants in (7.1)) such that the minimum in the definition of @(R, &)
does not change if we add the constraint |&;| < M. This argument also shows that the
infimum in (7.38) is actually attained and we can write min instead of inf in (7.38).

7.4.2  Results
Theorem 2 (Compactness, see [MSZ15], Proposition 4.3). Assume that

3¢ > 0such thar W(F) > cdist?(F,SO(2)) VF € R>2,
Assume that €; — 0 and let (U}, B;) € A (2;R?) x L*(Q;R**?) be such that

sup &5 (L, ) < ee.
J

Then
sup (|[Bjll 2 + [[1jll.z) < oo (7.39)
J

Moreover there exist constant rotations R; € SO(2), a measure 1 € H~'(Q;R*)N
M (Q;R?) and a map B € L*(2;R>*?) such that (after passage to subsequences)

,uj * . 2
S uin A (2;R?), (7.40)
£j|log8j\ ( )
RTB; —1d
iPi —~ B inI?(Q;R¥?), (7.41)
gj|loge;|
R; — R inSO(2). (7.42)
In addition we have
curlB=R"pu.

Definition 1 ([MSZ15], Definition 4.5). Let £; — 0. We say that a sequence of
triplets (U;,B;,R;) € A (€2;R?) x L*(2;R?>*?) x SO(2) converges to a triplet
(1L, B, R) if (7.40)~(7.42) hold.

We extend & trivially to triplets, i.e., we set
gg(u’ﬂ’R) = g&‘(uaﬂ) VR e SO(Z)
Theorem 3. Assume that W : R>*? — [0, ] satisfies

W(RF)=W(F) YReSO(2), (7.43)
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W is C? in a neighbourhood of SO(2) and W (1d) = 0, (7.44)
3¢ > 0such that W(F) > cdist®(F,SO(2)) VF € R**?, (7.45)
forall§ >0 sup{W(F):|F| <& detF > §} < . (7.46)

Then the functionals & are I'-convergent, with respect to the convergence in Defi-
nition 1, to a functional & on # (Q;R?) x L*(Q2;R**?) x SO(2) given by

VaCB-B+ oo (R ) diul ifueH QR NA(QR)
(W, B,R) :== and curl B =R,
o0 otherwise,
(7.47)

where C := D*W (1d) and where ¢ is given by (7.38) and (7.37).
More specifically the following two inequalities hold true.

I'-liminf inequality:
If (W,B,R) € 4 (Q;R?) x L*(Q;R**?) x SO(2), if &; — 0 and if (1;,B;,R;) con-
verge to the triplet (L, B,R) then

I'-limsup inequality:
If (U, B,R) € A (2;R?) x L*(Q;R**?) x SO(2) with curl B = RTpt and if &; — 0
then there exist (lj, Bj,R;) which converge to the triplet (i, 3,R) and

limsup &, (u;, Bj,R;) < & (1, B,R).

joreo
In [MSZ15] the assumption (7.46) was replaced by the stronger assumption
W (F) < Cdist*(F,SO(2)),

for some C > 0. This makes it easier to handle the exceptional sets where the 3; are
large, but for a usual elastic material we expect that the energy blows up for infinite
compression, i.e., if detF | 0. Therefore (7.46) is more realistic. Note that we also
allow W (F) to take the value . This makes it possible to incorporate a constraint
like det ' > 0 in the definition of the energy.

An interesting technical question is whether in the definition of the class of
admissible measure X, the separation condition

|xj — x| > 2pe
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with pe satisfying pg/e® — o« as € — 0 for all s € (0,1) can be relaxed. For the
compactness result it certainly suffices to assume that p, > Ce* for some s € (0, 1),
but whether this suffices for a Gamma-convergence result is open in the nonlinear
setting. In the case of linear elasticity, and in the diluted, core energy dominated
regime Ng
extending the so called ‘ball construction’ for Ginzburg-Landau functionals [San98,
San00, Jer99, SS11] to the setting of elasticity. Loosely speaking the Ginzburg-
Landau functional corresponds to the toy energy [, |3|>dx where f3 is now a vector
field (not a matrix field) and thus the Burgers vector is replaced by scalar and the
lattice S C R? is replaced by 277 C R. Thus for the Ginzburg-Landau functionals
Korn’s inequality is not needed.

7.5 Ideas of Proof

Proof (of Theorem 2). The compactness result follows from the lower bound (7.25)
and the new I'lgldlty estimate (7.15). Indeed if we apply (7.25) around each of the
Ng points x ! € supp ; j we get

511y B) > ox (") ¢ 22\55’\2 > w3 Zlégflz

82“0881‘2

The f:igj belong to S\ {0} and are thus bounded from below. Hence

Ne . N
J P J P
Iiill.r = 31871 < Ce; 3 1& 2 < Ce; [logej| &(u;, B))-
i=1

i=1

This proves the bound for 1Y and hence the weak* compactness. Since \5 |

£; |1og£
is bounded from below we also obtain a bound on the number Ng of dislocations

Ng; <C ||ij//[<C\log£]\ (7.48)
For 3; we have by (7.45)
| aise(B;,50(2))dx < Celoges P &1, B)
and the L? bound for Bj follows from (7.15). Actually one has to be a little bit

careful here since curl 3; and y; are closely related but not identical. It can be shown,

however, that there exists ; such that || curl Bz = ||| and || B; — B,/ ;2 can be
controlled, see [MSZ15], pp. 1380—1382. In this argument one uses (7.24). O

Proof (of Theorem 3). I'-liminf inequality: Using the Taylor expansion
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W(B)) = WKL ;) ~ ) C(RY B~ 1d) (KL ;1

one can essentially reduce the proof to the argument in the linear theory [GLP10].
One subtlety is that the convergence (7.41) does not guarantee that RJT- B; —1d con-
verges uniformly to zero and therefore Taylor expansion cannot be used at all points.
To get the lower bound by the linear interaction energy [, CB - B dx we can use that

the measure of the set where \RJT B;j—1d| > 8; /2 goes to zero and argue as in [FIM02]
to apply Taylor expansion as if we had uniform convergence. For this argument we

Ne. o
can actually also remove the set Ui:’l Bpgj (xf’ ) since by (7.48) and (7.28) the mea-
sure of this set goes to zero. For further details, see [MSZ15], pp. 1385—-1387.
To show that the limes inferior of fQSV\Qp W (B;)dx is bounded from below by
J €j

Joo@ <R, t;ilﬁ\) d|ut| one establishes a nonlinear counterpart of (7.37), using again

Taylor expansion with the exception of a small set, see [MSZ15], pp. 1386-1387
and [SZ12], Proposition 3.11 for the details.

I'-limsup inequality: Here we provide more details since compared to [MSZ15]
we no longer assume an upper bound W (F) < Cdist>(F,SO(2)). The proof still
follows closely the argument in [MSZ15]. The main difference is that we change the

oy . . Ej Ej
definition of the recovery sequence in the regions Bie; (x;") \ Be;(x;") to ensure that
the nonlinear energy remains controlled. Specifically we use the following results.

Lemma 1 (Existence of a core field which is compatible with the nonlinear en-
ergy). For every & € R? there exists a —1 homogeneous smooth map y: R*\ {0} —
R>*2 such that

curly=0 in R>\{0}, / ytds=E& Yr>0, (7.49)
9B,(0)
1
7l < | 18] vxe R\ {0} (7.50)
and
det(Id+y) > 1. (7.51)

Proof (of Lemma 1). We first show that it suffices to prove the result for vectors &
of the form ae; with a > 0. To see this, note that if R € SO(2) and f(x) = y(Rx)R
then

curl f(x) = curl y(Rx) and / ?tds:/ ytds.
JB, dB,

Thus if 7 has the desired properties for & = ae; then 7(x) = R (x) has the desired
properties for & = R’ (ae;) because

det(Id + ¥(x)) = det(R” (Id 4 y(Rx))R) = det(Id + y(Rx)) > 1.

Thus assume that £ = ae; with a > 0. We will define y using Polar coordinates.
Let 6 € (0, ;) and let g : R — R be a smooth 27-periodic function such that
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¢g=0 in[0,r+3d]U2r—38,2m],
0<g<1,

2n
/ g(t)dr = 1.
0

Set
G(t):= /Otg(s)ds fort € [0,27].

Withx - (’ COS 9,1 Sin 9) deﬁne
) 12 12 0 0 ’

Note that 7 is well-defined and smooth in R?\ {0} since g is 27-periodic. We also
have |y| < a/r=|&|/r. Moreover for 6 = 0

Y(x) = ae; @ g(0)VO = ae; @ V(Go )

and hence curl y = 0 in the region in R?\ [0,) x {0}. Since ¥ is smooth it follows
that curly = 0 in R?\ {0}. Moreover

; ytds = ae|[G(21m) — G(0)] = ae;.
By

The explicit form of y gives
a
detId+7vy)=1- r2g(9)xz.

Now g(8) =0for 6 € [0, ] and hence g(0) =0ifx, > 0. Thusdet(Id+7y) > 1. O

Lemma 2 (Interpolation between core field and far field). Assume that C is a
linear symmetric operator on R**? which satisfies

cilsym§[? < C& - & < en|sym§
with ¢ > 0. Then there exists a constant C > 1, which only depends on ¢ and c»,
with the following property. Let & € R? and as in (7.36) let Mo (x) = 11"5 (0) be the
—1 homogeneous distributional solution of

curlng ¢ = &, divCnge =0 in R2,

Let L > 1. Then there exists a smooth map 1 : R*\ {0} — R**? such that
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curln; =0 inR*\ {0}, (7.52)
/33, Netds =& Vr>0, (7.53)
Mg =Mog inR*\ By (0), (7.54)

¢
el < | 1E] inR*\BL(0), (7.55)

1
Me ()] < N &1 in BL(0)\ {0}, (7.56)
det(Id+1ng) > 1 in BL(0)\{0}. (7.57)

Proof (of Lemma 2). Since It is smooth by elliptic regularity and & — I is linear
there exists a constant C’ (which depends only on ¢ and c¢;) such that

/

C
Mo < [&]-
jS x|
Let y be the function in Lemma 1. Then

curl(y—1mpz) =0 inR2\ {0}, /a o T MHds =0 W0
, no ,

Thus there exists a smooth function u : R\ {0} — R? such that
Y=o = Vu.
We have |Vu| < (14 C)|€|/|x| and we may assume that u(Le; ) = 0. Thus
u < (1+C)(m+1)[E] in By (0)\ BL(0).

Let & € C(R?) be a cut-off function with suppa C B2, (0),0< o<1, =1 on
Br(0), |Vo| <2/L and define

Mg ="+ V(o) onR*\{0}.

Thus (7.52) and (7.53) follow. Moreover 1 = 7y in Br(0) and Ne = Mo in ]Rz\
B;1(0). This yields (7.54), (7.56) and (7.57). Moreover the bound (7.55) holds for
x ¢ By (0)\ BL(0). To verify that (7.55) holds true also in By7(0) \ B.(0) note that

Ne=ay+(1l—o)nye+uxVa.
Now the bounds on 7, 1 ¢ and u imply that for x € By (0) \ B.(0)

(1+C)

Mg (x)] < 2r+3)[S]-

Thus (7.55) holds with C = (1+C')(2w + 3). d
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Proof of I'-lim sup inequality (continued):
Step 1. We show the result first for B € L=(2;R?>*?) and piecewise constant
measures of the form

p=2_& yudx

where dx denotes the Lebesgue measure, U is a cube with U C Q and )y is the
characteristic function of U. To simplify the notation slightly we only consider the
case R =1d.

As in [MSZ15] we first undo the effect of the minimization in the definition of ¢
and reduce the problem to vectors & in the lattice S. By definition (7.38) of ¢ and
the comments following (7.38) there exist M € N, 4; > 0 and & € S\ {0} such that

M M
o(1d,&) Zgllkll/(ik)’ £ = ;{lkik and |§| <M,

where M depends only on C = D>W (1d). We set
- 1
2./Alloge;|

Since @(Id, &) < C|&| and w(&) > c|&]> > ¢/ > 0 we see that A < C where C
depends only on C (or, more generally, only on the constants c¢; and ¢; in (7.1)).
Note also that by (7.28)

M
A= ZQL;(, rj:
k=1

rj > pg/-.

By [GLP10], Lemma 14, there exists a sequence of admissible measures [1; € Xg;
of the form

= k k 4
Hj= Zejgkuj’ where u; :216ka
k=1 i=1 "

with the following properties:

Brj(x{;k) cu, ‘x{;k*x{;,y‘ > 2}"]' if (ivk) 7& (ilvk,)

and
uk
P A hqudx in #(Q,R?) fork=1,...,Mas j— oo, (7.58)
|loge;|
IJ] * . 2 .
—u in.Z(Q,R")as j— eo. (7.59)
£j|log8j\ ( )

In the following it is useful to combine the two summations in the definition of u;
: : : M; J
into a single sum and to rewrite u;j as p; =Y., & &; 5x{-.

By assumption there exists a § > 0 such that W is C? in the set {F : dist(F,SO(2))
< 30}. It follows that
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W(F) < Cdist?(F,SO(2)) if dist(F,SO(2)) <28 (7.60)

with
C = max { ; |D*W (G)| : dist(G,SO(2)) < 25} . (7.61)

Let C denote the constant in Lemma 2 and choose

L = max (C§471>

in Lemma 2. Then the function 7¢ in Lemma 2 satifies

Ine| <8 inR*\B.(0)  whenever|§| < M.

. ) ¥ oM
Ji) e [ XN X=X j_ J
m ) ni/( g >a< rj )7 ! ;n”

J J

Define

where o € C(R?) with suppa C By (0) is a standard cut-off function, i.e., 0 <
a<1,a=1inB;,(0)and [Va| < 4. By the properties of Mg and the change of

variables x — x{ + €jx we have

n/td :e-/ tds =g &
/aBs/.(xUn‘ ST aBI<o>n€/ s=¢i&;

1

Moreover curl nij vanishes outside {xl’ }UB;, (xl’ )\ B, /z(x{ ) and

curln/ dx = —/ n/tds = —g;€/, (7.62)

/Br_, ()\Be, () 9B, 1o (x])
. C : .
|curln! (x)| < 2 gjl&l| < Cejllogej| forx#xl.  (7.63)
J

Set _ ‘
v/ = X, curln’. (7.64)

We would like to define B; ~Id+n/ +¢; |log ;| B, so that )/ captures the behaviour
near the dislocations and f the behaviour away from the dislocations. The right
hand side is, however, not curl-free in €, indeed curl(n/ +¢;|logg;|B) = v/ +
€;|loge;j|u. We will show below that

v 420 inL7(Q;R?). (7.65)
& lloge; (R

We define
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Id+n/+¢lloge;|B+P; in L,
Bj:_{ +n +£1|0g81|[3+ﬂ1 n S2¢; (7.66)

Id in U; Be; (xzj)7

with Bj = Vw; J, where J is the 90 degree anticlockwise rotation and w; is the
solution of

{ij—£j|log£j|p.+vj in Q, (7.67)

w; € H) (BR(0))
for some ball Bg(0) D €. Now curl 3; = —Aw; and thus
curl B; =0 in €2,
and
curl(gj|loge;|B + b)) = & [loge;| j — & [logej| = v/ =0 in U;Be, (x]).

