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Abstract

In this paper we consider the problem of characterizing the set of the effective
tensors of multiphase composites, including those of conductive materials and elastic
materials. We first present a novel derivation of the Hashin-Shtrikman (HS) bounds
for multiphase composites and the associated attainment condition. The attainment
condition asserts that the HS bound is attainable if and only if there exists a second
gradient field that is constant in all but the matrix phases. By restricting and
constructing such second gradient fields, we obtain a series of sufficient conditions
such that the HS bounds are attainable or unattainable. These attainability and
unattainability results appear new for a generic situation. For special situations,
our attainability and unattainability results recover the results of [26, 32, 11, 1].
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1. Introduction

Since the seminal works of Hashin & Shtrikman [15, 17], finding optimal bounds
on the effective properties, with or without restriction on the volume fractions, has
become the central problem in the theory of composites [28]. The usual approach of
finding optimal bounds consists of two steps: the first is to derive a microstructure-
independent bound and the second is to study if this bound is attainable and
if so, by what kind of microstructures. The optimal bounds can be categorized
into two types according to the methods of derivation: the Hashin-Shtrikman (HS)
bounds and the translation bounds [34, 24, 27]. The attaining microstructures in-
clude coated spheres and ellipsoids [14, 26], multi-coated spheres [25] and multi-rank
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laminations. By this approach, the G-closure problem [24, 36] for two-phase well-
ordered conductive materials has been resolved [29, 12]. However, for multiphase
composites, little is known about the attainability of the HS bounds.

In this paper we address the attainability of the HS bounds for general mul-
tiphase composites. We also present a new derivation of the HS bounds, which is
motivated by the observation that the gradient field associated with an optimal
microstructure is often the second gradient of a scalar potential [23]. Similar ar-
gument has been used by Silvestre [33]. The advantage of the new derivation is
that it provides a necessary and sufficient attainment condition for the optimal
microstructures and the associated gradient fields. In a periodic setting, the at-
tainment condition is simply that the second gradient of the scalar potential is
constant in all but the matrix phases, see (2.22). This attainment condition forms
an overdetermined problem (2.22) for the microstructure and might seem too re-
strictive at the first sight. Nevertheless, using variational inequalities [22, 10] we can
show the existence of these optimal periodic microstructures which we call periodic
E-inclusions [23]. The results in Section 2 can then be roughly stated as a periodic
microstructure attains the HS bound if, and only if the microstructure is a corre-
sponding periodic E-inclusion (cf., Theorem 2.1). Therefore, from the attainability
of the HS bound for one particular set of materials, we can infer the existence of a
corresponding periodic E-inclusion, and hence the attainability of the HS bounds
for many different sets of materials (cf., Corollary 2.2).

As far as the attainability of HS bounds is concerned, it suffices to study the exis-
tence of periodic E-inclusions. Gradient Young measures and quasiconvex functions
have proven to be useful in describing, constructing and restricting microstructures
[35, 5]. For an excellent introduction to these concepts, the reader is referred to
the textbook of Evans [9]. Based on the gradient field of a periodic E-inclusion, we
define a particular form of gradient Young measures as sequential E-inclusions (cf.,
(3.1)). From the basic relation between gradient Young measures and quasiconvex
functions [20, 21], we can restrict sequential E-inclusions (and hence attainable HS
bounds) by quasiconex functions. More restrictions on periodic E-inclusions can be
found by the maximum principle. From these restrictions on sequential E-inclusions,
we obtain sufficient conditions for unattainable HS bounds.

To construct optimal microstructures for multiphase composites, we may take
elementary microstructures, e.g., simple laminates and coated spheres , as building
blocks and construct multi-rank laminations and multi-coated spheres [26, 12, 11, 1].
This procedure is delicate, requiring tedious calculations. Taking the advantage of
convexity properties of gradient Young measures (cf., Theorem 3.1), we focus on
the optimal gradient fields and construct a class of optimal microstructures that
can attain the HS bounds. From these optimal microstructures, we obtain sufficient
conditions for attainable HS bounds.

We remark that the attainability and unattainability results in this paper apply
broadly to various physical properties, and the individual phases and the composites
are not necessarily isotropic, though some symmetries on the “softest” or “stiffest”
phase are required for deriving the HS bounds. Further, the HS bounds in their
classic form (A.1) are well understood, see e.g. [39, 26, 3, 4]. The dual bounds
(2.18) are often referred to as the translation bounds. Mentions should be made
of the works of Grabovsky [13] who, based on the translation method, has derived
attainment conditions for two-phase composites which are closely related to ours,
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also see [1, 2] for two dimensional three-phase composites and [33] for cross-property
bounds.

The paper is organized as follows. In Section 2 we derive the HS bounds for
multiphase composites and establish the equivalence between the attainability of
the HS bounds and the existence of a corresponding periodic E-inclusion. In Sec-
tion 3 we focus on the optimal gradient fields, introduce the concept of sequential
E-inclusions, find restrictions on sequential E-inclusions, and construct a class of
sequential E-inclusions. In Section 4, we find a series of sufficient conditions for
attainable HS bounds and unattainable HS bounds. Finally, in Section 5 we sum-
marize our results and discuss the directions of generalization.

