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ABSTRACT. We revisit the homogenization process for a heterogeneous small strain gradient
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1. INTRODUCTION

Strain gradient plasticity models have been introduced in recent years to describe size effects
in ductile metals which cannot be captured by standard plasticity theories (see [3, 4, 8, 9] and
references therein). They are named after the inclusion in the model of the gradient of plastic
strain, which is connected to the density of geometrically necessary dislocations present in the
body (see [2]).

Let 2 C RY be the reference configuration of an elasto-plastic body undergoing infinitesimal
displacements, and let us assume that the family of admissible configurations is given by the pairs
(u, p), where u : 2 — RY denotes the displacement of 2, and p : 2 — MY is the associated plastic
strain. Note that p takes values in the space MY of symmetric matrices with zero trace since it is
usually assumed that plastic deformations take place without volume changes. The point of view
of the deformation theory in plasticity is that, given external forces f : 2 — R"™ and boundary
displacements % : 92 — R¥ | the configuration (u,p) at equilibrium minimizes a total energy of
the following type

(u,p) = E(u,p) — /Qf-udx.

The term &(u, p) involves the gradient Vp of the plastic strain. The precise form of £(u, p) is still
suggested by phenomenological considerations, although in agreement with the general principles
of thermodynamics (see [8, 9]). A prototype for £(u, p) is given by the expression

(1.1) / C(x —p): (E(u) —p)dz + /QV(\/|p\2 + £2|Vp|?) dz

where V' : [0, +00[— [0, +00[ is a convex function. The first term is simply the elastic energy of §2:
e := E(u) — p is the elastic strain of the configuration (E(u) := 3(Vu + Vu!) is the symmetrized
gradient of u) and C is the Hooke tensor. The second term is usually referred to as the plastic
potential which is assumed to depend on the strain gradient plastic measure /|p|? + ¢2|Vp|?]. It
involves the term Vp via the material length-scale ¢, which has the dimension of a length and
which is assumed to have the order of magnitude of the distance at which interactions between
dislocations take place.

In [5], N.A. Fleck and J.R. Willis studied the behavior of the deformation theory (1.1) when
the elastic and plastic moduli highly oscillate in space and the response in the homogenization
limit does not involve gradient terms. The deformation theory in the limit is supposed to involve
an energy (independent of Vp) of the form

(1.2) £hom (1, p) = / From(B(u)(z), p(z)) dz.
(]

1



2 G.A. FRANCFORT, A. GTACOMINI, AND A. MUSESTI

Here the effective energy density F°™ (e, q) is provided by minimizing the energy £(u,p) on a rep-
resentative volume element, among displacement fields u satisfying the linear boundary condition
u = e -z and plastic strains p with mean given by ¢. Fleck and Willis focused on the problem of
finding suitable bounds for the effective energy (1.2). The case of a quadratic V, i.e.,

1
V(VIpP + C1VpP) = Sb@)[Ipl* + ¢[Vpl],

is pivotal in the derivation of Hashin-Shtrikman type bounds and self-consistent estimates (see [5,
Section 4]) which are used to infer estimates for F**™ (e, p) in some nonlinear cases (V' of power
law type, see [5, Section 5]).

In [7], two of us, A. G. and A. M., provided among other things a mathematical framework for
the derivation of (1.2) when V' is quadratic and the elastic and plastic moduli oscillate periodically.
We considered the energy defined on (u,p) € H'(2;RYN) x H(£2; MY) by

(13)  &wp) = /Q(C(E) (B(w) ~p) : (B(u) ~p) do + 3 /Q b(Z) lIpl? + <222Vl da,

e

where C and b are 1-periodic in each variable and satisfy suitable coercivity assumptions. Since the
plastic and elastic moduli oscillate on a scale €, the dissipative length-scale is accordingly given by
el. The periodicity assumption was essential in order to use the method of two-scale convergence
[13, 1], thanks to which we showed that the effective behaviour in the limit is given by an energy
Ehom . HY(Q2;RN) x L2(£2;MY) — R of the form (1.2) whose energy density is provided, for every
e e Mgm and q € Mg , by the formula

) P = min{ 3 [ Cwle+ B0 —d): e+ B, - dlay

3 [ BOIQP + 219,QP dy : (W.0) € Hie (vR) x L, (VM)

LW(y)dyzo,/YQw)dy:q}.

Here Y is the unit cell in RY, and the subscript per stands for “Y-periodic”.

The aim of this paper is to deal with the homogenization of the deformation theory associated
to (1.1) with V' quadratic but without any periodicity assumption, as in the original problem of
Fleck and Willis. This can be considered as the preliminary step if hoping to derive bounds for the
effective energy. That, as was mentioned above, is the main concern in [5]. Moreover, as explained
in Section 2, it can also be viewed as a first step in the study of the non-periodic homogenization
of a quasi-static evolution under the effect of a vanishing strain gradient.

We first focus for simplicity on a “scalar” analogue of the problem. Specifically, we consider
the asymptotic behavior of minimizers (u®,9¢) € H}(£2) x H(£2) of the energy

+

Fe(u,9) = % /Q (A*(Vu —9a%) - (Vu — 9a°) + €2 BV - VI + d°9?) dz — (f, u),

where A%, B¢ € L®(;MY,), of € L¥(LRY), d° € L>(R2), f € H(2) and {e} := {e;}; is
an infinitesimal sequence.