It follows that

. »[dS:/ ) ][ds+/ ) curl(e;|logeg; +~_ dx=¢; ‘j’
/BBEJ-()C{)BJ ast(x{)nl e, () (gj|loge;| B+ B;) &

1 1

thus ﬁj € JZ%ng (ﬂj)
We next show that

Bi-1d

B in L*(Q;R>*?). (7.68)
ejlloge) (BR)

Since [1¢|(x) < C|&|/|x| and since the éij are uniformly bounded it follows that
I/l <CMjejr; < Cllogej| g, |7 ]172(L2¢;) < CMje7|loge;| < Clloge;| 7.
Thus nj)(_ng /(gj|log €;|) is bounded in L? and converges to zero in L'. Hence

n/

—0 in L?(Q;R>*?).
ej\logej\

By elliptic regularity, from (7.65) and (7.67) we get w;/(¢j|logg;|) — 0 in WP
(Br(0)) for all p < . Hence by the compact Sobolev embedding W'? «— C? (for
p>2) ~

Bi

— 0 uniformly in . (7.69)
81" log 81"

anQe- .. .
1o this implies (7.68).
gj|loge;|
Before we turn to the upper bound for &; (i, B;,1d) we first prove (7.65). By the
assumption i € L~ and by (7.63) we know that v/ + u is bounded in L. Tt

Together with the weak convergence of

1
8/' ‘ logsjl
thus suffices to show that
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vf'+u,<1>> <vf'+uj,cb>+<u u,-,<1>>%0

1
<8j|10g81|  gj|logej| gj|loge;

for every Lipschitz continuous function @. The second term converges to zero by
(7.59). To estimate the first term we use (7.62). This yields

’<Vj+“jaq)>’ =

, ) curlnij(x)db(x) dx+£-§ijcb(xlj)
Z/ 1, )\ B, () !

‘ _ curlnij(x)(‘P(x) - <,D(xlj))dx
Z/,](xlj)\ng(x{)

(7?2)

(7%3) CY gl&!| rjLip® < CrjLip @ ||ul|.»
. i

and the assertion follows since r; — 0.

The upper bound

limsup &; (i, B;,1d) < &(u, B,1d)

Jree
can now be proved as in [MSZ15] if one uses the following observations

e In the core regions B, (xl’) \ Bg; (x{) we have det(Id+n/) > 1 and |n/| < C.
Since 8 € L™ and since B ; converges uniformly to zero we also have det ; > é
and |B;| < C in this region if j is sufficiently large. Thus by assumption (7.46)

we have W(f3;) < C and hence

, W(B;)dx < CL*¢?
/BLS, (B, () ’

which implies that

1
W(B;)dx=0.

e7|loge;|? z,-“/BLg, ()\Be; () (5)

e In the region Q¢ (1;) we have |n’/| < & and hence |B; —1d| < 24§ if j is large
enough. Thus in this region we can use the estimate (7.60) which was assumed
in [MSZ15].

e Finally the construction above differs slightly from the one in [MSZ15] in the
region B, (x/) \ By, /2(x]) (cut-off with a smooth function o vs. cut-off with a
characteristic function). Since [N (x)| < C|&|/|x| the total energy contribution

from these regions is bounded by |loge; |£]2 < |loge; \2812 and hence irrelevant.
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If we define &, (1, B,1d;U) and & (u, B,1d; U) by replacing € by U we also get

limsup &, (1, Bj,1d;U) < &(u, B,1d;U).

jreo
In fact the same arguments as above show that if in addition £'|1ég e % 0 uni-
J J
formly in U and curla;; = 0 in U then
limsup &; (1, Bj + 0, 1d;U) < &(u, B,1d;U). (7.70)

Jre

Step 2. Assume that § € L* and that there exist finitely many cubes Uy with
disjoint interior such that

K
w=" M = & xu, dx.
k=1

Let py j, n,{ and Bk, ; be the sequences corresponding to (i constructed in Step 1.
Note that all sequences depend only on i and not on 3. Then

nl =0 inQ\U, (7.71)

1 ~
li | =0 Vke{l,...,K 7.72
jg{}ogj“()ggﬂsup‘ﬁk.j‘ { ) ) }7 ( )
curl frj =0 in Q\Uj. (7.73)

Let K
Bj :=1d+¢;|logg;|B+ . (n/f +Bkvf> '
k=1
Then B € o/ Se, (117) (here we use Step 1 as well as (7.71) and (7.73)). Since 1{ — 0

in L? as j — oo we get from (7.72)

—1d
& — B inL*(Q;R¥?).
81" logej\

Using (7.72) and (7.70) we get

limsup &; (1, Bj,1d; Uy) < &' (1, B,1d; Up)

Jre

forall k =1,...K. Moreover by (7.71) and (7.72) and Taylor expansion

K K
1
lim & (u;, B;,1d: Q U):/ CB-Bdx=E(u,B.1:2\ | U,
lim e, (1, B; \kL:J1 0= Jot 02 \kL:J1 k)

since |u|(Q\ UK, Uy) = 0. Thus
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limsup éaﬁ_,‘ (nu]'v ﬁjv Id) < &(u,B.1d).

Jree

Step 3.  The general case follows by standard approximation and diagonalization
arguments, see [MSZ15] for the details. In general one has to be careful in using
diagonalization arguments in connection with the weak or weak* topology since
these topologies are not metrizable on the whole space but only on bounded sets.
We can, however, use the bound (7.39) to ensure that we work in bounded sets of L2
and ., so that weak and weak™ convergence are metrizable. a
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Chapter 8

Microstructure in Plasticity,
a Comparison between Theory
and Experiment

Olga Dmitrieva, Dierk Raabe, Stefan Miiller, and Patrick W. Dondl

Abstract. We review aspects of pattern formation in plastically deformed
single crystals, in particular as described in the investigation of a copper sin-
gle crystal shear experiment in [DDMRO09]. In this experiment, the specimen
showed a band-like microstructure consisting of alternating crystal orienta-
tions. Such a formation of microstructure is often linked to a lack of con-
vexity in the free energy describing the system. The specific parameters of
the observed bands, namely the relative crystal orientation as well as the
normal direction of the band layering, are thus compared to the predictions
of the theory of kinematically compatible microstructure oscillating between
low-energy states of the non-convex energy. We conclude that this theory
is suitable to describe the experimentally observed band-like structure. Fur-
thermore, we link these findings to the models used in studies of relaxation
and evolution of microstructure.

8.1 Introduction

Plastically deformed single crystals often exhibit the formation of complex
microstructure [BHHK92, Han90, HBO10], where dislocations in the crystal
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arrange in intricate patterns. Since the creation and propagation of disloca-
tions ultimately mediates the plastic behavior of crystals, and these disloca-
tions interact through the elastic field and the local lattice distortion they
generate over many length scales, understanding the macroscopic plastic be-
havior of crystalline specimen is strongly dependent on understanding the
microstructure formation.

The seminal work by Ortiz and Repetto [OR99] introduced an incremen-
tal implicit time-stepping approach in order to study the evolution of plastic
deformation. In this approach, in each time-step, the sum of the stored elas-
tic energy and an incremental dissipation is minimized. The elastic energy
is usually assumed to be polyconvex, the dissipation in single crystals, how-
ever, is naturally non-convex: plastic deformation is easier in single-slip since
otherwise sessile atomistic products of dislocations on different slip planes—
so-called Lomer-Cottrell locks—form [RP99]. This non-convexity of the dis-
sipation potential due to latent- (or cross-)hardening is a candidate for the
description of plastic microstructure. Basically, the homogeneously deformed
state becomes energetically unfavourable, so the plastic strain oscillates be-
tween favourable energy wells in the dissipation potential, i.e., states of single
slip. This, however, can create long-range elastic effects which can only be
avoided if the generated microstructure is kinematically compatible, in the
sense that the plastic strain is the gradient of a continuous deformation. This
links the study of plastic microstructure to the study of Martensitic phase
transformations in shape-memory materials, where a non-convexity in the
elastic energy (due to the underlying phase transformation) is the source
of microstructure [BJ87]. In this context of phase transformations, sharply
delineated, laminated, zones of alternating deformation states are often ob-
served. At first glance, these laminates bear a striking resemblance to some
of the microstructure seen in experiments in single-crystal plasticity.

In [OR99], there is already a number of experimental studies referenced
in order to link such kinematically compatible laminates to observed plastic
microstructure in a more rigorous manner [RP80, JW84]. Many of these ex-
periments, however, were performed in fatigue, i.e., using repeated oscillating
small amplitude plastic deformation. The goal in [DDMR09] was to exam-
ine the pattern formation in a well-controlled single pass shear experiment,
thus bringing it closer to applications in deep-drawing and related industrial
deformation methods.

The remainder of this chapter is organized as follows. In section 8.2 we will
briefly review some approaches to the continuum modeling of microstructure
in crystal plasticity. Section 8.3 describes the experiment from [DDMRO9].
We then offer some conclusions in the final section 8.4.
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8.2 Modeling Continuum Plasticity

The goal of this chapter is to test the underlying modeling assumptions
that are used, for example, in the studies of energy relaxation in [CDK13b,
CDK13a, CDK11, ACD09, CDK09] and in the studies of plastic evolu-
tion [HHK12, HK11, KH11] in continuum plasticity. We thus consider, in the
framework of multiplicative continuum plasticity, a deformation g: 2 — R3,
for 2 C R3, with appropriate boundary conditions. The deformation gradi-
ent F' = Vy is decomposed multiplicatively into an elastic contribution and
a purely plastic part (neither of which necessarily have to be kinematically
compatible) as
F = FogFp.

For further discussion on the subject of multiplicative strain decomposition
see [RC14]. As mentioned in the introduction, we follow the approach by
Ortiz and Repetto [OR99] in studying a time-discrete problem instead of a
continuous time evolution problem. We will furthermore restrict ourselves
here to the analysis of microstructure formation in a single time step. A
suitable functional for such a time step now reads, with a suitable elastic
energy density W, and a plastic dissipation W,

E(vapl):[(ZWel(Fel)+[(2Wpl(Fpl)~ (81)

The assumption of strong latent hardening now leads to the assumption that
the plastic deformation necessarily has to occur in single slip only. Given a set
{m;}7L, slip plane normals in the crystal and a set {bij}f\;jl Burgers’ vectors
(orthogonal to m;, respectively) in each slip plane, we thus assume that

Wp1 = with ;v = 0 for i # k or j # I,
+00 otherwise,

where we have (for simplicity) disregarded dissipation, which is small for
plastic deformation in single slip and introduced the single-slip side condition
as an infinite penalty on the energy. We remark that we expect that our results
in section 8.3 below would not change substantially if this side condition was
made somewhat less strict by introducing a hardening matrix with large off-
diagonal entries instead.

Commonly, a higher-gradient curl-type term is introduced to such an en-
ergy in order to account for geometrically necessary dislocations [Nyeb3,
Konb52, CGO01]. Even with such an additional regularization (certainly also
without), one relaxation of the model that can immediately be performed
is that of considering a single-plane side condition instead of the single-slip
condition above. See [AD14] for more information. After this relaxation, the
plastic dissipation can be written as
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0 if By =Id+ Y00, 55 @mj,
Wp1 = with s; € mj and |s] [s;| = 0 for j # 1, (8.2)
400 otherwise,

The investigations in the aforementioned articles usually start with an en-
ergy of this kind, often assuming a limited number of slip systems (i.e., one
or two) and then studying further relaxation, evolution, or computational
problems [MRF10].

Our approach, as mentioned above, was somewhat different but comple-
mentary: we wanted to check whether a configuration admitting low en-
ergy can be found that reproduces observed microstructure. The experiment
performed and its outcome are described in the following section.

8.3 A Single-Pass Shear Deformation Experiment and
the Resulting Microstructure

This section is a review of material published in [DDMR09] and [DSDR10].
We briefly recapitulate the experimental methods and observations and then
answer the question posed at the end of section 8.2 by explicitly construct-
ing a low-energy microstructure that reproduces the experimentally observed
parameters.

8.3.1 Sample Preparation and Shear Deformation
Experiments

The specimens were cut by spark erosion from 99.98% pure copper single
crystals produced by the melt-grow method to a dimension of 3mm x 2 mm
with a height of 10 — 15 mm. They were then polished, first mechanically and
finally electrolytically. The specimen is illustrated in Fig. 8.1a.

The shear experiments were performed on a special miniaturized testing
device made by Kammrath Weiss GmbH (44141 Dortmund, Germany). The
specimen is fixed in a stable, centered position between two movable cross-
heads in the device. These cross-heads were sheared with respect to each
other at a rate of 5 pum/s as measured by the machine extensometer, the load
was controlled to a maximal load value of 1 kN by the device’s load cell. For a
schematic of the position of the specimen in the device see Fig. 8.1a. As seen
in the figure, the freestanding part of the specimen has a length of 2.4 mm.

To an accuracy of 0.5°, the orientation of the undeformed single crystal spec-
imen in the device is (101)[121] with the shear load applied along the [121] di-
rection. Fig. 8.1b shows the shear load with respect to the crystal orientation
in the context of the relevant f.c.c. slip systems in the {111}-plane given by
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the normal of the applied shear load. Under the given loading conditions, there
are two primarily active coplanar slip systems with Schmid factors of maximal
magnitude.