For future convenience, we introduce some notation. For two symmetric linear
mappings Ly, Ly : R™*" — R™*" we write Ly > (<)Lg if Ly — Ly is positive
(negative) semi-definite and denote by N'(-) (R(-)) the null (range) space of a
symmetric linear mapping ( - ). For any Fy,Fo € R™*" the inner product is defined
as Fy - Fy = Tr(F1F3). If m = n, we denote by R7%" the symmetric matrices in
R™*". We follow the conventions 1/00 = 0, 1/0 = oo and interpret the inverse L~*
of a symmetric positive semi-definite linear mapping L : R™*"™ — R™X" ag

Fo L7 'F,= sup {2F,-F, —F,-LF;} VF,cR™", (1.1)
FlER"Lx"

Further, let Y = (0,1)™ be a unit cell. For a function f : R™ — R, f being periodic

on Y means f(x+r) = f(x) Vx € R” and r € Z". Denote by L2, (Y) = {f]| f:

per

R"™ — R is periodic on Y and [}, |f|* < +oo}, and WEP(Y,R™) the set
{u]u:R" — R™ is periodicon Y and / [ Z |D%ul? < 4o0}.
%
|| <K

2. Hashin-Shtrikman bounds and their attainment
conditions

Let Q; (i =0,---,N) with |0Q;] = 0 be a measurable disjoint subdivision of the
unit cell Y = (0,1)™ and 6; = |Q;]/|Y| # 0 be their volume fractions. Without
loss of generality, we assume €1,--- ,Qx are closed and €y is open in Y, and refer
to O = (24,---,Qn) as the microstructure of the composite. Consider a periodic
(N + 1)-phase composite

Lx,0)=L; ifxe®Q  (i=01,---,N), (2.1)

where L; : R™*"? — R™*" (4 = 0,---,N) is either a positive definite symmetric
tensor or an elasticity tensor with the usual symmetries. These tensors describe the
materials properties of the constituent phases which include but are not limited to
conductive and elastic properties.

From the homogenization theory [37, 18, 8], the effective tensor L¢(Q) of the
periodic composite (2.1) is given by

F-L¢(O)F = min ][ (Vv+F) L(x,0)(Vv + F)
VEW (Y, R™) ) v

= min  min ][ (Vv+F) L(x,0)(Vv+F) VF e R™*". (2.2)
feLy., (Y)Vv=fJy

per
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Here and subsequently, fv . :We(‘/) fV - denotes the average value of the inte-
grand in region V. A minimizer of the right hand side, which is unique within an
additive constant and denoted by u € WL2(Y,R™), solves the following equation

per
div[L(x,0)(Vu+F)] =0 on Y, (2.3)
periodic boundary conditions on 0Y. '

A problem of critical importance is to calculate the effective properties of a
composite based on the observed microstructure O. The effective tensor L¢(O),
however, depends on the detailed microstructure of the composite in a way that is
difficult to characterize. Therefore, it is often more useful to find sharp bounds on
the effective tensor in terms of simple features of the microstructure, e.g., volume
fractions, than to calculate the exact effective tensor. Such bounds include the
well-known Voigt and Reuss bounds [38, 31]

H@ S Le S L@7 (24)

where Lo = Y21 0iL; (He = [Y20, 6:L; 171 is the arithmetic (harmonic) mean.
Tighter bounds are obtained by Hashin & Shtrikman [15, 16].

Below we present a novel derivation of the HS bounds. Let I be the identity
matrix in R™*™ and, for simplicity, assume that m = n,

{either Li>L.orL; <L, Vi=0,---,N, 25)

R(Lo—Lc) C {2l: 2 € R}, R(L; —L,) DR™" Vi=12 .. N,

sym

where, as the original Hashin and Shtrikman’s derivation, a comparison tensor L.

{(Lc)m-qj = [1§0i30pq + 150p;0iq + A°0ipliq, (2.6)

ps >0, ke =X+ puf+ps>0

has been chosen. Note that the first line in (2.5) facilitates the following algebraic
estimate (2.10) whereas the second implies that for some a € R, (Lo —L.)F = al &
Tr(F) = al - (Lo — L.) "I and that L; — L. is invertible on Ry, fori=1,--- N.
The usefulness of these conditions will be clear later. We further denote by

. a 0; 11
A =1-(L; — L) 'L ’Y:Zm; AC*:*—]?- (2.7)
=0 c i Y c

For the lower HS bound, we assume that
L, > L. Vi=0,1,---,N. (2.8)

Then the integral on the right hand side (r.h.s.) of (2.2) is bounded from below as

/ {(Vv+F) [L(x,0) = L(Vv+F)+ (Vv+F) L(Vv+F)}
Y

N
oY [ ek [ frRLE 29)

im0 Jau Aci
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where, for the first term on the left hand side (Lh.s.) of (2.9), we have used the
algebraic inequality

L Tr(X +F)]? VX eRY", (2.10)

Ac;

(X+F) (L —L)(X +F) >

and for the second term we have used
/ Vv L.Vv > k/ [Tr(Vv)]? = k/ f2 (2.11)
Y Y Y
The above inequality can be conveniently shown by Fourier analysis. Further, we
can easily show that inequality (2.10) holds as an equality if and only if

Tr(X + F)

(Li_Lc)(X+F): Ach

I Vi=0,--,N, (2.12)

and inequality (2.11) holds as an equality if and only if there is a scalar potential
€ € W22(Y) such that

per

v —][ v =—-V¢&. (2.13)
Y
Similarly, for the upper bound, we assume that
L;<L. Vi=0,1,---,N, (2.14)

and hence the inequality (2.10) holds with “>” replaced by “<”. Then the inner
minimum of the r.h.s. of (2.2) can be bounded from above as

Jmin /Y Ry /Y [(-VVE+F) - [L(x,0) - L)(-VVE + F)

+(~VVE+F)  Lo(-VVE + F) |

IN

N

1
Z/ (f+TrF)2+kc/ f2+F LF. (2.15)
im0 /0 BCi Y
Plugging the r.h.s. of (2.9) or (2.15) into (2.2) and solving the outer minimization
problem in (2.2), we find that for any F € R"*",

al 1
. 2 2 2
fegzun(y) { ;:0 /Q e (f + TrF) +kc/yf } = (TvF)*/Acs, (2.16)

Ber
and the minimizer is unique and given by

f(x) = Tr(F)

Ac; — AcCy

_ 26T 8% ifxe(,i=0,1,---,N. 2.1
nen (Lt honer) ifxe 1=0 (2.17)

Noticing the conditions (2.8) and (2.14) and the directions of the inequalities in
(2.9) and (2.15), by (2.2) we obtain that for any F € R"*™