The scalar valued function ¢ plays the role of the plastic strain, so that the introduction of the
vector o is needed to construct the “elastic” strain Vu — Jaf. The matrix A® is the analogue of
the elastic moduli C, while d° and B¢ play the role of the plastic moduli. Finally, f € H~1(2) is
again connected to the external loads, and the boundary condition for the displacement u is taken

homogeneous.
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Rather than study the functionals /¢, we concentrate on the associated FEuler-Lagrange equa-
tions satisfied by (u®,v*)

—div[A®(Vus —¥°af)] = f in 2
(1.5) u® =0 on 01?2

—&2div(BEVY?) + d9° — Aaf - (Vuf —9°af) =0 in 2

BEVYE -n=20 on 012,

where n denotes the exterior normal vector to {2 at a point of 9(2. The third equation degenerates
in V¢ as € — 0.

We study equations (1.5) with the tool of H-convergence [12]. Under suitable coercivity and
growth estimates for A% af, B, d®, we show that, up to the extraction of a subsequence of ¢,

u® —u  weakly in H}(2) and  9° =9  weakly in L?(2),
where (u, ) satisfy

—div[APo™ (Vu — daom)] = f in £2
u=20 on 0?2
dhomqy — Ahomahom . (Gy — Pgahom) =0 in £2.

Here the homogenized coefficients AM™ o™ d"*™ depend only on A®, o, B%,d* and not on f.
From a variational point of view, the pair (u,9) € HE(£2) x L?({2) minimizes the functional

Fhom (y, ) = % / (APo™(Vu — 9alo™) - (Vu — 9o ™) + d"™9?) do — (f,u).
2

The construction of the homogenized coefficients is carried out along the classical lines of H-
convergence upon accounting for the degeneracy of the equation for 9. This is performed following
a technique similar to that used in [6], where a homogenization problem in elasticity with singular
perturbations is studied.

We then revisit the actual setting of [5] and reformulate the result accordingly. Finally, we
recover the results of [7] in the periodic case.

The structure of the paper is as follows. Section 2 is devoted to the description of the problem
of the periodic homogenization of a quasi-static evolution with vanishing strain gradient effects as
carried out in [7], and to its connection with the homogenization of the deformation theory (1.1).
In Section 3 we formulate the precise assumptions on the coefficients A%, a%, B¢, d*® (see (3.2), (3.3),
(3.4)) which are needed to perform the homogenization procedure for (1.5). These assumptions
are tailored to the natural coercivity properties of the functional F¢, and, as a consequence, they
are easily shown to be “stable” under homogenization. Section 4 is devoted to the construction
of the homogenized coefficients A"°™, a"*™ and d"*™ (see Definition 4.4) and to the study of their
main properties. This is done, following the approach of H-convergence, by constructing suitable
auxiliary functions (see Proposition 4.1). In Section 5 we state and prove our main homogenization
result (see Theorem 5.1). Finally, Section 6 revisits the actual setting of [5] and gives the desired
homogenization result in that case (see Theorem 6.1). In the periodic case, the results in [7] are
re-derived.

As far as notation is concerned, we denote by - the Euclidean scalar product, and by | - | the
associated norm. M? stands for the space of N x N matrices, while MSA;m denotes the subspace

N into itself, and

of symmetric matrices. E(Mé\;m) denotes the space of linear maps from Mg,

L,(ML,,) the subspace of all symmetric maps in L(MY,). For A € M, | A stands for its natural
matrix norm, the Frobenius norm induced by the Euclidean structure of RY; the same notation

also applies to elements of E(Mé\}f,m). Moreover, if A,B € MY, A > B iff the matrix A — B
is non-negative, i.e., (A — B)A- A >0, X\ € RY: the same notation also applies to elements of
E(Mi\}’,m). For v,w € RY, v ® w is the matrix whose components are given by (v ® w)ij = viw;j.

We denote by Id the identity matrix in MY and by I the identity element in £(MZ ).

Also, if X,Y are two Banach spaces, we take as norm on X x Y, ||(f,9)| = I fI% + llgl|?
and if £ is a continuous bounded operator from X into Y, we denote its norm by | £|. Finally,
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if X’ is the topological dual of X, we denote by (f,g) the duality product between f € X’ and
geX.

2. HOMOGENIZATION OF A QUASI-STATIC EVOLUTION WITH VANISHING STRAIN GRADIENT
EFFECTS

In paper [7], two of us considered the problem of describing the effective behaviour under
homogenization of quasi-static evolutions for a gradient plasticity model with vanishing gradient
effects. The model is a variant of that of Gurtin and Anand [9]; it takes hardening into account.
The link between oscillations of the plastic and elastic moduli and the gradient effects comes from
the homogenization procedure of Fleck and Willis [5].

Employing the energetic approach to evolutions for rate independent systems (see [10]), the
problem can be formalized in the following manner. A configuration of the elasto-plastic body {2
is given by a triplet (u,p, z) with

we H'(;RY),  pe H'(IEMD),  ze L),
where u denotes the displacement, p is the associated plastic strain, and z is a hardening internal

variable.
The free energy of a configuration is given by

1
(2.1) Qup.2) =5 [ [Cla)(Bule) ~ p(o) s (Bula) ~p(o) + ()] da.
2
where the elasticity tensor C € L>(£2; £,(MY,,)) is such that for a.e. 2 € £ and for every
M eMJ,,
(2.2) alM]? < C(z)M - M < B|MJ?
with «, 8 > 0.

The dissipation during an evolution t — (u(t), p(t), 2(t)) defined on [0, 7] relative to a subin-
terval [a, b] is given by

k
(23)  D(p,za,0) :=sup > H(p(t;) = pltj1), 2(t;) = 2(t; 1)) :a=to < <ty =b

j=1

Here the function H is related to the plastic stresses; indeed, the higher order stresses associated
to (p, Vp) (see [9] for their definition) belong to an admissible region which becomes larger and
larger during the evolution, due to the hardening process. Hence, as is usual in plasticity, H is
the convex conjugate of the support function of that region, that is

(2.4) Hip,2) = Ie(p, 2) + /Q b(2)2() da,

where I denotes the indicator function of the cone

2.5) C:= {(p, 2) € HY(2;MY) x L2(2) : ]p(@)2 + 2[Vp(@)]? < 2(z) for ae. z € Q}.

