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Abstract The modeling of the finite elastoplastic behaviour of single crystals with one active slip system
leads to a nonconvex variational problem, whose minimization produces fine structures. The computation of
the quasiconvex envelope of the energy density involves the solution of a nonconvex optimization problem
and faces severe numerical difficulties from the presence of many local minima. In this paper, we consider a
standard model problem in two dimensions and, by exploiting analytical relaxation results for limiting cases
and the special structure of the problem at hand, we obtain a fast and efficient numerical relaxation algorithm.
The effectiveness of our algorithm is demonstrated with numerical examples. The precision of the results is
assessed by lower bounds from polyconvexity.

Keywords Relaxation - Quasiconvexity - Crystal plasticity
PACS 62.20.F- - 64.70.K- - 81.40.Lm

1 Introduction and model problem

In this paper we develop a mixed numerical-analytical relaxation method and apply it to a variational model
for finite single-slip crystal plasticity in ductile single crystals. Relaxation is a general theory which permits
the study of the macroscopic behavior of materials which develop microstructures; its practical application
has been up to now largely limited by the fact that it has rarely been possible to obtain efficiently the explicit
relaxation of the problem at hand. Indeed, whereas only very few problems admit an analytical relaxation, a
direct numerical relaxation which does not exploit any special structure is faced with huge numerical difficulties
from the presence of many local minima. We address here this difficulty by providing, for one test case from
crystal plasticity which has already been studied several times in the literature, a method which combines some
analytical results with an efficient numerical optimization of the microstructure, within a restricted class.

We focus on two spatial dimensions and on the case that only one slip system is active, and use a variational
model based on a time discrete formulation. This falls within the class of time-discrete variational models for
geometrically nonlinear plasticity, which have been recently studied exploiting the analogy with problems from
martensitic microstructures. This analogy, and the possibility to study each incremental problem in plasticity
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via a variational functional depending on the deformation gradient F = D¢, as in nonlinear elasticity, was
advanced by Ortiz and Repetto in [37]; in the same paper the variational origin of geometrical softening is
discussed and comparisons to experimental observations of microstructures in plastic materials are provided.

We focus here on the model defined in [13] and simulated in [9,29]. The model of [ 13] permits the treatment
of unloading through the study of a sequence of variational problems; we shall here however, focus on the first
time-step alone. This restriction is appropriate for monotone loading, and closely related to the deformation
theory of plasticity. Precisely, we consider one slip system, described by an orthonormal pair of vectors s and m,
with s denoting the slip direction and m the normal to the slip plane. In a geometrically nonlinear context, we
assume the multiplicative decomposition of the deformation gradient F' = Fe Fp, with F, = Id+y s ®m and the
plastic slip y € R. Hardening is included through a single internal variable p € R. Within the framework of rate-
independent processes [30-32], we consider one time step in an implicit time-discrete scheme. Minimizing out
locally the internal variables, the incremental problem can be cast equivalently into a variational formulation
expressed only in terms of the deformation gradient F and can therefore be analysed by the methods of the
calculus of variations.

The constitutive behaviour of the single crystal is described in terms of two potentials: the free energy
density Wep(F, v, p) and the dissipation potential J(y, p). The free energy density is the sum of the elastic
and the plastic contribution,

Wep(F, v, p) = We(F(Id — ys @ m)) + Wp(p), (1.1)
where we used the relations Fy =Id+ys®@m , F. = FFP_I = F(d — ys ® m). Here

h
Wo(p) = 5p° (12)
and U(F) = %((det F)?—1)— # log (det F),

U(Fe) + %(IFC|2 —2) if det Fo > 0.

We(Fe) = i (1.3)

00 else.

Here and throughout, i, ¥ > 0 are elastic constants and 2 > 0 is the hardening modulus. The function W, is
polyconvex, hence in the absence of plastic deformation (this is, if one prescribes y = p = 0 everywhere) no
microstructure is expected. In this case the condensed energy W (defined next) equals W, and the condensed
problem (defined next) has minimizers [5]. The functional form is chosen so that W, is nonnegative, and
vanishes on SO(2) the group of orthogonal matrices of R?*? with positive determinant. The dissipation
potential J(y, p) is

Iy p) = [rcrlyl if [yl +p=0 (1.4)

00 else,

with 7., > 0 the critical shear stress. We use | - | for the Euclidean norm (| F|> = Tr FT F for matrices) and -
for the scalar product in R

We focus here on the first time-step of a time-incremental formulation. In this case the considered model
reduces to the minimization of

/ [Wep(DQS, y, p)+ J(y, p)] dx + external forces (1.5)
Q
over deformations ¢ : Q@ C R?> — R?, with y, p : @ — R subject to appropriate boundary conditions. Since

the internal variables (y, p) enter locally into the energy, it is convenient to minimize them out pointwise. One
immediately obtains p = —|y| whereas minimization in y leads to the condensed energy [13]

wooo 1 (max{0, | Fs - Fn| — 7er})?
W) =U(F —(|F|*=2)— =
(F) = U(F) + S(FI*=2) - 3 AT

This is the starting point of our analysis. The variational problem (1.5) then reduces to the condensed problem
of minimizing

(1.6)

/ W (D¢)dx + external forces.
Q
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At the same time, the plastic slip reads

max{0, u|Fs - Fm| — te}
Wl Fs|2+h

y(F) = sign(Fs - Fm). (1.7)

The energy density (1.6) is not rank-one convex and, hence, not quasiconvex [13]. General theory shows then
that for many boundary data the functional (1.5) does not have a minimizer, and that low-energy sequences
develop fine-scale oscillations in the gradient [6,7,20,22,34]. For the case under consideration, the occur-
rence of such microstructures has been indeed illustrated in [24] by a direct finite element simulation using
representative volume elements under affine-periodic boundary conditions.

The macroscopic material behaviour is modelled by minimizing out locally the possible microstructures,
which amounts to computing the quasiconvex envelope W9° of W. The latter is defined as the pointwise
supremum of the family of the quasiconvex functions which bound W from below; a function V : R™*" —

R U {oo} is called quasiconvex if, for all F € R™*" and all ¢ € Wol‘oo(((), 1)*; R™) for which the integral
exists,

V(F) < / V(F + Vo)dx.
(0,])"

If W is continuous one can show that

W9 (F) = inf / W (F 4 Vg)dx : g € Wy (0, D)"; R™) . (1.8)
(0’1))1

For additional details see, e.g., [20,34]. Knowledge of W9° permits one to perform macroscopic finite-element
simulations, where the energy density W is replaced by W9°. Equivalently, the variational problem is replaced
by its relaxation. Since optimal microstructure is in this case already accounted for in the energetics, it is not
necessary to resolve it explicitly by the finite-element solution. This leads to mesh-independent results, and
permits to successfully use rather coarse meshes to study realistic experimental geometries, as was done for
example in [4,14,19,29]. A largely similar situation arires in the setting of shape optimization, see [2,26] and
references therein. In both cases usage of the relaxation technique for mechanical problems with microstructure
has been up to now mainly limited by the difficulty of determining the relaxation W9°.

