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Abstract—In this paper, we make use of a procedure for estimating the effective properties of
nonlinear composite materials, proposed recently by Ponte Castaiieda (1991, J. Mech. Phys. Solids
39, 45-71), to study the effective constitutive behavior of ductile, fiber-reinforced composites. Both
estimates and rigorous bounds are obtained for the effective energy functions of multiple-phase,
fiber composites with general ductile behaviors (in the context of deformation theory of plasticity)
for the isotropic constituent phases. The resulting expressions for the energy functions may be
differentiated in a straightforward manner to obtain corresponding estimates for the anisotropic
effective stress—strain relations. Explicit calculations are carried out for the case of an aluminum-
matrix composite reinforced with boron fibers. The results reveal some interesting features dis-
tinguishing the constitutive behavior of ductile-matrix, fiber-reinforced composites from that of
linear-clastic, fiber-reinforced composites. One such feature is the strong coupling between the
dilatational and distortional modes for the ductile fiber composites. Finally, comparisons are made
with available experimental data.

1. INTRODUCTION

Fiber-reinforced composites are commonly used materials, and their mechanical properties
have been the subject of extensive investigations. However, most of the work to date has
addressed exclusively the /inear-elastic behavior of these materials ; details and references
can be found in a report by Hashin (1972) and review articles by Willis (1981, 1982) and
Hashin (1983). In this paper, we are concerned with the overall behavior of fiber-reinforced
composites in which one or more of the phases undergoes plastic deformation. The number
of papers dealing with this aspect of the behavior of fiber composites is comparatively small.
Next, we give a brief review of some of the relevant contributions.

Among the first contributions, Hill (1964b) extended analogous results for the overall
elastic moduli of linear-elastic fiber composites (Hill, 1964a) to obtain corresponding
estimates for the incremental moduli of ductile fiber composites (in the context of flow
theory of plasticity). An alternative approach using the methods of limit analysis to estimate
the overall yield strength of composites [see Drucker (1959)] was applied by Shu and Rosen
(1967), Majumdar and McLaughlin (1975) and de Buhan et al. (1990) to fiber composites.
Micromechanical models involving empirical adjustments were developed by Hashin
et al. (1974), Dvorak and Bahei-El-Din (1987) and Sun and Chen (1991), among others,
to predict the yielding and post-yielding behavior of fiber composites. The predictions of
some of these models were tested experimentally by Dvorak et al. (1988) on a boron/
aluminum system. More recently, Zhao and Weng (1990) developed an approximate pro-
cedure, based on the Mori-Tanaka (1973) method, for estimating the effective constitutive
relations of composites reinforced by aligned spheroidal inclusions, which include fibers as
a special case. On the other hand, Talbot and Willis (1991) provided a rigorous bound for
the effective energy functions of ductile fiber-reinforced composites by application of a
nonlinear generalization of the Hashin and Shtrikman (1962) variational principles, initiated
by Willis (1983) and developed further by Talbot and Willis (1985, 1992). In addition, these
authors carried out explicit calculations for the case of incompressible fiber-reinforced
composites. Ponte Castafieda (1992) obtained similar bounds and additional estimates of
the Hashin-Shtrikman type, as well as bounds of the Beran type, for the effective energy
functions of incompressible fiber composites through use of a different variational
procedure, proposed by Ponte Castafieda (1991a). Finally, Suquet (1992) and Leblond et
al. (1993) applied an altogether different method to obtain bounds and estimates, respec-

1865



1866 G. pEBorton and P. PonTE CASTAREDA

tively, for the overall energy functions of power-hardening materials weakened by cyl-
indrical voids.

Our aim in this paper is to develop and generalize the results of Ponte Castafieda
(1992) for fiber-reinforced composites. The method used is based on a variational principle
that enables the expression of the effective energy functions of nonlinear composites in
terms of optimization problems involving the effective moduli of appropriate families of
linear comparison composites. Thus, the variational principle suggests a procedure for
generating bounds and estimates for the effective behavior of nonlinear composites from
known estimates and bounds for linear composites with similar microstructures. The pro-
cedure was applied by Ponte Castafieda (1991a,b, 1992) to statistically isotropic composites
with general isotropic constitutive behaviors for the phases. The specific examples of
nonlinear materials reinforced by rigid and linear-elastic inclusions, or weakened by voids,
were considered in these references. The procedure may also be applied to anisotropic
composites. This has been carried out by deBotton and Ponte Castaneda (1992) for ductile
laminated composites, and by Ponte Castafieda and deBotton (1992) for special classes of
anisotropic composites with rigid-perfectly plastic phases. In this work, we continue our
study of the behavior of anisotropic nonlinear composites by considering the application
of the procedure to transversely isotropic, fiber-reinforced composites with general ductile
behavior (including compressibility) for the isotropic phases.

The rest of the paper is arranged as follows. In Section 2, we review the definition of
effective properties and recall the variational principle of Ponte Castafieda (1992). Next, in
Section 3, we make use of the bounds of Hill (1964a) and Hashin (1965) for linear-
elastic fiber composites to generate corresponding bounds and estimates for ductile fiber
composites. In Sections 4, 5 and 6, we consider some special classes of fiber-reinforced
composites, for which the expressions for the bounds and estimates of Section 3 may
be simplified further. Thus, we consider the cases of general multiphase incompressible
fiber composites, hollow-fiber composites, and two-phase, compressible metal-matrix com-
posites. Finally, in Section 7, we compute the effective stress—strain relations of a specific
aluminum-matrix composite, reinforced by linear-elastic boron fibers.

2. EFFECTIVE PROPERTIES AND THEIR VARIATIONAL CHARACTERIZATION

In this section, we briefly review the definition of effective properties and their vari-
ational characterization. More general discussions, in the context of the inelastic behavior
of composite materials, may be found in the articles of Hill (1967) and Suquet (1985). For
our purposes, a composite is a heterogeneous material made up of two or more distinct
phases, and characterized by two separate length scales: a macroscopic scale L, and a
microscopic scale /, such that / « L. The macroscopic scale describes the gross size of the
specimen and the scale of variation of the applied loading, and the microscopic scale
characterizes the size of the typical inhomogeneity in the material. Thus, a composite is
microscopically heterogeneous, but macroscopically homogeneous.

We consider a representative specimen of the composite Q, with boundary JQ. For
simplicity, we choose units such that the volume of the specimen is unity. We assume that
the constitutive behavior of the distinct phases in the composite is characterized by the
deformation theory of plasticity or, equivalently, by nonlinear infinitesimal elasticity. How-
ever, we note that the usual approximate extensions may be made for composite materials
characterized by the flow theory of plasticity [see Budiansky (1959) and Hashin ez al.
(1974)]. Thus, at a point x € Q, the relation between the strain field g(x) and the stress field
o(X) is given by

oU(x,a)

g(x) = . (N

Jda
where U(x,0) is the local complementary energy-density function of the composite.

Then, following Hill (1963), when the composite is subjected to the uniform traction
condition
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an = an, xe0Q, 2

where n is the outward unit normal to 8Q and & is a constant symmetric tensor, its effective
behavior may be characterized in terms of the effective complementary-energy function U,
with

; ()
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where £ is the mean value of the strain field. We also recall that, under the boundary
condition (2), the mean value of the stress field is precisely 6.

In view of (3), the problem of characterizing the effective behavior of the composite
reduces to that of computing its effective complementary energy-density function U. This
may be accomplished directly by means of the principle of minimum complementary energy,
stating that

@) = minj U(x, 6) dv, @)
(4]

6eS(8)
where
S@) ={¢|V'6=0inQ, and on=én on /Q} &)

is the set of statically admissible stress fields. The variational principle (4) is equivalent to
a standard boundary value problem, governed by the equilibrium and the compatibility
equations, together with the boundary conditions (2). We note that composite materials
may exhibit sharp interfaces across which material properties are discontinuous. Conse-
quently, at these interfaces, the equilibrium and compatibility equations must be interpreted
in their weak forms enforcing continuity of the tractions and of the tangential components
of the strain tensor, respectively.

In addition to the analytical difficulties associated with the heterogeneity of the
problem, difficulties also arise because of the nonlinearity of the problem. Precisely to deal
with this later difficulty, a variational procedure was introduced by Ponte Castafieda (1991a,
1992). This procedure is based upon a variational principle that expresses the effective
energy function of a given nonlinear composite in terms of an optimization problem
involving the effective energy functions of a class of linear comparison composites. Conse-
quently, well-known estimates and bounds for the effective energy functions of linear
composites may be used to generate corresponding estimates and bounds for the effective
energy functions of nonlinear composites. Here, we will make use of this method, together
with existing results for linear-elastic fiber composites, to obtain bounds and estimates for
the behavior of nonlinear, ductile fiber composites.