F-L¢(O)F > F-L.F + (TtF)?/Ac,  if L(x,0) > L, (2.18)
F-L¢(O)F < F-L.F + (TtF)?/ac,. if L(x,0) <L,. '
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We remark that the above bounds are equivalent to the HS bounds in their clas-
sic form [15, 16] and can be obtained by using the Hashin-Shtrikman’s variational
principle [29, 28], see details in the Appendix. The bounds (2.18) are microstructure-
independent in the sense that the number Ac, depends only on the materials prop-
erties L; and the volume fractions #; of the microstructure O. Further, we notice
that the well-orderedness conditions, i.e., (2.8) and (2.14), are weaker than the
well-orderedness conditions L(x, @) > (or <) Ly in the usual derivation of the HS
bounds [28]. In the setting of elasticity, the well-orderedness of bulk modulus is
not required by the conditions (2.8) or (2.14) and our bounds (2.18) recover the
Walpole’s bounds on bulk modulus [39].

Subsequently, by the (lower or upper) HS bound (2.18) is attainable for F €
R™ ™ we mean one of the inequality of (2.18) holds as an equality for some mi-
crostructure O. Since only one of the conditions L(x,O) > L. and L(x,0) < L.
can be satisfied after L. being specified, it will be clear from the context which
inequality in (2.18) is under consideration.

We now study the attainment conditions for the microstructure O such that the
HS bounds (2.18) hold as equalities. We first consider the lower HS bound, i.e., the
case L(x, 0) > L, and assume that for some F € Ry {" the first inequality in (2.18)
holds as an equality. Let u be the corresponding solution to (2.3) with zero average
on Y. Tracking back our argument, we find that the first inequality in (2.18) holds
as an equality implies that (C1) the inequality (2.10) holds as an equality, (C2) the
inequality (2.11) holds as an equality, and (C3) f = V - u is exactly the minimizer
given by (2.17). By (2.10) and (2.12), (C1) implies

Tr
(LZ‘—LC)(Vu—i—F):%I on Q;, i=0,---,N. (2.19)
(&
By (2.11) and (2.13), (C2) implies
u=-V¢, (2.20)

for some scalar function £ and, finally, by (2.17) (C3) implies
Ac; — Ney

Vou=TrF) 29" 8%
u = Tx( )Ac*(l—&—kcAci)

ifxeQ,i=0,1,---,N. (2.21)
Conversely, if (2.19), (2.20) and (2.21) are true, we can easily check that the first
inequality in (2.18) indeed holds as an equality. Lumping (2.19), (2.20), (2.21)
together, by (2.5) we write them as the following overdetermined problem

A¢ = Zﬁ\;o DiX< on Y,
VVE = Q; on @, i=1,---,N, (2.22)
periodic boundary conditions on 0dY,
where the symmetric matrices Q; (i =1,--- , N) are given by
1+ keAcs _
Qi = F - Ty(F) L Rebed oy g (2.23)

Ace(1 4 keAcy)
and constants p; (i =0,---, N), satisfying 6ypo + Ziil 0;p; = 0, are given by

~ Tr(F)(Ace — Acy)

pi = TI‘(Q,) = AC*(l + kCACi) (l = 0, 17 e ,N) (224)
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In particular, the second of (2.22) and (2.23) follow from (2.19), (2.20), and that
L; — L. is invertible on Ry % for i =1,--- | N.

Similar calculations prevail for the attainment of the upper HS bound, i.e., the
case L(x,0) < L., which will not be repeated here.

The overdetermined problem (2.22) places strong restrictions on the microstruc-
ture O = (4, -+, Q). For its analogy with an ellipsoid and its extremal properties
as presented above, we call the collection of domains (1, -+ ,Qx) a periodic E-
inclusions [23]. The important parameters describing the properties of a periodic
E-inclusion are the symmetric matrices K = (Qq,---,Qp) and the volume frac-
tions © = (01, -+ ,0x); they are related with the materials properties and applied
average field by (2.23) for an optimal composite attaining the HS bound (2.18).

We summarize below.

Theorem 2.1. Consider a periodic (N +1)-phase composite (2.1). Let L. be given
by (2.6), Acy be given by (2.7), and assume (Lg,--- ,Ly) satisfy (2.5).

(i) (HS bound). The effective tensor of the composite, given by (2.2), satisfies
the HS bounds (2.18).

(i) (Attainment condition). For some F € R, the HS bound (2.18) is
attained by a periodic microstructure O if, and only if the microstructure O
is the corresponding periodic E-inclusion, i.e., the overdetermined problem

(2.22) admits a solution & € W22(Y) for K = (Qu, -+ ,Qn) given by (2.23).

per

From the above theorem, in particular, the attainment condition, we see that the
attainability of the HS bound for an average applied field F € R{ ST is equivalent
to the existence of the corresponding periodic E-inclusion. In the next section we
will study conditions on symmetric matrices K and volume fractions © such that
the corresponding periodic E-inclusion exists or does not exists. This is a more
generic problem than the attainability of HS bounds since it is independent of
materials properties. After obtaining conditions for the existence or non-existence
of periodic E-inclusions, by (2.23) we can translate these conditions to conditions
on the materials properties (Lo, -- ,Ly), volume fractions © and average applied
field F such that the HS bounds (2.18) are attainable or unattainable.