A closed form for the quasiconvex envelope of condensed energies of the kind of W is known only in few
simplified cases [1,11,17,18,21,25,26,43]. In practical applications one usually resorts to an approximation to
W€ based on laminates. Equation (1.8) shows that the quasiconvex envelope can be determined by optimizing
over all possible distributions of gradients F' + V¢; laminates constitute a large and yet simply accessible class
of such distributions. Precisely, laminates are probability measures on R”*" which can be described as the
weak limit of the distribution of special sequences of gradients. A laminate of zeroth order is a Dirac delta,
i.e., it has the form v = §F, and corresponds to the limit of the gradient distribution of the (constant) sequence
¢(x) = Fx. A laminate of nth order is defined inductively from a laminate of order n — 1 by replacing each of
the terms ¢dF by asum c(ASp, + (1 —A)dF,), where AF1 + (1 —A)Fo = F, A € [0, 1], rank(F; — F2) < l and
¢ € (0, 1]. One says that the matrix F has been split into F] and F5. Since laminates are probability measures,
the average of a function V over a laminate v is denoted by (v, V) = mexn V(A)dv(A). For example, first-
order laminates have the form v = AdF, + (1 — A)dF,, with F; — F> = a ® n, and are the limits of the gradient
distributions of the maps

xX-n

0e(x) = Fix —asy (<)
where x : R — Ris defined by x(0) = 0, x'(t) = 0ifre(k,k+A)and x't) = lifrek + 1,k + 1),
for k € Z. For small &, the gradients V¢, oscillate on a fine scale between the values F) and F>, with
average F = AF| + (1 — A)F,. As ¢ — 0, the sequence ¢, converges weakly-s in W1 °(R"; R™) to the
affine function ¢(x) = Fx; the function V (V) converges weakly to (v, V) = AV (F1) + (1 — M)V (F).
Refining this argument one can show that mixtures are always possible between rank-one connected matrices,
hence that all laminates as defined above are attainable as weak limits of gradients. For additional details see,
e.g., [20,22,34].
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Restricting the infimization in (1.8) to laminates of a given order produces an upper bound to W9¢, which
is called the lamination envelope of order k. Precisely,

W (F) < Wk (F) = inf / W(A)dv(A) : v laminate of order k | . (1.9)
R / Adv(A)=F
RI‘)!XI‘[

In order to compute Wk one has to determine, for each F', the best laminate of order k, which is a finite-
dimensional global nonconvex optimization problem. Practical implementation is, however, difficult, because
the objective function may present an exponential (in k) number of nearby optimal local minima [12]. The
method based on discretizing the function W on a regular mesh proposed by Dolzmann [23] is efficient only
in low dimension, and for smooth functions W. In particular, since the structure of the mesh is relevant for
the algorithm, it is difficult to extend that approach to models like the one of interest here which incorporate a
strong penalization on volume changes, or even a nonlinear constraint on the determinant.

Within the techniques of global optimization, probabilistic global search procedures are the ones commonly
adopted, but they remain computationally quite expensive. Since in a finite element framework this optimization
must be performed at every material point (e.g. Gauss point), for real applications it is mandatory to develop fast
techniques for the numerical relaxation. In the literature the computational effort related to the global search
is usually reduced by fixing some of the parameters of the laminate on the basis of conjectures motivated by
physical considerations [4,28,29,38].

In this paper we present a different approach to the relaxation of W over laminates. Rather than attacking
the global minimization by brute-force global optimization, we exploit in an essential fashion the structure of
the problem both to achieve a fundamental understanding on the optimal microstructure and, in parallel, to
design an efficient numerical relaxation scheme. At variance with [4,29] we do not start from a restriction to
the kinematics, but from an approximation to the energy, which is then in a second stage relaxed numerically.
Specifically, we shall use analytical expressions of the quasiconvex envelope of simplified versions of the
relevant energy. Inspired by results based on the global optimization [9] and on analytical relaxation [15,16,18],
we determine analytically a second-order laminate which has “good” energy and furnishes an upper bound
to the relaxed energy. This laminate is then used as initial guess for the local minimization. Thereby we have
constructed an effective procedure to obtain, for every deformation gradient F, a locally optimal laminate v for
the relaxation of W. The resulting energy W°P' = (W, v) gives an upper bound on the relaxation, WPt > W4°,

In a second stage we assess the quality of our result. To this end we seek a polyaffine function that coincides
with the unrelaxed energy on the support of the laminate and verify that it is below the condensed energy W,
up to a small error term. The size of this error gives us an upper bound on the size of the error done in the
relaxation, i.e., on the difference W°P' — W4,

Since plastic deformation is isochoric, one expects the relevant macroscopic deformation gradients F
to have determinant close to unity. Our heuristics is focused on the case det F =1, and in our numerical
examples the macroscopic deformation gradient will obey this condition. The support of the laminate obtained
by numerical optimization is however, not restricted to this set. Our results can easily be generalized to other
values of F' by taking the laminate corresponding to the deviatoric part of a generic F as a starting point for
the local relaxation.

The layout of the paper is as follows. After this introduction, Sect. 2 is devoted to the construction of
approximate (first and second) order laminates. This section consists in turn of three subsections. In the first
one, we recall from [16] the analytical expression of the quasiconvex envelope in the case of rigid elasticity,
linear hardening and no dissipation. In the second one, we construct a second-order laminate with fixed
lamination direction, whereas in the last subsection we present an approximate first order laminate. These
laminates are built so that the corresponding energy bounds from above the quasiconvex envelope of the
condensed energy in the case of no dissipation. Section 3 is devoted to the numerical optimization problem
and describes the algorithm employed for the local minimization and the definition of the laminate whereas,
Sect. 4 focuses on the optimality check, which is obtained by computing a polyaffine function supported on the
laminate at the given deformation gradient F. Numerical examples of relaxation for simple shear with different
shear directions and for biaxial deformation gradient are given in Sect. 5 whereas final remarks conclude the
paper in Sect. 6.
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2 Partial analytical relaxation

We first consider some simplifications of the general model (1.6) which will allow either the explicit evaluation
of the quasiconvex envelope (such as in Sect. 2.1) or the constructions of laminates (second order in Sect. 2.2
and first order in Sect. 2.3) with good “energetic” content.

2.1 The quasiconvex envelope for the rigid case in 2D

This section recalls the analysis in [16] for a simplification of the model (1.6) in the case of so called geometric
softening [3,37]. We assume rigid elastic behaviour, that is, F' = QF, with Q € SO(2), F, =1d + ys @ m,
p = |y| and zero dissipation, that is, 7., = 0. Under these conditions, the condensed energy reads as follows:

W, (F) = [EV 1f1F_ OQ(Id+ys®m) forsome Q € SO(2)and y € R, 2.1
o0 else.

This energy density is not rank one convex, hence neither quasiconvex. The quasiconvex envelope can be
determined analytically and reads as follows.

Proposition 2.1 (From [16]) The quasiconvex envelope W{]C(F ) of Wi (F) reads

BGFmi>—1) ifdet F=1and|Fs| <1,

quC(F) - [ 00 else. (2.2)

Moreover; the quasi-, poly-, and first order laminate-convex envelope coincide. The optimal laminate corre-
sponding to a matrix F is supported on the matrices

Fil=F+4+via®b and Fhb=F+1va®b 2.3)

where b = s, a = Fm/|Fm]|, and v; fori = 1,2 are the two real solutions of the equation

2 Fm'FS 2
vi4+ 22— 4+ |Fs|"—1=0, 2.4)
|Fm|

with vivy < 0.

Proof The proof of the lower bound is obtained by showing that quc(F ) is polyconvex and W]qC(F ) <
W1 (F). As aresult, one obtains WﬁC(F ) < Wlp “(F) < Wi (F). For the proof of the upper bound one shows that
WIqC(F ) is obtained by considering the first lamination convex envelope, and then constructs a test function

(NS WO]’OO((O, 1)2; R?) using convex integration techniques from [35] by following the same arguments as in
[18]. The details are included in [16] and hence omitted here. m]

Remark 2.2 The two phases Fj and F> have the same plastic slip y in absolute value. This corresponds to the
condition W (F1) = W (F>) orequivalently | Fim| = | Fom]|. Since m -s = 0, the latter is a trivial consequence
of (2.3) and the fact that b = .