We will restrict ourselves to composites where all the individual constituents are
isotropic with energy-density functions depending only on the first and second isotropic
invariants of the stress tensor. Thus, the local complementary energy function may be
expressed in the form

Ux,0) = l/’(x 3 Tes Orm)s 6)

where ¥ is a nonnegative function, which is convex in its last two arguments and satisfies
the condition y(x ; 0, 0) = O for all x. The precise definitions of the two isotropic invariants,
the mean (hydrostatic) stress 6,, and the effective shear stress 1., are given by relations (A2).
Additionally, we assume that there exists a function f(x, v,, v) = ¥(X, ., 6,,) With v, =
12 and v, = 62, such that f is convex in its last two arguments (this is the so-called strong
convexity hypothesis). This assumption, implying that the dependence of U on the mag-
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nitude of the stress tensor is stronger than quadratic, is consistent with the anticipated
behavior of elastoplastic materials.

In the remainder of this section, we briefly review the variational principle. For further
details, we refer the reader to Ponte Castafieda (1992). First, we note that under the above
strong convexity assumption, the energy-density function U admits the representation

U(X, 0') = max() {Uo(xs G) - V(X ; ﬂOa KO)}& (7)
Hokg >
where
Usl%,0) = i g2 ®)
X, 0} == Te Tims
° 2p0(x) 2i(x)

corresponds to the local energy-density function of a linear-elastic solid with shear modulus
Uo(x) and bulk modulus ky(x), and where

V(X po, k) = max {Uy(x,0) — U(x,0)}. 9

Then, substitution of (7) into (4) yields the variational statement

U(@) = max {[70(&)— LV(x;uo(x),xo(x))dx}, (10)

#o(X) K g(X) 2 0

where

U,(8) = min J U, (x,06) dx, (1)
Q

aeS(F)

is the effective energy function of the linear comparison composite with local energy-density
function U,, as given by relation (8). We emphasize that, under the strong convexity
hypothesis, the variational statement (10) (in terms of the linear comparison composite) is
completely equivalent to the classical principle of minimum complementary energy.

Next, we specialize the above variational statement to the case of composites with
distinct homogeneous phases. Thus, we consider composites made up of n isotropic phases.
Each phase is governed by an arbitrary complementary energy-density function satisfying
the strong convexity assumption, with U”(e) = ¢y (z,, 6,,) (r = 1,...,n). Then, the local
energy function of the composite may be written:

Uix.) = 3 1700V (@), (12

where ¢ (equals 1 when x is in phase r, and 0 otherwise) is the characteristic function of
the rth phase. The volume fraction of the rth phase is given by

= j % (x) dx. (13)
Q

An estimate for the effective energy function of the nonlinear composite may be
obtained by restricting the set of arbitrary comparison moduli ue(x) and k(x) in (10), to
the set of piecewise constant moduli (with a different, but constant, modulus over each
phase). Consequently, the variational principle (10) yields a bound for the effective energy
function of the nonlinear composite (Ponte Castafieda, 1992), given by
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Fig. 1. A two-phase fiber-reinforced composite.

0e) > (}nax {00(5)-‘ Y, OV, xﬁ,’))}, (14)
Y =1
where
VOud,x§) = max {UP(e)— U (o)} (15)
and
U{ (o) =——12+L02. (16)
29t 2

In (14), U, corresponds to the effective complementary-energy function of a linear com-
posite with the same distribution of phases as the nonlinear composite, i.e.

0@ = min | 3 2000U$ (@) dx.

aeS(@) V8 r=1

Thus, each phase is homogeneous and isotropic with shear and bulk moduli xf’ and ¢,
respectively. We emphasize that expressions for U,, in the form of bounds and estimates
of various types, are available in the literature for several classes of composite materials,
including fiber composites. We note that lower bounds for U, lead through (14) to cor-
responding lower bounds for I, while, on the other hand, upper bounds for U, lead only
to estimates (not rigorous bounds) for the corresponding upper bounds for 7 (we call such
estimates upper estimates).

3. APPLICATION TO ELASTOPLASTIC FIBER COMPOSITES

In this section, we apply the procedure described in the previous section to obtain
bounds and estimates for the effective behavior of elastoplastic fiber composite. Henceforth,
the term fiber composites, is used to describe the class of n-phase composites with isotropic
phases in prescribed volume fractions, and overall transversely isotropic symmetry for the
composite. Thus, the microstructure of this class of materials is characterized by a stat-
istically isotropic distribution of the phases in the plane transverse to the symmetry axis n
(see Fig. 1). In Appendix A, we briefly review some of the properties of transversely isotropic
materials, which will be quoted as needed in the developments to follow.
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We begin by considering the general case of n-phase fiber composites. Thus, we provide
rigorous lower bounds, as well as upper estimates, for the effective energy functions of such
composites. In addition, we also provide corresponding expressions for the effective stress-
strain relations of such composites. The lower bounds and upper estimates for the effective
energy functions of the nonlinear composites are obtained via the procedure described in
Section 2 in terms of the corresponding bounds for the effecive energy functions of the class
of linear, n-phase, comparison fiber composites.

The constitutive behaviors of the phases of the linear comparison composite may be
expressed via the fourth-order elasticity tensors

I i
My = 5K+ 5 (17)
where the expressions for K and J, the isotropic projections of the identity tensor, are given
by relation (A1). The corresponding energy-density functions U are given by (16). Bounds
of the Hashin-Shtrikman (1962) type for this class of linear composites were given by Hill
(1964a), Hashin (1965) and Walpole (1969).
Following Walpole’s representation, we have the following lower bound for the effec-
tive energy function of the linear comparison composite, namely,

o R S
U%)HSW)(O') = §Uij(M(0HS )){jklgkh ({8)

where

n

1
N’I%“S‘}(u%’,x‘é’)z[z c‘”{M‘é’+M‘6‘(u%+’,fc‘a”)]"‘] ~MEu, k). (19)
1

r=

In this relation,

1

* =
0(/"9 K) 2,1'

I i I
E [ T ) E[3] WEMI, 20
+<2ﬂ+K+%ﬂ +2u (20)

where the tensors E¥ (g =1,...,4), the four transversely isotropic projections of the

identity tensor, are given by relation (A4), and pj"’ = max {uf}, xk§ = max {x{}. Then,

upon substitution of (18) into (14), the corresponding lower bound for the effective energy
function of the nonlinear fiber composite becomes

U#5-)(g) = max {179{5‘)(5)— T cOVO(up,x§ } 1)
1

ﬂg),K (o') =0 re=
where the functions V) are given by relations (15).

Moreover, it is demonstrated in Appendix B that, once the optimization problem (21)
is solved, the corresponding estimates for the effective stress-strain relations are given by

&= [MES(AS, RO wibr 22)

where i and £§ are the optimized values of the variables u and k), respectively. We
note that, in spite of its appearance, (22) is not a linear relation between the average stress
and strain. This is because M{S— depends on the average stress through 4§’ and £7’. We
also note that expressions for the stress—strain relations derived from bounds on the effective
energy are not guaranteed to be bounds for the effective stress—strain relations of the
composite. .

Expressions for an upper estimate for U, denoted U®5*), may be obtained in an
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analogous manner. Thus, the upper estimate for the effective energy functions of the
nonlinear fiber composites is given by a relation similar to (21) with U§*S™) replaced by

1

U(()Hs+)(5') = Ea-ij (ME)HSH)UH&H- (23)

In this expression, M{*S+) is given by a relation analogous to relation (19), except that
us) and x§ are replaced by pb~ = min {u{} and x§ = min {k$}, respectively. The

associated expressions for the effective stress—strain relations are similar to relations (22),
and are given in terms of M{S (4§, k), where i and £ are now the optimized values
of the variables u and k§ arising from the solution of the optimization problem for
s+,

From a practical point of view, the class of two-phase, transversely isotropic fiber-
reinforced composites is probably the most important. For this case, Lipton (1991) has
shown that the linear bounds (18) and (23) are optimal. The lower bound is attained
by a fiber composite made up of a matrix of the stiffer phase weakened by fibers of the
softer phase, while the upper bound is attained by a fiber composite made up of a matrix
with the more compliant phase reinforced by fibers of the stiffer material. Therefore, the
linear bounds TS~ and TU§S*) may be regarded as estimates for the effective energy
functions of these two types of linear-elastic, fiber-reinforced composites, respectively. It
follows from the discussion in Section 2 that T®S-) and ™5+ may therefore also be
regarded as estimates for the effective energy functions of the corresponding classes of
nonlinear fiber composites. Thus, we may regard the lower bound (upper estimate) as an
estimate for the effective energy function of a nonlinear fiber composite involving fibers
(matrices) of the weaker phase, and matrices (fibers) of a stiffer material. In particular, the
associated expressions for the stress—strain relations may also be used as estimates for the
behaviors of these two types of nonlinear fiber composites with extremal properties. In
Sections 6 and 7, we will discuss this possible interpretation of the results in more detail.

To conclude this section, we note that the representations for the lower bound U®5-
and the upper estimate ™% are given in terms of 4n-dimensional optimization problems.
From a computational point of view, obtaining the solutions of these problems is straight-
forward, especially because the functions ¥ are convex in the optimization variables u§
and k§. Nevertheless, in some cases, these representations can be simplified further with
the help of the identity given in Appendix C. In the following section, dealing with the
special case of incompressible fiber composites, we make use of this approach. In later
sections we consider the more complicated case of compressible fiber composites.