Here the plastic modulus b € L*°(§2) is such that
(2.6) a<blz)<p for a.e. z in £2,

while ¢ > 0 is a dissipative length scale. Note that for £ = 0, the cone reduces to the usual cone
of the Von Mises theory.
Assuming homogeneous boundary displacements on 02, the family of admissible configurations
of (2 is given by
A= {(u,p, 2) € Hy(2RY) x H'(2;Mp) x L*(2) : (p,2) € C}.
If external body forces acting on {2 are represented by the absolutely continuous function

f00,T) = H™H (2 RY),
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we define a quasistatic evolution as a map
0, 7] — H(2;RY) x HL(2;ME) x L3(2)

to= (u(t), p(t), 2(t))
satisfying the following conditions for every ¢ € [0, T:
(a) admissibility: (u(t),p(t), 2(t)) € A;
(b) global stability: for every (v,q,&) € A

Q(u(t), p(t), z(t)) — (f(t),u(t)) < Q(v,q,&) — (f(t),v) + H(q — p(t), & — 2(1));
(c) energy balance: t — (p(t), 2(t)) has bounded variation from [0, 7] to H'(2; M) x L?(02)
and

t
E() + D(p,0.6) = BO) - [ (7). u(r))dr,
0
where
E(t) := Q(u(t), p(t), 2(t)) — (f(£), u(t)).

Existence of quasi-static evolutions can be established employing the standard variational ap-
proach to rate independent evolutions formalized by Mielke and his co-authors [10].

Let € = {¢;} be an infinitesimal sequence, C* € L>(£2; L,(MY,)) and b° € L>(12) satisfy (2.2)
and (2.6), and let ‘

(2.7) te (u(t),p°(1), (1),  te[0,T]

be the quasi-static evolution for the previous model with elastic and plastic moduli given by C¢
and b°, and with dissipative length scale /. The homogenization problem with a vanishing strain
gradient consists in describing what kind of equations are satisfied by the limit evolution (under
weak convergence)

(2.8) t e (u(t),p(t), z(t)), te 0,7,
where p(t) is now simply an element of L2(£2; M¥) since the control on its gradient degenerates
as e — 0.

In the footstep of [11] where the problem of the homogenization for a quasi-static evolution in
standard plasticity with hardening is treated, it is shown in [7] that the study can be accomplished
in the periodic case, that is for

C(z):=C (g) and b°(z) :=b (E> ,

€
where C € L¥(RYN; L,(MY ) and b € L>(RY) are 1-periodic in each variable and satisfy (2.2)

sym

and (2.6). The key mathematical tool is that of two-scale convergence [13, 1]. Recall that v,
bounded in L2(£2) two-scale weakly converges to V € L2(2 x Y) as ¢ — 0 if

lim [ ve(z)y (;v, E) dx = / V(z,y)¢(z,y) dedy
=00 € axy
for every smooth function 1 (z,y) periodic in y, where Y denotes the unit cell in RY. The weak
two-scale limit V' thus depends on a further microstructural variable y which keeps track of the
oscillations occurring along the sequence (ve). Notice that the mean of V' with respect to y € Y
provides the usual weak-L? limit of (v.).

It was shown in [7, Section 5] that, as € — 0, the evolution (2.7) gives rise to an evolution

(2.9) t— (u(t),U(t), P(t), Z(t)), t €10,T],
where

U(t) € L*(92; H}

per,0

(V;RY),  P(t) € L*(2 Hp, (Y;MB)),  Z(t) € L*(2 x Y),

per

the function U (t) being the two-scale weak limit of Eu®(t). Here the subscript per stands for “Y-
periodic”, while per, 0 stands for “Y-periodic with zero mean”. This evolution can be described in
terms of admissibility, global stability and energy balance conditions involving suitable extensions
to 2 x Y of the free energy (2.1) and of the dissipation potential (2.4). In conclusion, the limit
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results in a quasi-static evolution for a model of strain gradient type with respect to the new
microstructural variable y € Y.

In view of the relation between two-scale weak convergence and weak-L? convergence, the
connection between the two-scale evolution (2.9) and the homogenized (single scale) evolution
(2.8) is given by

plt, ) = /Y P(try)dy,  =(tz) = /Y Z(t,2.y) dy.

A description of t — (u(t), p(t), z(t)) in terms of a standard plasticity model seems hopeless. From
a mathematical point of view, this is due to the fact that the two-scale version of the admissibility,
global stability and energy balance conditions are nonlinear in y. We can thus conclude that
the introduction of the microstructural variable y, i.e., the use of two-scale convergence, provides
information about the oscillations occurring during the homogenization procedure which in turn
permits a description of the limit evolution in terms of a generalized plasticity model.

In the non-periodic case, the situation is completely different and the tool of two-scale conver-
gence is no longer at our disposal. A convenient first simplifying step consists in passing from
flow theory to deformation theory. This amounts to a characterization of the behavior of the body
under the action of a time-monotone external load solely in terms of a single variational prob-
lem, that associated with the final value of the load. Deformation theory is generally assumed to
provide useful information for deformation paths which are monotone in the components of the
associated strains and stresses. Here, this should result in minimizing an energy of the Fleck and
Willis type, i.e.,

(2.10)  (u,p) = 5 /CE )'(E(U)—p)dwﬂL/QVa( pl? +22|Vpl?) dz — (f, u)

for (u,p) € H}(2;RN) x HY(2; M%). The precise form of V¢ is dictated, in the general case of
nonlinear hardening, by the way in which the set of admissible generalized stresses evolves as a

function of the plastic strain measure +/|p|? + €2£2|Vp|2.