2.2 An approximate 2nd-order laminate

In this section we address the construction of second order laminates which have “good” energy, neglecting
dissipation. The key idea is to construct an optimal first-order laminate between a purely elastic phase and the
analytic relaxation ch obtained in Proposition 2.1. Both functions are—in appropriate domains—quadratic,
hence, given a lamination direction, the relaxation can be determined analytically, by computing the convex
envelope of the minimum of two parabolas.
Compared to the situation of Sect. 2.1, we only keep the assumption that 7., = 0 and consider the following
energy density
W2(F) = min Wep(F, y), (2.5)
yeR



280 C. Carstensen et al.

where Wep(F, y) = We(F(Id + ys ® m)~") + 42 is obtained from (1.1) with p= — |y| and F, = F(Id +

ys@m) '=Fdd — ys @ m).
Then a first result that relates the energy Wo(F) with W (F) defined by (2.1) and W, defined by (1.3) is
given in the following.

Lemma 2.3 The following bound holds
W2(F) < min{W,(F), We(F)}. (2.6)

Proof From (2.5) we have
Wa(F) < Wep(F, 0) = We(F). (2.7)

By accounting for (2.1) and (1.3) we have also

Wep (F, if F=0Qdd+ ,
Wi (F) = [Ooep( V) Slse. QUd +ys@m) (2.8)
Therefore,
Wep(F,y) < Wi(F) forevery y € R. 2.9)
Recalling (2.5) one obtains
Wa(F) < Wi(F). (2.10)
This and (2.7) imply (2.6). |

Equation (2.6) bounds W, with the minimum of the two functions Wy and W,. For both, the quasiconvex
envelope is known: of the first one from Proposition 2.1, of the second one by the fact that W, is polyconvex,
and hence W = W,. The relaxation of W, is therefore bounded by the relaxation of min{quc, We}, and in
particular by its first lamination convex envelope. The latter can be easily determined by taking the convex
envelope along each rank-one direction. Since quc is infinite away from the unit-determinant surface, if
det F = 1 the laminate is necessarily isochoric. Precisely, let S' denote the set of elements of R? with unit
norm, given a lamination direction b € S I with b = (cos B, sin B) for B € [0, m/2), for any v € R the condition
det(F +va ®b) =1 gives

Fb- (2.11)
a=——, .
| Fbt|
with b+ = (—sin 8, cos B). For each direction b € S', consider then the function f : R x S! — R
f;b) =min{WﬁC(F+va®b), We(F +va®b)}. (2.12)

Here we work at fixed F and a is given by (2.11). The convex envelope of (2.12) with respect to its first
argument v € R and fixed b is denoted by

F* (3 b) = conv f(:; D). (2.13)

Since f is the minimum of two parabolas, f** can be computed analytically; for brevity we do not report the
explicit formula here and denote succintly by

(v1(b), v2(b)) = CONENV(F; D)
the abscissa of the tangent points to W.(F 4+ va ® b) and quC(F + va ® b), respectively, and the function

that defines those values.
The main result of this section then reads as follows.

Proposition 2.4 The quasiconvex envelope W2ClC of the energy density W» defined by (2.5) satisfies

W3(F) < £**(0; b) for all b with |b| = 1. (2.14)
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Proof On matrices F with det F < 0, all functions mentioned in the statement equal co, hence the result is
true.

On the set of matrices F with det ' > 0 one has quc < W, < 00, hence on the same set Wgc is rank-one
convex. Fix F € R?*? withdet F > 0,leth € S, and a as in (2.11). Then rank-one convexity implies convexity
of the function g : R — R defined by

g(v) = Wy(F + va ® b).

Lemma 2.3 implies that g < f. By the convexity of g this implies g(v) < f**(v; b) forall v € R; in particular
Wy (F) = g(0) < f**(0: b). o

Condition (2.14) states that for any given lamination direction b one can construct a second order laminate
with energy higher than W;C. We can therefore look for the laminates with the least energy. This problem

consists of finding b € S! that minimize £**(0; b) and their search reduces to a one-dimensional global opti-
mization problem. Let by be such that

J7(0; bopt) = min f*(0; b).
beS!
We define, for future reference, the optimal energy obtained this way as Wr,

Wi (F) = f*(0; bop) = ZIJIHSHI 70 b). (2.15)

Obviously W;C < Wzlc’2 < Ws.
The second-order laminate corresponding to Wy is supported on three matrices, say, Fi, F»1 and F»». The
deformation gradient F) is defined as
L
bopt

Fi = F +vi(bop) ——
PP,

® bopt

Fhyy
| by
envelope f**(v; bopt), and F21 and F>; are obtained using the analytical results of Sect. 2.1 with

where v1 (bopt) is the abscissa of the tangent point to We(F + v ® bopt) in the evaluation of the convex

1
&—F+mwo—5ﬁ®bt
- op op
Fbgpt |
Fbé-pl

where v; (bopt) is the abscissa of the tangent point to Wﬁc (F+v

|Fbgy ® bopy). Figure 1 depicts the definition

of vy (b) and vy (b), whereas Box 1 summarizes the steps for the definition of the laminate described in this
section. In Box 1 the laminate is represented as vo = A18p, + (1 — A1)A210p,, + (1 — A1)(1 — A21)d ), With
S the Dirac measure concentrated at F [34,40,41].

Remark 2.5 The laminates we consider split F into two phases: an elastic one F| and a plastic one F>. The
plastic phase F», in turn, is being splitted according to Proposition 2.1 and following remark into other two
phases: F1 and F>; with y (F21) = —y (F>2). The graph of the laminate is shown in Fig. 2.

Remark 2.6 Assuming as condensed energy

Wer(F) = [Tcr“" if F=Q@d+ ys®m) forsomey and Q € SO(2)

00 else (2.16)

corresponding to rigid elasticity and zero free plastic energy, the following expression for the quasiconvex
envelope is obtained in [18]

Tor (Ma(F) — A (F)) ifdet F =1and |Fs| <1,

00 else, (2.17)

W) = |
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70
%
"
/5
II ;
60 / H |
s
50 | : ,
Al ;
S il H
i il i
r 'l ' b
— We(F+vagb) i i
!| '
qc, H '
yv1 (F+Pa®b) U1,: Vi
40 H V2;
-0.2 -0.1 0 0.1 0.2

Fig. 1 Definition of f**(v; b) together with v; and v, for computing f**(0; b) for a given lamination direction b € S!

Box 1 Construction of a second order laminate with energy bounding from above ch

DATA: m, s eszoer:Id—i—ys@m
INPUT: F e R¥2 withdet F = 1
FIND: bopt = arg min f**(0; b) with f**(0; b) from (2.13)
bes!
(u1 (bopt)7 v2 (bopt) = CONENV(F; bopt)
Fym

- s 5
Y L BsP-1=0
| Fom|

with two real solutions v; and v».

SOLVE: quadratic equation v +2v

OUTPUT: V) = )»](3]:1 + (1 — )\,1))\.2]51:21 + (1 —=xp - )»21)51:22
vl o Fm .
for Xy = 7“”' ol and Fp; = F>» + v; 7|F2m| ®s fori =1,2
b2
F F
F2 F2
F1 F1
F21  F22 F21 F22
<«
eq. (2.2) eq. (2.17)

Fig. 2 Graph of a second order laminate built with (2.2) and (2.17)

with A5 > A| the singular values of F, i.e. the eigenvalues of (F” F)!/2. The optimal microstructure is given in
this case by a simple laminate with either Fy or F_ belongingto SO (2), i.e., plastic deformation is concentrated
only on one of the two. As a result, it is possible to define with similar arguments another type of second order
laminate whose energy bounds from above the effective energy in the case the dissipation is the dominant
mechanism. The laminate would therefore present the phase F splitted into two phases: F7 and F, with F
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elastic and F» unstable. The latter would be then splitted into other two: an elastic F>; and plastic F»;. The
corresponding graph and microstructure is depicted in Fig. 2. In this case, however, for the determination of
f** one would have to find the convex envelope between a parabola W (F + xa ® b) and the convex function
Wg%(F + xa ® b) rather than between the two parabolas as in (2.12).