Moreover, we notice that optimal microstructures, e.g., confocal ellipsoids and
multi-rank laminations, attain the HS bounds for many composites of different ma-
terials. From the viewpoint of equations (2.22) and (2.23), this corresponds to equa-
tion (2.23) has many different sets of solutions of (L., Lg--- ,Ly) and F for given
symmetric matrices K = (Qq,---,Qu) and volume fractions ® = (6y,---,0y).
Therefore, it is useful to relate the attainability of the HS bounds of composites
of one set of materials to the attainability of the HS bounds of composites of a
different set of materials. From part (ii) of Theorem 2.1, we have

Corollary 2.2. Let (L., Lo, - ,Ly) and (L,,L{,--- ,Ly) be two sets of tensors
satisfying (2.5) and (2.6), and assume that F,F' € R2X" satisfy

sSym

(14 keAcy)
Ak (1 + keAc)
(14 kLAC,)
8 (14 k,ac)

F — Tx(F) (L; — L)~ 'I (2.25)

=F — Tr(F) (L, -L)™'T  Vi=1,---,N,
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where k., Acpy, -+, Ay, AC, asin (2.7) with L; Teplaced by L] foralli =¢,0,--- ,N.
Then the periodzc composite (2.1) of materials (Lo, - - LN) attains the HS bound
(2.18) for F if, and only if the periodic composite (2.1) of materials (Lg,--- ,Ly)
attains the HS bound (2.18) for F’.

3. Optimal microstructures: E-inclusions

The existence of periodic E-inclusions is addressed in a separate publication [23]
for a variety of symmetric matrices K = (Qy, - ,Qn) and volume fractions © =
(01,---,0N). Below we find sufficient conditions on K and © such that a corre-
sponding periodic E-inclusion can be found or does not exist. This problem is
closely related with the problems studied in Miiller & Sverdk [30]. For the restric-
tions and constructions of periodic E-inclusions, it will be convenient to restate the
concept of periodic E-inclusions in terms of gradient Young measures.

Definition 3.1. Let K = (Qq, - ,Qn) C RZ", O = (61, ,0n) € (0,1)

sym ’
o = 1 - N .6, € (0,1), and py € R be such that fopo + Yn, 6;Tr(Q;) = 0.
Corresponding to K and ©, a sequential E-inclusion is a homogeneous gradient
Young measure v that is generated by a sequence in WP(Y) for any 1 < p < oo,
has zero center of mass, and satisfies

N
v= ZQ 0q, +bop with supppu C {X € RE: Tr(X) = po}, (3.1)

1=1

where 0q, is the Dirac mass at Q; and p is a probability measure.

To see the motivation behind the above definition, we assume there exists a
periodic E-inclusion such that (2.22) admits a solution £ € W%2(Y) for symmet-
ric matrices K and volume fractions © and let v(*)(x) be V&(kx)/k restricted to
Y. Then the gradient sequence Vv(*) generates the corresponding sequential E-
inclusion, where the Dirac masses at Q; arise from €2; for ¢ = 1,--- , N and the
requirement on supp u arises from 2, see (2.22). The converse is also true in the
following sense: if there exists a sequential E-inclusion, there exists a sequence of
microstructures O*) = (Qék),u- ,QE\’;)) and a sequence ¢ ¢ W2P(Y) for any
1 < p < oo such that for any continuous f : R"*" — R with compact support,

N
lim / F(Vve®) — Z Q™ + (po — AEOHIND) = £(0), (3.2)

k‘—>+OO Y

where X( ) is the characteristic function of Q( ). Note that equatlon (3.2) implies
LE(O(’“)) attains the HS bounds (2.18) as k — +oo if (L., Lo, -+ ,Ly) are as in
Theorem 2.1 and F, K, O satisfy (2.23). Thus, the attainment condition in Theo-
rem 2.1 may be stated as: For some F € RY 7, the HS bound (2.18) is attainable
if, and only if there exists a sequential E-inclusion with symmetric matrices K and
volume fractions © given by (2.23).

(a) Restrictions on periodic E-inclusions

There are non-obvious restrictions on matrices K and volume fractions © such
that the overdetermined problem (2.22) admits a solution. Liu, James & Leo [23]
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have shown that K and © necessarily satisfy

N | N N N
Z 0;Tr(Q;)Q; + % Z 0;Tr(Q;) Z 0; Qi — Z 0:;Q;
=1 i—1 i=1

i=1

=04 (VVe)? HLZ&Q 7 (33)

Qo

which follows from (2.22), the divergence theorem [, A(VVE = [(,(VVE)?
the Jensen’s inequality.

From the basic relation between gradient Young measures and quasiconvex func-
tions [20, 21], we have the following necessary and sufficient condition for the prob-
ability measure v in (3.1) to be a sequential E-inclusion: for any quasiconvex func-
tions ¢ : R™*™ — R satisfying |¢(X)| < C(JX|? + 1) for some C > 0 and some
1<p <o,

N
(X)) duv(X) = 6:(Qs) + bo »(X) du(X) = 9(0). (34)

RnXn . RnXn

Applying (3.4) to RZX" 3 ¢(X) = m - (Tr(X)X — X?)m for any m € R™ (¢ is in
fact a null Lagrangian in this second gradient context), we obtain (3.3), see details
in [23]. Unfortunately, few explicit quasiconvex functions are known to yield useful
restrictions on K and ©.

However, if the periodic E-inclusion (£21,---,Qx) corresponding to K and © is
a priori assumed to be Lipschitz and so the solution to the overdetermined problem
(2.22) belongs to W (Y') [19], we can derive useful restrictions on K and © by the
maximum principle. To see this, for any unit vector m € R" let vy, = m-(VVE)?m
Since & € W2 (Y), uvm € C°°(Q0) NC(Qo). By the first equality of (2.22), we have

VVE(x+) =VVE(x—)+ (po —pin®@n=Q; + (po —p;)n®n

for any x € 9Q; N 9Qy, where x+ (x—) denotes the boundary value approached
from inside (outside) g, and n is the unit normal on 09;. Further, we find

{Avm >0 on g, (3.5)

vtm=m-A;(n)m on NIy, i=1,--- N,

where A;(n) = [Q; + (po — p;)n ® n]2. By the maximum principle we conclude that

|VVE? < max{Tr(A;(n)): n|=1,5=1,---N} on g, (3.6)
and that
Lh.s. of (3.3) < O A, (3.7
where
Ay i=max{m-A;(n)m: i=1,--- N, |m| = |n| = 1}.
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In particular, if Q; = Ip;/n, taking the trace of (3.3), by (3.6) we arrive at

N N
> 6ip} < Oopl +2pi- Y 0;p;, (3.8)

i=1 =1

where ¢* is the integer such that the r.h.s. of (3.8) is maximized among all i €
{1,--- N}

(b) Constructions of sequential E-inclusions

Using a convexity property of gradient Young measures we can conveniently
construct complicated sequential E-inclusions from simple periodic E-inclusions.
For brevity, we refer to a gradient Young measure generated by a bounded sequence
in WHP as a WP gradient Young measure. Recall the following two theorems:

Theorem 3.1. (Theorem 3.1, Kinderlehrer & Pedregal [20]) Let vy and v be two
homogeneous W gradient Young measures with zero center of mass. Then for
each A € (0,1), the measure (1 — \)vy + Avg is also a homogeneous W gradient
Young measure with zero center of mass.