4. THE INCOMPRESSIBLE FIBER-REINFORCED COMPOSITES

In this section, we are concerned with fiber composites that are made up of » incom-
pressible phases (and are hence incompressible). Neglecting dependence on the third
invariant of the stress, we have that the complementary energy-density functions of the
phases depend only on the effective shear stress, i.e.

U%(6) = ¥ (z.). (24)

Then, expression (21), together with (15), reduces to the following expression for the lower
bound on the effective energy function of the nonlinear fiber composite, namely

J%5)(3) = max min {ﬁg{s—)(&)_ Y ¢ [__2#1 2 (19)2_1//(,)(1&))]}. (25

#Pz0 0 r=1

In the above relation, the lower bound for the effective energy function of a linear
comparison composite (made up of n incompressible isotropic phases) T~ is given by

SAS 30:14-C
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relation (18), with«¥ =0 (r = 1,...,n) in expressions (19) and (20) for M=) and M,
respectively. Then, by means of identity (C2), U5~ may be rewritten in the form

~ s 1 . n
045 @) = 5 min { Y. €, 104 (M )+ MU )]
Q' r=1
Q=1
- (Mg(ugﬁ)))iqu] 0'-,,4}, (26)

where the optimization variables Q" are subject to the constraint Y ¢”’Q" = 1, and satisfy
r=1

the symmetry conditions Q. = Qu, = Q. In general, expression (26) involves opti-

mization over 36n entries of the Q. However, due to the symmetries of the tensors MY’

and M, only 6n nonzero entries are needed. Thus, the optimization variables may be

chosen in the form

6
O = Z a)fl’)E["], (27)
!

g=

where the definitions of E!! and E!® are given by (A7) of Appendix A, and where the
optimization constraint implies that @, =1, (g = 1, 2, 3, 4) and &, = 0, (g = 5, 6). With
this choice for the Q{8 can be expressed in terms of the three imcompressible trans-
versely isotropic invariants of 4, namely, the deviatoric shear stress 7, the transverse shear
stress 7, and the longitudinal shear stress 7, (see Appendix A). Furthermore, U$S-) depends
on these three invariants and the {’ (g = 1,...,6) only through the following 4n groups:

fd(w({) —2('0(6’))’ fd(w(S,) “w(lr))’ fpw(_{)’ and —,,(O(4'). (28)

However, following a procedure similar to the one described in Appendix B [see the

discussion preceding eqns (B8)] to eliminate the optimization constraints, and using the

identity max { f(x+y) +¢g(x)} = max {f(x)} + max { g(x)}, the number of the optimization
X,y R X

variables can be further reduced to 2 variables. In terms of these variables (0" and 1),
the lower bound for the effective energy function of the linear comparison composite
becomes

(r)
o o=1 ) /=1 2uf
rEs

ﬁ(ons->(5-)= min {Zn:c(')[ 1 [(r§+t§)(a)(”)2+T§(YI('))2]

) =

=1

-+

2ul(+7 (+1)(d _w(’))z]}- (29)
0

Upon substitution of (29) into (25), we arrive at the following expression for the lower
bound for the effective energy function of the nonlinear, incompressible fiber composite
TS namely :

n
0%7@) = min min ) 3 0y O@)+cYO ), (30)
¥ (u“’,u’;: i r=1
ﬂ(",ﬁx 1 r#s

where
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10 = J@+D@N 2+ G, (r=1,...n5r#5),

n 4]
1Y = \/(f§+f§) [(w“”)2+ ¥ %(1 -m“’)2]+(qu<’>)2. 31
t=1

Expression (30) was obtained from (25) by interchanging the order of the optimization
operations over the variables u{’ and the ©”, n*”? variables, respectively. This is allowed
by the Saddle Point Theorem (Rockafellar, 1970) since the functions (— ¥'*?) are concave
in the variables u§’, while (29) is convex in the variables ©® and . Also, the minimum
over § implied by u$" in expression (29) has been taken outside in expression (30). In
addition, we made use of the equality (7), specialized to each of the phases. Finally, we
note that there are n “branches” (one for each phase) to the solution of (30), and that the
minimum over all the branches yields the desired lower bound.

Once the minimization problem (30) is solved, an estimate for the associated stress—
strain relations may be obtained by simple differentiation with respect to . However, by
the results of Appendix B, in the computation of the effective stress—strain relations, we
may regard the optimization variables ® and n® as constants as far as derivatives with
respect to ¢ are concerned. Thus, the expressions for the effective stress—strain relations
may be written in the form:

noe® dl//(') f a‘t a‘(d

z ) (r) N2z M.

&€= rzl ,r(r) dt(r) (T ) [( ) ( +‘Cn a )+('? ) 6‘J+
r#s

© dy @ ot, _ ot 8
+ f(s) d‘/l(s) ( (s))[((w(s))2+ Z (s) (1 wfl)) )( (»;- +Tna )+('f(5))2_ ?]9 (32)

where &’ and # are the optimized values of the variables @ and #® [from (30)],
respectively. The s-phase in the above expression corresponds to the branch attaining the
minimum in (30), and the expressions for t¥ = 19(d®,4?),and £© = 1 (&©, ) are
obtained from (31).

The upper estimate for the effective energy function of the nonlinear incompressible
fiber composite may be obtained in a similar manner. Thus, the expression for the upper
estimate has precisely the same form as the lower bound (30), except that the minimum
over all phases is replaced by a maximum. A corresponding estimate for the effective stress—
strain relation may also be obtained by means of (32), where, in this case, the s-phase
corresponds to the branch attaining the maximum in (30).

The representation (30) for the lower bound (or the upper estimate) involves mini-
mization problems over 2n constrained variables. However, the number of optimization
variables can be further reduced to 2(n— 1) unconstrained variables (see Appendix B). For
example, in the case of a two-phase, incompressible fiber composite, the optimization
constraint may be eliminated by letting 0 = 1 +c®w, @ = 1—cVaw, gV = 14y,
and n® = 1—cy. In terms of the two unconstrained variables  and #, the two branches
of (30) are

U®(5) = min {c”’l//(”(\/[(l +cPw) + P W2+ + (1 +cPp)H+ -+
W,

+ePYD (=D @G+ + - D}, (33)

and

0 (@) = min {e " (/(+ePw) @G+ + L+ P T+ -

c‘z)tﬁ‘”(\/[(l D)2 4 c“’wz](-c +12)+(1—c“)r})2'2)}

Then, the lower bound and the upper estimate are equal to the smallest and the largest of
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the two branches, respectively. The corresponding estimates for the effective stress-strain
relations are obtained by making appropriate use of (32).

We note that expressions for /ower bounds on the effective energy functions of incom-
pressible nonlinear fiber composites have been obtained previously by Talbot and Willis
(1991). These authors made use of the Talbot—Willis variational method, resulting in a
different, more complicated, form for the bounds than the form presented here. We also
note that expressions (30) for the lower bound, and the analogous expression for the upper
estimate, were first derived by Ponte Castafieda (1992) by application of the variational
principle (10). However, the derivation given here, in terms of the identity (C2), is different,
and can be generalized to the class of compressible, nonlinear fiber composites. This is
accomplished in the next section. We also note that expressions (32) for the effective stress—
strain relations of the fiber composite are presented here for the first time.

5. COMPRESSIBLE FIBER-REINFORCED COMPOSITES

With the insight gained in the previous section, we attempt in this section to obtain
corresponding results for n-phase fiber composites with compressible, nonlinear, isotropic
phases. Again, we will make use of the identity (C2) in the expressions for the bounds of
the linear comparison composite. Thus, expressions for the lower bound and the upper
estimate for the effective energy function of the nonlinear, compressible fiber composite
may be obtained by following exactly the same steps that led from (25) to (30).

We begin by making use of the same choice for the optimization variables £ as in (27)
to rewrite the expression for TS~ in terms of the four transversely isotropic invariants
of : the in-plane hydrostatic stress ¢,, the normal tensile stress &, the transverse shear
stress 7, and the longitudinal shear stress 7, (see Appendix A). Next, we observe that the
dependence of U5~ on these four invariants and on the six optimization variables (for
each phase) is only through the following 4n groups:

(G0 +6,00). (26,05 +6,07). fwi and fwi. (34)

It can be further shown that the 4n groups of (34) may be replaced by the 4n groups: 6,1
G0, T,0" and 7,0, respectively. Consequently, the lower bound for the effective energy
function of the linear comparison composite may be rewritten in the form:

n

OHs-1(6) = mm{z e [2 1(,) (£, ™) 2+ (£,07) +3(Fn " —6,0) ] +

r=1

+§W[ﬁé(l 7+ Bo(u k)T (1 —0 ™) + T2 (1—-07)] +
b (00 46,8 }} (35)
where
Bol ) = 1+ Ki“%u (36)

and where I1 = {n", ¢, 0", 09 if=1, =1, @ =1, §=1; is the reduced set of
(constrained) optimization variables. We note that the choice of this set is not unique, and
that in some cases, as when 6, = 0 or &, = 0, other choices may be preferred (see Section
6). This is because expression (35) becomes degenerate when 6, = 0, or g, = 0.