As mentioned in the introduction, the case of a quadratic V¢ is important for deriving bounds
on the homogenized energy. The focus of the present paper is on the characterization as e — 0 of
the minimizers of (2.10) when V¢ is quadratic using the tool of H-convergence. As a consequence,
besides being a mathematical formalization of the Fleck and Willis homogenization procedure,
our result can also be considered as a first step towards the study of the homogenization of a
quasi-static evolution with vanishing strain gradients in the non-periodic case.

3. SETTING OF THE PROBLEM
Let £2 C RN be an open and bounded set, ¢ = (¢j) an infinitesimal sequence and
5 5 oo N 5 o) N € e’}
Af, B® € L™ (82; Mg,p,), af € L*(2;RY), d® € L=(0).
In this paper we will concentrate on the study of the asymptotic behaviour as ¢ — 0 of the
minimizers (uf,9°) € H}(2) x H'(£2) of the energy F¢ : H}(2) x HY(2) - R
1
Fe(u,9) := 3 / (A*(Vu —9a%) - (Vu — 9a°) + e?BEVY - VI + d°9?) dz — (f,u),
0

where f € H=1(£2) and {,) denotes the duality pairing between Hg(£2) and H~'(£2). The associ-
ated Euler-Lagrange equations are given by

—div[A®(Vus —9°a®)] = f in 2
(3.1) uf =0 on 02

—e2div(BEVY?) + d*9° — A%af - (Vuf —9°af) =0 in 2

BEVY¢ -n =0 on 0f2,

where n denotes the outer normal to {2 at a point of 9f2.
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In order to perform the asymptotic analysis, we will assume throughout this section that, for
all e > 0 and a.e. in {2, A® is invertible, d* > 0, and that, for some 0 < 8 < -, the following
conditions hold for every A € RV, i € R:

(3:2) AP = BA-A > B,

(33) A @)\ — o (2)) - (A — o (@) + d*(a)ps® = BUNP + 42},
and

(3.0 ()7 @A Xt s (%) A ) = (NP 4%}

Remark 3.1. Notice that, in view of (3.3), (3.4),
~Id > A® > BId and v>df >0,

a.e. in 2. Elementary algebraic manipulations— taking A = —A%a®, p=d® + A°a® - o in (3.4) —
would also establish that, a.e. in {2,

y>d° 4+ Ao > and |A®af] < . q
For future reference, we define the set

(3.5) M(By;92):={(4,a,d): 2 — Mgmx RY x R measurable and such that
(3.3),(3.4) are satisfied a.e. in £2}.
In view of Remark 3.1, such a set is indeed a subset of L>(£2; MY, x RN x R).

Remark 3.2. If (4, a,d) € M(5,y;§2), then, minimizing (3.3) in u at fixed A immediately yields

Ao ® A

———— " > 3.
d+Aa~a_ﬂ 9

The bounds (3.2)-(3.4) allow one to establish existence of solutions of (3.1), together with some
uniform estimates.

Proposition 3.3. For every f € H'(£2), equations (3.1) admit a unique solution (u®,9°) €
H}(02) x HY(2) and

(3.6) sup ([|Vu®| 2wy + 197122 (2) + 1€V || L2(2imr)) < oo
€

Proof. Existence and uniqueness of the solution (u®, 9¥¢) follow from an application of Lax-Milgram’s
lemma to the bilinear form on Hg(£2) x H(£2)

B ((u,9), (v,m)) := / AS(Vu —da) - Vo +e*B°VY - Vi + d°9n — A%af - (Vu — 9o )n da.
Q

That bilinear form is continuous in view of Remark 3.1. Coercivity of the associated quadratic
form is is obtained upon appealing to (3.2) and (3.3),

(3.7) B ((u,9), (u,9)) > B/Q (IVul® + [9]* + €| VI|?) da,

so that coercivity follows by Poincaré’s inequality.
Estimate (3.6) follows by the equality

B ((u”, 0%), (v, 9%)) = (f,w")

and taking (3.7) into account. (]
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4. CONSTRUCTION OF THE HOMOGENIZED EQUATION

The homogenized equations associated to (3.1) are constructed as is usual in the theory of
H-convergence (see e.g. [12]) by means of auxiliary functions which enjoy “good” compactness
properties. Equations (3.1) become degenerate in 9° as ¢ — 0: as a consequence, the construction
of the auxiliary functions requires some care. We will follow [6] where a similar problem has been
treated in the context of singular perturbations in elasticity.

Proposition 4.1 (Construction of the auxiliary functions). Under the assumptions (3.2)-
(3.4), there exists a subsequence of {e} (not relabeled) such that, for every A\ € RN and p € R,
there exist ws , € HY(2) and 4. € HY(£2) with

(4.1) wl, AT weakly in H'(£2), By — M weakly in L?(£2),
(4.2) —div[A®(Vus , — q5 ,a°)] compact in H=1 ()

and

(4.3) —€2div(BEqu\,u) +d°qy,, — A%a® - (Vus , — 65 ,0°) compact in L*(£2).
Moreover

(4.4) evas is bounded in L*(£2;RN).

Proof. Let us fix 2 C RY open, bounded and such that 2 C £2'. Let us extend A%, a®,d®, B® to
2’ by setting
A®:=pId, of:=0, d°:=p8, B°:=pI on '\ 0.
Notice that estimates (3.2)-(3.3) are still satisfied on 2’.
We divide the proof into several steps.