Theorem 3.2. (Theorem 3, Liu, James & Leo [23] ) Let Q € RV be either
negative semi-definite or positive semi-definite. Then for each 8 € (0, 1), there exists

a WH° sequential E-inclusion of form
v=~06q+ (1-0)p. (3.9)
From Theorem 3.2 and Theorem 3.1, we have

Theorem 3.3. Let K = (Qq,---,Qn) be either all negative semi-definite or all
positive semi-definite and © = (01, --- ,0n) satisfy

N
01,0y € (0,1), p=1- 6;€(0,1). (3.10)
i=1
Then there exists a W1 sequential E-inclusion of form

N
v=> 0;0q, +fop. (3.11)

i=1

Proof. We prove the theorem by induction. If N = 1, the theorem holds by Theorem
3.2. Assume the theorem holds for 1 < N < k, below we show the theorem holds
for N =k +1.

Let © = (01, - ,0k+1) satisfy (3.10) for N = k+ 1. By multiplying the generat-
ing sequence v(¥) by any constant a € R, we see that there exists a W1 sequential
E-inclusions with aK and © if there exists a W1 sequential E-inclusions with
K= (Q1, - ,Qx+1) and O. Therefore, without loss of generality we assume that
K are all negative semi-definite. Let py € R be such that 6ypg + Zfill 0;Tr(Q;) =0
and a € (0,1) be such that aTr(Qx+1) + (1 — a)pg = 0. If py = 0, the theorem
is trivial since Tr(Q;) < 0 for alli = 1,--- k+ 1. If Tr(Q;) = 0 for some i, the
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theorem follows from the inductive assumption, Theorem 3.1, and the Direct mass
supported at zero matrix is a gradient Young measure. Subsequently we assume
po>0and Tr(Q;) <O0foralli=1,---  k+ 1.

Direct calculations verify that

k k
— C . 0; C 60, T i
o= Po > Po Do Zz:l + 27,_1 I'(Q ) _ 9k+17 (312)
po — Tr(Qr+1) po — Tr(Qr+1)

and that 0511 Tr(Qg+1) + Oopo > 0,

Ot (1-a)= —Tr(Qr+1)0k+1 < 6. (3.13)
«Q Po

Define A and 0 (i =1,--- ,k) by

0
\ = k—&-l’ 1-=N0p+AX1—-0a)=0y and (1—-N)0;=0,. (3.14)
@

From (3.12) and (3.13), we see that A € (0,1) and 6(,---,6; > 0. In particular,
6}, > 0 follows from (3.13) and (1— )8} = 6 — A(1—a) = 6y — "k“( «). Further,

k

- 1— A+,

Thus, (01, - , ;) satisfy (3.10) for N = k. By the inductive assumption, for N = k
we have the existence of a W1 sequential E-inclusion

k
v = ZG:(SQI + 06/1,1, (315)

i=1
where p1 is a probability measure with
k
supp 1 C {X € Rg Z@;Tr(Qi) + 60, Tr(X) = 0}.
i=1
By Theorem 3.2, we also have the existence of a W sequential E-inclusion
vo = adq, ., + (1 — a)pus, (3.16)

where (i3 is a probability measure with supp 2 C {X € Ry\% 2 Tr(X) = po}.
Let p{, be such that Zz 1 0:Tr(Q;)+04p, = 0. From (3.14), we have Zz ) 0, Tr(Qz)_|_

1@)\ [6o — AM(1 — )] = 0, which, by (3.13) and the definition of py, implies

Ot 1Tr(Qrq1)
Po

1
= ;0[90190 + 041 Tr(Qurt1)] (o — po)-

0= [90 + }pf) - 0k+1Tr(Qk+1) — pobo (3.17)
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If Gppo + Or+1Tr(Qr+1) = 0, by (3.13) and (3.14) we have 6 = 0. Thus, py = p),
and we define

k+1
vi=Ap+ (1 -y = Zeiin + o, (3.18)

i=1

where the equality follows from (3.14), (3.15) and (3.16), u = 20=2) 1 4 0N )
is a probability measure with supp p C {X € Ry " : Tr(X) = po}. From Theorem

3.1 and Definition 3.1, we see that v defined by (3.18) is a W sequential E-
inclusion corresponding to K and ©. The proof of the theorem is completed. O

4. Applications

The practical problem we attempt to solve is to characterize the effective tensors
that one can obtain by mixing multiple (> 3) materials with given volume fractions,
i.e., the Gg-closure problem. We do not yet have a complete answer to this problem.
The progress lies in a series of sufficient conditions such that the HS bounds (2.18)
are attainable or unattainable. These results follow from Theorem 2.1, the restric-
tions and existence of periodic E-inclusions. We address composites of conductive
materials and elastic materials.