With expression (35) for the linear lower bound, relation (21) leads to the following
form for the nonlinear lower bound :
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(’j(HS-)(a) = min min { Z cNYO D e DY+ Ay, H)}a 37
sps, I r=
r;és‘,r‘;ész
where
10 = /50" + @07+ ~6.67), (38)
0§ = 36,17+ 16,67,
and where

c®

ﬂ(ﬁ)

[Go(1 =12+ Bo(ufV, k8PN T;(1 -0 +T2(1—69)]+ - -

Ag= max {2":

miV 692 0

1
(sy) 1) 2_,_ (5|) (51)
+c [ R (z&V)? +max {Zyﬁfl) 12—y (z,, o5 )}:I+
1
+ct? [2 l% (65 + max {2 oS 2-—-://‘52)(132),0,,,)}]}. (39)

Here, we have made use of the Saddle Point Theorem to interchange the order of the
minimum over the set IT with the maximum over the comparison moduli ¢ and x§. We
have also made use of relation (7) specialized to each of the phases to simplify the above
expression. However, it should be noted that relation (7) cannot be used in (39) due to the
coupling between the two optimization variables u§» and x§?. The representation (37)
involves a minimization problem over 4n constrained variables, along with the intermediate
four-dimensional optimization problem (39). However, the constraint can be easily
embedded in (37) to reduce the dimension of the optimization problem to 4(n—1) (see
Appendix B). Finally, we note that the problem (37) has n® branches (one for each pos-
sible combination of £$? and x§?, s,,5; = 1,...,#n), and that the lower bound is then
obtained by taking the minimum over all these branches.

The upper estimate for the effective energy function of the compressible, nonlinear
fiber composite may be obtained in a similar manner. Thus, the expression for the upper
estimate has precisely the same form as that for the lower bound (37), except that the
minimum over all possible combinations of x§? and x§? is replaced by a maximum.

On the face of it, the representation (37) for the lower bound (or the upper estimate)
for the effective energy function of the nonlinear fiber composite does not appear to offer
much of an advantage over the previous representation (21). However, in many practical
applications, associated with special classes of fiber-reinforced composites, further sim-
plification of the above representation is possible. For example, if a particular phase, say
phase s, is stiffer (weaker) than the others, only one branch of the solution needs to be
evaluated since, in this case, thechoice 5, = 5, = sleads to the lower bound (upper estimate).
Further, we note that whenever the intermediate optimization problem (39) can be solved
analytically, the representation (37) is preferable because it involves a simple minimization
problem, in contrast with expression (21) which requires the solution of a minimax problem.
From a computational point of view, this eliminates the need for the iterative procedure
associated with the evaluation of the functions ¥ in (21). To illustrate this point, let us
examine the class of compressible fiber composites with one or more incompressible phases.

Thus, we consider a compressible, n-phase fiber composite, with at least one incom-
pressible phase. Then, the trivial choice k§? = oo attains the minimum in (37). This further
allows the evaluation of the optimization problem (39). The lower bound reduces to the
3n-dimensional constrained minimization problem:
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U#S-)(g) = min min L0 (1) Y 4 96 (1 % ‘
¥ (})"7,(1“}: i rgl ¢ w (t *Im )+C .jl (r . ’ (40)
¢ F 1 r#S .
7= 1
where
) = \/(rp +12)(w"’) + 3(0' n"’ G )2, (r =1,....n,r#5), (41)

. S -
rf)=\/(‘€ +1'2)(a)(”) +3(O. ’7(8)’“0' é(s)) + Z (‘FS’ g(}“ (x)) -H'T + 72 )(} wm).?},

and
2= 1z ==
oR =360+ 36,07, (r=1,....n).

Within this class of composites, the sub-class of hollow-fiber composites (for which
the above expression for the lower bound reduces to a simple, explicit result) is of particular
interest. Thus, we take the complementary energy-density function of the matrix (phase 1)
to be of the form U"(s) = y(z.). Correspondingly, the complementary energy-density
function of the cylindrical voids (phase 2) is given by U‘®(6) = w0 if ¢ # 0, and 0 otherwise.
The minimum in (40) is trivially attained by the choice s = 1 and 0 = ¢@ = 4 = (.
The values of the variables w'”, ¢V and 5" then follow from the optimization constraint.
Substitution of these values into (40), leads to the following expression for the lower bound
for the hollow-fiber composites

UM @) = (1) <—< '1““)«/(1-*-6')( 2+t +1(6,—d,)’ +<ap>, (42)

where ¢ = ¢‘? is the volume fraction of the voids. The corresponding estimate for the stress-
strain relation may be derived with the help of (A12). We note that when y(z.) = a(t.)"* ', -
where a is a non-negative constant and »n > 1, the above result reduces to the lower bound
derived independently by Suquet (1992) for power-law materials containing cylindrical
voids. [The more general result (42} is also given by Suquet (1992).]

Another class of composites, of great practical significance, for which the representation
of the lower bound may be simplified, by explicit evaluation of (39), is the class of n-phase
fiber composites for which the stiffest phase is linear. In the following section, we deal with
the special case of two-phase, fiber-reinforced composites of this type.

6. APPLICATION TO METAL-MATRIX COMPOSITES

Among the various classes of fiber-reinforced composites, the class of metal-matrix
composites is one of the most common. In this section, we restrict our attention to this
important class of composites, which are made up of ductile matrices reinforced by stiffer,
linear-elastic fibers. Since the plastic strains in the metal phase are independent of the
hydrostatic stresses, we assume that the behavior of the matrix (phase 1) is governed by a
complementary energy-density function of the form:

1
d/( I)(Teﬂ am) = (P(Te) + m o-r%n (43)
where the function ¢ is non-negative and satisfies the strong convexity assumption described

in Section 2, and where ‘" is the usual bulk modulus. Further, to account for the initial

| R,
linear-elastic behavior in shear of the metal phase, we assume that ¢(t.) = 200 e +1{1.),
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where u(" is the elastic shear modulus. On the other hand, the behavior of the fiber material
(phase 2) is governed by the quadratic complementary energy-density function

1 1
Y P (e, 0) = m73+ Wﬁfn (44)

where u® and x® are the corresponding shear and bulk moduli, respectively. Finally, to
enforce the assumption that phase 2 is stiffer than phase 1, we let u® > u® and k@ > k@,

We begin by considering the lower bound J*-). As mentioned in the previous section,
since phase 2 is linear and stiffer than phase 1, the intermediate optimization (39) may be
evaluated explicitly. Further, because of the particular choice for the energy-density func-
tions YV and ¢®, a different choice for the reduced set of optimization variables in
(34) leads to additional simplification of the problem. Thus, with the new choice for the
optimization variables, the lower bound for the effective energy function of the composite
may be given in terms of the following 3-dimensional minimization problem

~ . 1 1 1
g4s@) = m{cm[cp(rsm W(oﬁ?)z]w‘” [2 e (r£2>)2+m(as:>)2]}, )

where

() = (1 +cPw) + 821 +c20)? +4(6,— 6,) (1 +c P>,
@) = 51— V)’ +c Bo(uf?, k) + (1~ c6) + V) + -
+3(6,— 6> (1=cV1)’ +c V36, 2¢ + 1) +16.(d — )%,
ol = (36, +i6)(1+c29),
o) = (36, +16.)(1—cV¢). (46)

In the above expression, f, is given by relation (36) and

(C(z) o 1 @7
246t
Qo+l \mt+ mt pre2

Once the minimization problem (45) is solved, the corresponding estimate for the
effective stress—strain relation may be obtained by following the same procedure followed
for the incompressible fiber composite. Thus, the estimate for the stress-strain relation may
be written in the form

__ 0 ] 1 1 1
8= {c‘”[<p(w£")+ W(aﬁ&’)z} +c® [2;;(” (#P)* + m(agw]}, (48)

where (", £{?,6() and ¢ are evaluated from (46) at the optimal values of 7, w and §.
Further, in (48), the derivatives with respect to & are evaluated with #, @ and  fixed.
We emphasize that due to the different choice of the optimization variables, the above
representation for the lower bound is subject to the restrictions (26,+6,) #0 and
(6,—,) # 0 [instead of the restrictions &, 0 and 6, # 0, for the representation (37)]. For
consistency, we will make use of the same set of optimization variables in the following
representation for the upper estimate, although, in this case, the number of the optimization
variables cannot be reduced (from 4 to 3).

The evaluation of the upper estimate is more complicated since in this case the inter-
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mediate optimization problem (39) cannot be solved explicitly. However, if the ratio of the
initial shear modulus to the bulk modulus of the weaker, matrix phase is small (i.e.
p ViV « 1), significant simplification may be achieved by means of the following approxi-
mation for ,, namely.