8.3.2 Daigital Image Correlation for Strain Mapping
and EBSD for Texture Mapping

In the course of the shear deformation, the strain on the surface of the sample
was measured using the digital image correlation (DIC) method. The basic
idea of this method is that an optical pattern (graphite spray for optical
decoration on white acrylic spray) is applied to the surface of the sample
and geometrical changes of this pattern are recognized by means of digital
image analysis. For DIC we used a GOM Inc. Aramis System (version 6.0.0-3)
with two digital cameras (CCD-1300, maximal resolution 1280 x 1024 pixels)
placed behind the testing device. The recording time for each frame was 1s.

After the deformation of the specimen, the surface of the samples was
characterized structurally and crystallographically. In order to perform this
characterization, a scanning electron microscope (SEM)! with a field emis-
sion gun operated at 15kV was used. The microscope was equipped with
a detector for the imaging of backscattered electrons (BSE imaging). The
EBSD patterns were then recorded and evaluated by an EDAX/TSL EBSD

!

Shear direction
[12-1]

Fig. 8.1 a: Specimen in the specimen holder. b: Illustration of the crystallographic
orientation of the specimen, displaying the slip systems (according to the Schmid-
Boas nomenclature (also used in [OR99]). From [DSDR10], © IOP Publishing.
Reproduced by permission of IOP Publishing. All rights reserved.

! The device used was a JEOL JSM 6500F microscope.
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System equipped with a Digiview camera. In the high-resolution EBSD mea-
surements the exposure time for each frame was set to about 0.5s at the
smallest binning size, and for the calculation of the Hough transformation a
binned pattern size 240 x 240 and an angular spacing control of 0.5° were
chosen.

8.3.3 Outcome of the Single Crystal Shear
Deformation Experiments

Shear Deformation and DIC Analysis: The specimens were deformed
in simple shear up to a deformation of v = 0.23 as measured in the machine
extensometer. The load/displacement dependence was recorded during the
shear deformation, the data can be seen in Fig. 8.2a. The digital images
of the initial and final deformation state as captured for DIC are shown in
Fig. 8.2b. A closer inspection of the DIC data of the deformed sample revealed
some strain concentration in the sample near the clamps and a large central
region of homogeneously deformed material.

This homogeneously deformed part of the sample was then examined more
closely. In particular, we found that it can be very well approximated by a
completely homogeneous deformation in simple shear with a shear magnitude
of v = 0.20, but with a normal of shear rotated clockwise by ¢ = 4.5° from
the vertical direction.

("]
=1
T
—— e
L

b
=
T

 (shear stress), MPa

/ i

0.00 0.05 010 015 0.20 0.25 W
v (shear strain)

Fig. 8.2 a: Stress/shear angle dependence obtained from the load/displacement
measurement (grey curve) and using the DIC method (black curve). b: Digital im-
ages of the sample surface decorated for the DIC method before (upper image) and
after the deformation (lower image). Image from [DDMRO09], (© Elsevier. Reproduced
by permission of Elsevier. All rights reserved.
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Microstructural Characterization of the Sample: As mentioned above,
the specimen was analyzed in an SEM after deformation. The BSE micro-
graph of the single crystal sample is shown in Fig. 8.3a, with the direction
of the applied shear load indicated by the white arrows. Some glide bands
can be observed; their orientation in relation to the nearest plane trace of a
{111}-plane is indicated by a grey line. The central area containing the glide
bands was then analyzed using EBSD.

Fig. 8.3b shows the EBSD image of the deformed part of the crystal
recorded with a step size 2 um. The mismatch of orientation to the orien-
tation of an arbitrarily chosen point in the image is plotted. One can observe
a variation of the orientation within 3°. The formation of a microscopic band
structure with a different orientation compared to the material in between
the bands can be observed from this map. The averaged orientation of the
sample in the image was used to calculate the the plane traces of the {111}-
slip planes displayed in the upper right hand corner of the image. The plane
trace of the {111}-slip plane containing the two slip systems with maximal
modulus of the Schmid factor (as illustrated in Fig. 8.1 above) is shown as
a black line in the center of the image. Comparing this direction with the
orientation of the microbands (illustrated by the grey line), a deviation of
approximately 7° can be determined. Note that the orientation of the mi-
crobands is not crystallographic. A further feature of the generated bands is

* :-!‘:"’ e
P |
r AF

-—

Fig. 8.3 a: BSE overview micrograph with white arrows indicating the applied
shear load. The black line is a plane trace of a slip-plane (i.e., a {111}-plane). b:
EBSD characterization of the local lattice orientation. The band-like structure can
be clearly observed here. In the upper right corner of the image, the set of {111}-
plane traces is displayed, and in the center the orientation of the laminates with
respect to the nearest {111}-plane trace is shown. The 7° mismatch between the
two is characteristic for the microstructure. From [DDMR09], used with permission.
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the additional substrcuture inside of the microbands (which are subdivided
by orthogonal lines). For an analysis of this substructure see section 8.3.5.

A high-resolution EBSD image is shown in Fig. 8.4a, taken with a step-size
of 0.1 um. Again, this image presents the local deviation of the orientation
with respect to a reference orientation. The grey scale displays that the crys-
tal lattice inside of the microbands is rotated by 3° in comparison to the
material outside. Fig. 8.4b, on the other hand, demonstrates the variation of
the the crystal orientation out of the defined crystallographic direction, which
is nearly parallel to the normal of the frontal face. The grey scale range is
the same as in Fig. 8.4a and displays no significant tilt on that order of mag-
nitude. We therefore conclude that the microbands’ orientation is rotated 3°
clockwise with respect to the outside material and with a rotation axis that
is perpendicular to the front face of the specimen.

8.3.4 FEnergy Minimizing Microstructure

Our hypothesis is that a non-convexity in the energy landscape is the basic
mechanism underlying the formation of the patterns described in the previous
section. The idea, as pioneered by Ball and James [BJ87], is the following:
Consider the deformation of a body from a reference configuration 2 C R3

Fig. 8.4 a: High resolution EBSD map showing the edge of a microband. The grey
scale indicates the the crystal orientation relative to a reference point. A graphical
illustration of the observed local lattice rotation is shown on the right hand side.
b: EBSD map of the same area showing the variation of the orientation away
from the normal direction (same scale as above). From [DDMRO09], © Elsevier.
Reproduced by permission of Elsevier. All rights reserved.
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by a sufficiently smooth function y: 2 — R3 mapping each point in the
reference configuration to its current location. The free energy density of
this continuum body is given by a frame indifferent function W depending
on the deformation gradient FF = Vy. Assume now that the deformation
admits two preferred states (energy minima) F; and Fh. Due to material
frame indifference, the energy must not change under rigid body motions,
ie, W(F) = W(QF) with @ € SO(3). Assuming the body is elastically
rigid, a good free energy functional can be written as

W(F) = {0 ifF:QFl or F'=QF, for Q € SO(3), (8.3)
oo otherwise.

A natural question to ask now is which boundary conditions such a material
can accommodate in an averaged sense. After relaxing the elastic rigidity to a
strong growth away from the minima, one can also introduce small boundary
layers in the deformation. In general, this is an open question. However, it is
possible to give an interesting upper bound for the relaxation of such a non-
convex W. If one assumes that there exists an invariant plane between the
two minimizers of the energy, i.e., a plane that is deformed in the same way
by both deformation gradients, then one can alternate these two deformation
gradients to form a fine scale mixture known as a laminate. The condition
for this can be written in the following way: There must exist @ € SO(3)
and a,n € R? such that

QFl —F2 =a®n. (84)

In other words, modulo a rigid body motion, the difference between the de-
formation gradients must be a rank one matrix. Under these conditions, it is
possible to find a continuous, piecewise affine deformation y whose gradient
is at any point given either by QF} or Fh. Alternating these deformations
with volume fraction A and 1 — A results in affine boundary conditions of
the form AQF1 + (1 — A)F» that can be accommodated by the material. This
situation is illustrated in Fig. 8.5.

To this end, we first determine the macroscopic strain of the sample, which
will act a side condition to minimizing an elasto-plastic energy functional. An
analysis of the DIC-measurement illustrated in Fig. 8.2 revealed a central,
homogeneously deformed section of the specimen with measured macroscopic

strain
0.9555 —0.0198 0.0445

U= 1.1036 0.0198 (8.5)
0.9555

in the final deformation state. This calculation of the average strain assumed
that the deformation in the direction normal to the crystal surface was the
identity. Apart from this we only performed a basis change from the basis
used in the DIC measurement to the basis of the f.c.c. lattice.

Subsequently, a MATLAB program was employed to find a deformation
that satisfies the twinning equation (8.4) with the two deformation gradients
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Fig. 8.5 Lamination of a piecewise affine deformation: the two subdomains, {21
and (22, are deformed in an affine manner such that the resulting deformation y is
continuous. From [DDMRO09], © Elsevier. Reproduced by permission of Elsevier.
All rights reserved.

being simple shear in f.c.c. slip systems, while averaging to the strain (8.5)
from the measurement. The program simply employs a gradient flow method
for the magnitudes of slip in two specifically chosen slip systems with respect
to the elasto-plastic energy

2

E= H\/(UPl)T J(UP-1)—1d| | (8.6)

where P = (1 = A\)Q(v1P1 +1d) + A(y2 P> +1d). Here, A is the volume fraction
of one part of the laminate, P, and P, are the displacement gradients of the
two chosen slip systems, and @ is the lattice rotation as calculated in the
twinning equation (8.4). Equation (8.6) can be seen as a relaxation of the
energy in (8.3) allowing for elastic deformation.

As the main component P; of plastic deformation we choose an equal
activity in the A2 and A6 slip systems (in the following, we refer to slip
systems by the Schmid-Boas nomenclature, also used in [OR99]). We note
that these slip systems are naturally compatible without a lattice rotation—
they are coplanar slip systems. Following [AD14], we thus consider coplanar
slip systems to be lumped into one.

For the secondary component of plastic deformation, there are a number
of different choices for a kinematically compatible complementary slip activ-
ity. Noting that we are solely looking for a low energy state, we restrict our
investigation to two particular possibilities, which guarantee kinematic com-
patibility independently of the choice of 71 and ~s: first, an equal activity in
C1 and C5, and second, an equal activity in B4 and D4.

Which volume fraction is attributed to which slip is a further degree of
freedom in our construction. Using the histogram of the distribution of lat-
tice rotations on the whole homogeneously deformed part of the face of the
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crystal, we determined that one component of the microstructure occupies
approximately two thirds of the total area in the picture. This larger area can
now be associated with either the primary component or with the secondary
component of the plastic deformation. Note that from the experiments alone,
we can not determine this directly, since only the lattice orientation, and not
the shear strain was measured microscopically.

We note that if we find such a laminate as described above that also results
in a small energy FE in (8.6), we immediately have found a deformation state
that admits a small energy in the plastic deformation model (8.1) with non-
convex dissipation of type (8.2) which averages to the given macroscopic
deformation. The reason is the following: the laminate of consisting of two
different plastic deformation states as constructed above is automatically
admissible with vanishing energy for (8.2). Furthermore, since the laminate
is itself a gradient (modulo rigid body motions), it does not require any elastic
strain to be made compatible. The only elastic strain appearing in (8.1) is
thus the strain from the inexact recovery of the given average strain, i.e., the
strain in the energy E in (8.6).

The parameters of the energy minimizers determined by the gradient flow
are displayed in Table 8.1. It can be observed that some of the slip-system
combinations yield lamination parameters (i.e., direction of the lamination
normal, and relative lattice orientation) matching very well the experimental
data. The resulting deformations are illustrated in Fig. 8.6, to be compared
with the EBSD-results.

Table 8.1 Results from the energy minimization algorithm used to find a low
energy laminate of slip systems recovering the average strain in (8.5). The value of
A is the volume fraction of slip in P,. The values ~; are the amount of slip in the
respective slip system, « is the (clockwise) angle of orientation of the lamination
normal with respect to the nearest (111)-direction. The value 8 is the (clockwise)
angle of lattice misorientation. The value E is the energy at the minimizing state.
All rotations are exactly in the plane with normal [101].

Choice of A YP1 YP2 «@ B E
slip systems
P, =B44D4 1/3 0.18 0.082 —7.5° 3.8° 5.0-107°

P, =C1-C5 2/3  0.28 —0.040 —6.3° 3.3° 5.0-107°

8.3.5 An Analysis of the Substructure Within the
Lamanation Bands

In Fig. 8.3 one can clearly see the formation of a substructure within the
microbands of an orientation variation of 1°. The reasons for the formation
of this substructure were examined in [DSDR10]. There, a discrete disloca-
tion dynamics model was used to determine the equilibrium distribution of
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Fig. 8.6 Illustration of the two laminates from Table 8.1 that agree well with
the EBSD result from Fig. 8.3b. From [DDMRO09], © Elsevier. Reproduced by
permission of Elsevier. All rights reserved.

dislocations within the microbands. Given the boundary conditions of bend-
ing near the clamped edges of the specimen, the formation of domain walls
within the microbands in quantitative agreement with the observed orienta-
tion variation was found.

8.4 Conclusions

Here we presented the findings of a copper single crystal shear experiment
as published in [DDMR09, DSDR10], in relation to modeling plasticity mi-
crostructure by variational approaches. These experiments show that the the-
ory of kinematically compatible microstructures, in particular laminate mi-
crostructures, can indeed be used to predict the formation of microstructure
in plasticity. We demonstrated that there exist low-energy states consisting of
plastic laminates whose macroscopic deformation averages to the measured
macroscopic strain, while at the same time their microstructural properties
do match the measured properties of the local lattice orientation pattern-
ing. In this sense, our work justifies the energy minimization approach to
plasticity used for example in [CDK13b, CDK13a, CDK11, ACD09, CDK09,
HHK12, HK11, KH11].