2.3 An approximate first order laminate

The laminate constructed above is based on assuming that the elastic and the plastic deformation are, to a
good approximation, spatially separated. We consider here instead a different situation, in which a plastic
microstructure is superimposed to a uniform elastic deformation. This will lead us to the determination of a
different laminate, which also produces an upper bound on the sought relaxation. Choice of the best one will
in the end be done by a variational criterion.

We consider the energy

W3(F) = rr;in {We(Fe) + W(Fy) : Fy = F.'F}. (2.18)

This corresponds to the best average energy that can be obtained by superimposing a uniform elastic deformation
F, to all plastic microstructures determined, for the energy Wi, in Sect. 2.1. Consider an average deformation
gradient F' with det F' = 1. Since det F}, = 1, then necessarily det F. = 1 and |F¢| = |Fef1 |. By accounting
for (1.3) and (2.2), the argument in the minimization of (2.18) reads

h
%(|F;‘|2 —2)+ E(|Fg1Fm|2 —1) if|F;'Fs| <1and

- 1
W(F, Fh) = detFl = 1, (219
00 else.
By introducing
Fm
w=—-"),
|F'm|
we can express Fe_' in general as follows
1
Fe_1 =0 (nw®w+9w®wl+—wl®wl) (2.20)
n

for some Q € SO(2), n, 8 € R, n # 0. Using the identities |Fe_1w|2 = »? and |Fe_1wJ-|2 =62+ 1/n%,
(2.19) can be re-written as

- F:n,0) if(n,0)eX,
W(F;n,9)=[f<§ 7. 6) éls(: ) 2.21)
Here
w h 2 w1 5 h
F:n,0)=n*% +=|F 2= +06%) - - 2.22
¢(Fin,0) rl(2+2| m|)+2(n2+ nt3 (2.22)
and

1
X=H(nﬁ)eRz:‘(nw®w+9w®wl+—wi®wi)ﬁ
n

< 1} . (2.23)

If F # 1d, the set X is compact and ¢ is continuous, hence, if X is not empty, there will exist at least a F, such
that the minimum in (2.18) is attained. With these definitions, we can then give the following result.

Proposition 2.7 If X is not empty, then W3(F) is finite and there holds

W3 (F) < Ws(F). (2.24)
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Proof Let F;. € R2*2. From the definition of W» we have that
Wa(F) < We(Fe) + Wi(F; ' F).
Taking the quasiconvex envelope on both sides (seen as a function of F, with fixed F.) we obtain
W, (F) < We(Fe) + Wi (F ' F)
for all F, and all F;. Taking the minimum of both sides with respect to F, proves the assertion. O
The energy W3(F') equals the average energy of a simple laminate whose definition, however, requires that

one finds a global minimum of (2.21). In order to obtain a first order laminate which is simpler to compute
and at the same time still retains the upper bound on W;C, we restrict the minimization of (2.21), and hence

of (2.18), to the matrices Fe’1 of the type
1
Fl=0 (nw Qw4+ —wt® wi) (2.25)
n
for some Q € SO(2) and 1 # 0. As a result, by defining
W} (F) = min W/(F; n) (2.26)
neXo
with W/(F; n) = W(F; 5, 0) and

1 1 L
Xo=ineR: [tnw@w+ -—w - Qw— ) Fs
n

< 1] , (2.27)

one easily checks the bound
W3(F) < Wi(F).

Let nopt € X be a point where the minimum of (2.26) is attained. This means that if we set

1
Fo = ( W W+ Noptw” ® wJ‘> o’ (2.28)
TNopt

for some Q € SO(2) and F, = Fe’lF, then it is
WS(F) = We(Fe) + W (F7'F). (2.29)

Furthermore, by definition of X necessarily the two real solutions v; and v; of the equation

Fon - F
V420 TP R -1 =0, (2.30)
|Fpm|

have opposite sign. Notice that the coefficients of (2.30) remain unchanged if we replace F, with Q F,, for any
0 € S0(2).

Proposition 2.8 If X is not empty then W;(F) is finite and there holds

WS (F) = AWa(F1) + (1 — M) Wa(F2), (2.31)
where o
FF=F+ ——FmQ®s i=1,2, (2.32)
|Fpm|
and
v2] (2.33)

lui] + ol
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Box 2 Construction of a first order laminate with energy bounding from above W;C

DATA: m, s E]R2f0er:Id+ys®m
INPUT: F € R?*? with det F = 1
COMPUTE: X from (2.27)

IF Xo = @ STOP  ‘F homogeneous phase and v = §¢’.

. u o h w h
Nopt € arg min (nz(z + ElFmIZ) + W —(u+ E)>

neXo
Fm 1
SET: w = and Gp = (Noptw @ w + wt® wJ‘)F
|Fm| Nopt
. . 2 Gpm - Gps 2
SOLVE: quadratic equation v* + ZUﬁ +1Gps|"—1=0
pin
with two real solutions v; and v;.
OUTPUT: Vv=2Apr + (1 —=21)dp
F
for A = _ ol and F; = F+ui7m®xf0ri =1,2
[vi] + |v2] |G pm|

Proof Let Fp = Fe’l F with F; as in (2.29). From Proposition 2.1, by definition of quc we have then that F,
is supported on the matrices

Foi=F+uv—Q i =1,2 (2.34)
i v; s 1 s .
pi p tlF |

with v and v; solutions of (2.30). As a result, WIqC(Fe_l F) in (2.29) can be expressed as follows

WI(FTVF) = AW (Fp1) + (1 — MW (Fp2)
= AW, (y (Fp) + (1 = W) Wo(y (Fp)), (2.35)

with A given by (2.33) and y(F) = Fm - F's. Notice that by construction F; are such that det F,; = 1 and
|Fpis| = 1fori =1, 2. By replacing (2.35) into (2.29) we have

Wi(F) = M(We(Fe) + Wp(y (Fp1))) + (1 = D) (We(Fe) + Wy (v (Fp2))) (2.36)

which yields (2.31) after observing that
W2(Fi) = We(Fe) + Wp(y (Fpi)) i =1,2, (2.37)
with F; = Fe Fp; given by (2.32). m|

Box 2 finally summarizes the algorithm for the construction of the laminate.

3 Numerical relaxation

The analytical results from the previous sections give several laminates with good energy, but there is no reason
to expect them to be the optimal ones (and indeed they are not). We shall use them to determine numerically a
locally optimal laminate. This means that we construct a numerical algorithm which optimizes locally each of
the analytically proposed laminates. We check the final result for stability against increase in the lamination
order; we shall see that in all cases laminates of order up to two, corresponding to the graph depicted in Fig. 3,
are sufficient to achieve local stability. Therefore we shall formulate the algorithm only for second-order
laminates, higher lamination order would bring heavier notation (as well as heavier computation, of course).
The fact that second laminates are sufficient is also in agreement with previous numerical results from [9]
using a clustering type global optimization algorithm.