(h Ly ' ) ’H(ol) ’
ﬁBO(.u() »Ko )“ 1+27'7 +o N . (49)

(1) .
’\(0 Ky

Then, the estimate for the upper bound for the effective energy function reduces to

~ _ . 1 1 |
(HS+) ~ (1) (h e y2 A2 2)1y2 2y 2
U (6) = min {c [(p(re )+ 2K(,,(aﬁn’) :’—f-c‘ ’liz»ﬂ(<-j)~(r§ N4 PWE (¢'h }}

b, w.0

(50)
where
(") = (1 +cPw) + P ]+ T+ 70 + 07+ -
+ 46, =)  (1+ 2+ P36, 2 +n) + 6.0 —n) .
(@) = (1 —cPw) + 57 (1= +4(6,~-6,)" (1 = p)™.
(W) = (36,+16.) (1 +c D) +2¢' Vi’
o = (36, +16)(1 V). (1)

We recall that (50) is subject to the restrictions (26,+6,) # 0 and (6,—4,) # 0. Also, we
remark that, fortunately, the approximation (49) holds for most metal matrix composites.
For example, when u"/k " < 0.45 (or in terms of the associated Poisson’s ratio, v'" > 0.3),
the maximum difference between (50) and the exact solution of the expression for TS+’
is only about 2% (see Fig. 3). Finally, we note that when 7, = 0 the two forms are equal.

The associated expressions for the stress—strain relations may be evaluated from the
upper estimate for the effective energy function in the usual way. Thus, the expressions for
the effective stress-strain relations have the same form as (48), but with 7.", {2 §.D and
¢? evaluated from (51) at the optimal values of the variables #, ¢, w and 0 [from (50)].

We conclude this section by noting that the lower bound (45) is actually an optimal
bound (i.e. no bound that is better can be given for this class of composites). This can be
shown by following arguments analogous to those given by Ponte Castafieda (1991b) in
the context of statistically isotropic, two-phase, nonlinear composites with one linear phase.
From a more practical point of view, however, the above results for the lower bound may
be used as estimates for the effective energy functions of two-phase composites with ductile,
nonlinear fibers embedded in a linear-elastic matrix (see Section 3). Alternatively, the upper
estimate (50), together with the corresponding estimate for the stress—strain relations, serve
as estimates for the behavior of composites with a ductile matrix reinforced by stiffer, linear-
elastic fibers.

We note that the class of microstructures associated with the upper estimates (for the
effective energy functions) correspond to those typical of metal-matrix composites. This
suggests that the predictions for the effective stress-strain relation obtained from the upper
estimate U™+ could be used as estimates for the effective behavior of metal-matrix
composites. Indeed, the study of the effective behavior of an aluminum-matrix composite,
that is carried out in the next section, confirms this expectation.

7. APPLICATION TO AN ALUMINUM-MATRIX COMPOSITE REINFORCED WITH
BORON FIBERS

In this section, we specialize the results of the previous section to the case of a nonlinear,
compressible, fiber composite made up of an aluminum-matrix reinforced with boron fibers.
The effective behavior of the composite is presented in terms of relations between the four
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transversely isotropic stress modes and the corresponding four strain modes (see Appendix
A). These relations show the overall response of the anisotropic composite to different
loading modes and reveal the coupling among the different modes.

Aluminum (phase 1) is a ductile material with a uniaxial stress-strain curve that can
be approximated by a “linear-plus-power” law [see Fig. 2 in Adams (1970)]. Accordingly,
we assume the following form for the energy-density function of the aluminum matrix :

VES "
Yy M (te, ) =80J I:i+ (i_ﬁ>H(s—ay)]ds+ ﬁoﬁp (52)

0 (] Oy Oy

Here, H is the unit step function (equal to 0 when s < g,, or to 1 otherwise) and &, and g,
are the strain and stress normalization factors, respectively, such that oo/eq = 3u', with
1 denoting the elastic shear modulus. Also, x‘" is the bulk modulus and o, is the yield
stress in tension. Boron (phase 2) is a brittle material that behaves linearly up to failure.
Its energy-density function is given by (44), with 4 and x® denoting the shear and bulk
modulus of boron, respectively.

The lower bound and the upper estimate for the effective energy function of the
composite may then be represented in dimensionless form via the relation:

[7(H5¥)

Go&o

- - - 2)
_ =y JOp O Ty, Tn Oy U 1
@) = G {_p On Tp Tn Oy 71),‘,( ),v(z),n,c(z)}’ (53)

3 ’ s b 7(
Gg Oy Op Op 0o MU

where G and G are obtained from (45) and (50), respectively. The Poisson’s ratios of
the two phases v'" and v'? are defined by

3 _2p®
= 6T 1240 r=1,2). (54)
The corresponding estimates for the four transversely isotropic strain modes are then
determined by making use of (48) along with (AS).

The numerical values for the six parameters in (54) are chosen so that a comparison
with the corresponding experimental results of Adams (1970) may be carried out. Thus,
the properties of the aluminum matrix are taken from Fig. 2 in Adams (1970), which
presents the uniaxial stress-strain curve for the aluminum. Similarly, the numerical values
for the elastic constants of the boron fibers, as well as their volume fraction, were also taken
from the same reference. These parameters are

- @
% =149, B =

5 p 747, vV =032, v? =020, n=182 and ¢® =0.34,
0

where o, = 5.89 MPa and ¢, = 9.29 x 10~ ° are the appropriate normalization factors.

Results for the different loading modes of the nonlinear fiber composites, under several
loading combinations, are given in Figs 2, 4, 5 and 6. To highlight the effect of nonlinearlity,
results are also given in the form of short-dash curves for linear fiber composites with the
same elastic properties as the nonlinear fiber composite. Thus, the phases of these linear
reference composites are identical to those of the nonlinear composite with the only
difference being that g, is taken to be unbounded for phase 1.

Figure 2 shows a plot of the normalized transverse shear stress 7,/z, versus the nor-
malized transverse shear strain 7,/y, for three different loading combinations. Here, 7, = g,/
\/3 and y, = 7,/2u‘" denote the yield stress and strain in shear of the aluminum matrix,
respectively. The continuous curves correspond to estimates derived from the lower bound
for the effective energy function, while the long-dash curves correspond to estimates derived
from the upper estimate for the effective energy function. For all three loading combinations,
G, = 0. The curves denoted by 6,/7, = 7,/T, = 0 correspond to a pure transverse shear load.
Initially, the behaviors of these two stress—strain curves for the nonlinear composites are
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Fig. 2. Lower estimates (continuous curves) and upper estimates (long-dash curves) for the relations

between the transverse shear stress 7, and the corresponding shear strain 7, of the nonlinear fiber

composites, as well as for the reference linear fiber composites (short-dash lines), for three different
loading combinations: ¢,/, = T,/%, = 0, 7,/T, = 2 and &,/f, = 2. Here, 6, = 0 in all cases.

the same as those of the corresponding curves for the reference linear composites (short-
dash lines). However, the predictions for the effective yield points of the two types of
estimates are different, with both the yield stresses and the yield strains being larger for the
estimate associated with the lower bound on the energy.

The effective stress—strain relations associated with the lower energy bound show post-
yield behavior with almost linear hardening with a slope approaching the value

2(,(2)ﬂ(2)(K(2) +%ﬂ(2)) B
Q=M +38=7cD) @

(55)

The corresponding stress—strain relation for the upper energy estimate shows post-yield
behavior with power hardening, where the growth of the strain is proportional to (,/7,)"
for large 7,.

As discussed in the previous section, the stress—strain relations derived from the upper
estimate for the effective energy function may be used as estimates for the behavior of
composites with a ductile matrix phase and linear-elastic fibers. In this context, it is inter-
esting to compare our results with the corresponding predictions of Hashin (1980) [see also
Dvorak and Bahei-El-Din (1987)], who argues, on physical grounds, the existence of two
distinct failure modes for fiber-reinforced composites with a weaker matrix phase : a fiber-
dominated mode in which the composite fails due to fiber failure in tension or compression
along the fibers, and a matrix-dominated mode in which the matrix fails in shear transverse
to, or along, the fibers. According to this model, when the composite is subjected to
transverse shear loads, its yield stress and post-yield behavior are dominated by the behavior
of the ductile matrix. We note that our predictions for the behavior of the composite, from
the stress—strain curve associated with the upper energy estimate, are consistent with
Hashin’s model. Thus, our results indicate that the effective yield stress is only slightly
higher than the yield stress of the matrix, and that the post-yield behavior is dominated by
the behavior of the ductile matrix as well.

The coupling between the shear modes 7, and 7, is illustrated by the two curves for the
proportional loading path 7,/7, = 2, and the coupling between ¢, and 7, by the two curves
for the proportional loading path &,/7, = 2. We note that the effect of a combination of
transverse shear loads with any of the other modes is to saturate the linear range of phase
1, accelerating the onset of yield in the composite. Thus, the resistance of the composite to
transverse shear loads is reduced by application of any of the other loading modes. We note
that this softening effect is more marked for the stress—strain curves obtained from the
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Fig. 3. Comparison of the upper estimate for the relations between the transverse shear stress 7,
and the corresponding shear strain 7, (continuous curve), with the corresponding approximation
(50), based on neglecting terms of order (u{”/x4")? (short-dash curve).

upper energy estimate. Also, the coupling effect of the superimposed longitudinal shear 7,
on the transverse shear mode 7, is more pronounced than that of the superimposed uniaxial
tensile stress 6,.