A main question that remains open regards the evolution of such laminate
microstructures, in particular, whether those structures can arise in finite-
strain deformation, where the lamination normal depends on the amount
of shear. Some ideas for modeling the evolution of laminates have been ex-
plored in [KH11]. In this particular case, we see that during the course of
the deformation, only a minor change in the lamination normal was neces-
sary [DDMR09)].
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Chapter 9
Construction of Statistically Similar RVEs

Lisa Scheunemann, Daniel Balzani, Dominik Brands, and Jorg Schroder

Abstract. In modern engineering, micro-heterogeneous materials are designed to
satisfy the needs and challenges in a wide field of technical applications. The ef-
fective mechanical behavior of these materials is influenced by the inherent mi-
crostructure and therein the interaction and individual behavior of the underlying
phases. Computational homogenization approaches, such as the FE? method have
been found to be a suitable tool for the consideration of the influences of the mi-
crostructure. However, when real microstructures are considered, high computa-
tional costs arise from the complex morphology of the microstructure. Statistically
similar RVEs (SSRVEs) can be used as an alternative, which are constructed to pos-
sess similar statistical properties as the real microstructure but are defined by a lower
level of complexity. These SSRVEs are obtained from a minimization of differences
of statistical measures and mechanical behavior compared with a real microstructure
in a staggered optimization scheme, where the inner optimization ensures statistical
similarity and the outer optimization problem controls the mechanical comparativity
of the SSRVE and the real microstructure. The performance of SSRVEs may vary
with the utilized statistical measures and the parameterization of the microstructure
of the SSRVE. With regard to an efficient construction of SSRVEs, it is necessary to
consider statistical measures which can be computed in reasonable time and which
provide sufficient information of the real microstructure. Minkowski functionals are
analyzed as possible basis for statistical descriptors of microstructures and com-
pared with other well-known statistical measures to investigate the performance. In
order to emphasize the general importance of considering microstructural features
by more sophisticated measures than basic ones, i.e. volume fraction, an analysis
of upper bounds on the error of statistical measures and mechanical response is
presented.
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9.1 Introduction

The description of the effective mechanical behavior of micro-heterogeneous ma-
terials is a large field of interest in research. This behavior is determined by the
underlying microstructure and therein the behavior of the individual phases and their
interaction. From the viewpoint of computational simulation, homogenization ap-
proaches such as the direct micro-macro transition approach, also known as mul-
tilevel Finite Element (FE) method or FE?> method, provide a framework for the
direct incorporation of the microstructure, see e.g. [GTK97], [SBM98], [MS9§],
[MSS99], [FS99], [Fey99], [FCO00], [KBBO1], [GKBO03] and [Sch14]. In this ap-
proach, a microscopic FE boundary value problem is attached at every gauss-point of
the macroscopic FE boundary value problem with the macroscopic quantities being
obtained from suitable volumetric averages over their microscopic counterparts. The
microscopic problem can be more efficiently solved using spectral methods, see e.g.
[LLR11] and [EDLR13]. The solution of the microscopic boundary value problem
replaces the evaluation of an analytical material law. At the microscale a representa-
tive volume element (RVE), is considered. There exist various definitions of RVEs in
the literature, for an overview see e.g. [Zem03] and the references therein. Especially
the estimation of the size of an RVE is important to ensure representativity and min-
imize computational costs. An approach for the computation of an appropriate size
of an RVE for composites is presented in [KFGT03] and was later on extended by
[PBMPO09], lowering computational costs for the determination of RVEs. For dual
phase steel, represented by inclusion-matrix microstructures with 35% martensite,
suitable sizes for RVEs are determined in [RMPB12] based on equiaxed and banded
inclusions by comparing different RVE sizes under varying boundary conditions. A
suitable size of 24 um with a necessary number of 12 and 19 martensite inclusions
was found for equiaxed and banded microstructures, respectively. An overview on
different methods to analyze RVEs can be found in [ZWO05].

For RVEs defined as subsections of real microstructures, typically large por-
tions are necessary to obtain representativity, leading to high computational costs.
Even if smaller subsections are admissible as RVEs, the complex nature of a
real microstructure’s morphology leads to disadvantages with respect to compu-
tational expenses. An alternative use of artificial microstructures governed by a
lower complexity while maintaining similarities with respect to the original mi-
crostructure is desirable. Thereby aside from advantages in computational homog-
enization, other method defined on microscale level, e.g analysis of dislocation
patterns, could benefit from the use of artificial microstructures. The concept of sta-
tistically similar RVEs (SSRVEs5) is a possible method for the construction of such
artificial microstructures. Therein a least-square functional is minimized, which
compares statistical measures evaluated for a real microstructure and the SSRVE.
The method was proposed for two-dimensional microstructures in [BSB09], see
also [SBB11], [BBSC10] and [BBS14a], the extension to three-dimensional mi-
crostructures is proposed in [BSBS14]. Similar methods are utilized in [Pov95] and
[KBCO06] to reconstruct real microstructures. The latter one shows a good represen-
tation of stress distribution, peak stresses as well as nucleation strains and hot spot
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regions in the reconstructed microstructures compared with the original microstruc-
tures. The concept of SSRVEs was adapted in [RPBP11] and is applied in [RKP14]
for a simulation of stamping. In [ABRP12] the authors have used SSRVEs in crash
box stamping using scalar statistical descriptors for the construction.

The reconstruction of real microstructures to obtain samples for an analysis of
microstructure properties is a topic of current research in order to circumvent costly
microscopy analyses. In [KBCO06], a least-square functional considering lineal-path
function and spectral density is minimized in a simulated annealing process to re-
construct 2D complex microstructures, which are found to possess similar mechan-
ical properties as the original microstructure. A Monte-Carlo approach is used for
the reconstruction of three-dimensional microstructures based on a minimization
of a least-square functional taking into account two-point correlation function and
two-point cluster function achieving a comparability of statistical and mechani-
cal properties of the reconstructed microstructures compared with the real one in
[BMH™ 12]. When aiming for a description of a real microstructure for reconstruc-
tion purposes, the statistical measures used play a crucial role. The quality of recon-
structed microstructures and SSRVEs in terms of comparability with the original
one is strongly influenced by the choice of statistical measures used in the con-
struction process. There exist numerous statistical descriptors in the literature, an
overview can be found in e.g. [OMOO], [Tor02], [Zem03] and [EH86]. It is obvi-
ous that hybrid approaches utilizing combinations of statistical measures perform
better in the reconstruction of microstructures, as shown in [YT98], providing that
the different measures capture different aspects of the microstructure. A sensitivity
analysis presented in [BBSC10] showed that a combination of phase fraction and
spectral density as statistical measures performs well in the construction of 2D SS-
RVEs compared to using solely classical scalar descriptors. The class of Minkowski
functionals, which describe geometric objects using integral geometry, offers a set of
descriptors for the characterization of microstructure morphologies. The Minkowski
functionals, forming scalar, vectorial or tensorial measures, are defined as integrals
over curvatures, position vectors and normal vectors on the volume or surface of
a geometric object, for detailed information see [MS00]. While the scalar mea-
sures are correlated to basic measures describing area, boundary length and Euler
characteristics in 2D and volume, surface area, mean curvature and Euler charac-
teristics in 3D, the vectorial measures are e.g. related to center of mass and the
tensorial measures are related to the well know mechanical measure tensor of in-
ertia. In [AKM10], scalar Minkowski functionals are applied for the characteriza-
tion of three-dimensional structures while in [MIMOS] they are utilized in the field
of 2D image analysis. Minkowski functionals of tensorial form have been used in
[STKB'10] and [STMK™11] for a characterization of multiphase structures, i.e.
planar microscopy data, granular materials and foam structures, focusing on mor-
phological anisotropy properties. Local anisotropy in fluids has been characterized
using Minkowski tensors in [KMS ™ 10]. Since Minkowski tensors are defined for in-
dividual geometrical objects, a consideration of probability density functions based
on specific measures derived for single inclusions seems reasonable to obtain a de-
scriptor for a two-phase microstructure consisting of a matrix phase with multiple
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embedded inclusions. The analysis of such measures for the construction of SSRVEs
is a main objective of this contribution.

The outline of the paper is as follows: Section 9.2, the concept of SSRVEs is de-
scribed, first focusing on the general method and lower and upper bounds on RVEs
regarding statistical similarity and similar mechanical behavior compared with a real
microstructure. Furthermore, a summary of the statistical measures used later on in
the construction of SSRVEs is presented. Here, a detailed elaboration of the statis-
tical measures given by probability density functions based on Minkowski tensors
is presented. Section 9.3 discusses different aspects of the construction of SSRVE:s,
including parameterization of SSRVEs and size determination as well as giving spe-
cific objective functions and briefly resuming the FE? method. The second part of the
section presents SSRVEs based on a minimization of the specific objective functions
and discusses the results. An analysis of the microscopic mechanical response is per-
formed for selected SSRVEs. Exemplarily, a construction of upper and lower bounds
for RVEs is carried out. Section 9.4 concludes and summarizes the main outcome.

9.2 Statistically Similar RVEs

In computational homogenization, the choice of a representative volume element
(RVE) is an important aspect for an appropriate consideration of the microstruc-
ture of the material. There exist several definitions of an RVE in the literature, an
overview can be found in e.g. [Hil63], [DW96] and [Zem03]. However, the def-
inition of an RVE obtained from experimental measurements of a real material’s
microstructure is constrained by the limitations of microscopy techniques, as the
measurable volume is limited. Typically, the largest measurable portion of a mi-
crostructure is assumed as a representative portion, thus an RVE. Due to the highly
complex composition of micro-constituents on this scale, the resultant discretiza-
tion necessary for computational purposes leads to very high costs making effi-
cient computations unachievable. If a smaller subsection of this cutout still exhibits
similar overall mechanical properties, it could be instead considered as an RVE.
The definition of statistically similar RVEs (SSRVEs) in this context is an alter-
native to circumvent the issue of high computational costs. These artificial struc-
tures possess a microstructural morphology which is statistically similar to a real
microstructure while being smaller in size and governed by a lower complexity.
Still, they exhibit a similar mechanical behavior. The method resumes the idea pro-
posed in [Pov95] and [KBCO06], where a special class of microstructures is taken
into account in the former. The construction of SSRVEs is proposed in [BSB09]
and [SBB11] for two-dimensional microstructures and extended to 3D in [SBBS13]
and [BSBS14]. The method is adapted in [RPBP11] and [RKP14]. In [ABRP12],
SSRVEs are used for the simulation of crash box stamping. The general premises
for the application of this method are the representativity of the real microstruc-
ture by a periodic microstructure consisting of SSRVEs as periodic subvolumes, as
illustrated in Figure 9.1. Furthermore, the macroscopic material behavior must be
solely depending on the local microscopic mechanical behavior and the microstruc-
ture morphology. The behavior of the individual constituents of the microstructure is
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Fig. 9.1 Random target microstructure (left) of an inclusion-matrix microstructure (phase
reconstruction of a 3D EBSD/FIB measurement of a DP steel performed at Max-Planck In-
stitute for Iron Research, Diisseldorf, Prof. D. Raabe, details see [BBSR11], [BBS™T 14b]) and
associated periodic microstructure (right) with periodic SSRVEs. Taken from [BSBS14].

assumed to be known. Note that real microstructures and RVEs obtained therefrom
are mostly non-periodic by nature. This section presents the method of construction
of SSRVEs and the statistical descriptors used therein. Furthermore some aspects
on bounds of RVEs will be discussed.

9.2.1 Method

The construction of SSRVEs is based on the minimization of a least-square func-
tional which compares the differences of statistical measures computed for the real
microstructure and the SSRVE. The SSRVE’s artificial inclusion morphology is de-
scribed by =; which considers different types i of descriptions for the inclusion mor-
phology. The least-square functional comparing a set of statistical measures ¢ reads

2
Erolu)= Y o (v)  with L (y)i= (FE - 2R (y))

LeY

9.1
with the least-square functional .#7, (y;) for an individual statistical measure L.
These functionals are weighted with weighting factors @y, of the set @. 25
denotes the evaluation of a statistical measure L for the real microstructure and
PPSRVE () gives the counterpart for the SSRVE. For a fixed set of statistical mea-
sures, a fixed set of weighting factors and a specific parameterization, the ideal inclu-
sion morphology #;, in a statistical sense, can be found by solving the optimization
problem

=g min 870 ()] ©2)

The construction of an optimal SSRVE is influenced by many factors. Depending
on the statistical measures taken into account, different properties of the microstruc-
ture are captured and similarities thereon are enforced in the SSRVE. It was found
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that hybrid approaches combining multiple statistical descriptors lead to benefi-
cial results opposed to considering only one measure, cf. [YT98]. Furthermore, in
[BBSC10] the authors emphasize the importance of considering higher order statis-
tical measures. For an efficient construction of SSRVEs, the individual evaluation
time of the statistical measure has to be considered, since the measures have to be
computed multiple times during the optimization process. Additionally, the differ-
ent types of parameterization of inclusion morphology affect the resulting SSRVE.
Here, the parameterization describes the morphology of the inclusion phase in a mi-
crostructure consisting of two materials, an inclusion phase embedded in a matrix
phase. Therefore, different shapes of inclusions could be considered as well as dif-
ferent number of inclusions. Permitting a parameterization leading to an arbitrary
inclusion morphology would be beneficial for the quality of the SSRVE, since fea-
tures of the real microstructure can be adjusted more easily. However, it would also
imply a high effort regarding discretization and computation. In order to evaluate the
performance of different sets of statistical measures and weighting factors as well
as types of parameterization, an optimization problem related to (9.2) can be used.
Therein, the obtained parameterizations 4; are compared with the real microstruc-
ture regarding their mechanical response. In view of this staggered optimization pro-
cess, (9.2) can be considered as an inner optimization problem and the evaluation
considering the mechanical performance represents an outer optimization problem.
The full optimization problem to be solved reads

4 =arg{ min |7y | arg [min [éog_w (’7,)]} , (9.3)
i i )
S

~

inner problem, compare (9.2)
~

outer problem

with the overall optimal inclusion morphology 4 and the objective function compar-
ing the mechanical responses given by 7. In this sense, the staggered optimization
process ensures the best possible statistical similarity of the inclusion morphology
compared with the real microstructure morphology and then evaluates the obtained
morphologies regarding their mechanical performance. This scheme is favorable if
the inner optimization problem can be solved at less computational costs compared
to the outer problem, because it limits the number of evaluations of 7. For an ef-
ficient solution of the inner optimization problem, a high efficiency regarding the
statistical measures is important. In Sec. 9.2.3, different sets of statistical measures
are presented.