We first fix the notation with the help of Fig. 3. Figure 3a illustrates the graph of the laminate, and Fig. 3b
a sketch of the microstructure. The laminate has average F, and is supported on the four matrices Fi1, Fi2,
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F21=F5-(1-121)p22, ® b, F11=Fi-(1-A11)p1a: ® by

F2=F+7\1pa® b F F1=F-(1-7\.1)pa®b

Fro=F+2,1p,8,® b, Fio=Fi+A11p13:® by
(a) (b)

Fig. 3 a Graph of the second order laminate considered for the relaxation of (1.6) with b corresponding microstructure

F>1 and F>, with volume fractions AjA1y, A1(1 — X11), (1 — Ap)rop and (1 — A1) (1 — App), respectively, for
A, A1, A21 € [0, 1]. We express a generic rank-one matrix in R2%2Z gg

pa®b, 3.1)

with a = (cosa, sina) and b = (cos B, sin B), for o, B, p € R. The support of the laminate in Fig. 3 is then
given by the matrices

Fiu=F—-—0-MDpra1 ®b1, Fia=F1+Anpia; by,

(3.2)
Fi=FBh—-0-M)ma @by, Fn=FH+lpa® b,

where
Fi=F—({—-A)pa®b, and F) =F+Xipa®b 3.3)

with a; = (cosq;, sing;), b = (cos B;, sin B;) for «;, B;, pi € R,i = 1, 2. The laminate is the measure
V=2MA11dp, + A1 = A1)8F, + (1 —ADA2185, + (1 =211 — A21)dp,. (3.4

Ifwedenoteby g = («, B, o1, B1, a2, B2, A1, A1, A21, P, P1, p2) the degrees of freedom of v, the corresponding
energy is then equal to

E'“*(F;q) = (v; W)
=MAWEFE - =ADpa®@b—(1—xr1)prar ® by)
+Aa1 (A =M)DWEF = (1 = ApDpa @b+ Ai1pra; ® by)
+ A=A WF +ripa®b — (1 — Aa)pra2 ® by)
+ (A=A = 2)W(F + Arpa @ b + A1 p2a2 & by), (3.5)

with the microscopic energy W (F) defined in (1.6). The best upper bound on the relaxation that can be obtained
with second-order laminates is the second lamination-convex envelope of W, i.e.,

Wi2(F) = qgé E"“2(F; q), (3.6)

with the admissible domain S defined as

S=1geRZ: x, a1, 22 €10, 1], ) 3.7)
det(F11) > 0, det(Fi2) > 0, det(Frp) > 0, det(Fp) >0
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Remark 3.1 (i) Since E'®2(F; q) is continuous, E'“2(F; q) — ooasdet F; — 0, and W grows quadratically
at infinity, then (3.6) admits at least one solution.

(i1) The first Piola—Kirchhoff stress tensor of the relaxed energy can correspondingly be determined by averaging
of the stress in each phase F;. If ¢ denotes an optimal solution that gives W'¢2(F), that is,

WIS2(F) = E2(F, 4(F)), (3.8)
by taking the derivative with respect to F' and using the chain rule we obtain

aElC,Z aElc,Z ' aq

DW'e? = e 3.9
oF dg ~OF (39)

Since g (F') is an optimal solution to (3.6), if A1, A1, A21 €]0, 1] then there holds

Ic,2
(F,q(F)) =0, (3.10)
dq
and (3.9) together with (3.5) yields
DW'*(F) = A DW(F11) + A1(1 — A1) DW (F12)

+ (1 = ADA21DW(F21) + (1 — A (1 = A1) DW (Fp2). (3.11)

By direct inspection, (3.11) is then extended also to A1, A11, A1 € [0, 1].

The solution of (3.6) is computationally very expensive, for most of the algorithms require meaningful
and representative sampling of the space R'? in order to locate the best choice where then one can start the
local minimization [9,27,39]. We propose, instead, to perform two local minimizations assuming as initial
guess the two laminates obtained in Sects. 2.2 and 2.3. We then determine local stability of either of the two
local minima, with respect to increase of the order of lamination. Precisely, for every F; in the support of the
considered laminates, we verify the stability condition

min (W(F;+a®b)+W(F —a®b)—2W(F)} > 0. (.12)
a,beR

In practice, only small values of @ and b are considered, corresponding to a local check on the rank-one convexity
of W at F;. If condition (3.12) fails, then one needs to refine the laminate. In this case, if a ® b denotes a
rank-one matrix that violates (3.12), we consider the laminate obtained by splitting F; along a ® b with volume
fraction equal to 0.5 and use this as initial guess for the local minimization of the energy corresponding to the
new resulting laminate.

4 Optimality of the relaxation via polyaffine lower bounds

We now turn to checking optimality of the relaxation we obtained in the previous sections. We do this by using
polyaffine functions, which are a simple but yet rather general class of quasiconvex functions [33, Theorem 5.1].
Following Ball [5] we call a function £ : R?*? — R polyaffine if it is an affine function of A and det A, i.e., if

C(A) =&+ H: A+ CdetA, .1

withé, ¢ e R, H e R*%and H: A = Tr(AT H). Consider a polyaffine function £ which bounds from below
W, in the sense that
0(A) < W(A) forall A e R>*Z 4.2)

Then, since A and det A are null Lagrangians [5,20], for any ¢ € WOI’OO((O, 1)2; RZ) one has

L(A) = / L(A)dx = / (A + Ve)dx < / W(A 4 Vo)dx,
(0,1)2 0,1)2 0,12

and taking the infimum over all test functions ¢ one easily sees that (4.2) implies

£(A) < WE(A) forall A eR>2 (4.3)
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Except for some degenerate situations, there is no single ¢ which gives a good bound for all possible A.
However, in many cases of interest one can determine, for each given F' € R>*?, a polyaffine function £ which
obeys (4.2) and such that it gives the optimal bound £(F) < WI°(F). We shall show that in the situation of
interest here this is indeed the case for most matrices, up to a small numerical error.

Consider some matrix F € R>*2. In the previous sections we have constructed a laminate giving a good
bound from above on W'¢¥(F). For any polyaffine function ¢ which obeys (4.2), by (4.3) we have

0(F) < WI(F) < W(F), forall keN. (4.4)

(In practice we deal with k=1 or 2). If we can construct such a function, with additionally the property
2(F) = W!Sk(F) for some k, then equality holds throughout and we have determined the relaxation at F. If
instead we only achieve £(F) < W!SK(F), then (4.4) gives nevertheless an upper and a lower bound on the
relaxation, and in particular we know that the remaining error is controlled by WIek(F) — ¢(F). In the current
situation this error will turn out to be either zero, or very small.

Polyaffine functions, as well as the more general concept of polyconvex functions, are a canonical method
to obtain lower bounds on a relaxation. Numerically, an efficient algorithm for the determination of polyconvex
envelopes was proposed in [8]. It is based on building a continuous piecewise multilinear approximation to the
polyconvex envelope and considering the characterization of the polyconvex envelope using the Carathéodory
theorem [20,41]. This permitted one to work at the same time on all matrices, without the need to treat each F
individually; however, the results in [8] are based on a discretization in matrix space, and hence are affected by
mesh-size discretization errors. This has lead, for example in [9], to lower bounds which are somewhat higher
than the upper bounds. Our approach eliminates this difficulty, since it is mesh-free.

Given a matrix F, the search for the best polyaffine lower bound is, in principle, a finite-dimensional
optimization problem. The space of all polyaffine functions is six dimensional, and can be parameterized by
(&, H, ¢). For each H and ¢, the highest polyaffine function which obeys (4.2) is obtained by taking

E= inf WA)—(H:A+¢detA).
AcR2x2

Having defined & this way, one seeks H and ¢ which maximize ¢(F). In other words, we obtain a nine-
dimensional minimax problem, which is in practice not easy to solve efficiently.

There are however, additional conditions that permit, in some cases, to greatly reduce the space in which
one searches. These can be understood by analogy to the case of convexity: taking a convex envelope in one
dimension amounts to a double-tangent construction, and one uses a straight line which has to agree up to the
gradient with the original function at two points. Reformulating this condition in the polyaffine setting, we
obtain the following result.

Lemma 4.1 Let F € R**2, and assume that

k k k
V=Z)\,'5Fi, with A; > 0, Z)»izl, ZXiF}:FO
i=l i=l1 i=1

is a laminate such that

k
wiek(Fy = ZAiW(Fl-). 4.5)
i=1

If there is a polyaffine function £ such that £ < W [in the sense of (4.3)] and
UF) = Wik(p), (4.6)

then necessarily
L(F) = W(F) i=1,... k. 4.7)

If additionally W is differentiable at Fy, ..., Fy, then

D¢(F;) = DW(F;) i=1,...,k. 4.8)
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Proof The key fact is that polyaffine functions are affine along laminates, hence
k k
UF) =D Ml(F) < D LW (F).
i=1 i=1

If one or more of the inequalities were strict, then—since A; > 0—comparing with (4.5) we would get £(F) <
Wiek(F), against the assumption. Therefore £(F;) = W (F;) for all i, and the function A — W (A) — £(A)
has absolute minima at the points F;. If it is differentiable there, then necessarily its gradient must vanish. This
concludes the proof. O

Of course, in general there is no guarantee that such a function £ exists, and there is no guarantee that the
best laminate we have found actually gives the relaxation.