Step 1. The map
D®: [Hy ()] — [H Y2
(w,9) = (—div[A*(Vu — Y9aF)], —*div(BEVYI) + d°9 — A% - (Vu — da))

is an isomorphism between [H} (£2')]? and [H~1(£2')]?, where, throughout the proof, u € H}(£2') is
equipped with the equivalent Dirichlet norm, i.e., the quantity ||Vul 12(o/;r~), thanks to Poincaré’s
inequality. Indeed, the quadratic form ®° : [HJ (£2')]> — R given by

1
¢ (u, ) = 3 / (A*(Vu —9a%) - (Vu — 9a°) + €2 BV - VI + d°9?) dx

satisfies
(4.5) O (u, ) > 5/ (IVul® + [9° + [eVI[?) da.
Q/

Hence Df is an isomorphism as a consequence of the Lax-Milgram Lemma. Further, a straight-
forward computation shows that, for say 2 < 1,

ID7] < 57.

Also, given f € H=1(£') and g € L?({2') and setting (u®,¥¢) := (D?)~1(f, 9),
)+ [ g0de =07, 0) 2 5 [ (9uP o+ 0 + VP a
@ 1ok

so that
£ 1> g 1
(45) 0w 102+ 199 < 55 (15152 + Dol o)
Step 2. Let us consider the natural immersion i : [H} ()] — H} (') x L*(£2'), and
Ce: H Y () x LA(2') — H} () x L*(2)
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given by
C:=io (D) toi*,
where i* denotes the adjoint map of 1.
Notice that, thanks to (4.6),

(4.7) sup [|C7]| <

| =

Step 3. Since H1(£2') x L?({2') is separable, and in view of (4.7), there exist a subsequence of
¢ (not relabeled) and a continuous linear operator

C:H Y x L*(2) — H(2') x L*(2)
such that for every (f,g) € H=1(£2") x L*(2")
C(f,9) = C(f,g)  weakly in H} (') x L*(§2').
Clearly

1
ICl <

|

Now, C is coercive. Indeed, let (u®,9¢) := C¢(f,g). In view of Remark 3.1, for arbitrary ¢, €
C(£2'), we get, for some constant ¢ depending only on 7,

(f. o) +/ g¢ dx
Q/
= / A% (Vuf —9°af)Veodr + / (=2div(B°VY°) + d°9° — A%a® - (Vu — 9°a%)) ¢ da
’ Q/
< el (u®,9) 1z oy x 2 10 Oz oy x 22y + EVNV Nz o) IVl 2 02r)
< () {1, 9l my 2oy + 21V g 1@, 0) gy 2o,

so that, since from (4.6) e[| V¥°||12(q/) is bounded independently of €, we obtain
(4.8)  liminf [[(w®, 9%)|[ g 2y < 22(2)

> 1w (ool + Jo g de
ct+y (e, V)| 3 2y x L2021y

(¢,9) € [0&(9')12}
1
= m”(f7g)||H71(~Q/)><L2(_Q/)-
Then, from (4.5), we conclude, thanks to (4.8), that

((£,9).C(f,9)) = lim({(f, 9), C*(f, 9)) = lim @ (u",9) > Blim inf || (", 9) |77 (1) L2021

p 2
2 (C_|_,Y)2H(fvg)||H*1(Q’))><L2(Q’)7
hence the coercivity.

Step 4. Because the bounded linear operator C' constructed in Step 3 is coercive, it admits an
inverse C~!. Consider ¢ € C°(§2’) such that ¢ = 1 on 2. We set for every A € RY and pu € R
(WS 0 @5,0) = C°CTHp(2)A - 2, ).
Then,
w

u = p@A -z weakly in Hj(§2'), By —H weakly in L?(£2')
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and
(—div[A*(Vus , — 65 .07)], —stiv(BEtiwﬂ) +d°q5,, — A% - (Vs , — g5 ,07))
=C Y@\ -2,p)  in HH(2) x L2(2).
Moreover, in view of (4.6), ‘|Evﬁ§’u||L2(Q/;RN) is bounded.

Consider the restriction of (v ,.q5 ,) to £2. Then (4.1), (4.2), (4.3) and (4.4) are satisfied. [J

Let us still denote by ¢ the subsequence given by Proposition 4.1, and let (wi w45, M) be the
associated functions. The dependence of (wi w45, u) upon (A, ) is clearly linear. It is therefore
no restriction, up to the possible expense of extracting a further subsequence, to assume that

(d° + A%a® - af)q¢5 , — dou+ €%\ weakly in L%(£2)
A -Vuws , = Op+ 02 weakly in L?(£2)
(4.9)
45 ATt = up® + HOX weakly in L2(2;RY)
AVus , — pn® + AN weakly in L2(§2;RY)
for suitable
(4.10) d°,1° € L?(02), e, f0,p%, n® e L2(2;RN), A% HO € L2(02; M),

Remark 4.2. In the following, we make repeated use of the following facts: if v® — v weakly in
H(£2) and g° — g weakly in L?(£2), then for every ¢ € C°(£2)

(4.11) liﬁm/Q PA*(Vus , — ¢5,,0°) Voo dz = /Q [(A° — HON+ (n° — p) ] - Vo da

and
(4.12) lign/Q <p[752div(BEVq§\7#) +d°q5,, — A%a® - (Vus |, — ¢5 ,0°)]g° dx

= /Q o[(e” = £O) - A+ (d° — 1°) g da.

Equation (4.11) is a consequence of (4.2) and of the classical div-curl lemma (see [12]). Equation
(4.12) is a consequence of (4.3) and of the fact that

—€2div(BEVq§7M)—i—deqi’H—AEaE-(Vwiﬁu—qiyuaa) = (2= fO) A+ (" =1 strongly in L%(2).
The term 752div(B€Vq§\’ M) is essential for erasing possible oscillations, but it does not play any
role in the identification of the limit since eV¢5 , is bounded in L*(2; RYN) (see (4.4)). q

The following proposition contains some important properties of the functions defined in (4.10).