9.2.2 Lower and Upper Bounds of RVEs

Using the inner optimization problem in (9.3), bounds related to the statistical sim-
ilarity of the microstructure morphology can be computed. These bounds repre-
sent the “best” and “worst” scenario of a microstructure morphology in a volume
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element for a fixed parameterization i, a fixed set of weighting factors @ and a fixed
set of statistical descriptors ¢. Note that a considered volume portion is here de-
noted as volume element (VE), since a representativity for the “worst” case is not
given. They are obtained by

E" =min[&y o ()] and  EV™ = max [Ey o ()], 94)
Yi i ’
with the “best” and “worst™ possible scenario of a microstructure morphology de-
fined by

;ylbest =arg {gbest} and ;)-/lworst =arg [O@worst] ) 9.5)
Note that here ’7}’6“ coincides with the definition of an SSRVE. These cases of a mi-
crostructure describe extrema with respect to similarity of the VE and the real mi-
crostructure. It can be expected that for an infinite flexibility of microstructure mor-
phology and a set of statistical measures describing the microstructure perfectly, the
mechanical response of the resulting “best’” and “worst” VEs becomes extremal, thus
in the “best” case, the mechanical response should coincide with the one of the real
microstructure under the assumptions made in the end of Section 9.2 on the represen-
tativity of the real microstructure. The bounds contain valuable information since they
describe the range of a VE which could be obtained for a given parameterization and
given set of statistical descriptors. Under the consideration of a sufficient set of statis-
tical descriptors for the description of the microstructure morphology, the bounds are
expected to expand with respect to greater flexibility of the parameterization of the mi-
crostructure morphology. A greater flexibility of parameterization in this sense allows
for more complex microstructure morphologies. For the lower bound, representing
the SSRVE, a decreasing value of the objective function &% should be observed
with increasing flexibility. Only together with the general premises of Section 9.2 for
the application of SSRVEs, a suitable set of statistical descriptors and a reasonable
parameterization for the microstructure morphology, the increase of flexibility is ex-
pected to coincide with a qualitative decrease of the mechanical error compared to
the real microstructure, again due to a wider range of possible microstructure mor-
phologies. Additionally, a converging behavior to optimal bounds is expected with
continuing increase of flexibility of microstructure morphology.

9.2.3 Statistical Measures

There exist various statistical descriptors for the characterization of microstructures,
an overview can be found in [EH86], [OMO0], [Tor02] and [ZemO03]. The detailed
description of microstructures is indispensable for high-performance materials, for
which a rapid development has taken place in the last decades. For characterizing
position, size, orientation and shape of a microstructural constituent, distribution
densities of specific properties go beyond the traditional approach of average val-
ues. Here, only the statistical descriptors used for the construction of SSRVEs in
Section 9.3 are recapitulated.
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9.2.3.1 Spectral Density and Lineal-Path Function

The notion of n-point probability functions is an important concept for the charac-
terization of microstructures, see [Ber68] and [Bro55]. Let DP) be a domain occu-
pied by the microscopic phase P and x a position vector to a material point in the
microstructure, then the indicator function

lifx € DY),

xP(@) = { 9.6)

0 otherwise,

describes the respective phase P, thus in every point & the indicator function fulfills
the condition ¥ p x ") (x) = 1. The n-point probability function for a specific phase P
is defined as the average of the products of indicator functions at different positions
xy,...x, over an ensemble of individual samples o as

I @y, xn) = P (@, ) x P (22, 00) ... P (2, 1), 9.7)

where (e) denotes the ensemble average of (e). This function is also referred to as
n-point correlation function and represents the probability of n points x;...x, being
located in the same phase P. The ensemble average over a set of samples can be
replaced by the average over one sample Z with infinite sample size providing that
the microstructure fulfills ergodicity assumptions. The definition then transforms to

A @, ews) = fim / 2Oy +z)r Py +a).. 2Py + ) dy,
VooV (B)

9.8)
where V(e) describes the volume of a domain e and y denotes a position vec-
tor to material points located in the phase P. Note that for practicable application
the integral over an infinite volume is replaced by the integral over a sufficiently
large amount of a microstructure. For most application, it is feasible to consider the
1-point and 2-point probability function. The 1-point probability function

(P) — i 1 / (P)
S (@) : iy ) L% (y+z)dy, (9.9)
describes the probability of finding a material point in the inclusion phase, thus it is
equal to the phase fraction

2 =v(BP))v(B), (9.10)

with Z(P) characterizing the domain of phase P. The 2-point probability function,
also denoted as second-order correlation function or autocorrelation function, is
described by

Y;P)(wl,wg) .

=1
Voo

1
(P) (P) "
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and gives the probability of two points x| and x, both being located in the same
phase P for an infinite volume V(). The two-point probability is strongly cor-
related to the spectral density, which can be used as an alternative descriptor. The
spectral density for a discrete three-dimensional data set is calculated based on the
discrete Fourier transform

Ne Ny N ke  nyk n.k
kx,ky,k 2 Z Z exp( ( + Zyvy + ];Z))X(P)(nx,ny,nz),
Ny y z

nx=Iny=1In;=1
9.12)
where a discrete material point in the data set of size Ny, N, and N; in the three
respective directions is given by « = [n, n, n;| with ny = 1...Ny, n, = 1...N, and
n; = 1...N;. The coordinates in the frequency domain are defined by ky, ky and k,
respectively. The spectral density is defined by

(F Py z(P)

2 =
SDTT 2 Ny Ny N,

9.13)

with the conjugate complex (F (P ))* of the Fourier transform .# (). The spectral
density and two-point probability function capture information in the sense of peri-
odicity of a microstructure. The spectral density gains its popularity in many fields,
e.g. image analysis, from the fact that fast numerical algorithms, e.g. the “FFTW”
(“Fastest Fourier Transform in the West”), developed at the Massachusetts Insti-
tute of Technology by M. Frigo and S.G. Johnson (www.fftw.org), can be used to
perform the computation of the discrete Fourier transform for discrete data sets.

Another statistical measure for the description of microstructures is the lineal-
path function, cf. [LT92]. The function describes the probability that an entire line
segment 2 := z,\ 75 connecting the points x| and x; is located in the same phase.
The modified indicator function

)2 .= {1 if 7 € DP)

Xip 9.14)

0 otherwise,

examines whether the line segment Z is located in the domain D) of phase P. The
lineal-path function is then characterized by the ensemble average over a series of
samples o by

PNE) =10 (2, ), (9.15)

whereas for ergodic microstructures the volumetric average can be considered
instead of the ensemble average, thus leading to

2B(2) = llm/ 2 D(y+72)dy (9.16)

Therein, y + 2 denotes a shift of the line segment E4 by the position vector y rela-
tive to an origin of the considered domain Z. Again, note that the infinite volume %4
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can be replaced by a sufficiently large portion of microstructure for practical rea-
sons. The lineal-path function captures information about the connectedness of a
phase in a microstructure and therefore accounts for some kind of long-range prop-
erties of a phase.

9.2.3.2 Tensorial Minkowski Functionals

For a description of spatial structures, which can e. g. be of cellular, periodic or
porous type, the class of Minkowski tensors (MTs) offers a robust alternative to
the concept of correlation functions. Due to their tensorial nature, anisotropy and
orientational aspects are particularly captured. MTs are defined as integrals of nor-
mal and position vectors as well as surface curvatures. A detailed description on
the topic can be found in [MS00] and [BDMWO02]. Let R3 be a three-dimensional
space, then MTs are defined as

1
/ Gyr'@n’dS with v=1,2,3. 9.17)
3 Joo
The special case v = 0 is given by
w0 = / r* dQ (9.18)
Q

for a convex body €2 with the boundary surface d€2 and the scalar functions %, are
given by ¢ = 1, the mean curvature % = (kj + k»)/2 and the Gaussian curvature
%5 = K1 K3, with the principle curvatures k; and x, in 3D. The tensor products of
position vectors 7 and normal vectors . on the boundary d{2 are defined as

ren’ =re..oreong...on (9.19)
N o~ C - ~ -
a times b times

with the symmetric tensor product (a ® b);; = (a;b;j +a;b;)/2. In the case of MTs
of rank a + b = 2, ten second order tensor measures are obtained with the respec-
tive tensor products r ® r, r ® n and n ® n. Linear dependencies exist between
these tensors, cf. [STKB*10]. A number of six linearly independent MTs result, cf.
[STMK*11], i.e.

1
#20 ::/ r@rdv, 20 = 3/9 r@rdA, 9.20)
Q Q
1 1
w0 = / G (r)rordA, Vi / G(r)rrdA, 9.21
2 3 20 2() 3 3 90 3() ( )

1 1
o2 3/99"@)"(“’ o2 3/{99%2(7’)71@71%. (9.22)
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Higher order MTs are well defined but will not be considered here, for further in-
formation the reader is referred to [SGMO8]. MTs can be related to the well-known
engineering measure tensor of inertia II by

11(9):/ (—r@r+|rP1) dV = —#20 + u(#20), (9.23)
Q

with the three dimensional unit tensor 1, cf. [STMK™11]. From the above MTs
(9.20) to (9.22), motion invariant and motion covariant measures can be distin-
guished considering a pure translational shift of the considered body. Obviously
due to the consideration of position vectors, (9.20)1, (9.20),, (9.21); and (9.21),,
change under a pure translational shift of body €2. However, (9.22); and (9.22); re-
main unchanged under a shift, since only normal vectors on the surface contribute
to the tensor product. A change in orientation, i. e. rotation of the considered body
would result in changes in all measures (9.20) through (9.22).

MTs are generally defined for convex bodies. Due to the additivity theorem, their
definition can also be applied to non-convex bodies, cf. [STMK™11]. In the analysis
of spatial structures, one typically uses discrete data in the form of images or 3D data
sets. MTs can be evaluated for this type of data, e. g. by considering a triangulation
as an approximation of the convex body. The specific formulas for the computation
of MTs for convex and non-convex polytopes are given in [STMK™'13].

9.2.3.3 Anisotropy Measure Based on MT

For the application as a descriptor of microstructures, the aim is to deduce relevant
measures from a MT. A measure describing the anisotropy of a body can be defined
following [KMS™10] by considering the eigenvalue ratio of the respective MT. Us-
ing the minimal and maximal eigenvalue given by Ui, and Umax, respectively, with
|bmax | = | Umin|, One obtains

ab | tmin|
b eo,1 (9.24)
Y | tmax| 0.1

for a considered MT %a’b. The different MTs in (9.20) to (9.22) describe differ-
ent properties of the underlying body. While 7//02’0 describes the distribution of

mass inside the body, ”//10’2 characterizes the surface orientation. In [STMK™11]

two-dimensional boolean models of overlagping ellipses with varying values of pre-
. . . 2

ferred orientation are analyzed regarding 3,"". A constant value of the average value

< 10 ’2> = 1 is found for a sufficiently large number of particles in the isotropic case,

whereas the average value <ﬁ10 ’2> ~ 0.44 results from the analysis of aligned el-

lipses, which equals the result from the analysis of a single pixelized ellipse in the
analysis. An analysis of local properties of a turing pattern system is carried out
in [STKB™10], where regions of interest are the ones with non-lamellar concen-
tration of one chemical. Here, the Minkowski tensor 7/10'2 can identify the local
non-lamellar regions in the pattern, corresponding to regions with an isotropic value
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of [3{) 2 Based on these observations, the MT “//10’2 is used for the description of mi-
crostructures in this sequel. Certainly, the procedure can be adapted for other MTs.

9.2.3.4 Orientation Measure Based on ”//10’2

From the eigenvalue analysis of the MT 7/10"2, the eigenvectors carry information
about the orientation of the analyzed body. In the case of ellipsoidal bodies in three-
dimensional space, the eigenvectors correspond to the direction of orientation axes
of the ellipsoid. For a more detailed analysis, the bodies of ellipsoidal shape can be
separated into three cases regarding their symmetry properties: (a) ellipsoids with-
out any axial rotational symmetry, i. e. three differing radii, (b) ellipsoids exhibiting
rotational symmetry about one axis, i.e. two radii are equal and (c) spheres, where
all three radii are equal. The eigenvalues and eigenvectors show specific properties
related to the cases (a), (b) and (c).

(a) An ellipsoidal body with no rotational symmetry properties yields a MT 7/10"2
with three distinct eigenvalues {; # Uy # u3, with y; for i = 1,2,3 being the
eigenvalues of “//10’2 in ascending order, thus y; > U, > (3, one eigenvector
associated to each distinct eigenvalue. The directions of these eigenvectors v,
v, and v3 correspond to the three axis of the ellipsoid, which represent the main
directions of orientation of the body. This case is depicted in Figure 9.2 (a).

(b) Bodies of ellipsoidal shape which possess one axis of rotational symmetry re-
sultina MT “//10"2 with one double and one single eigenvalue, i.e. U; = L # U3
or Uy # Up = Uz and associated eigenvectors. It is observed that the direction
of the eigenvector associated to the distinct eigenvalue coincides with the di-
rection of rotational symmetry axis. Thus, this eigenvector gives information
about a preferred direction of orientation of the ellipsoidal body. This is illus-
trated in Figure 9.2(b). The eigenvectors associated to the double eigenvalue
span a plane perpendicular to the axis of symmetry which represents the space
of all possible eigenvectors associated to the double eigenvalue.

(c) Ellipsoids of spherical shape show an isotropic distribution of surface orien-
tation, thus a value of B]O 2 = 1 results due to the fact that a triple eigenvalue
Uy = Up = uz is found. Consequently, three ambiguous eigenvectors are ob-
tained. This observation is in accordance with the arbitrariness of rotational
symmetry axis in a sphere, where an infinite number of symmetry axes exist
due to spherical symmetry. In this special case no distinct axis of symmetry or
direction of orientation of the body can be detected. An illustration of this case
is given in Figure 9.2(c). The three eigenvectors span a space of all permissible
eigenvectors, i.e. any vector originating in the center of the sphere.

The above described observations for the analysis of eigenvalues and eigenvec-
tors suggest that the direction of eigenvectors associated to distinct eigenvalues cor-
respond to preferred orientation directions of an ellipsoidal body. Thus, this class of
eigenvectors is considered in the analysis of the microstructure together with their
separation due to the different types of ellipsoids (a), (b) and (c). The direction of
the distinct eigenvectors can be described in spherical coordinates by two angles, 6
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(a)  Ellipsoid  without (b) Ellipsoid with ro- (c) Sphere: triple eigen-

rotational symmetry: tational symmetry: one value U= Uy = U3
three distinct eigenvalues distinct eigenvalue and and three ambiguous
U1 # Uy # Uz with associ- a double eigenvalue vectors  wj, vy and v3
ated eigenvectors vi, U3 Uy # Uy =p3  with a spanning the associated
and v3. distinct eigenvector v eigenspace.

and a plane of possible
eigenvectors v, and v3

Fig. 9.2 Illustration of possible cases for an ellipsoid and associated eigenvectors of ”‘//10"2.
Dashed lines denote directions of eigenvectors associated to multiple eigenvalues, which span
the possible space of all eigenvectors associated to these eigenvalues (gray plane or space).
Red solid lines denote directions of eigenvectors associated to distinct eigenvalues, describing
distinct orientation directions of the ellipsoidal bodies. Taken from [SBBS14].

and ¢. The admissible range of 6 and ¢ can be reduced due to joint consideration
of a direction and its inversion with 6, ¢ € [—m/2,7/2].