Conditions (4.7) and (4.8) will be used to verify the existence of the polyaffine function £ of Lemma 4.1; if
such a function does not exist, we shall nevertheless use those conditions to determine a good candidate for £.
The way we construct ¢ will be different according to the type of laminate, so that the following cases need to
be distinguished:

(i) v is a homogeneous phase;
(i) v is a first order laminate;
(iii) v is a second order laminate.

For the case (iii) we describe below the procedure only when the laminate is of the type shown in Fig. 2.
We shall therefore first construct £ meeting as close as possible the conditions (4.7) and (4.8), and afterwards
determine

m= inf W(A)—L(A). 4.9)
AcR2x2

If m > 0, then equality holds throughout and we are done (the case m > 0 is impossible, and its occurrence
would indicate numerical or algorithmical errors). If, on the contrary, m < 0, then the function £ = £ 4+ m
gives a lower bound to W9, ie., £(F) +m < WI(F).

Homogeneous phase: Conditions (4.7) and (4.8) become

ULF)=W(F), DIF)=DW(F) (4.10)
and yield a system of five equations in the six unknowns: &, H, and ¢. By reparameterizing £ according to

LA =& +H': (A—F)+'det(A — F)

one finds

g =W(F) and H = DW(F),
consequently, the polyaffine function

L(A) = W(F)+DW(F): (A—F)+¢'det(A — F)

obeys (4.7) and (4.8) for any ¢’ € R. In this case, therefore, the problem reduces to verify the existence of
some ¢’ € R such that the global condition m > 0 is met.

First-order laminate: To fix notation, assume that the optimal first-order laminate has the form v = Adp, +
(I —X)8F,, with
Fi=F—((0—-XMNpa®b and F, =F + Apa ® b, 4.11)

with A € (0, 1), a = (cosa, sina), and b = (cos B, sin ). Optimality implies that this is a stationary point
for El1(F; q) = (v; W), withg = («, B, A, p). In this case, the conditions (4.7) and (4.8) read

L(F) = W(F), L(F) = W(F)

4.12)
DE(Fy) = DW(Fy), DE(F;) =DW(F2)
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which yield the following system of 10 equations in the 6 unknowns &, H, and ¢:

§+ H: F| +¢detk) = W(F))
§+ H: Fy + ¢detF, = W(F,)
H + CcofFy = DW(Fy)
H + ¢cof F, = DW(F>).

(4.13)

This linear system is, from the dimensional viewpoint, overdetermined. However, the coefficients are not
all independent, since the laminate we are considering is optimal. The fact that E'®! is stationary gives the
following conditions:

0 E'N =2(1—N)pla"®@Db): (~DW(F) + DW(F)) =0

IpE = A(1 = M)p(a ® bT): (=DW(F1) + DW(F)) =0

HEC =1(1 =)@ ®b): (~DW(F1) + DW(F)) =0

WES = W(F)) — W(Fy) + pla®b): ADW(Fy) + (1 — A\)DW(F)) = 0.

(4.14)

Here at = (—sina, cosa) and b+ = (—sin B, cos B). We can then state the following result.

Proposition 4.2 Given F, F| and F; as in (4.11) with some . € (0,1), p € R, a,b € R2, if the conditions
(4.14) are met then the system (4.13) has one and only one solution.

Proof Replacing the first pair of equations with their difference and their A-weighted average, and the same
for the second pair, one sees that the system (4.13) is equivalent to

H: (F1 — F) 4+ ¢(detF; — detFp) = W(F1) — W(Fy)

£+ H: F+¢detF = AW(F)) + (1 — )W(F)

(4.15)
H +¢cof F = ADW(F}) + (1 — \)DW(F)

¢(cof F1 —cof F) = DW(F1) — DW(F>).

The first three equations of (4.14) imply that DW (F|) — DW (F>) is parallel to at ® bt. The same is true
for the left-hand side of the last equation (4.15)4. Indeed, the linearity of cof as a linear map on R?*? together
with (4.11) imply

cof F| — cof F» = cof (F| — Fy) = —pa™ ® b™*.

Therefore (4.15)4 can be solved uniquely with respect to ¢. Then (4.15)3 yields a unique solution for H, and
(4.15), for &.

It remains to be shown that these three equations, and the last remaining of (4.14), imply (4.15);. We first
observe that

det F{ —det F, =cof F : (F] — F)

hence the left-hand side of (4.15); equals the left-hand side of (4.15)3 multiplied by F| — F» = —pa ® b. The
same is true for the corresponding right-hand sides, by (4.14)4. This concludes the proof. O

Second-order laminate: Given an optimal double laminate of the type shown in Fig. 2, the conditions (4.7) and
(4.8) yield a system of 15 equations in the 6 unknowns: &, H, and ¢, as follows

E4+ H: F1 + ¢detF; = W(Fy)
E+4+ H: Fr1 + ¢detFp = W(F21)
&+ H: Fy + ¢detFy = W(F)

H + ¢ cof Fi = DW(Fy)
H + ¢ cof Fo1 = DW(F>1)
H + ¢ cof Fop = DW(Fp),

(4.16)
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which can be transformed into the equivalent system
H: (Fi — F2) + {(detF) — detFy) = W(F1) — AW (F21) + (1 — 221) W (F22))
§+ H: Fp+ ¢detFy = A1 W(F21) + (1 = 220) W(F22)
H + {cof Fy = A DW(F21) + (1 — 221) DW (F22) @.17)

¢cof(Fy — F») = DW(F1) — (A1 DW (F21) + (1 — A1) DW (F22))

E4+ H: Fy + ¢detFy = W(Fx)
H + ¢cofFpp = DW(Fy),

with > = A21F21 + (1 — A1) F22. Using the optimality conditions 9, E Ie.2 — ( and similar arguments as in
the previous case, one can show that the Eqgs. (4.17),—(4.17)4 define uniquely £. In the following numerical
examples, we will use the polyaffine function £ so defined to check condition (4.9).

5 Numerical examples

We shall now discuss concrete application of the algorithm developed in the previous sections to determine the
relaxation of the energy W defined in (1.6) on selected macroscopic deformation gradients F'. In particular,
we shall focus on the case that F is a simple shear deformation and a biaxial deformation. The algorithm is
summarized in Box 3 and considers the relaxation up to a complete laminate of order two.

We take material constants as in [9]: © = 1.0 x 104MPa, Kk =15x10*MPa, h = 1.0 x 103 MPa and
Ter = 10 MPa. We fix a reference system in R?, and characterize the orientation of the slip system (s, ) through
an angle ¥, by taking s = (cosy, siny) and m = (—sin, cos ). For the local minimization of (3.5),
we have adopted the SQ P algorithm implemented in the release 7.0 (R14) of MatLab and described in [42].
For more details on SQ P see also [36]. All energy values below are expressed in MPa.

5.1 Simple shear

We consider macroscopic deformation gradients F of the type

F=Id—|—$r®rL.