Proposition 4.3. The following items hold true:
(a) n® —p¥ =€ — [0, a.e. in £2;
(b) AY — H® e MY, (and is positive definite), a.e. in £2;

(c) A.e. in 82, and for any A € RN and pu € R,
(4.13) (A9 — HON A +2(n° — %) -+ (@ — )2 > BIAR + 42
(d) A.e. in 2 and for any X € RN and u € R,

(4.14) (A° = HON- A +2(n° —p°) - A+ (d° = 1O)p® >

%{KAO = HO+ pu(n® = pO)|* + (@ = )+ (n = p°) - 2)* |
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Proof. We begin with item (a). Write, for every A € RY and p € R,
A% (Vs o — g3 007) - Vg, — A*(Vug , — ¢5,,07) - Vs o
— (—gzdiv(BquS#) +d°q5,, — Aa” - (Vwau — qg,ﬂas))qio
+ (—e2div(BTVGS o) + d7a5 0 — AT - (Vs o — 65,007)) 45,
= €2div(B€Vq87M)q§\,0 — 52div(BEVq§\,0)q8)u.

Multiplying by ¢ € C2°(£2) and integrating over {2, we obtain that the right-hand side can be
written as

—&? /Q (BVG5 . V(ed5.0) — BV 0V (g5 ) do = —&* /Q[Q§,OBEVQS,M — 45, BV 0] - Ve da.

Thanks to (4.4), the right-hand side vanishes as ¢ — 0. Concerning the left-hand side, by Remark
4.2 we obtain

[ olen® 48 (0= ) Ml da =0
from which, in view of the arbitrariness of o, A, 4 we deduce that n® — p® = % — f9.
Let us now prove the first part of item (b). For every A\, \' € RY,
AE(Vs g — 45,00%) - Vs — A5(Vas g — 450 90°) - Vs
- (—EQdiU(stqf\',o) + ds(lf\',o —A%a® - (wa\',o - Qf\/,oas))(f\,o
+(—%div(B*V 45 o) + d°¢5 o — A%a® - (Vs o — ¢5,00%))d5 0
= EQdiU(stqf\',o)Qf\,o - €2di’U(BEVq§\70)q§\,7O
Multiplying by ¢ € C2°(12), integrating over §2, and sending £ — 0, we obtain, arguing as above,
/Q [(A° — HON- N — (A% — HO)N - N dx =0
from which we deduce that A%(z) — H%(z) is symmetric for a.e. z € £2.

We now come to item (c) and to the second part of item (b). For every ¢ € C°(£2), ¢ > 0, we
can write, in view of (3.2), (3.3),

/Q P{AS (VWS 45,,0°) - (Vs — 5,00°) + 2BV, - Vi + d5(a5. )7 d

>B/ <p{|Vw)\#|2 }dm
In view of (4.4), the left hand-side also reads as
/(p{AE(vwi,piqi,uae)'vwi,u+(762diU(BEin,u)+d5q§\,u7‘4€a€'(vwi,p‘iqi,uag))qi,/t}dx+o(€)5
2

where O(e) — 0 as ¢ — 0. By Remark 4.2, and taking into account that n® — p® = e — f0 we
obtain that, with ¢ — 0,

/ap{ — HOX - A +2(n° —p%) - A+ (d° = 1% }dm>5{|)\|2+u}/<pdx

from which we infer that (4.13) holds true, a.e. in 2.

We immediately deduce from that relation that A% — HY is positive definite, so that the second
part of item (b) holds true.

Finally the proof of item (d) relies on (3.4). Indeed, test that inequality with A = A*(Vw§ ,—

q5,0°), and p = (deqf\,u —Afa® - (Vs |, — qi,uas)) For every ¢ € C°(12), ¢ > 0, we get, using
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(3.2) once again,
2 2
/QSO{AE(vwiM_ qi’uae) ’ (Vwiu - qiuae) te stqi,u ’ vqi,u + ds(qi,u) } dx

1 1> £ 15 € 3 E _E € 15 E € € 2
> ;/ <p{|A (Vw/\)u—q/\)”a )+ ((d + A%af - o )q/\,u_A o -Vw)w) } dx.
Q

As before, we pass to the limit as ¢ — 0. We obtain the result upon appealing to (4.9) and after
localizing in z. O

We are now in a position to define the homogenized coefficients for problem (3.1).

Definition 4.4 (Homogenized coefficients). Let A%, H® d° 19 n° p° be defined in (4.9) and
(4.10). We set

Ahom — AO _ HO, ahom _ _[Ahom]—l(no _ pO)’ dhom — dO _ ZO _ Ahomahom .ahom.

Note that the definition makes sense in view of item (b) in Proposition 4.3. We also have the
following

Proposition 4.5. (A" ahom ghomy e M(B,7;62) defined in (3.5).
Proof. In view of (4.13), we immediately obtain that, a.e. in 2, and for any A € RY and p € R

(415) Ahom(/\ _ ‘uoéhom) A ()\ _ uahom) +dh0mﬂ2 > B{|/\‘2 +ﬂ2}'
We now rewrite (4.14) similarly. We obtain, a.e. in §2, and for any A € RY and p € R

(416) Ahom()\ _ Mahom) . (/\ _ uahom) + dhomMQ >

1 om om om om om om 2
;{IAh (A = pa" ™2 4 (" =AMl (X = pato™)) Y

For any (A, i) € RY x R and a.e. x € {2, we solve

Ahom(/\ o ,LLOéhom) — 5\
dhomu _ Ahomahom . (

A — pahomy = i,
getting the possibly z-dependent solution
B hom _ _
A= (Ahom)—l)\ + o (ﬂ + alom )\) and = Jhom (/74 + alom . )\)_

