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Preface

Few, if any, accomplishments of solid mechanics research in the second half of
the last century can match those associated with modeling of heterogeneous solids,
in support of the development of composite materials and their use in numerous
structural applications. From their early introduction in high performance aircraft
and spacecraft, electronic packaging, and thermal management, boats and sports
equipment, to their recent adoption in ship and marine construction, oil exploration
and production, bridges, and road and rail vehicles, composite and sandwich
structures have not only replaced more traditional materials, but enabled production
of entirely new devices and structures.

Among the many subjects in micromechanics, this book outlines several key
subjects on modeling of composites reinforced by particles of various shapes,
aligned fibers, symmetric laminated plates and metal matrix composites. Solved
problems are presented in several parts of the book. The first two chapters on
notation and anisotropic solids briefly summarize well know topics, and point
out how they should be interpreted in present applications. The third chapter is
a collection of different concepts that are useful in understanding properties of
heterogeneous media, and of solution strategies, theorems and connections that lead
to evaluation of local field averages and of overall property estimates and bounds.

The next Chap. 4 focuses on elastic solutions of strain and stress fields at
inclusions, inhomogeneities and cavities embedded either alone or in a dilute
distribution in a common matrix. Green’s functions, Eshelby tensors as well as the
coefficients of the analogous P tensors for common ellipsoidal inclusions shapes
and cracks are derived and listed for future use. Potential and interaction energies
generated by addition of inhomogeneities, cavities or cracks to uniformly deformed
or internally transformed elastic solids are evaluated for several loading conditions
in Chap. 5. The next two Chaps. 6 and 7 describe derivation of bounds on and
estimates of overall elastic moduli and local field averages of particulate and fibrous
composites. Apart from numerous specific results, we emphasize connections
between different methods, such as those between the Hashin-Shtrikman bounds and
the self-consistent and Mori-Tanaka methods. Restrictions on shape and alignment
of constituents of material microstructures that assure diagonal symmetry of overall

vii
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stiffness and compliance matrices are examined in detail. Models suitable for more
diverse microstructures are based on double inclusion or double inhomogeneity
configurations.

A separate Chap. 8 is devoted to analysis of transformation strains, which
include eigenstrains caused by thermal, inelastic and other stress-free deformations,
and of their effect on phase fields and overall response. Chapter 9 is concerned
with local fields at perfect and imperfect interfaces and at different interphases
between inhomogeneities or reinforcements and matrix. A connection between
local displacement jumps and overall deformation is established by introduction
of damage-equivalent eigenstrains.

Application of micromechanical methods to symmetric laminates is discussed in
Chap. 10. Many different problems are treated here, such as design of laminates for
pressure vessels, dimensionally stable and auxetic laminates, laminates with fiber
prestress for damage mitigation or for reduction of free edge stress concentrations,
and the role of transverse cracks on stiffness changes in fibrous plies embedded in
laminated plates.

Chapter 11 is concerned with elastic-plastic materials. An overview of the
incremental plasticity theory, including hardening and flow rules derived from
a double surface model leads to matrix form of the instantaneous stiffness and
compliance and thermal strain and stress vectors. The final Chap. 12 discusses the
transformation field analysis (TFA) of inelastic composites, including unit cell mod-
els, yield and loading surfaces, overall response under thermoplastic deformation,
and modification of the TFA method by other authors. Experimental results obtained
from monitoring the deformation of thin-walled unidirectional boron/aluminum
tubes loaded along a complex loading path provide support for certain parts of the
bimodal plasticity theory, the preferred analytical model. Numerical implementation
of the TFA method shows generally good agreement with observed plastic strains
and their directions, but the analytical model can approximate only yield and
loading surfaces. Analysis of thermal hardening in two-phase particulate and fiber
composites, laminated plates and multiphase systems, is followed by a discussion
of the utility of plasticity theories, that completes the last chapter.

The subject is of course much broader and cannot be covered in a single
publication. Thousands of papers and several books have been published over the
years. However, this text can introduce the reader to many aspects of the field.
It is intended to advanced undergraduate and graduate students, researchers and
engineers interested and involved in analysis and design of composite structures.
Educational background in continuum mechanics, elasticity, fracture mechanics and
plasticity should facilitate understanding.