Here & € R is the shear strain, r = (cos6, sinf), r- = (—sin8, cos®) for 6 € [0, 27); following [9] we
use here the slip system (s, m) defined by ¢ = 37 /4. We start from the case 6 = 0, that is » = (1, 0). This

Box 3 Relaxation algorithm for (1.6)

DATA:
INPUT:
COMPUTE:

FIND:

SET:
COMPUTE:

OUTPUT:

m, s eszoer:Id—i-ys@m, tol = le — 6.
F € R>*? with det F = 1.
v; from algorithm in Box i for i=1,2.

optimal v from (3.6) using initial guess vy = v; fori =1, 2.
WHILE (3.12) fails
FIND a ® b that violates (3.12) at the phase F;
SELECT new laminate vy by splitting phase F; along a ® b
SOLVE (3.6) with initial guess vg

WIS2(F) = (v W)

polyaffine ¢ from (4.7) and (4.8), and m = A?ﬁ?xz W(A) — £(A)
IFm > —tol THEN: £(F) = WPC(F) = WL (F) = W'S2(F)
ELSE: £(F) +m < WPC(F) < WI(F) < We2(F)
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Fig. 4 Energy densities before numerical relaxation on the line F = Id + &r @ r* and with r = (1, 0) (see Sect. 5.1). In a we
plot, from the higher to the lower curve at the central region § ~ 1: the elastic energy W, defined in (1.3); the condensed energy
W (from 1.6) and its approximation W5 with 7., = 0 (from 2.5); the relaxation of the rigid-plastic energy W{]L (from 2.2) and the
optimal lamination energy W; (from 2.15). The two pairs (W, W) and (W}°, W;) are undistinguishable in this scale, except for
the fact that Wﬁc is only defined up to & = 2. We also report enlargements of the region around § = 0 (b) and £ = 2 (¢)

is exactly the problem simulated in [29] where a semianalytical formula for the relaxation over first order
laminates is developed.

Figure 4a reports the value of several of the energies determined analytically in Sect. 2 as functions of €, i.e.,
along a one-dimensional, rank-one section of their definition domain R?*?. The condensed energy W (see Eq.
1.6) is apparently not convex along this rank-one direction. The elastic energy W, (see Eq. 1.3) is convex but
significantly higher than W, except for small values of &. The analytic relaxation had been obtained in the case
Tor = 0. Therefore we report W (defined as W for 7., = 0; obviously W, < W), which is seen to be very close to
W, and barely distinguishable from it on this scale. Further, we report the relaxation with constrained elasticity
quc (see Eq. 2.2) and the value Wi (F) of the energy of the second order laminate constructed in Sect. 2.2,
see (2.15). From (2.6) and definition of Wx, it follows also W]qC(F) > Wi(F) and We(F) > W(F); both
inequalities are also apparent in Fig. 4b. For low values of £, we observe in Fig. 4b that Wr is indistinguishable
from W,.. This corresponds to the fact that a purely elastic deformation is stable, no microstructure and no
plastic deformation are expected. As & increases, the evaluation of the convex envelope in f(-; ) becomes
nontrivial (i.e., the two parabolas quc (F +xa®b) and We(F 4+ xa ® b), which one must consider to evaluate
We(F), intersect each other as in Fig. 1). As a result, Wy (F) < quC(F ) and the laminate is of second order.
With increasing & the laminate becomes then of first order, and Wi (F) = quC(F ) (see Fig. 4b) with both
the phases plastic for £ < 2. In this case Wi (F) = W]qC(F ), since the parabola W]qC(F + xa ® b) is below
We(F +xa®b>b).For & > 2 the condition | Fs| < 1,needed for W?C(F ) to be finite (see Eq. 2.2), is violated, and
one obtains again a second-order laminate between the elastic phase and the plastic one. In this case, the elastic
phase provides the major contribution to Wi (F) and determines the change of slope (see Fig. 4c). Numerical
optimization has been performed, starting from the above laminates, as discussed in Sect. 3. For any given £ we
denote by v™ the best laminate constructed semianalytically as above, and by W™ = (v W) the estimate
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Fig. 5 Condensed energy W and estimates for its relaxation, for the same strains as Fig. 4. We report the best upper bound
obtained with the analytical lamination W% = (134 W), the upper bound after numerical optimization W' = (v, W), and

the lower bound ¢ + m. For comparison we also report the upper bound W§(P;HH and the lower bound WEEHH from [9]. In a we
show the same domain as Fig. 4, whereas b and ¢ show blow-ups of the region at small & and of the region around & = 1

on the energy it produces. The optimal laminate after numerical local minimization of (3.5) is denoted by v,
and the corresponding energy by WP = (v, W) > W!©2. Both curves are illustrated in Fig. 5a with details of
the diagram around £ = 0 and £ = 1 in Fig. 5b, c, respectively. Both the figures show that the two curves are
very close for the values of £ where laminates are the stable phases, with a discontinuity at § >~ 2.13 where the
homogeneous phase becomes the stable phase. For £ < 2.13 the semianalytical solution provides therefore a
good approximation of the effective energy. Also, this Figure shows a very good quantitative agreement for
the values of W°P' with those in [9] obtained using a global optimization algorithm, requiring consequently a
significantly higher numerical effort (see also [10]).

We now turn to the optimality, which has been verified using the procedure discussed in Sect. 4. Results are
also included in Fig. 5; the resulting lower bound £ 4 m turns out to be indistinguishable from the upper bound
WOP! on this scale (see below for a finer analysis of the remaining difference). We also report the approximation

of the polyconvex envelope realized in [9] with the procedure described in [8] (denoted by WECCHH). Figure 5¢
shows that in some regions this becomes somewhat larger than the upper bound, a fact already noticed in [9],
and attributed to the discretization in the matrix space. Our method is free from such discretizations, and free
from this difficulty. For instance, for § = 0.10 we have F = (| %/?), W(F) = 49.920398, and we find the
following optimal double laminate

. 1000268 0.076068) 1180307 —0.049463
"7\ Z0.021716  0.997612 2710205408  0.839252
. 0.829708  0.314685
2T\ 0125711 1.158482

A1 =0.198369

A1 = 0.767415
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Fig. 6 Relative uncertainty on the relaxation (W' — (¢(F) + m))/(W — WOP') in logarithmic scale, on the same domain as
Figs. 4 and 5

which gives £(F) +m = 39.792579 < WI°(F) < (v, W) = 39.803629 with £ +m < W everywhere. This in
turn means that we obtain the following two-sided bound £(F) +m < W9 (F) < W'S2(F) < (v, W), or that
we have determined W9¢(F) up to an error of about 10~2, which is three orders of magnitude smaller than the
difference between the relaxed and the unrelaxed energy, W°P' — W ~ 10. The same estimate applies of course
to the rank-one convex and polyconvex envelopes of W [20,22]. The result of this analysis is reported in Fig. 6
for all values of £&. We report there, in a logarithmic scale, the relative error on the relaxation, defined as the
difference between the upper and lower bounds on W9°(F) scaled by the difference between the unrelaxed
and the relaxed energy.

Figure 8 shows the components of the Kirchhoff stress tensor t = F P with P the first Piola stress tensor,
and in particular that the two estimates for the Kirchhoff stress tensor obtained from our two bounds to the
energy, namely, P’ = D(v, W) and P” = D/ are indistinguishable. For the component 71, our results have
also been compared with those of [9]. The little difference seen between the energies in Fig. 5 shows up more
prominently on the stress field component.

Figure 7 displays the optimal laminates also for other values of £ together with the corresponding values of
(v, W) and £ +m and Fig. 9 depicts the value of the volume fractions A; and A ;. Figure 9 completely describes
the volume fractions since A» = 1 — X (and this branch is not decomposed further), and A1 = 1 —Aq;. Initially,
the material is in a homogeneous elastic state. Then an elastic state and a mixture of two opposite-slip plastic
states appears. The volume fraction of the elastic phase starts at 100% and then decreases continuously until it
vanishes at a shear & = 0.170. Both plastic phases then progress with slowly varying volume fractions until the
homogeneous phase F is stable starting from & = 2.135. For the values of & such that the computed optimal
laminate is a simple laminate, we also verify that the two phases are to a very good approximation plastic with
opposite slip y (see Eq. 1.7). This fact was assumed a priori for the approximate relaxation carried out in [29];
our results justify this assumption.