Replacing in (4.16), we finally get, a.e. in 2 and for any A € RY and i € R

dhom
In view of (4.15), (4.17), the result follows. O

_ _ 1 -
(4.17) (AP TIN- A+ (ﬁ+ah°m-A>22;{|M2+ﬂ2}-

5. THE HOMOGENIZATION RESULT
The following theorem is the main result of the paper.

Theorem 5.1. Assume (3.2) and that (A%, af,d®) € M(B,v;02) defined in (3.5). Let {¢} denote
the subsequence given by Proposition 4.1, and let (A"™ oo™ dhom) € M(B,v;62) be the associated
homogenized coefficients given in Definition 4.4 (and Proposition 4.5).
For every f € H™Y(£2), let (u®,9°) € H}(2) x HY(£2) be the solution of
—div[A®(Vue —9°a®)] = f in 2
u® =0 on 02
—e2div(BEVY?) + d°09° — A®af - (Vuf —9°af) =0 in 2
BEVYe -n=0 on 02

(5.1)
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(see Proposition 3.3). Then, as € — 0,
ut = weakly in H () and ¥ = weakly in L*(£2),
where (u,9) € H}(2) x L*($2) is such that
—div[ AP (Vu — dahom)| = f in £
(5.2) u=0 on 02
dhemy — Ahomghom . (Gy —gaho™) =0 in £2.

In particular, uw € H}(£2) solves

Ahomahom ® Ahomahom
1 hom B .
—div |:<A - dhom 1 Ahom hom ahom) vu:| = f in 2

(5.3)
u=20 on 012.

Proof. Let us fix a subsequence of € (not relabeled) such that
ut —u weakly in Hj(§2) and 9 = weakly in L?(2),
for some (u,9) € HE(£2) x L*(£2). This is possible in view of estimate (3.6) and Poincaré’s

inequality. For every A € RY and i € R we consider the auxiliary functions (wi w5, u) given by
Proposition 4.1.
For every ¢ € Cg°(12),
(54) 0= / ¢ (=2 div(BEVY®) + d°9° — A%a® - (Vu® — 9°a)) a5, dx
[0
= 52/ @5, BEVY° - Vo dx 752/ VBV - Vg5, do
Q7 Q ’
+ /Q %) (fszdiv(BEti#) +d°q5, — A%a”- (Vwi’“ — qi#of)) ¥ dx
- / A (Vu® —9°af) - Vus , dv + / PA*(Vus , — ¢5 ,0°) - Vu dx
9 Q

where the first equality holds in view of the third equation in (3.1). The first two terms on the
right-hand side of the second equality vanish as € — 0 since, thanks to (3.2), (3.6), (4.1) and (4.4),

sup (HBEHLOO(Q;MN y 0% L2(0) + 11EVIC L2 imny + 165 ull22(2) + ||EVQ§\,;L||L2(Q;RN)) < o0.
13

Sm
Setting
o° := A% (Vu® —9°a%),
we can assume that there exists o € L2(§2; RY) such that up to a subsequence
o —o weakly in L?(£2;RY).
Clearly, in view of the first equation in (5.1),
(5.5) —divo=f in £2.

Thanks to Remark 4.2, we can pass to the limit in the right hand-side of the second equality in
(5.4) obtaining, since €® — f0 = n® — p¥ in view of Proposition 4.3, and ¢ is arbitrary,

o= (A" - HY)Vu+ (n® — p°)9

g n0 — po
4o _ [0

-Vu,

a.e. in 2. In particular,

0_ .0 0 0
_ [ 40 o (n?=p")®@(n°—p’)
U—(A - H — 200 Vu.

In view of the very definition of A"*™, qho™ @hom and of equation (5.5), we get that (u,?) is
a solution of (5.2). In particular u is a solution of the elliptic problem (5.3). Since, according
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to Remark 3.2, the matrix in (5.3) is coercive, u, hence ¥, are uniquely determined. As a conse-
quence, there is no need to pass to further subsequences in the previous argument and the proof
is concluded. (]

Remark 5.2. The tool of H-convergence can be employed also in the case of a non symmetric
matrix A°. Namely, one can study the asymptotic behaviour of solutions of the more general
problem

—div[A®(Vus —¥a®)] = f in 2
(5.6) u® =0 on 02

—&2div(BEVY?) + d*9° — (A5)Taf - (Vuf —9°a) =0 in 2

BEVY¢ -n =0 on 0f2,

where the matrix A® is not required to be symmetric. This can be done at the expense of consider-
ing additional auxiliary functions (@ ., x,,) associated to the transposed system and computing
the relative homogenized coefficients, as in Section 4. Note that problem (5.6) reduces to (5.1) in
case A® symmetric. q

6. THE FLECK & WILLIS SETTING

As alluded to in the introduction, in the presence of body loads f € H~!(£2;RY) and in the
absence of surface loads or boundary displacements, the strain gradient plasticity model considered
in [5] amounts to considering the minimum configurations (u®,p) in H}(£2;RY) x H!(£2; MY) for
an energy of the form

(u, p) > £ (u, p) —/ fudz.