The author is indebted to several former graduate students and collaborators
who have read and contributed to the text. Among those are Professor Y. A.
Bahei-El-Din of the British University Cairo, Professor Yakov Benveniste of Tel
Aviv University, Professor Tungyang Chen of the National Cheng Kung University
in Taiwan, who had also drafted parts of Sects. 2.5, 4.5 and 9.1, and Professor
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Chapter 1
Tensor Component and Matrix Notations

Derivations and presentations of results in this book will appear in the tensor
components, or in the related matrix notation. In the tensor component or subscript
notation, vectors or first-order tensors are denoted by lower case italics with a single
letter subscript, such as n; or v;, while second, third and fourth-order tensors are
written as £;, €, Ljj, with the number of subscripts indicating the order or rank
R of the tensor. The subscripts have a certain assigned range of values, which is i,
j,...=1,2,3, or p = 3 for tensorial quantities in the Cartesian coordinates x;.
The number of tensor components is N = RP’. It is then convenient to write the
components of a first, second or fourth order tensors as (3 x 1), (3 x 3) or (9 x 9)
arrays, which need not conform to the rules of matrix algebra. The third order tensor
can be displayed in three (3 x 3) arrays.

Relations between tensor quantities must be written in a form that is preserved
under coordinate transformations. However, magnitudes of the tensor components
depend on the particular orientation of the coordinate system, and they change
according to the rules for transformation of Cartesian tensors. Transformations from
the current coordinates x; to the new, primed coordinates x/, are described by

’ ’ ’ ’
n;=da;n; Sij = QikA;jiEki Eijk = QAipQjqQirE€pqr L,‘jk[ = aipajqakralepqrs
(1.1.1)

where a;; = cos(x/, x;) is an orthogonal (3 x 3) matrix of directional cosines of
angles contained by the new (primed) and current (unprimed) coordinates. The
primes are added here for emphasis only. It can be verified that agay = axar; = 8,
where §;; is the Kronecker symbol; §; = 0 for i # j,and §; = 1 fori = j. These
connections can be written using bold Roman letters to denote (3 x 3) matrices and
I5 for the identity matrix, as aa’ = aa = I; = a' = a™!, where a is the proper
(J]a] = +1) or improper (Ja| = —1) orthogonal rotational matrix. Evaluation of the
ajj coefficients in an actual transformation is illustrated in Sect. 2.2.1.

Equations involving tensorial quantities must have identical free or single letter
subscripts in all monomials. Repeated subscripts can appear only as pairs of

G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 1
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2.2.1

2 1 Tensor Component and Matrix Notations

the same two letters, implying summation over the assigned range; for example,
Sk =3, exe = €8 = €11 + €2 + €33. Expressions with three or more identical
subscripts in a monomial are not defined.

The tensor component notation can be illustrated with reference to the general-
ized Hooke’s law for homogeneous elastic solids, which connects the symmetric,
second order stress and small strain tensors oy and &;; by constant, fourth order
stiffness or compliance tensors L or Mjy;;. The latter symbols, introduced by
Hill (1963a, 1964), are frequently used in the micromechanics literature. The kernel
letters C and S, that denote the same tensors in classical elasticity, are reserved here
for different quantities. For example, Sy, is the Eshelby tensor in Chap. 4.

In the subscript or tensor component notation associated with the Cartesian
coordinates x; (i =1, 2, 3), the said Hooke’s law is written as

0ij = Ljjuek (01‘ ojj = Cijklgkl)

(1.1.2)
Eij = Mijkzo'k[ (or Eij = Sijkzo'k[)
The interior product of the stiffness and compliance matrices is
1
LijpgMpgr1 = Ly = > (881 + 8i18j) (1.1.3)

where [, is the fourth-order identity tensor.

At all interior points of any volume V, the stresses must satisfy the equations
of equilibrium, and on any interior interface or exterior surface dV, the traction
continuity or boundary conditions

oijj +F, =0 oyn;—1;=0 (1.1.4)

where the comma denotes differentiation with respect to x;; F; is the body force, n;
is the normal to dV directed to the exterior of V, and ¢; is the surface traction on dV.

When a displacement field is prescribed in V, that has continuous first derivatives
and complies with the displacement boundary conditions on dV, the strain and
rotation components ¢; and w;; are the symmetric and antisymmetric parts of the
strain gradient u; ; in (1.1.5);. Rigid body rotation is usually disallowed by the
boundary conditions. However, if the strains are derived from an equilibrium stress
field, then they must satisfy the St. Venant’s equations of compatibility (1.1.5),,
which guarantee existence of a continuous displacement field u; in V. The said
relations are

1
g = 5 [+ w.0) + (i = w.0)] = o5 + 0y (1.1.5)

&ij. kil + €k i — Eikjt — Ejtik = 0
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Symmetry properties of the stiffness and compliance tensors are derived, in part,
from the diagonal symmetry 0;; = 0j; and &;; = ¢j; of the stress and strain tensors,
which imply corresponding symmetries in the first and second pairs or subscripts

Lijw = Ljmy = Liju My = Mjg = My, (1.1.6)

These relations reduce the number of independent stiffness or compliance
coefficients from 81 to 36. Therefore, the tensors (1.1.6), and any other fourth-order
tensors having the indicated symmetry, can be represented by (6 x 6) arrays, and
the stress and strain tensors by (6 x 1) column arrays. Moreover, as shown next in
Sect. 2.1, analysis of the strain energy density function yields diagonal symmetry of
both stiffness and compliance tensors and of their matrix equivalents.