To illustrate the consequences of this softening phenomenon, let us consider a cyl-
indrical fiber composite bar, subjected to a uniaxial tension load in the fiber direction
combined with a torque aligned with the symmetry axis. At the local level, the stress field
that develops within this bar may be represented by a combination of a uniaxial tensile
stress &, and the transverse shear stress 7,. Thus, our results predict that any increment in
the uniaxial tensile stress (with fixed transverse shear stress) will cause additional growth of
the resultant transverse shear strain. The overall contributions of the shear strain increments
(within the composite) is to increase the twist angle of the bar. Thus, at the global level,
our results would predict an increase of the twist angle in response to an increment in the
tensile load (with a fixed applied torque).

Figure 3 shows a plot of the normalized shear stress f,/t, versus the normalized shear
strain 7,/y,, in the vicinity of the predicted yield point, when all other stress modes vanish.
Here, we compare the predictions for 7, obtained from the exact solution for the minimax
problem [see (37)—(39)] for TS+ (continuous curves) with the corresponding approxi-
mation (50) (short-dash curve), based on neglecting terms of order (u{"/x§")?. As we can
see, the two curves are very close, with a maximum error of about 0.5%. We note that the
maximum error between the two curves always occurs near the predicted yield points.

Figure 4 shows a plot of the normalized longitudinal shear stress 7,/t, versus the
normalized longitudinal shear strain 7,/y, for three different loading combinations. The
continuous curves correspond to the estimates derived from the lower bound for the effective
energy function, while the long-dash curves correspond to the estimates derived from the
upper estimate for the effective energy function. For all three loading combinations, &, = 0.

The curves denoted by 1,/7, = 6,/T, = 0 correspond to a pure longitudinal shear load
along the fibers. We observe that the predictions for the yield stresses, the yield strains and
the post-yield behaviors obtained from the upper energy estimates are very similar to the
predictions of the corresponding curve in Fig. 2 (denoted by 6,/%, = 7,/7, = 0). This simi-
larity is anticipated on grounds of our previous observation concerning the interpretation
of the upper energy estimates as estimates for ductile-matrix composites. Thus, when the
ductile-matrix composite is subjected to shear loads along the fibers, it is expected that its
yield and post-yield behaviors will be dominated by the corresponding behaviors of the
ductile matrix, and hence the similarity between the upperbound energy curves in the Figs
2 and 4.

On the other hand, the curves associated with the lower bounds, in Figs 2 and 4, are
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Fig. 4. Lower estimates (continuous curves) and upper estimates (long-dash curves) for the relations

between the longitudinal shear stress T, and the corresponding shear strain 7, of the nonlinear fiber

composites, as well as for the reference linear fiber composites (short-dash lines), for three different
loading combinations: 6,/f, = 7,/f, = 0, 7,/%, = 2 and 6,/T, = 2. Here., 6, = 0 in all cases.

not as close. Although the post-yielding behavior is nearly linear for both cases, there is a
significant difference between the asymptotic slopes of the curves as the stress increases.
In Fig. 4, the slope of the longitudinal shear stress—strain curve approaches the value
2cP /(2 —c'?), whereas the corresponding slope for the transverse shear stress curve,
in Fig. 2, approaches a lower value, given by relation (55).

The coupling between the shear modes 7, and 7, is illustrated by two curves for the
proportional loading path 7,/7, = 2, whereas the coupling between 4, and 7, is illustrated
by the two curves for the proportional loading path &,/T, = 2. We observe that the super-
position of any of the other modes on the longitudinal shear mode has the effect of saturating
earlier the linear range of phase 1, thus increasing the apparent ductility of the composite.
Therefore, analogously to the previous case (Fig. 2), the resistance of the composite to
longitudinal shear loads is reduced with the addition of any of the other loading modes.

Figure 5 shows plots of the normalized tensile stress 6,/0, versus the normalized tensile
strain &,/¢, for three different loading combinations. Here, &, = ¢,/2u‘"(1+v'") denotes

0 0.5 1 Fje 15 2
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Fig. 5. Lower estimates (continuous curves) and upper estimates (long-dash curves) for the relations

between the normal tensile stress &, and the corresponding strain &, of the nonlinear fiber composites,

as well as for the reference linear fiber composites (short-dash lines), for three different loading
combinations: ¢,/6, = 7,/d, = 0, §,/6, = 1.5 and ./, = 1. Here. 7, = 0 in all cases.
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the yield strain of the aluminum matrix under uniaxial tensile load. The continuous curves
correspond to the estimates derived from the lower bound for the effective energy function,
while the long-dash curves correspond to the estimates derived from the upper estimate for
the effective energy function. For all three loading combinations, 7, = 0.

The curves denoted by 6,/6, = ,/6, = 0 correspond to a uniaxial tensile load in the
fiber direction. Initially, the behaviors of the two curves are the same as those of the
reference linear composite (short-dash lines), until phase 1 yields. The predictions for the
effective yield stress and strain are almost the same, and after yielding, the plastic hardening
of both estimates for the composite is nearly linear. As discussed by Hashin (1980), this
post-yield behavior is expected on physical grounds since the stiff phase dominates the
behavior of the composite in tension (or compression) along the fibers.

The coupling between the two dilatational modes is illustrated by the two curves for
the proportional loading path 6,/6, = 1.5. Thus, we see that the superimposed &, leads to
significant stiffening of the composite. We observe that the two curves (for 6,/6, = 1.5) are
initially fairly close to each other (and behave the same way as the corresponding curves
of the reference linear composites). However, after yielding of phase 1, the predictions
based on the upper energy estimate are markedly different from the corresponding pre-
dictions from the lower energy bound. Thus, the lower energy bound predicts only little
growth of the tensile strain ; while the corresponding upper energy estimate actually predicts
a decrease of the normal tensile strain. This interesting behavior is due to the plastic
incompressibility of the aluminum phase. Because the plastic strains in phase 1 are pro-
portional to the stress deviators, and under the above combination of loads, the normal
component of the stress deviator (in the fiber direction) is negative, the plastic part of the
normal tensile strain decreases. According to the lower bound, the magnitudes of the elastic
and the plastic parts of the tensile strain are almost the same, and hence £, (the sum of the
two parts) is almost fixed. However, according to the upper estimate, under these loading
conditions, the magnitude of the plastic part of the tensile strain is larger than that of the
elastic part, and hence &, decreases.

The coupling between the normal tensile stress and the longitudinal shear stress £, is
illustrated by the two curves corresponding to the proportional loading path 7,/6, = 1. The
effect of increasing the shear load T, is to saturate earlier the linear range of phase 1, hence
increasing the apparent ductility of the composite. We note that the difference between the
curves for the lower bound and the upper estimate is relatively small in this case.

Figure 6 shows plots of the normalized in-plane hydrostatic stress &,/0, versus the
normalized in-plane hydrostatic strain /e, for three different loading combinations. The

Fig. 6. Lower estimates (continuous curves) and upper estimates (long-dash curves) for the relations

between the in-plane hydrostatic stress 6, and the corresponding strain £, of the nonlinear fiber

composites, as well as for the reference linear fiber composites (short-dash lines), for three different
loading combinations: ¢,/6, = £,/6, =0, G./6, = 3.5 and ,/&, = 1. Here, T, = 0 in all cases.
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continuous curves correspond to the estimates derived from the lower bound for the effective
energy function, while the long-dash curves to the estimates derived from the upper estimate
for the effective energy function. For all three loading combinations, 7, = 0.

The curves denoted by 6,/6, = 7,/G, = 0 correspond to a pure, plane hydrostatic load
in the transverse direction. Initially, the behaviors of the two curves are the same as those
of the reference linear composite (short-dash lines), until the yielding of phase 1. After
yielding, both types of estimates predict linear hardening for the composites. This suggests
that the in-plane hydrostatic strains are governed by the stiff linear phase. In the case of
normal tensile loads (Fig. 5), it is easy to visualize that the tensile mode (along the fibers)
should be controlled by the stiffer phase ; however, that the same behavior should also be
observed for the in-plane hydrostatic strains is perhaps less intuitive. The reasoning lies in
the Poisson effect: when the fiber composite is subjected to in-plane hydrostatic loads,
tensile strains are set up in the fiber direction (due to the Poisson effect), which must be
continuous across the phases, thus providing the required stiffening effect in the transverse
direction (because the linear phase controls the strains along the fibers).

The coupling between the two dilatational modes is illustrated by the two curves for
the proportional loading path &,/5, = 3.5. We observe that the two curves have the same
behaviors as the corresponding curves for the reference linear composite (short-dash lines),
until phase 1 yields. After yielding, however, the in-plane hydrostatic strain decreases for
both types of estimates. The reasons for this have already been discussed in the context of
Fig. 5. The curves for the proportional loading path 7,/&, = 1 show relatively weak coupling
between the in-plane hydrostatic stress and the longitudinal shear stress f,. These curves
resemble the corresponding curves for 7,/6, = 1 in Fig. 5.