9.2.3.5 Microstructural Descriptors Based on Probability Density Functions

In order to analyze the microstructure of a two-phase material consisting of an in-

clusion phase embedded in a matrix phase, the afore-mentioned measures based on

MT ”//10'2 will be used. Since this MT is defined as the integral over a single body

and based on the above described interpretation of the measures of anisotropy and
. . 0,2 . .

orientation drawn from %", the following procedure is proposed to compute sta-

tistical descriptors for the complete microstructure. First, the measures [310 2 and the
orientation given by 8 and ¢ are computed for each inclusion in the microstructure.
Next, a probability density function is considered in order to take into account the
distribution of the respective measure in the complete microstructure. The definition
of the probability density function Py1a for the scalar anisotropy measure f3,, = {) 2
for an inclusion €2, is straight forward, hence

1 Mincl . 1 lf ﬁm _ ﬁl(),Z c ¢
Pyalip) := i with = A
walip) dg nincl mg,lé( p) s 0 else,

(9.25)
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with a number ng of categories Cig» ip = 1..ng with an equal category size dg =
1/ng, since B € [0, 1] and a total number of inclusions given by niyc1. The probability
density function is estimated by the use of a histogram over the distribution of values
B ]0 2 obtained for the inclusions in the microstructure, which is then normalized such
that the total area of the histogram is equal to one to satisfy jol (Pma) = 1 with the
admissible values of ﬁ?"z between 0 and 1.

For the estimation of the probability density function describing the orientation
measure introduced above, a similar approach is applied. Since the random variable
describing the orientation is two-dimensional (described by two angles 6 and ¢), a
number of ng X ny categories ¢, i, With ig = 1...ng and iy, = 1...ny and an equal
category size dg = /ng and dy = m/ny, due to 6, ¢ € [—m/2,7/2], is obtained.
The probability density function then reads

l Mincl
P iy — io.i
Mok (i, ip) do do rine Elé(le ip)
. (9.26)
with é — 1if Q,, € %, U {Bm € Ciy, Pm € C,'(p}
0 else,

with individual sets of inclusions %, and an individual inclusion €2,, . These sets
are determined by the composition of eigenvalues, according to the characterization
of ellipsoids described in Section 9.2.3.4 as

Br—123 = {Qu|th > 12 > u3} —  case (a),
Br—s = { Q|1 = U2 > u3} — case(b), ©27)
PBr—s = { Q|1 >, =13} — case(b),
PBr—e = {Qu|th =, =13} — case (c).

In detail, the different types of ellipsoids and their orientations represented by di-
rection of eigenvectors are treated separately. In the case of an ellipsoid without
rotational symmetry, case (a), three distinct eigenvectors are obtained. The accord-
ing eigenvectors to each eigenvalue are represented by k = 1 for ;, k =2 for y, and
k = 3 for u3. For case (b), where a rotationally symmetric ellipsoid about one axis
is treated, only one distinct eigenvalue exists, with the according eigenvector treated
by k =4 for u; = tp > Uz and k =5 for (; > up = 3. For case (¢), i.e. a spherical
inclusion, no distinct eigenvalue and thus no distinct direction of eigenvectors can
be observed. In this case simply the existence and not the direction of an eigenvec-
tor is captured in Pp\0,6. Hence, in this special case there exists only one category
Cig,ip Withng =ny =1 and dg =dyp = 7.

Using the presented microstructural descriptors based on the Minkowski tensor
”//10’2, a real DP-steel microstructure is analyzed in the following. It was recon-
structed from 3D Electron Backscatter Diffraction measurements at the
Max-Planck Institute for Iron Research in Diisseldorf, Germany (Prof. D. Raabe),
cf. Figure 9.3(a), for details see [ZRST06], [BBS™14b], [BBSR11]. The respective
probability density distribution of the anisotropy measure is depicted in
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] I=
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Fig. 9.3 (a) Realistic DP-steel microstructure (green indicating the martensitic inclusion
phase and red indicating the ferritic matrix phase) and (b) probability density function 924
versus f§ = [310’2, see (9.25). Taken from [SBBS14].

Figure 9.3(b). Figure 9.4 shows the probability distribution of orientation for the
relevant cases (k = 1,2,3). The other cases were rarely found in the analysis.

9.3 Construction and Analysis of SSRVEs

In this section, SSRVEs based on combinations of different statistical measures
will be constructed and analyzed for a real DP steel microstructure. Therefore,
specific objective functions are proposed based on different sets of statistical de-
scriptors as well as an objective function for the evaluation of the mechanical re-
sponse. The DP steel microstructure is obtained from 3D EBSD measurements
(electron backscatter diffraction combined with focused ion beam sectioning), cf.
[ZRST06], [BBST 14b], [BBSR11]. The physical size of the microstructure portion
is 15.9umx16.45umx5.0um. For the solution of the optimization problem, a dif-
ferential evolution algorithm incorporated in the optimization framework Mystic,
see [MHAQ9, MSS™*11], is used. Based on each objective function, SSRVEs for
different parameterization types are constructed. Here, the inclusion morphology of
the SSRVEs is described by different numbers of ellipsoidal inclusions which are
defined in terms of generalized ellipsoids, whose outer surface is defined by

3 . _ p
2("” <Xr, XC)') gy (9.28)
=1

The shape of the generalized ellipsoid is defined by p;, here a value of p; = 2 is
chosen for (classical) ellipsoids. The orientation of semi-axis of the ellipsoid is de-
fined by the vectors v;, the radii on the semi-axis are defined by 7; and the ellipsoid’s
center position is given by X, = [X; Y. Z.|. With a restriction to an orthogonal semi-
axis coordinate system, the direction of this system can be represented in spherical
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Fig. 9.4 Relevant cases of probability distribution of orientation: (a) w01, (b) Pmo,2 and
(c) Pmo3 for realistic DP-steel microstructure. Taken from [SBBS14].

coordinates by three angles, i. e. ¥, @ and {. All position X satisfying (9.28) de-
scribe points on the boundary of the ellipsoid. Thereby, every ellipsoidal inclusion
can be described by

) = [XC(J) v Z0) 9 o) gl) 440 0 ,(J)] . (9.29)

The different types of parameterization considered here describe SSRVEs with dif-
ferent numbers of ellipsoidal inclusions, thus the vector for parameterization type i
is given by

i = [(v(”)T )T .. (v(”)T]T- (9.30)

The SSRVEs are constructed such that periodic extensibility is provided. Note that
the center coordinates of the first ellipsoid are fixed in order to avoid redundancy
due to pure translational movement of the inclusion phase. Here, SSRVEs with one
to four ellipsoidal inclusions, i.e. i = 1,2,3,4, are constructed.
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9.3.1 Objective Functions

The different statistical measures presented in Sec. 9.2.3.1 and Sec. 9.2.3.5 have the
ability to capture different features of a microstructure morphology. For the con-
struction of SSRVEs for a real (target) microstructure it is beneficial to incorporate
multiple measures to account for more statistical information. In order to compare
the performance of the statistical measures describing the real microstructure, three
objective functions are defined based on weighted sums of least-square functionals
of different statistical descriptors. A first objective function taking into account the
volume fraction and spectral density is given by

&1 = wv. Ly + wsp-Lsp (9.3D)

with the weighting factors for the volume fraction and spectral density given by wy
and wgp, respectively. The least-square functional

2
PRVE (i) )

@{frget (9.32)

(i) = (1 -

describes the deviation of the volume fraction of the SSRVE, @3SRVE, and the one
of the real (target) microstructure, @{f "8 The least-square functional of the spectral
density reads

NSD 2

Zsp(vi) = NISD mEl (,@;ﬁ;get(ym) — ,@SSSRVE(ym,%)) (9.33)
accounting for the difference of the spectral density of the SSRVE, QSSBRVE, and
the real (target) microstructure, @;%get, respectively. In contrast to the comparison
of the volume fraction, where scalar values are compared, the spectral density re-
quires a more sophisticated handling. Reasons for this are firstly the higher dimen-
sionality (here a three-dimensional data field) and secondly the difference in data
resolution for the SSRVE and the real (target) microstructure. In a preprocessing
step, the complete spectral density of the real (target) microstructure is computed
in the original resolution of the input data. Using a threshold value to identify the
relevant entries of the spectral density, a relevant section of the spectral density is
identified and stored. In the subsequent optimization process, only this relevant sec-
tion of the SSRVE is compared to the one stored for the real (target) microstructure.
This requires a rebinning process!, since the real microstructures input data and the
SSRVE do not necessarily have the same resolution. It was noted by [Pov95] that
the degree of rebinning strongly influences the accuracy of the overall results and
should be performed such that the main characteristics of the spectral density are
still captured. The number of relevant entries in (9.33) is denoted by NP with the
vector y,, defining the position vector of the individual entry.

! Here, rebinning stands for the standard procedure to change the resolution of data, which
is well-known from image processing.
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Another objective function can be considered as an extension of (9.31) by addi-
tionally considering the lineal-path function. The resulting objective function reads

1 = Oy Ly + wspLsp + OLpL p (9.34)

with the least square functional computed in a similar manner as for (9.33) by

NLP 2
gLP ’Yl = NLP 2 ( tdrget (@SSRVE(ym’,ﬁ)) (935)

with the lineal-path function computed for the SSRVE and the real microstruc-
ture given by @EERVE and @Sﬁget, respectively. Since the computation of complete
lineal-path functions is rather costly, only a subset of line segments is evaluated
here, provided that this set of line segments still characterizes the important proper-
ties of the microstructure adequately. As for the spectral density, a threshold value
is used to determine a relevant section of the lineal-path function, which is later
on compared to the respective part of the lineal-path function of the SSRVE in the
optimization process. This is again done in a preprocessing step, since the relevant
part has to be determined only once for the real (target) microstructure. The relevant
section of the lineal-path function is then defined by a total number of N entries
and the position vector to the individual entries is given by y,,.

In order to analyze the performance of statistical measures computed based on the
Minkowski functional “//10’2 proposed in Section 9.2.3.5, a third objective function
is defined by

1 = OvLy + WspLsp + Oma-Lma + Omo-LMo (9.36)

with the respective least-square functionals

o 2
1 Nma Vtarget(m) areet VSSRVE( ) SSRVE
Aia = Nma 2 < I\{I/I?a.rget © l\?llfe( ) - VSSRVE <@MA (m7'7i) ’ (9.37)
m=1
N target SSRVE 2
B = 1 S R VMOJ‘ (m) target VMO,k (m) PSSRVE .
MO = ¢ kz:l ] ytarget - MO,k(m) - V/SSRVE MO,k (m,i) | -
Y Nvox = ™ k k
k=1
(9.38)

Here, the number of categories in the probability density function describing
aniso-tropy is given by Nyia, whereas the number of categories in the probability
density function characterizing the orientation measure Zyo « is denoted by Ny «
for the different cases k = 1...6 described in (9.27). The individual categories in the

functions are denoted by m. In the prefactors of the probability density function, the

iy {/SSRVE o
quantities Vet (m) and V'@€eUSSRVE denote the volume of all inclusions asso-

ciated to the category m for the anisotropy measure and the volume of the inclusion
phase in the considered microstructure, respectively. In the case of the orientation
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target|SSRVE

measure, the quantity Vi, (m) describes the volume of inclusions associ-
RVE . . .
ated to category m of case k and tharget|SS gives the total volume of inclusions

of case k in the real (target) microstructure and the SSRVE. Subsequently, the pref-
actors VﬁfetlSSRVE (m)V'@reetiSSRVE apq Vﬁg?lSSRVE (m)/ V,:aget‘SSRVE define phase
fractions of inclusion phase for individual categories. These factors enable a higher
weighting for categories associated to large fractions of inclusion phase and thus
enforce the influence of larger inclusions compared to smaller ones.

The objective function 7 for the comparison of the mechanical response is based
on the evaluation of a set of virtual experiments performed for the real (target) mi-
crostructure and the SSRVE. Here, the macroscopic stress-strain response is com-
pared and the deviation r, ; is defined by

target SSRVE
O 7 (8o j) = 0oy E(Ee )
Tej = target ’ 9-39)
O, j (Se,j)

with the individual evaluation point j = 1...ne, and a total number of evaluation
points nep for each virtual experiment e, o denotes the macroscopic Cauchy stress
evaluated at the macroscopic engineering strain €. Only values with non-zero de-
nominator are considered in (9.39). An average error for each virtual experiment is
computed by

. 1S : ' .
Fo= > lrejlee))’  with  eoj= T &M j=1ng  (940)
Nep ;=1 Tep

where the maximum strain in each experiment is denoted by €,**. As an overall
error measure to compare the individual SSRVEs to each other, the average

1 Nexp
o = Y 72 (9.41)
Texp o=]

for a total number of virtual experiments neyp is defined. (9.41) also represents the
objective function comparing the mechanical response of the SSRVE and the real
(target) microstructure. In this contribution, the following virtual experiments are
considered: two uniaxial tension tests in x- and z- direction, denoted by subscript x
and z in the following, and two simple shear tests with a displacement of the xy-plane
in x-direction and in y- direction, respectively, denoted by subscript xy and yx.

In view of the staggered optimization scheme, cf. (9.3), it has to be noted that a
fully automated procedure is expensive. To evaluate the outer optimization problem
in a reasonable amount of time, the following procedure is used for the construction
of the SSRVEs:
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1.) Initialize the parameterization type i = 1, i.e. consider one inclusion.

2.) Solve the inner optimization problem with the respective objective function
given in Sec.9.3.1 in order to identify 4;, which reproduces the real microstruc-
ture best in terms of statistical measures.

3.) Evaluate 7z (#;). If the value does not deceed a certain tolerance, increase the
complexity of the SSRVE’s microstructure morphology by increasing the num-
ber of inclusions 7, go back to step 2.