(a) Composites of conductive materials

Consider conductive composites of (N 4 1)-phases with conductivity tensors 0 <
Ag, -+, Ay € R?X" and volume fractions 6y € (0,1), © = (01,---,0n) € (0,1).

sym
According to (2.5), we assume

Ay = koI, An = knI, (4.1)

Apg <Ay, Az JAn_1 < Ay, (4.2)

and denote by A€ the effective conductivity tensor of a composite. To use Theorem
2.1, we set (L;)pjgk = Opq(As) i for i = 0,--- , N and choose (L¢)pjqr = koOpgdir
for the lower bound and (L.)pjqr = kndpgdjr for the upper bound. By (2.2), we
verify that the effective tensor L¢ can be written as (L¢)piq; = 0pq(A°)i;. By (2.4)
and (4.2), we have

A0<H@§A6§A@<AN, (43)

where Ag = YV 6;A; and Ho = [Y.~ , 6;A;!]~. From (2.18) we have

Tr(FTF) + (TrF)2/ack < Ay 2A°A, Y2 . FTF VF € R™, (64
Tr(FTF) + (T'F)2/acy > AR/?A°AY?  FTF VF € R™, '
or equivalently by (A.1),
Tr{(Ay 2 ACAGT? — )71 < ack,
—1/2 e a —1/2v_1 U (4.5)
Tr[(I-Ay"A°AL 7)1 < —Acy,
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where, by (2.7),

ack =Tr[(AgPAA; P D) >0 i=1,--- N, (4.6)
AV = —Tr[1— AP AAL ) <0 i=0,-- N —1, '
0o+ 2is, ek p O+ ad i
Acy = N o, = >0, Ac, = N-1 o, <L (47
Yim1 ThacT 2izo Tradp

We remark that the bounds (4.3), (4.5) and (4.4) are valid without assum-
ing (4.1). We now discuss if these bounds completely describe the Gg-closure,
i.e., the collection of effective conductivity tensors that one can obtain by mixing
(Ag, -+ ,Ay) with volume fraction (6, - - ,8xn). We denote by Gg the Gg-closure
and G the set of symmetric matrices A® that satisfy (4.4) or, equivalently, (4.3)
and (4.5). The set Gg* C R is clearly compact and convex and contains Ge.
Further, for some A° € G, if both inequalities in (4.5) are strict and A® < Ag,
then A® > He. Thus, the HS bounds describe a generic boundary point of G&* in
the sense that

Gyt =8 " USY U{A® € G&" : rank(Ap — A°) <n}, (4.8)
where

St ={A° € G&: Tr[(Ay'PAA;Y? — 1) = acty,

SU={A° € GZ": Tr[(AyPAAL? — 1)1 = acl}, (4.9)
are two hypersurfaces in R defined by the HS bounds (4.5). As demonstrated
by the following theorem, the attainability of the HS bounds, i.e., S¥ USY, plays

an important role in estimating how well G&* approximates Gg.

Theorem 4.1. Consider conductive composites of (N +1)-phases with conductivity
tensors Ag < A1,---, Ay_1 < An. If (SFUSY) C Ge, then

G@(A()a" : 7AN) = Go@ut(AO)"' aAN) (410)

Proof. Let A be an interior point in G, A(t) = A® +t(Ae — A°), to := inf{t :
A(t) > 0}, and A = {A(t) : tg < t < 1}. By (4.8) we have rank(Ag — A®) = n.
We verify that neither of the endpoints of A is contained in G&* since A(ty) — He
is not positive semi-definite and Tr[(I — AR'2A(1)Ay"?)"1] > —acV. Therefore,
ANOGE™ contains at least two distinct points A(¢1) and A(t2) that satisfy A(t;) <
A(0) < A(tg). Further, rank(Ag — A(t)) = rank((1 — ¢)(Ae — A°)) = n for any
to <t < 1. By (4.8), we see both A(t;) and A(tz) are contained in S USY. Since
S USY C Gg and the G-closure of A(t;) and A(ty) is closed and convex (see
[12]), we infer A¢ = A(0) € Go. O

Grabovsky [12] has shown that all HS bounds are attainable and hence G&' =
Go for two-phase well-ordered conductive composites. In general, not all HS bounds
are attainable for multiphase composites. Below we give sufficient conditions for the
HS bounds become attainable or unattainable.
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Corollary 4.2. Let
QF = (AyPACA, P Tyt - RS (AVPA AT 1) AC € ST
QY = —(I- AL PAAL?) 4 A (1 ALPAAL?) T i A e ST
L=(QF, - ,Q%) and KY = (QF,---,Q%_,). (i) If KL (KY) are all positive
semi-definite or all negative semi-definite, then the effective tensor A¢ € S (SY) is
attainable; (ii) if KL (KY ) and © wviolates (3.3) or (3.7) or (3.8), then the effective
tensor A¢ € ST (SY) is unattainable.

Proof. By Theorem A.1, equation (A.2) and Theorem 2.1, equation (2.23), we see
that A¢ € ST (A¢ € SY) is attainable if and only if there exists a sequential E-
inclusion corresponding to KX (KY) and ©. Part (i) of the Corollary follows from
Theorem 3.3 and part (ii) follows from the restrictions on periodic E-inclusions,
ie., (3.3), (3.7) and (3.8). O

Below we specialize the above results to isotropic composites of (N +1)-isotropic
phases of 0 < kg < k1 < --- < kn_1 < kn. Denote by k¢ the effective conductivity
of the composite. Then the HS bounds (4.4) can be written as

ko + nk:o/Ac*L =kl <k <KV :=ky+ nkN/Ac*U, (4.11)
where
L 00+ N 0:ack/(1+ack) nk
AC = Y, 0 /(1+AC ) ’ AC % L(cho (4 12)
ACU 0N+ZN Lo, act /(1+Ac§]) AclU = nkn . '
* 21\1:010/(1+AC$/) ) 7 ki—kn
Further, by Corollary 4.2, the lower (upper) HS bound in (4.11) is attainable if
L L
there exists a periodic E-inclusion corresponding to K* = (2-1,...  EXT) (KY =
U U
(p?‘)I7 cee pNT’II)) and volume fractions ©, where
_ Ly _ ber—act 1.
=Tr(Qf) = SJ{]%ZL)U i=1,---,N, (413)
—Tr(QV) =245 =0, ,N-1.