Finally, Fig. 10 presents a diagram of the different type of optimal laminates for6 € [0, w]and & € [0, 2.5].
In this case the computed optimal laminate yielding the effective energy is different according to the orientation
of the shear. For instance, assuming 6 = 57/36, for& € [0.09, 0.20] the relaxed energy is realized by a simple
laminate with mixture of an elastic and plastic phase. By increasing &, first both phases are plastic with opposite
value of the slip y (see Eq. 1.7) and then a stable homogeneous plastic phase occurs. Table 1 reports the values
of (v, W) and £ + m for 6 = 3w /4 and 6 = 7w and some representative values of £&. When & = 7w we note
that there are values of £ such that the computed optimal laminate is a full double laminate with one elastic
phase. This laminate presents a good match between upper and lower bound. As a general remark, however,
it must be recalled that there might also exist other laminates yielding the same value of the energy, since in
general one cannot ensure the uniqueness. The consideration of a laminate will finally depend on how well
the corresponding two bounds (v, W) and £(F') 4+ m agree each other, by accounting also for the observations
expressed in Sect. 4.



Mixed analytical-numerical relaxation in finite single-slip crystal plasticity 295

/] =008 F=(4°")
i W(F)=3L974 -
P (LGSR P = (53000 F = (ST $100)
e ®  ~(Fi1)=0.000 ~v(F12) = 0.343 v(Fy) = —0.346
"o A = 0.888 A1 = 0.883
o (v, W) = 28.772 ((F) = 28.767
£=0.16 F=(§%9)

W(F) = 127.269

1.7‘11 — (909834 8(})82) F12 — (1.187 —0.022) F2 — ( 0.826 0.341)

(v, W) = 156.410

£€=230
W (F) = 2260.602

/

/

0.169 0.839 —0.145 1.151
7(F11) = 0.000 (Fj9) = 0.346 v(Fy) = —0.348
A = 0.536 A1p = 0.195
(v, W) = 73.429 ((F) = 173.398
€=10.30 F=(}309)
W(F) = 438.544
Fr= (535 0%1) Fo= (S8 V982)
y(Fy) = 0.511 v(Fy) = —0.511
A = 0.459

0(F) = 156.410

F = (320)
((F) = 2260.602

Y(F) = —1.830

Fig. 7 Optimal laminates for different values of £ and for & = 0, for the relaxation shown in Fig. 5

5.2 Biaxial deformation

In this example we consider the relaxation of W when the macroscopic deformation gradient F is a biaxial

deformation of the type

b (exp(s)
0

0
exp(—§)

with & € R. Following [29], we investigate the effect of the orientations of the slip system defined by
Y = 657/180 (same geometry as in [29]) and ¥ = /2 on the relaxation of W. Figures 11 and 12 dis-
play the unrelaxed energy W together with the upper bound obtained with the optimal laminate (v, W) and
the polyaffine lower bound £ + m for v = 657/180 and v = 7/2, respectively. Analogously, Tables 2 and 3
compare the type of optimal laminates for some representative values of & for y = 657 /180 and ¥ = 7/2,
respectively.

For ¢ = 657/180 we find that where the homogeneous phase is stable up to & ~ 0.040, and that for
& €[0.040, 0.080) it spontaneously decomposes into an elastic and plastic component. This structure was
not considered in [29]. For larger &, i.e., for & € [0.080, 0.830], the optimal laminate contains two plastic
deformations with opposite plastic slip y confirming the conjecture of [29]. This difference in turn reflects
into a small difference in the values of the relaxed energy as illustrated in Fig. 11b and Table 2.

In the case ¢ = /2, from (1.7) we have that y (') = 0 for each &, which implies that the homogeneous
phase has no elastic deformation (this geometry has not been analysed in [29]). However, this appears not to
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Fig. 8 Kirchhoff stress components for different values of £, = 0 and Y = 37 /4.
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Fig. 10 Phase diagram in the plane (£, 6) of the type of optimal laminates for the relaxation of W when F = Id 4 &r ® r' with
r = (cos 8, sin6), and detail for & € [0, 0.125] (see Sect. 5.1)

be stable. For & € [0.035, 0.065] a second-order laminate is formed, which mixes elastic and plastic phases;
for & > 0.065 a simple laminate is obtained with both plastic phases of opposite slip.

The quality of our relaxation can also be appreciated indirectly looking at Fig. 13 where the components
of the Kirchhoff stress tensor for the two energies (v, W) and £(F) are coincident whereas they slightly differ
from those associated with the approximate relaxation of [29]. We remark that, up to a certain overestimation
of the component 71, of the stresss (see Fig. 13a), the approximate relaxation from [29] gives very good results.
Finally, in the case ¥ = 0 one obtain a stable homogeneous purely elastic phase (i.e., the laminate is trivial,
and y (F) = 0 for each £&).

6 Conclusions

We have proposed an efficient algorithm for the numerical relaxation of the energy density modeling the
elastoplastic behaviour of single crystals with one active single slip system in two dimensions. Our strategy
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Fig. 12 Relaxed energy for the biaxial loading discussed in Sect. 5.2 with ¢ = 7/2

Table 1 Relaxed energy and type of the optimal laminate for the simple shear geometry discussed in Sect. 5.1 for 8 = 37 /4 and

0=m

0 I3 optimal laminate w (v, W) {+m
0.001 ® 0.005 0.005 0.005
3m/4 | 1.000 ® 463.632 | 463.632 | 463.632
2.300 ./<>\. 2425.450 | 2283.042 | 2283.042
® ®
0.040 ® 8.000 8.000 8.000
0.060 Q ® 17.997 17.833 17.833
® ®
s 0.125 2 Q 77.889 53.720 53.709
®6e 6 6
0.250 ./J\. 307.308 | 125.857 | 125.857
® ®
2.300 ® 2260.602 | 2260.602 | 2260.602
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Table 2 Relaxed energy for the biaxial loading discussed in Sect. 5.2 with type of optimal laminate for ¢ = 657 /180 (same
geometry as in [29]) and some representative values of &, compared with the result W' . from [29]

MLG
) ¢ | optimal laminate w (v, W) | UF)+m | (v, W) [29]
0.040 ® 14.703 14.703 14.703 14.703
0.050 ({O}) 22.484 | 21.910 21.910 22.484
E P
657/180 0.150 & ® 169.306 106.517 106.517 114.450
1.000 ® 2428.858 | 2428.858 | 2428.858 2428.858
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Fig. 13 Kirchhoff stress components for the biaxial loading discussed in Sect. 5.2 with ¥ = 657 /180 (a) and ¢ = 7 /2 (b). In
this last case, note that t1p = 0. The geometry for {» = 657 /180 corresponds to Fig. 8 of [29], and in that case the results from
[29] are also reported
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Table 3 Relaxed energy for the biaxial loading discussed in Sect. 5.2 with type of optimal laminate for ¢ = 7/2 and some
representative values of &

W 13 optimal laminate w (v, W) | U(F)+m
Q
0.040 Q ® 32.017 28.817 28.811
® ®
/2 | 0.060 Q Q 72.086 51.073 51.062
CEGHEGEG)
1.000 27621.957 | 2708.206 | 2708.206
® ®

exploits in an essential manner the structure of the problem in suggesting good initial guesses for the evaluation
of an optimal laminate, and thereby avoids the use of a brute-force global optimization algorithm. The precision
of our relaxation over laminates has been assessed by computing at each macroscopic strain a polyaffine function
which coincides with the unrelaxed energy on the support of the laminate and checking that it is below the
condensed energy, up to a very small error. This has lead us to a guaranteed lower bound to W9°(F) which is
free from mesh-size errors, at variance with algorithms based on discretization in matrix space. We illustrated
a practical application of our algorithm to determine the relaxation of W when F describes a simple shear and
a biaxial deformation. In both cases, we have obtained a good approximation of the quasiconvex envelope and
of the Kirchhoff stress components, with the two bounds very close to each other.
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