The maximum number of inclusions in the SSRVEs was limited to i = 4. For the
evaluation of the mechanical response using coupled two-scale simulations, the real
microstructure and the SSRVEs are discretized using quadratic tetrahedral elements.
For the real microstructure, approximately 8.5 million degrees of freedom were ob-
tained. For the SSRVEs, the resulting number of elements is given in the respective
sections. Note that mesh convergence studies have been performed to verify the use
of a suitable mesh density. Furthermore, in the case of the SSRVEs, which are gov-
erned by a periodic geometry, periodic boundary conditions are applied. As the real
microstructure does not show a periodic geometry, linear displacement boundary
conditions are applied here.

In the description of the staggered optimization problem in (9.3), an optimiza-
tion with respect to a suitable set of weighting factors is proposed. The weighting
factors can be used to emphasize one statistical measure against another and trigger
the optimization process. Subsequently, different weighting factors determine dif-
ferent objective functions which pronounce the importance of a certain feature of
the function. Since a thorough analysis of the weighting factors is costly, suitable
sets of weighting factors are used for the construction of the SSRVEs instead. An
analysis of their relevance can be found in [SBBS14] from which suitable sets of
weighting factors are taken. These sets focus on a good fitting of the statistical mea-
sures of the SSRVE to the ones of the real microstructure. The specific weighting
factors are wy = 1, wsp = 1, wrp = 1000, opma = Ovo = 1.

9.3.1.1 Definition of SSRVE Size

The size of the SSRVE plays an important role, because the statistical measures
are not necessarily dimensionless. For example, the lineal-path function contains
information about the characteristic size of an inclusion in the microstructure and
is observed to interfere with the inclusion phase fraction if the size of the SSRVE
is chosen too small. Consequently, the SSRVE size is not variable and has to be
defined apriori. Therefore, for an estimation of the size of the SSRVE, the following
approach is used to circumvent a contradiction between phase fraction and lineal-
path function:

1.) Based on the lineal-path function, an estimation for an average inclusion vol-
ume in the real (target) microstructure can be made. For this purpose, a thresh-
old ps is defined and all entries/voxel in the lineal-path function smaller
than pthres are deleted, leaving a number of ng‘lﬁes entries/voxel. The remain-
ing entries are associated to line segments with a relevant probability and
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Fig. 9.5 Section with lineal-path function values higher than the threshold of 0.02 represent-
ing an estimation for the average inclusion size computed for the microstructure shown in
Figure 9.3 (a). Taken from [BSBS14]

therefore define the average inclusion. The volume of this inclusion is com-

target nifies . .
puted by V. = 3,0 Vi, where V; denotes the unit volume of one voxel in

mc
the lineal-path function, cf. Figure 9.5.
2.) With a prescribed number of inclusions i in the SSRVE and the same average
size of inclusions as in the real (target) microstructure,i.e. ViflfRVE = V-[arget, th

mc
SSRVE’s inclusion phase fraction can be estimated by

j VSSRVE ytarget
ySSRVE — inc — inc (9 42)
v VSSRVE — y/SSRVE )
with the total volume of the SSRVE denoted by Vssrye. By claiming the same
inclusion phase fraction in the SSRVE and in the real (target) microstructure,
ie. PYRVE = P and rearranging (9.42) with respect to Vssgyg an esti-
mation of the required SSRVE volume is obtained by
.y starget
ssRvE _ 1V
Vv = ygéet . (9.43)

3.) Based on the assumption of a cubic SSRVE with equal edge lengths in all di-
rections one obtains for the required edge lengths

target

SSRVE __ 7 SSRVE __ 7 SSRVE __ ySSRVE __ 3|1V
[SSRVE — [SSRVE _ [ SSRVE _ [ SSRVE _ \/ e (9.44)
A%

The associated unit volume of one voxel is 0.1umx0.1pmx0.1pum. Following
the previously described method, the prescribed SSRVE’s sizes, i.e. the edge length
LSSRVE with i = 1,2,3,4 inclusions is computed using the above described method
to LSSRVE = 3.0um for i = 1, i.e. one inclusion, LSSRVE = 3.8pum for i = 2, i.e. two
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inclusions, LiS:SgVE =4.3um for i = 3, i.e. three inclusions and LiSj}fVE = 4.8um for
i =4, thus four inclusions. Since the other statistical measures used here do not show
a similar behavior regarding an interference with other measures, the computed size
of SSRVE:s is used in all cases for better comparability, regardless of whether the
lineal-path function is incorporated in the objective function or not.

9.3.2 Coupled Micro-macro Simulations

In the following section, a brief resume of the direct two-scale micro-macro ap-
proach, also known as FE? method, is given. For details on the framework, the reader
is referred to e.g. [Fey99], [SBM98], [MSS99], [Sch14]. The computational homog-
enization of micro-heterogeneous materials using a direct two-scale homogenization
approach is based on a separation of scales into the macroscale and the microscale,
where the microscale can be represented by a representative volume element (RVE).
This RVE is attached to every gauss point in the macroscopic boundary value prob-
lem (BVP), leading to an additional BVP which has to be solved in every macro-
scopic integration step. On the microscale, deformations are described in terms of
a microscopic deformation gradient F' with J := det[F'(X)] > 0, where X is the
position vector to a material point in the reference configuration. The first Piola-
Kirchhoff stress tensor P is the associated work-conjugated stress measure, which
is related to the microscopic Cauchy stresses by o := }PFT. For the macroscale,
all measures are marked by an overline. Here, the deformation gradient is given by
F with J := det[F] > 0 and the macroscopic first Piola-Kirchhoff stress tensor P
and macroscopic Cauchy stress o can be calculated by volumetric averaging over
the associated microscopic quantity, i.e.

i i
pP— / PV - o:= PF, (9.45)
V /)% J

where the domain of the RVE is denoted by % with the associated volume V.
From the macro-homogeneity condition, also known as Hill-Mandel condition, see
[Hil63], boundary conditions on the microscale can be derived. Three well-known
types are uniform traction boundary conditions, linear displacement boundary con-
ditions and periodic boundary conditions. For increased efficiency in the calcula-
tions, the consistent macroscopic moduli are considered here, see [MSS99],[Sch14]
and [TWO08]. The material behavior of the two phases in a dual phase steel, i.e.
martensite and ferrite, are modeled using an isotropic finite elasto-plasticity for-
mulation based on the multiplicative decomposition of the deformation gradient
F = F°®FP?, with the elastic part F® and the plastic part FP, see [Kr660], [Lee69].
In this contribution, the plastic behavior of the materials is described by an exponen-
tial hardening law, which is superimposed with linear hardening. The plastic strain
energy function, cf. [Voc55], is given by

1 1
¥’ =Yoo — p o y=)exp(—na)+ ,hot? (9.46)
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Table 9.1 Material parameters for individual phases

A/MPa u/MPa yy/MPay./MPa 1 h

ferrite  118,846.2 79,230.77 260.0 580.0 9.0 70.0
martensite 118,846.2 79,230.77 1,000.0 2,750.0 35.0 10.0

with the equivalent plastic strains . The material parameters for both materials are
given in Table 9.1 with the Lamé constants A and y, the initial yield strength yy,
plastic yield strength at initialization of linear hardening y.., the degree of expo-
nential hardening 1 and the slope of superimposed linear hardening 4. An implicit
exponential update algorithm is used to integrate the flow rule, preserving plastic
incompressibility, see [WA90], [Sim92], [MS92], [K1i00]. Kinematic hardening is
not considered due to a lack of experimental data for the individual phases of the
material.

9.3.3 SSRVEs Based on Different Sets of Statistical Measures

The following section presents SSRVEs based on different sets of statistical de-
scriptors and compares the statistical and mechanical error compared with the real
DP steel microstructure.

Table 9.2 Results of SSRVEs based on volume fraction and spectral density - values of
objective function &7, and individual least square functionals, number of tetrahedral elements
nele and mechanical errors 7 in % for the individual SSRVEs, compare [SBBS14].

Ninc éal/ 1073 «iﬂV/ 1077 fSD/ 107 Nele Fx 7; fxy fyx Fo
1 4.17 8.83 4.17 1638 33 3.7 5.0 5.0 4.32
2 2.03 1.35 2.03 8455 4.2 3.9 2.0 2.0 3.20
3 1.16 0.97 1.16 10759 2.6 1.2 39 3.9 3.11
4 0.74 3.38 0.74 17118 2.7 0.5 32 3.2 2.65

9.3.3.1 SSRVEs Based on Volume Fraction and Spectral Density

It has been shown for two-dimensional SSRVEs in [BBS14a] that SSRVEs based
on volume fraction and spectral density can be improved by additionally consider-
ing the lineal-path function in view of a comparison of the mechanical error with
the real target microstructure. A similar behavior is assumed in the 3D case, how-
ever the results of SSRVEs based on volume fraction and spectral density enable to
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observe the improvement of an additional consideration of other statistical mea-
sures. The resulting SSRVEs constructed based on a minimization of (9.31) can be
found in Figure 9.6 for one, two, three and four ellipsoidal inclusions. The results of
the statistical and mechanical comparison are presented in Table 9.2. A decreasing
error in the objective function as well as in the overall mechanical error 7z can be
observed with an error of 2.65% for an SSRVE with four inclusions.

9.3.3.2 SSRVEs Based on Volume Fraction, Spectral Density and
Lineal-Path Function

From the minimization of &j; given in (9.34), representations of SSRVEs with dif-
ferent numbers of inclusions are obtained, which are depicted in Figure 9.7. The
results of the comparison of statistical measures and mechanical response are given
in Table 9.3. It can be observed that a higher number of inclusions in the SSRVE
is accompanied by a lower error in the objective function, which implies a closer
match of the statistical measures. This behavior appears to converge with more than
three inclusions in the SSRVE as the value of objective function does not decrease
significantly. It can be seen that for an increased morphology complexity, i.e. adding
more inclusions to the SSRVE, a higher number of finite elements is needed for a
sufficient discretization. Note that mesh convergence studies have been carried out
to ensure a reasonable mesh density for the SSRVEs. From the comparison of the
mechanical response, i.e. 7y, it is observed that the SSRVEs with three and four
inclusions lead to reasonably low errors, 7z = 1.45% and 7z = 1.47%, respectively.
Comparing the results with the ones of the SSRVEs constructed based on volume
fraction and spectral density, a better approximation of the mechanical behavior is
found. Based on the above results, the SSRVE with three inclusions is considered as
the best representation of the real microstructure based on the statistical descriptors
volume fraction, spectral density and lineal-path function, with a good degree of
accurateness in the mechanical response and a moderate number of finite elements.
This SSRVE is denoted by SSRVE}’}“ in the following.

Fig. 9.6 SSRVEs based on volume fraction and spectral density, i.e. objective function &,
with different numbers of inclusions nj,. = 1,2, 3,4 from left to right. Taken from [SBBS14].
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Table 9.3 Results of SSRVEs based on volume fraction, spectral density and lineal-path
function - values of objective function &y, and individual least square functionals, number of
tetrahedral elements 7| and mechanical errors 7 in % for the individual SSRVEs, compare
[SBBS14].

Rinc gII/ 1072 fv/ 1074 fSD/ 1073 pr/ 104 Hele 7y 7z 7xy Fyx o

1 8.432  485.29 4.5 0.31 2851 53 46 55 55 524
2 0.98 32.07 3.5 0.031 5015 05 3.6 44 44 3.60
3 0.53 3.37 33 0.017 15714 02 24 12 1.1 145
4 0.38 3.11 233 0.014 19196 12 25 07 0.7 147

9.3.3.3 SSRVEs Based on Volume Fraction, Spectral Density and Minkowski
Anisotropy and Orientation Probability Density Function

The SSRVEs constructed based on a minimization of &7, cf. (9.36), are shown in
Figure 9.8, the results of the statistical and mechanical comparison are summarized
in Table 9.4. Again, it is observed that with a higher number of inclusions the value
of objective function and mechanical error decrease. From this set, the SSRVE with
four inclusion is considered as the best representation of the real microstructure,
showing a mechanical error of 7z = 1.92% and requiring a number of 12133 el-
ements for the discretization. It is denoted by SSRVEﬁXlMO is the following. A
decrease of the mechanical error compared with the SSRVEs based on volume frac-
tion and spectral density only is observable for each pair of SSRVEs with the same
inclusion number in Table 9.2 and Table 9.4. From the different sets of SSRVEs,
it is observed that the individual statistical errors are found to be in varying ranges
from &7, &7 and &7y7. As an example, the value of least-square error for the volume
fraction is found in a range of 107 for &, and in a range of 10~* and 1072 for &
and &7;;. The degree of approximation of an individual statistical measure seems to
be influenced by the other measures incorporated in the objective function and the
weighting factors leveling the individual errors. Furthermore, the ranges of errors of
the different statistical measures are naturally located in different ranges, which is
why a direct comparison of the individual statistical errors is difficult without further
analysis of the range of individual statistical measures and weighting factors.

Fig. 9.7 SSRVEs based on volume fraction, spectral density and lineal-path function, i.e.
objective function &y, with different numbers of inclusions nj,e = 1,2,3,4 from left to right.
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Fig. 9.8 SSRVEs based on volume fraction, spectral density and Minkowski measures, i.e.
objective function &y, with different numbers of inclusions nj,. = 1,2, 3,4 from left to right.
Taken from [SBBS14].

Table 9.4 Results of SSRVEs based on volume fraction, spectral density and Minkowski
measures - values of objective function &7y, and individual least square functionals, number
of tetrahedral elements 7| and mechanical errors 7 in % for the individual SSRVEs, compare
[SBBS14].