(1+acy)

By part (i) of Corollary 4.2, we conclude that the lower HS bound k% < ke is
attainable if k¥ < ki and that the upper bound k¢ < kU is attainable if kU >
kn_1. We remark that these attainability results concerning isotropic composites
of isotropic materials were first shown by Milton [26].

We now discuss the implication of (3.8). By (4.13) and (4.12), direct calculations
reveal that

iz B o i = Ac — Acf _ nko(k; — ki)
78 0o — Efcvzl Orpri’ T+ Ack (kj + (n — 1)ko) (ks — ko)

Note that p;; does not depend on volume fractions. By (3.8) we conclude that if
N N
> 0kpiie > (60— Y Okprir)?, (4.14)
k=1 k=1
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then there exists no Lipschitz periodic E-inclusions, and hence the lower HS bound
k% is unattainable (by Lipschitz microstructures). We remark that, specialized to
two dimensions and three-phase composites, the above conditions on unattainable
HS bounds have been shown in [1, 7]. Similar results hold for the upper bound,
which we will not repeat here.

(b) Composites of elastic materials

We now consider elastic composites of (N + 1) phases with elasticity tensors
given by Lg,--- ,Ly and volume fractions g, - ,0y € (0,1). Let po (un) be the
greatest (least) number such that for all 0 # F € R?X" with Tr(F) = 0,

sym

210|F)> < min  F-L;F un|F>> max F.L;F), (4.15)
1€{0 } ic{0 }

EARRE) PR

and kL (kU) be the least (greatest) number in {I - L;I/n? : i = 0,---,N},
(L& )piqr = 110(0ij0pq + 0pidiq) + (K& — 2pt0/n)0ipdjq, and (L )pigj = i (3ij0pg +
8pj0iq) + (kY — 24N /1)6ip0,4. Choosing LE as the comparison tensor for the lower

bound and LY as the comparison tensor for the upper bound, we write the HS
bounds (2.18) as for any F € R"*™,

F-LIF 4 (TvF)?/ack <F-L°F <F-LYF + (TvF)?/acY, (4.16)

where, by (2.7),

L _ IL\—1 L — Zf\’:() G’ACiL/(l/ké—‘FACiL)
{Aci =1-(L;—-L)'1, Acy Z;Vyzo 97;/[51//(167“?]“5)[])7 (417)
U_T. . _1.U\-1 U _ Y i—gbine] [(1/k; +Acy '
Al =1-(L; —LY)" 'L, acl = SHPSE e,

kE = kL 4+2u0(1—1/n) and kY = k¥ +2uxn(1—1/n). It is worthwhile noticing that
the lower (upper) bound in (4.16) is valid for general anisotropic elasticity tensors
Lg, -+ ,Ly. Below we assume that Ly and Ly are isotropic with shear modulus pg
and pn and equation (2.5) is satisfied.

Unlike conductivity problems we cannot determine the effective tensor L€ by
(A.2). Thus, it is more difficult to show the attainability of a given effective elasticity
tensor. Nevertheless, we can discuss the attainability of a particular component of
the effective elasticity tensor, e.g., the bulk modulus. By Theorem 2.1 and Theorem
3.3, the lower bound in (4.16) is attainable for some F € RY 7 if
(1+ kLack)

L
L Ty(F)— e 20)
Q ( )Acf(l—l—kCLAciL)

(L; —LYY™'T (i=1,--- ,N) (4.18)

are all negative semi-definite or all positive semi-definite, whereas the upper bound
in (4.16) is attainable for some F € R if
(1+kYacY)

L, LY 1 (i=0,--- ,N—1 4.19
Ac*U(l—FkgAciU)( c) (i ) ( )

Q) =F — Tx(F)

are all negative semi-definite or all positive semi-definite.
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We now focus on the bulk modulus. Let ¢ = I - L¢I/n? be the effective bulk
modulus of the composite. Choosing F =T in (4.16) we obtain

kE+1/ack <k <kY 4+1/0cY, (4.20)

which coincides with the Walpole’s bounds [39] for bulk modulus. If we assume
that Lo, -+ ,Lx are all isotropic tensors, then the symmetric matrices in (4.18)
and (4.19) can be written as

n Akl 4 kL ack) n CacU(1+ kY AY)

and hence KF = (QF,--- Q%) (KY = (Qf,--- ,Q%_,)) are negative semi-definite
or positive semi-definite is equivalent to

Ack > max Ak or ack < min AcF (4.21)
ie{l,,N} ie{l,,N}
(acl < min ~ A¢f or AV > max  adl). (4.22)
i€{0,--- ,N—1} 1€{0,--- ,N—1}

Therefore, we conclude that the lower bound in (4.20) is attainable if (4.21) is
satisfied while the upper bound in (4.20) is attainable if (4.22) is satisfied. These
attainability results have been obtained by Milton [26]. Sufficient conditions for
unattainable HS bounds follow from similar discussions as for conductive compos-
ites, which we will not repeat here.

5. Summary and discussion

We have derived a necessary and sufficient condition for the HS bounds to be attain-
able. This condition yields a simple characterization of the optimal gradient fields
and motivates us to introduce the concept of (sequential) E-inclusions. A special
quasiconvex function and the maximum principle are used to restrict sequential E-
inclusions, while a convexity property of gradient Young measures is used to show
the existence of a class of sequential E-inclusions. From these results, we find suf-
ficient conditions on the attainable and unattainable HS bounds for composites of
any finite number of conductive materials or elastic materials in any dimensions.

We have restricted ourselves to periodic composites for the ease of the defini-
tion of the effective tensors (cf. (2.2)) and the formal proofs. Since any effective
tensors can be approximated arbitrarily well by those of periodic microstructures,
the results in this paper shall remain valid without assuming periodicity.