The internal energy £°(u,p) in the quadratic case is given by the expression

1
(6.1) =5 | C@EW =9 (B =p o+ 5 [ F@Ip? + 229 do
Q
The associated Euler-Lagrange equations are
—div[CS(E(uf) —p°)| = f in 2
u=0 on 0f2
(6.2) —e2div(b°Vp®) + b°p* — C*(E(u®) —p°) =0 in 2
%ZZL =0 on 912,

where n denotes the exterior normal vector to {2 at a point of 942.
The natural assumptions in strain gradient plasticity are as follows: C¢ and b° are measurable,
CeeL,(M bym) a.e. in §2, and, for some 0 < 3 <,

(6.3) B<KF <y and BH<C <A,

Id denoting the identity in £,(ML ). Under assumption (6.3), the existence of 4 > B > 0 such
that, for a.e. € 2 and for every (e,p) € MY = x MY,

Ci(z)(e—p)-(e—p) + @I = Bllel+Ip)
ey—1 1 2 1 2 2
(C) " (x)e-e + mlewl > §{|€| + [pl”}

is immediate. Then, the proof of Theorem 5.1 can be reproduced word for word in this new
setting at the expense of the use of Korn’s inequality (which, in H}(£2;RY), does not require any
smoothness assumptions on the domain (2).
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Upon defining, for every e € MS]\;
such that

and ¢ € MY, We, € H'(RY) and Q5 € H'(2; M)

m

We, —ex weakly in H'(£2;RY), Qty—a weakly in L2(£2; MY)
—diw[C*(E(W¢,) — Q% )] compact in H~1(2; RY)

e.q
(6.4)
—2Pdiv(b°VQE ) + b°Q5 , — C(E(WE,) — Q%) compact in L?(£2; M%)
e[IVQZ gl L2(@;mp)~) is bounded,
we set, up to the possible expense of extracting a further subsequence,

(b°Id + C*)Q5 , — D% + E%  weakly in L?(£2; MY )

sym

N 3 MN
(6.5) CQ:, —~Plq+He weakly in L*(£2; MY )
£ € . NO 0 : 2 MN
CEW;,) — N'q+ A% weakly in L2(£2; Mg,

for suitable
D%, E°, PO, N°, A® HO € L?(12; L(MY,,))-
It is then easily checked that the analogue of Proposition 4.3 holds true. In particular,
N0 — P = (E° — A%)T € L>(92; ﬁ(Mgm))
(6.6) A® —HC € L=(2; £,(MY,,)) and A® — H° > BH
DO — N° € L(02; L,(MY,,)) and D° — N° > JId.
In view of (6.6), the following definitions are meaningful:
(6.7) Chom .= A0 _HO, Ahom .— _(Chom)~}(NO — ), Dhom .= O — NO — (Ahom)TChom phom
and
Chom _ hom g hom (Dhom + (Ahom)TChomAIwm)_l (Ahom)T(chom > BM
We finally get the following result:

Theorem 6.1. Assuming (6.3), there exists a subsequence of {e} (not relabeled) such that, as
e — 0, (u®,p°) solutions of (6.2) satisfy

u® —u weakly in H} (2;RY) and p°—=p weakly in L?(2; MY),
where (u,p) € HE (2;RN) x L2(2; MY) is such that
—div[C"*™(E(u) — Ahemp)] = f in §2
(6.8) u=0 on 912
]D)homp _ (Ahom)T(chom(E(u> _ Ahomp) =0 in 0.
In particular, u € HL(£2;RY) solves
—div [((Chom _ (ChomAhom (]D)hom + (Ahom)T(chomAhom)_l (Ahom)Tchom>E(u>} — f n 2
u=0 on 012.

Remark 6.2. Note that the solution (u,p) of (6.8) can be equivalently seen as the minimizer on
HE(2;RN) x L2(02; MY) of
1

Fhem (g, p) = 3 /Q (Chm™(B(a) — A"™p) - (B(a) — A™™p) + D"™p - p) dx — /Q f-ade.
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Remark 6.3. In the particular case where C* = C, i.e., when the elastic moduli do not oscillate,
we deduce easily from (6.5) and (6.6) that
A°=P°=C, E’°=N’=H°=0,
and that for every ¢ € MY
D% = Cq + lim b° Qg .
We then obtain
Chom =C, Al =4,
and for every ¢ € MY
D" = lim b Qf .

We conclude that

o) =5 [ (OB@ =) (B@ -p)+D""p-p) do— [ foude

The elastic part of the functional remains thus unchanged in the homogenization limit. Because
the tensor D"*™ occurring in the plastic part is constructed with the help of b° and (54> 1t will
depend on the plastic and elastic moduli of 2, as well as on the characteristic length scale £. q

In the periodic case, which is the focus of [7], the functions b* and C® are given as b(Z), resp.
C(%), where y — (b(y),C(y)) is an e.g. bounded measurable function on Y := (0,1)", extended
by periodicity to all of RYN. In our setting, it is sufficient to identify the functions We Qg A
straightforward computation would establish that, denoting by We q(y) € Hp,. o (Y RY), Q. 4(y) €
H}, (Y;ME) with [}, Qeqdy = ¢ the minimum of (1.4), then a good candidate for (6.4) is

per
We () == ex +eWe y (%) and e.q(T) = Qey <§) .

Thanks to Riemann-Lebesgue’s lemma, the energy F°™ (e, q) defined in (1.4) is the weak L'-limit
of

(e (B) (BOVE) — @2 - (BOWE) — Q) + 5 () (102, + 221V Q2 )

2 c e,q/  Weq e,q)  Weq < e,q € e,q :
But that weak limit is in turn that of

1 x

69 5(C(2)EW:,) -0, BV,
b E € C E E(WE ) € ) 2€2d- be f st €
+ c e,q c ( ( e,q) — Weq) T € w < e,q e,q )
as immediately seen upon testing both limits against a C2°(2)-function and appealing to the
fourth relation in (6.4).
In view of (6.5), (6.7), the weak limit of (6.9) is found to be

1

5 ((Chom(6 o Ahomq) . (6 o Ahomq) +Dh0mq . q) ,
so that F°™ in Remark 6.2 equivalently reads as

homff.zl hom AN _ T
Fm(a, p) : 2/QF (E(a),p) dz /_Qf u dx,

which is precisely the result obtained in [7].
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