Nine €/ 102 Ly /104 Lsp/ 107 LAua/ 102 Lo/ 102 nge 7 7o Ty Fn To

1 6.47 0.001 4.56 5.88 1.27 2519 4.0 3.7 54 54 4.69
2 4.20 0.006 2.48 1.55 2.39 5358 34 19 34 35 3.12
3 1.95 1.65 33 0.39 1.2 10087 2.5 0.7 3.5 3.5 279
4 1.41 0.19 2.01 0.38 0.82 12133 33 1.1 1.1 1.2 192

9.3.4 Comparison of Stress on Microscale

For a detailed comparison of the mechanical response of the best SSRVEs, i.e.
SSRVE']’HCPSt and SSRVEK/E’X'MO, with the real microstructure, the stresses on the mi-
croscale are taken into consideration. By volumetrically averaging the stresses only
over the individual phases, the individual error measures /" and ™" are obtained for
the ferrite and martensite phase, respectively, and therein for each virtual experiment
e = x,y,xy,yx. These error measures denote the average stress deviation in the ferrite
phase and martensite phase, respectively. The results of the individual phase stress
deviation for all four virtual experiments are depicted in Figure 9.9-9.12, where the
average error 7", respectively r™, is plotted versus the macroscopic deformation of
the complete SSRVE, i.e. Al /I, . The averaged errors are computed analogously
t0 (9.39)-(9.41) and are summarized in Table 9.5. Therein, a very good accordance
of the average stress in the ferrite phase is observed, with overall averages <" lower
than 1% for both SSRVEs. A slight advantage for SSRVE;’Z/S{‘MO can be detected,
however both errors are in the same range. In the martensite phase, the average stress
in the SSRVEs does not reproduce the average stress in the target microstructure as
well. Overall average errors of 73 = 13.38% for SSRVEPS! and #5% = 17.69% for
SSRVER,?;}lMO are computed, leading to an advantage for SSRVEE%“. These discrep-
ancies are not recognizable in the overall errors computed for the full macroscopic
mechanical behavior, since the low martensite phase fraction compared with the fer-

rite phase fraction reduces the significance of the martensite microscopic response.
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In general, the deficiencies in resemblance of the average stress in the martensite
phase can be related to the different boundary conditions applied for the SSRVE
and the target microstructure. With the application of linear displacement bound-
ary conditions needed for the non-periodic target microstructure, a stiffening effect
occurs predominantly in the stiffer phase, i.e. in the martensite. This can also be ob-
served in Figure 9.13, where the von Mises stresses oy are depicted for the target
microstructure, SSRVEE’%St and SSRVEkZZ‘lMO in tension test in x-direction with a cut
through each microstructure. This boundary stiffening effect does not occur in the

SSRVE, where periodic boundary conditions are applied.

9.3.4.1 Comparison of Computational Efficiency

In the following the aspect of computational efficiency is considered. Here, not only
the computation time of SSRVEs in FE? simulations is of interest but also the op-
timization time needed for the generation of an SSRVE. Both SSRVEs considered
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Fig. 9.9 Deviation r, of averaged stress in x-direction of SSRVEEePS‘ and SSRVER/‘;;E‘MO with
(a) r)ff’r for ferrite and (b) ™" for martensite. Taken from [SBBS14].
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Fig. 9.10 Deviation of averaged stress in z-direction of SSRVEEePS‘ and SSRVER/‘;;E‘MO with
(a) rger for ferrite and (b) r*" for martensite. Taken from [SBBS14].
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Fig. 9.11 Deviation of averaged stress in shear test xy of SSRVEE%St and SSRVER,‘[’“‘MO with

A
(a) riir for ferrite and (b) r;‘;ar for martensite. Taken from [SBBS14].

Table 9.5 Comparison of stresses on microscale for individual phases in SSRVEE‘;,St and
SSRVEDest evaluated for all four virtual experiments. Taken from [SBBS14].

MA|MO
Ferrite Arin%  ATin%  #Tin%  ATin% e in %
SSRVEPSt 0.43 1.55 0.40 0.36 0.85
best
SSRVERS 1o 0.90 0.75 0.29 0.30 0.62
Martensite AYin%  ¥in%  ATin%  AMin% 73 in %
SSRVEPS! 9.94 2.08 17.82 17.19 13.38
best
SSRVEN 110 23.59 11.36 16.56 16.10 17.69
0.02 T T T T
SSRVEPS'  — SSRVEPS'  —
0015 | SSRVERZX\MO — "l SSRVER’?/S;\MO -
5= 001 5, 02 /
500 52 / \?
0.005 0.1
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Fig. 9.12 Deviation of averaged stress in shear test yx of SSRVEE%St and SSRVER,‘[’X‘MO with
(a) ri,f(r for ferrite and (b) r;‘,‘)‘car for martensite. Taken from [SBBS14].

here, SSRVE}’}?‘ and SSRVERX;“MO, are discretized with a similar number of ele-

ments, 15714 for SSRVE'I’j’DSt and 12113 for SSRVEK,?;IlMO, leading to the conclu-

sion that the efficiency of numerical two-scale calculations will also be similar, with

a slight advantage for SSRVER,?X‘MO. With respect to the optimization time required
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Fig. 9.13 Von Mises stress o,y in MPa for tension test in x-direction showing the cross-
section obtained from cutting through (a) the target structure (15.9 um x 16.45 um x

5.0 um), (b) SSRVEPS! (4.3 um x 4.3 um x 4.3 um) and (c) SSRVEIE;;“MO (4.3 pm x

4.3 um x 4.3 pm) and respective volume average values (Gyyp). Taken from [SBBS14].

Table 9.6 Average evaluation times 7. p and fyapvo for the minimization of the objective

functions &y and &y for SSRVEE"'PSl and SSRVEKZ’Z“MO in seconds. Taken from [SBBS14].

fp/s  tvanmo/s  tp/tvamo
5.98 0.0031 1929.03

to solve the optimization problem and to identify the SSRVE, the two candidate ob-
jective functions &y and &7 differ significantly. The time needed for one function
evaluation of the objective function depends on the incorporated statistical mea-
sures and in some cases also on the inclusion morphology. For specific inclusion
morphologies, the evaluation of the lineal-path function and Minkowski functionals
is more expensive than for others, while the inclusion morphology has negligible
effect on the evaluation time of spectral density and volume fraction. In the con-
sidered evolutionary algorithm, the evaluation time of one generation of candidate
solutions can differ significantly, depending on the evaluated inclusion morpholo-
gies. For a decent comparison of evaluation time of the optimization processes, only
the evaluation time of the objective function for the best candidate of every gener-
ation will be summed up. Dividing this value by the total number of generations
to identify the SSRVE, a convincing comparative measure is obtained as an aver-
age evaluation time. These values 71p and fyjajmo are shown in Table 9.6 as well as
their ratio 71p/fvamo- With a factor of almost 2000, the objective function based
on Minkowski functionals offers a large speedup in the optimization compared to
the objective function using the lineal-path function. With regard to an efficient so-
lution of the inner optimization problem in an automated process, measures based
on Minkowski functionals show a higher efficiency.
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9.3.5 Analysis of Bounds

In the previous section, SSRVEs are presented as the “best” representation of a real
microstructure. As described in Section 9.2.2, the upper bound or the “worst” case
scenario of a VE is constructed in the following, cf. [BSBS14]. With regard to the
maximization of the inner optimization problem based on &7, i.e. using volume
fraction, spectral density and lineal-path function, one would obviously obtain a mi-
crostructure only containing ferrite or martensite, yielding a maximization of the
error of the volume fraction, hence trivial bounds are represented with no inherent
microstructure in the RVE. Considering a minimization of the error of volume frac-
tion together with a maximization of the error of the remaining statistical measures,
a more sophisticated “worst” VE scenario can be constructed by

* Worst *
¢ =min [g (7,-)} , (9.47)

with the modified objective function given by

*

& (i) = oy Ly (i) + [0spLsp (1) + opZap ()] (9.48)

Thereby a VE is constructed with a reasonable phase fraction while the spectral
density and lineal-path function, statistical measures which provide information on
shape and distance of inclusions, are as dissimilar as possible compared to the mea-
sures of the target microstructure. Here, a parameterization with three ellipsoidal
inclusions is considered. The parameterization of the “worst” VE is obtained by

* * Worst
Yi= arg {ég ] . (9.49)

Figure 9.14 shows the representation of the obtained “worst” VE (top picture) and
the according “best” RVE (bottom picture), which coincides with the SSRVE con-
structed in Section 9.3. It shall be noted that the “worst” VE here represents ap-
proximately the Voigt-bound in y- and z-direction, where a parallel arrangement of
the phases occurs and the Reuss-bound in x-direction, due to the serial composition
of the phases. In order to compare the results regarding a similarity of statistical

Table 9.7 Values of the objective function &f following (9.34) and associated mechanical
errors 7 for the “worst” case VE and SSRVE based on (9.34) depicted in Figure 9.14, ngj. de-
notes the number of degrees of freedom of the microscopic FE-discretization, cf. [BSBS14].

& 2% ZLsp Ap Nele T 7 ?xy 7yx Tz
107 <107 [x1077) [x107) W W @ [
worst 132.62 1.245 11.322  6.4797 4723 33.65 37.26 6.35 6.5 25.5

best 53 0.34 33 0.0017 15714 0.2 2.4 1.2 1.1 1.45
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Fig. 9.14 (a) “Worst”- and “best”-case scenario of a VE or RVE with 3 inclusions and (b) in-
tervals between bounds of values of least-square functionals and their associated mechanical
errors. Taken from [BSBS14].

descriptors, the individual least-square errors of the “best” case, the SSRVE, given
by A (7i), Zsp (i) and A p(7;) and the value of objective function &y (7y;), as well

as the respective values for the “worst” case, i.e. fv(’?i), .,S”SD(q*',-) and .,S”Lp(q*',-) and

the value of objective function éan(q*',-), see Table 9.7, are used. Figure 9.14 shows the
differences between the lower and the upper bound of the objective function, indi-
vidual least-square errors and individual errors of mechanical tests 7, 7, 7, and 7y,
as well as the overall average mechanical error 7 to emphasize the magnitude of the
difference. Here, a logarithmic scaling on the y-coordinate is used, additionally the
errors are shown in different decimal powers. It can be seen that the value of objec-
tive function differs by more than one order of magnitude, the error of the lineal-path
function even varies by over three orders of magnitude. This strong deviation results
in a large difference of the mechanical errors, which show a difference of up to one
order of magnitude in 7z and individual errors as high as two orders of magnitude
for the tension test in x-direction. An illustration of the individual mechanical errors
re is shown in Figure 9.15, where the error is plotted over the macroscopic strain
Al /1 0, Where e denotes the respective virtual experiment, cf. Section 9.3.1. Here,
a difference of the mechanical response in a tension test in x-direction of up to 50%
for the “worst” VE is observed, while the SSRVE results in an error of only 1%, a
similar behavior is prevalent in the tension test in z-direction. For the shear tests, the
error differs not as significantly, with a range of 2% for the SSRVE and 8% for the
“worst” VE. The analysis of upper and lower bounds emphasizes the importance of
considering further statistical measures aside from the volume fraction. A severe er-
ror can result from disregarding further measures, which might only become visible
in certain mechanical tests.
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Fig. 9.15 Mechanical errors for “best” and “worst” RVE considering 3 ellipsoidal inclusions.
Taken from [BSBS14].

9.4 Conclusion

This contribution details the method of constructing three-dimensional SSRVEs,
which has been proposed for the two-dimensional case in [BSB09], [SBB11] and
[BBS14a] and generalized to 3D SSRVEs in [BSBS14]. SSRVEs are characterized
by a microstructure of reduced complexity compared with RVEs based on real ran-
dom microstructures. Due to this reduction, SSRVEs can lead to advantages in di-
rect two-scale simulations by vastly reducing computational costs. The method of
construction of SSRVEs here uses a staggered optimization scheme, as proposed
in [BSBS14] and extended in [SBBS14]. Therein, an outer optimization problem
controls the similarity of the SSRVE with a real target microstructure regarding me-
chanical behavior, whereas the inner optimization problem ensures similarity with
respect to statistical measures. A variation of statistical measures as well as different
parameterization types for the SSRVE have been investigated. The statistical mea-
sures play an essential role in the construction of SSRVEs, since they determine the
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properties of the SSRVE being fitted to the ones of the real target microstructure.
For an efficient construction of SSRVEs, it is advantageous to consider statistical
measures which capture necessary information of the microstructure while being
realizable in low computation time. Therefore, Minkowski functionals, as a base for
microstructural descriptors, have been investigated here. As Minkowski functionals
are defined as integrals over single geometrical objects, probability density func-
tions have been proposed as a measure for a consideration of a microstructure built
up by multiple inclusions in a matrix phase.

SSRVEs have been constructed with different numbers of inclusions considering
different sets of statistical descriptors, in detail combinations of volume fraction,
spectral density, lineal-path function and probability density functions based on the
tensorial Minkowski functional 7//10’2 are used. It turns out that SSRVEs solely based
on volume fraction and spectral density are outperformed by SSRVE additionally
taking into account either the lineal-path function or probability density functions
based on a Minkowski tensor regarding the comparability of mechanical behav-
ior, regardless of the parameterization of the SSRVE, i.e. the number of inclusions.
Overall, an SSRVE with three inclusions based on volume fraction, spectral density
and lineal-path function performed best, with an overall error of 7 = 1.45 and a
discretization using 15714 elements, whereas four inclusions are needed when con-
sidering volume fraction, spectral density and probability density functions based on
the Minkowski tensor ”//10'2 instead to achieve 7z = 1.92 using a discretization of
12113 elements, cf. [SBBS14]. Hence, from the number elements in the discretiza-
tions, no strong advantage is expected for either on the SSRVEs regarding com-
putation time. In order to take a closer look at the stress behavior in the individual
phases, the average stress in each phase is calculated and compared with the average
stress per phase in the target structure. Here, a very good accordance in both “best”
SSRVEs mentioned above is visible in the ferrite phase, while the comparison of
the average stress in the martensite phase shows some deficiencies. This difference
of average stress can be ascribed to the different boundary conditions used in the
virtual experiments for the real microstructure and the SSRVEs. While the SSRVEs
are constructed obeying periodic extensibility and modeled using periodic boundary
conditions, the real microstructure is modeled using linear displacement boundary
conditions. The latter ones lead to a stiffening primarily in the stiffer phase, i.e.
martensite, which does not occur under periodic boundary conditions.

In view of efficiency of the optimization procedure, a comparison of an aver-
age optimization time per generation in a differential evolution algorithm has been
carried out for the “best” SSRVEs. It turns out that the measures based on the
Minkowski tensor offer a speedup factor of 2000 compared to considering the lineal-
path function, cf. [SBBS14]. In view of an efficient solution of the inner optimiza-
tion problem, this plays an important role, especially when aiming for an automated
optimization procedure of the staggered optimization problem.

The general importance of considering more sophisticated statistical measures for
the construction of SSRVEs is underlined in an analysis of upper bounds of RVEs.
A “worst” case RVE is constructed by a maximization of the error of statistical
measures, whereas the volume fraction is matched to the according value of the real
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microstructure, cf. [BSBS14]. The comparison of the range of error of statistical
measures and especially the range of mechanical error, which can be up to 50%
for the “worst” case VE while the SSRVE leads to an error of 1%, emphasizes the
need for a detailed regard of microstructure morphology, which can be described by
statistical measures. This is not only valid for the construction of SSRVEs but for
other types of reconstructions based on real microstructures.
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