Ly = Ly = Ljik My = My = Mjin (1.1.7)

The matrix notation exploits these and related properties to reproduce relations
between tensor quantities, in matrix form that is suitable for numerical evaluations.
Second order and fourth order symmetric tensors are replaced by (6 x 1) vectors and
(6 x 6) matrices. Operations with the matrices can be written in direct form using
boldface symbols, e.g., ¢ = Le, e = Mo, M = L', or with subscripts and
summation rules. In the latter case, the range of subscripts is changed from the i,
Jj» ... =1,2,3, with p = 3, used in the tensor component notation, to Greek letter
subscripts that have the range p = 6, with o, 8,... = 1,2,...,6. Each jj pair is
replaced by a single « or §, using the scheme:

11-1,22—-2,33 53,23 0r32—>4,3lor13—5,120r21 - 6 (1.1.8)

In its (9 x 1) form, the stress vector contains both oy and oy when j # k.
However, the contracted (6 x 1) stress vector is written as

T T
0 = [011, 02, 033, 023, 031, O12] = [01, 02, 03, 04, Os, Og) (1.1.9)

These components transform as those of a rank two tensor.

The (9 x 1) strain vector has the same j # k components as the (9 x 1)
stress vector, but it is reduced to its (6 x 1) form in two different ways in
the solid mechanics literature. Used in most papers on mathematical theory of
micromechanics, and where appropriate in this book, is the contracted tensorial
strain vector

T T
e = [en, €2, €33, €3, €31, €12] = [e1, €2, €3, €4, €5, &¢] (1.1.10)
The above components transform as a tensor, as they do in (1.1.9). In contrast,

the engineering strain vector, denoted here only for emphasis by the EG subscript or
superscript, includes shear strains equal to the angles of change of a square element,
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which are twice as large as the tensorial shear strains, e.g., st = 2¢&73 = Y23, €tC.

T EG _EG _EG]T
erc = [en, €2, 33, 2603, 2631, 2610] = [e1, 2. €3, 67, €57, e5¢]

(1.1.11)

Consequences of the distinct strain notations are further discussed in Sect. 2.2.9
on decomposition of isotropic tensors, and in Sects. 2.3.1, 2.3.2 on engineering and
Hill’s moduli and on Walpole’s notation.

The two forms of the strain vector are connected by (6 x 6) diagonal matrices

epg =@ e =0 legg (1.1.12)
where

O =diag(1,1,1,2,2,2) O ' =diag (1, 1, l,l,l,l) (1.1.13)
222
That invites introduction of two distinct matrix notations, henceforth referred to
as the contracted tensorial notation and engineering matrix notation (EG). The
two notations will also be applied to eigenstrains or transformations strains, such
as thermal or inelastic strains, which do not depend on current mechanical loads,
and will therefore be denoted by the kernel letter u, as discussed in Sect. 3.6. Since
stress components remain unchanged, the stiffness and compliance matrices assume
different forms in the two notations, as shown in (1.2.9) below.
It is often useful to decompose the stress and strain tensors into their isotropic
and deviatoric parts

1 1
gj = gekké’,;; +e; 05 = g()’kk(s,:,' + S (1.1.14)

where the Kronecker tensor §;; = 1 wheni = j and §; = O when i # j. The
deviators have no isotropic component, ey = e;6;; = 0 and sy = sy = 0. A
second order symmetric tensor, such as &;; or 0;; can be contracted to e = €46k =
€11 OF Ok = Ok S, SO that e 8;; = 41861, Or Owbyj = 0k18;i0k;.