Finaily, we make a comparison between our theoretical results and the experimental
data of Adams (1970). For definiteness, we consider a Cartesian coordinate frame, where
the x, axis is aligned with the fiber direction n, and the other two axes lie in the transverse
plane (see Fig. 1). We make use of the results of Appendix A to determine the values of
the four transversely isotropic stress (strain) invariants in terms of the Cartesian components
for a given stress (strain) tensor. In this case, the applied load 6,, is a tensile stress in the
transverse direction, and we have 6, = 3G, T, = 161,. Therefore, by means of the chain
rule, the corresponding tensile strain component is
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Fig. 7. Lower and upper estimates (continuous curves) for the relations between the uniaxial tensile

stress &,, and the uniaxial plastic tensile strain &8, for the nonlinear fiber composite, and results for

three sets of experimental data points (squares, triangles and circles), corresponding to three tests
carried out on an aluminum-matrix composite reinforced with boron fibers (Adams, 1970).
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corresponding tensile strain £5,. Three sets of experimental data points are shown (squares,
triangles and circles), representing the three different tests carried out on the aluminum-
matrix composite (Adams, 1970). Two curves representing the corresponding two estimates
obtained from the lower bound and the upper estimate for the effective energy function are
also shown. We observe that the two curves bound the experimental data points from above
and below. However, the curve obtained from the upper energy estimate is much closer to
the experimental data points. This is in agreement with our prior discussions suggesting
that the stress—strain relations derived from the upper energy estimate can be used as
estimates for the behavior of two-phase fiber composites with the ductile phase playing the
role of the matrix and the brittle phase that of the fibers.

8. CONCLUDING REMARKS

In this work, we have obtained bounds and estimates for the effective behavior of
nonlinear fiber-reinforced composites by means of a variational procedure introduced by
Ponte Castafieda (1991a, 1992). This procedure enabled the extension of lower and upper
bounds of the Hashin—Shtrikman (1962) type for the effective energy functions of n-phase
linear fiber-reinforced composites to corresponding lower bounds and upper estimates
(estimates for the upper bound) for the effective energy functions of n-phase nonlinear fiber
composites. Simple representations for these bounds and estimates, generalizing earlier
results by Ponte Castafieda (1992) for the class of incompressible fiber composites, were
obtained for the class of compressible fiber composites. We note that different, but equival-
ent, expressions for the lower bound for the effective energy functions of incompressible
fiber composites have also been obtained previously by Talbot and Willis (1991), using a
different procedure. However, the form of the lower bounds obtained in this work is simpler.
Additionally, the more practically useful upper estimates of the Hashin—Shtrikman type are
also new. In particular, these upper estimates have not been available by the Talbot-Willis
method.

The important case of compressible, two-phase fiber composites made up of a ductile
and a brittle phase was studied in detail. The general expression for the lower bound was
specialized for this class of composites, and a similar expression, based on neglecting terms
of order (u{"/k(")?, was obtained for the upper estimate. Corresponding estimates for the
effective stress—strain relations were obtained by straightforward differentiation of these
expressions. Explicit calculations were carried out for an aluminum-boron system, high-
lighting the significant couplings that may arise between the different loading modes.

Finally, we proposed alternative (approximate) interpretations for the constitutive
relations derived from the lower bounds and upper estimates for the effective energy
functions of two-phase, nonlinear fiber composites. Thus, the results based on the lower
bounds were given the interpretation of estimates for the effective behavior of fiber com-
posites made up of stiffer linear-elastic matrices weakened by ductile fibers. Corres-
pondingly, the results based on the upper estimates for the effective energy functions were
given the interpretation of estimates for the effective behavior of fiber composites made up
of ductile matrices reinforced by stiffer linear-elastic fibers. This latter interpretation was
confirmed through comparison with available experimental results for a metal-matrix, fiber-
reinforced composite.
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APPENDIX A: ON THE CHARACTERIZATION OF TRANSVERSELY ISOTROPIC
MATERIALS

The purpose of this appendix is to gather some results relevant to the analysis of materials with transversely
isotropic symmetry. These results are used extensively throughout the body of the paper in the development of
estimates for the effective behavior of nonlinear fiber composites, which constitute a special class of transversely
isotropic materials. The emphasis of this section is on representations for the transversely isotropic invariants of
the stress and strain tensors. The reason is that nonlinear transversely isotropic materials are most efficiently
characterized in terms of energy-density functions depending on these invariants.

A.l. Isotropic invariants

As is well-known, there are three isotropic invariants for a symmetric, second-order tensor. However, only
two of these, which are of quadratic order or less, are relevant to linear-elastic behavior. These invariants may be
expressed [see, for example, Walpole (1981)] in terms of two fourth-order projection tensors J and K, such that
I=J+K,J =JJ,K = KK and JK = 0. Their Cartesian components are given by

Jiw = %5.75/(/, Ky = %(‘Siklsjl""(sil‘sjk_ %61'1'5&1), (Al)

where d;; is the Kronecker delta symbol. Then, in terms of these projection tensors, we define two isotropic
invariants of the stress tensor via

_ 21
Oy = %Jkkija'('i and 1t} =3K;,0,0,, (A2)

called the hydrostatic (mean) stress, and the effective shear stress, respectively. We also define the hydrostatic
strain ¢, and the effective shear strain y, by relations analogous to (A2).

It is important to note that the elasticity tensor L of an isotropic, linear-elastic material admits a spectral
decomposition

L = 3xJ+2uK, (A3)

where J and K play the role of the eigenprojections, and the bulk and shear moduli of the material, x and y, are
the corresponding eigenvalues.

A.2. Transversely isotropic invariants

There are in general five transversely isotropic invariants of a symmetric, second-order tensor (Spencer, 1971).
However, only four of these invariants are linear, or quadratic, in order. They may be represented in terms of the
four projection tensors (Walpole, 1981) E!'l, E!3, E!¥ and E!, satisfying the relations EPEY = EY; EPEW = 0,
p # q;and E'+ E@ L P14 EW < 1. The Cartesian components of these four projection tensors are given by :

E:['jl T %ﬂu ﬂu,

E .[,221 = 0 Oksy

EUl = 3(BuBi+ By Bu—BiiBu),

El = 3(Buctt+ Budt+ Bttt Bicta), (A4)

where a; = n;n; and B; = §,—nn,, with n denoting the axis of transverse isotropy. Then, the four transversely
isotropic invariants of the stress tensor ¢ may be expressed in the forms:

Op = $E oy = %Urjﬂij, {3@11+035)},

0, = Elflo, = O yjs {a33},

Tg = %O'ijE.[ﬂlUk/ = %[aijaklﬂikﬂlj~%(aijﬂij)2]a {o12+4(011—02)%},

2= %U'UE.[}'/!/UH = [aijakiajk_(aijaij)zL {(6},+035)}. (A5)

Physically, these invariants correspond to the in-plane hydrostatic stress, the normal tensile stress, the (in-plane)
transverse shear stress, and the (anti-plane) longitudinal shear stress (given in parentheses are the corresponding
representations for a choice of n aligned with the 3-direction). Analogous relations apply for the transversely
isotropic invariants of the strain tensor &, denoted respectively by &, ¢,, 7, and y,. We also note for latter reference
that the following relations hold between the transversely isotropic invariants of (A5) and the isotropic invariants
of (A2),

On =3Q20,+0,), =1l +1i+3(0,~0,)" (A6)
Contrary to the situation for isotropic materials, the above four projection tensors are not the eigentensors
of the spectral decomposition of an arbitrary transversely isotropic elasticity tensor (Mehrabadi and Cowin,

1990). Such eigentensors would involve the material moduli. Therefore, it is necessary to introduce (Walpole,
1981) two other tensors, that are not projections, E'* and E!®, with components

Etl'jslgl = “ijﬂkl and E,[ﬂl = ﬂ.y“kh (A7)

The elasticity tensor L of an arbitrary transversely isotropic material may be expressed in terms of these six
tensors, via

SAS 30:14-0
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L =g EMN+a,E¥ 4 a,EP + q,E' + o (EP! - EI9), (A8)
where a, (g = 1,...,5) are the five moduli that suffice to characterize the behavior of the material. The compliance
tensor M, of an arbitrary transversely isotropic material may be expressed in a similar form. It is worth mentioning
that the isotropic projection J, can be represented in the form
J = EY 4+ JEP 4+ (B + EM), (A9)
and that we can additionally define, for later reference, the tensor E’ such that
E = EY+EFY —K. (A10)
The tensor E’ is a projection tensor, orthogonal to E'* and E™,
Finally, we remark that the energy density function of a transversely isotropic, linear-elastic material may be
represented in the form
U(a) = Y(0,,0,.7,.7,). (A1)

Then, the relations between the transversely isotropic stress and strain invariants are given by

1oy o Ly Loy .
”P_iaap‘ 8“—60',,’ yp——zfgt—p and =3 E (Al2)

A.3. Incompressible, transversely isotropic invariants

For incompressible, transversely isotropic materials, it suffices to consider the three invariants of quadratic
order or less, on the space of traceless, symmetric, second-order tensors. These may be obtained in terms of the
three orthogonal projection tensors EI, E™ and E’, defined in the previous subsection. Thus, the incompressible,
transversely isotropic invariants of the stress tensor o are 1, 1,,, and the deviatoric (axisymmetric) shear stress

i
Tg = '7§(Gp'6n)’ (A13)

corresponding to the three above projections, respectively. We note that from (A6), we have the following identity
relating the effective shear stress and the incompressible, transversely isotropic invariants, ©7 = 17 +17 +1J. The
corresponding strain invariants are denoted y,, v, and y,.