Since the G-closure of two well-ordered conductive materials can be realized
by multi-rank laminations [24, 36, 12], Theorem 2.1 suggests that sequential E-
inclusions in Theorem 3.2 can all be realized by multi-rank laminations. Further,
it is sufficient to consider simple laminations to prove Theorem 3.1, see [20]. From
these two facts we may infer that sequential E-inclusions in Theorem 3.3, and
therefore all attainable HS bounds in Section 4, can be realized by multi-rank
laminations. A formal proof of this statement is not pursued here.

To establish the existence of sequential E-inclusions without assuming positive
or negative semi-definite symmetric matrices K (cf., Theorem 3.3), we have to resort

Article submitted to Royal Society



Hashin-Shtrikman bounds and their attainability for multiphase composites 17

to the conventional way of constructions. We are aware of three types of construc-
tions that can give rise to sequential E-inclusions not covered by Theorem 3.3:

1. In the case of two dimensions (n = 2) and three phases (N = 2), the Sig-
mund and coworker’s constructions [32, 11] in effect asserts the existence of
sequential E-inclusions corresponding to K = (p11/2, p21/2) and © = (64, 05)
if (3.8) is satisfied, i.e.,

(2L —1)2<1 or (B2 -1)2< 1
P2 p1

We remark that the result of [2, 7] implies the above condition is also necessary
for the existence of sequential E-inclusions with K being isotropic matrices in
two dimensions.

2. In the case of two dimensions (n = 2) and three phases (N = 2), the con-
structions of [1] assert the existence of sequential E-inclusions not covered by
Theorem 3.3. However, we do not have a simple formula on K and © associ-
ated with sequential E-inclusions that can be realized by this constructions.

3. In two and higher dimensions, N > 2, periodic E-inclusions can give rise to
sequential E-inclusions that have Dirac masses supported on both negative
definite matrices and positive definite matrices, see [23].

All the above constructions could be important in extending the attainable HS
bounds. A systematic study is underway and will be reported in the future.

Finally, we make a few comments on possible generalizations. First of all, one
notices that in Section 2 the minimization problem (2.2) may be tested with a
linear combination of the second gradient of a scalar potential. Then the restriction
of m = n may be removed and the cross-property bounds [6, 33] may be derived.
Further, the comparison material can be generalized without being restricted to the
form of (2.6). We can in fact extend our argument to the comparison tensors that
satisfy (m =n)

(L) pigs (K)i(k);(k)q = k0|k|2(k)p Vk e R" (5.1)
for some k. > 0, see [23]. Further, by a linear transformation
x —x =A"1x and v — v =G ly, (5.2)

we can extend Theorem 2.1 to comparison tensors (while other conditions on ma-
terials properties in Theorem 2.1 remain unchanged)

(L/c)piqj = (G)rp(G)sq (A)zk (A)jl (LC)TkSla

where G, A € R™" are invertible, L. satisfies (5.1). In fact we have used the
transformations (5.2) with A = A61/2 (or A = A;,l/z) and G = I in writing the
bounds as (4.5) and (4.4). The reader is invited to formulate the precise statements
corresponding to Theorem 2.1 for tensors L, of these forms.
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Appendix: the dual HS bounds

The HS bounds can be derived from the HS variational principle [29] and usually
take the following form

. e -11 < i >
{1 (L¢ — L)< ac,  if L(x,0) > L, (A1)

I-(L.—L&)7'I<—Ac, if L(x,0) <Le.
The above bounds can be regarded as the dual bounds of (2.18). More precisely,

Theorem A.1. Assume (2.4) and (2.5). Then inequalities (2.18) are equivalent to
(A.1). Further, for some F € R(L® — L.) with Tr(F) # 0, one of the inequalities
in (2.18) holds as an equality if, and only if the corresponding inequality in (A.1)
holds as an equality. In this case, we have
F 1
Tr(F)  Ac

(L — L)~ 'L (A.2)

Proof. We note that (2.4) and (2.5) imply R(L® — L.) D R2%". Consider the case

sym *

L(x,0) > L. To show (A.1) implies (2.18), by L® > L, (1.1) and (A.1) we have

sup {2F-I-F - (L* - L.)F}=1-(L°-L.) 'I< Ac.. (A.3)
FeRnxn
Choosing F with Tr(F) = Acs, we see that F - (L¢ — L.)F > Ac, = (TrF)?/Ac,,
which, by multiplying F by a such that aTr(F) = Acs, in fact holds for any F
with Tr(F) # 0. If Tr(F) = 0, the first bound in (2.18) is obvious. Further, F/ =
(L¢ — L)' is a maximizer of the Lh.s. of (A.3). Therefore, if the first bound in
(A.1) holds as an equality, we have Tr(F’) =I- (L¢ — L.) "I = Ac, # 0, and

F - (L° —L)F =1-(L° - L,) I = (TxF')?/ Ac..

Thus, the first inequality in (2.18) holds as an equality for oF’ with any a # 0, i.e.,
all F that satisfy (A.2).

Conversely, from the first bound in (2.18), choosing F = (L¢ —L,)'I we obtain
the first bound in (A.1). Further, if for some F € R(L¢ — L.) with Tr(F) # 0 the
first bound in (2.18) holds as an equality, we have

sup {2P°.F-P°.(L°* -L.)'P°} =F . (L° - L.)F = (TrF)?/Ac..
POGR?LX?L

Choosing P = Tr(F)I/Ac, we have

2Tr(F)? B Tr(F)?
Acy Ac?

I-(L°—L.)'T < (TYF)?/Ac,,

and hence I+ (L¢ — L.)"'I > Ac,, which, together with the first bound in (A.1),

implies that I- (L¢ — L.) "I = Ac,, and that P° = Tr(F)I/Ac. € R(L¢ — L.) is in

fact a maximizer of the Lh.s. of (A.4). On the other hand, the maximization problem

in (A.4) admits the unique maximizer (L°—L.)F in R(L®—L.), which then implies
(A.2). Thus, we complete the proof of Theorem A.1 for the case L(O,x) > L.

The case L. > L(O,x) can be handled similarly and will not be repeated here.

O
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