Finally, we note that the elasticity tensor L of an incompressible, transversely isotropic, linear-elastic material
admits a spectral decomposition of the form

L = 20, EW 4 20, B 4 2, (Al4)

where p,, i, pig are the three shear moduli characterizing the behavior of such a material (Lipton, 1992).

APPENDIX B: ESTIMATES FOR THE EFFECTIVE STRESS-STRAIN RELATIONS

In this appendix, we demonstrate the process of obtaining estimates for the effective stress—strain relations
of nonlinear fiber composites from corresponding expressions for bounds and estimates for the effective energy
functions, which are given in the body of the paper. We begin by considering expression (21) for the lower bound
for the effective energy function. Since all the phases in the composite are assumed to be isotropic, the functions
V' in expression (21) may be written in the form

1 i . )
VOUR . K) = max { = (@) 4 55 (68)2 — 4 (", o) ¢ (B1)
2 35

o)

Assuming sufficient smoothness for the functions y”, the corresponding optimization conditions can be expressed
in terms of the following 2~ implicit equations for the variables ¢’ and 6%,

1 Fe o
e o 5?"7 o0 — @(Té)’ o) = 0, (B2)

(z,6) =0 and o
O

and we denote by #7(uy, k%) and 69 (u¥, ky) the solutions for these equations. Then, substitution of the
solutions for ¥ into (21), leads to

U%S-)(g) = max {F(@G;ud, k§"}, (B3)
o =0
where
1 s = - LTI Vo YO
F= [i O'U(M%Hs )):/klokl“rg cf )[Zu%’ (£ Y+ ’ZK(or) (O'Sn))z"!’( )(ﬂja":n)):‘:l- (B4)

Once again, the optimization conditions for the above problem can be stated in terms of 2» equations for the
variables p$’ and k¥, namely,
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OF(G; up, k8) OF(@; 1, k1)
= =0. BS
W 0 and P 0 (BS)
We denote the optimal values of the variables u§’ and «{, satisfying (BS), by 4§’ (6) and £J(4), respectively. In
terms of these optimal values, the lower bound for the effective energy function may be expressed in the form

U®S-)6) = F(5; 49, k%), (B6)
and the corresponding estimate for the stress—strain relations is given by

305 (@)
Gy =—pg—
doy;

o OF(; ug’,xg”) a,u")(a) " OF(@; 49, kD) 6kY (6)

= [MPs- (A, KE)))]uklakl'*' Z g 30, & oy d0.

However, due to the optimization conditions (B5), the last two sums in (B7) vanish, and the estimate (22) for the
effective stress—strain relations is obtained. Analogous expressions for the upper estimate, effective stress—strain
relations may be obtained similarly.

Next, we consider the estimate for effective stress—strain relations (32), obtained from the lower bound for
the effective energy function of the incompressible fiber composite (30). For simplicity, we assume that the nth
branch attains the minimum in (30) (e.g. s = n), and additionally we define t2 = 72 +77. Then, the optimization
constraints @ = 1 and 7 = 1 may be eliminated by letting

(B7)

i

1 _
o" = o I:l ——,Z c")a)"’:I and 9" = o) [1 - c")n(’)]. (B8)

=1 r=1

In terms of the 2(n— 1) optimization variables @®, n (r = 1,...,n—1), expression (30) may be rewritten in the
form

n—1
0@ = min {z c‘%"’(r;")+c<">w‘">(r£"’)}, (89)
",y =1
r=1,...,n—1

where the variables 17 (r = 1,...,n—1) are given by relation (31),, and

o 1 n—1 c(l) 2 n c(l) ) ) 1 a—1 c(l) 2
= 1w - T m e | - T w1 )]+rd<@—l>=:ﬁnw). (B10)

t=

It follows that the 2(n — 1) optimization conditions in (B9) are given by the relations

1 2,
OO0+ ('l/‘"’)’(rﬁ"’)[w"" - ( ) c"’w"’)] =0, (B11)

=1

and

1 1 -
?)—('//(V))/(‘cgr))ﬂ(') + gD (l//(n))/(rén))(l _ Z c(r)n(z)) - 0.

t=1

If we now denote the optimal values of w® and 7, satisfying (B11), by & and 4", respectively, the lower bound
for the effective energy function may be written in the form

U(HS_)(G'-) — Z N ‘/,(f)(fgr)) 4™ l//(")(fg")), (Bl2)

r=1

where £ = /T2(@) 2+ 22Gi)2 (r = 1,. — 1) and £% = (&, 9) [as given by (B10)]. The corresponding

estimate for the efective stress—strain relatlon of the incompressible fiber composite then becomes

n—1pn

= Z ‘()(l//(f)) (‘(r))[(w(r))Z-_+(’7(r))2- -:I

| L O . C. ot
,(,,) ('/’(")) G ("))[[1"'2( i) o m) Z Pl a- (60“))2)]1';4‘
r=1 =1 (]
1ol Yo,
+<ﬁ‘,§, ﬁ”")’ﬂég e

& 000 1 OV 2 ona® 1 L e . 2 "
+3 et % | Wy e +TT£,,_)(|// M) (£) w""—ﬁ 1—; A )+

r=1

+ Z] c(') ;7 l:“’) (w(r)) (‘(r))”(r) T (") A(") (‘/’(")) (f(n))( 1— il c(:)ﬁ(r))j,. (B13)

t=1
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We note that each of the terms in the last two sums in (B13) is identical to zero by virtue of the optimization
conditions (B11). Thus, in the computation of the effective stress—strain relations, we may regard the optimization
variables as constants (as far as derivatives with respect to & are concerned). The final result is given by relation
(32), where &' and /" are defined via relations (B8) in terms of the & and #” (r = 1,...,n— 1), respectively.

The corresponding expressions for the upper estimates for the effective stress—strain relations of the incom-
pressible fiber composite are computed similarly. It can also be shown that analogous results may be obtained for
the compressible nonlinear fiber composites.

APPENDIX C: A USEFUL IDENTITY

In many applications, expressions for the effective elasticity tensors of linear-elastic composites involve the
evaluation of a fourth-order tensor M, defined by

M = [Z L-<"[M("]"'] . (C)

r—1

"
where M® are positive definite, satisfying the conditions M{}, = M}, = M, = M{),, and where ) ¢ = | with

r=1
0 < ¢ < 1 [see, for example, Hill (1965) and Walpole (1969)]. For later reference, we note that all the symmetries

of the tensors M are carried over to the tensor M.
The aim of this appendix is to demonstrate the following identity, which is used repeatedly in the body of
the paper:

i
Y - H Ar) )
o, M;, 0, = min Z il 6,;,9553,- Ml((?pqg‘gf)ua,\'l}' (C2)
Q" Q=1 p

r=1

for all second-order symmetric tensors &, where the variables Q" (r = 1,...,n), are subject to the optimization
constraint Y, ¢”Q = I, and satisfy the symmetry conditions Q,, = Q,,, = Q. This identity is a generalization

r=1
of an analogous identity, first presented in deBotton and Ponte Castafieda (1992).
We begin by letting G(Q) be the function defined by
Gy Q) = 3 QU MY Q0 (€3)
r=1
where the variables Q¢ are subject to the constraint £ = I, and where the tensors M and the constants ¢’ are
as given above. The choice of the set

Q= (Mm)};plquku- (C4)

satisfies both the optimization constraints and the symmetry conditions stated in (C2), and is such that
G(Q2") = M. We consider next a second, arbitrary set, distinct from the first set, QO (r=1,...,n), such that
00 =1, and we let @7 = Q7 —Q©® % 0. Then, substitution of this second set into (C3) leads to

,
G Q) = Y (O + O M G, (0 + OF)
re t

e

" "
- 0 ) O S 6L ) ()
- z ¢ ’)Qlirlﬁ/ M}(’l[!quq\! + Z 4 § ®kli/ Mk[pq(-)p:/xl* (CS)
re 1 r=1

where we have used the fact that @ = 0. In addition, since the tensors M are positive definite, it follows that for
all nonzero, second order, symmetric tensors o,

) \
6, O M, 0 6, = (Of0,)M}, (@0, > 0. (C6)

kipg ™~ pg.

The identity (C2) then follows from (C5) and (C6), because
0,,’Gim(ﬂ“))¢hr > O'I,Gi;kl(ﬂm)"k/ = gz/Mi/klaklv (C7)

for all possible 2 # Q satisfying the optimization constraint and the symmetry conditions, and nonzero,
second order, symmetric tensors o.

Finally, we note that this identity can be further generalized to the case of a tensor M with arbitrary
dependence on the position vector x. In this case the summations in (C1) and (C2) are replaced by integrations
over the volume Q. The optimization variables = £(x) satisfy the symmetry conditions stated in (C2) and the
optimization constraint fo @(x)dx = L