Then, the above decomposition may be written as

g = (Jiw + Kiw) e 05 = (S + Kijia) 0w (1.1.15)

where

1 1
Jing = =6;i8 Kiy = = (86 + 8ubix) — Jit = L — Jii
ijkl 3 ijOkl ijkl 2( kOjl ljk) ijkl ijkl ijkl (1116)

JigiJipg = Jijpg Kt Kiepg = Kijpg ik Kikpg = Kijia Jipg = 0

are the idempotent isotropic and deviatoric projection tensors and 7 is the identity
tensor (1.1.3).
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In the contracted tensorial notation, the above results are reproduced using (6 x 1)
vectors and (6 x 6) matrices. In particular, § = [1, 1, 1, 0, 0, 0]T is equivalent to
the Kronecker tensor d;;, and the deviatoric parts of € in (1.1.10) and of ¢ in (1.1.9)
are denoted by

T T
e =le, e, e3, e4, €5, €] 5 =[51, $2, $3, S4, S5, S¢) (1.1.17)

The decomposition (1.1.14) can be transcribed using isotropic and deviatoric
projection matrices J = 8§8"/3 and K =1 —J

1 1
e = g8<$Te:+e =(J+K)e o= gMT«: +s=J +K)o (1.1.18)

Evaluation of J and K yields

[1 1100 0 (2 -1 -1 00 0 |
111000 -1 2 =100 0
111000 -1 -1 2 000
_ K = 1.1.1
3J 000000 3 0 0 0 300 (1.1.19)
000000 0 0 0 030
(000000 | 0 0 0 00 3 |

The projection matrices have the same properties as the projection tensors
(1.1.16), JJ = J, KK = K, JK = K] = 0. According to (1.1.13), JO® = O],
hence the products Ke and Kegs modify only the first three components of the
strain vectors. Therefore, the decompositions (1.1.15, 1.1.16, 1.1.17, 1.1.18) apply
to both contracted tensorial and engineering strains.

Stiffness and compliance tensors (1.1.7) are represented by (6 x 6) matrices

Logp =Lga Mop=Mg, L=L" M=M" (1.1.20)

The generalized Hooke’s law (1.1.2) and the identity (1.1.3) can then be written
in one of three forms, with i, j = 1,2,3,or withe, 8,... =1,2,...,6

0ij = Lyjuerr  &ij = Myuoki  LijpgMpgri = Liju
Oq = LaﬂSﬂ Eq = Maﬂoﬂ LaﬂMﬂy = Iay (1.1.21)
o =1Le e = Mo LM =1

where I, and I are (6 x 6) identity matrices. In applications, the coefficients of the
L and M matrices are evaluated in terms of elastic moduli of specific materials. The
tensorial stiffness and compliance components L;j; and Mj;; may not have assigned
values, but are convenient in certain theoretical derivations.
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Connections between the contracted tensorial and engineering (EG) stiffness and
compliance matrices for the isotropic and certain other material symmetries can be
recorded as

0’=L€=L566‘EG:LEG@€ LZLEGQ (1122)

€=M0'=@_1€EG:@_1M560’ M=@_1MEG o
where &,, L, and M, or &, L, M are affected by and need to be consistently written
in each of the two notations. Since the @ matrix operates only on the last three rows
of the Lgg or Mg matrices, diagonal symmetry of the above L and M is preserved
as long as the LEC, LES and LEC, or MEC, MES and MES are the sole nonzero
coefficients in the last three rows and columns. Validity of the above connections
is restricted to such matrices. In Chap. 2, those will be identified with orthotropic,
tetragonal, transversely isotropic, cubic and isotropic solids. For example, in the
latter, the diagonal coefficients Las = Lss = Lgs = 2G changeto LES = LES =
L()E66 =G,and My = Mss = Mgg = 1/(2G) to Mﬁc = MSESG = M6E66 = I/G
This subset of five material symmetries accommodates most composite materials
and their constituents.

Use of engineering strains has an effect on the relationships between the
coefficients of the (9 x 9) and (6 x 6) stiffness and compliance matrices written
in the engineering matrix notation. In particular, Ly — L (%G according to (1.1.8).
However, the (6 x 6) engineering compliance matrix M a%G is related to My, by
Mofgc = My only for , < 3, but Mfﬂc = 2M;j for either @ or B < 3, and
M a%G = 4M;j; when both o, 8 > 3. The engineering stiffness and compliance
matrices remain diagonally symmetric at all material symmetries, including the
trigonal, monoclinic and triclinic symmetries (Ting 1987).

Those and other distinctions should be kept in mind in interpretation of results
that appear in many technical publications, albeit without the EG subscripts or
reference to the noted connections. It should be emphasized that matrix equivalents
of tensorial expressions in both notations need to be carefully selected to preserve
original properties of the latter, in order to obtain correct numerical results. In the
chapters that follow, we will use the notation appropriate for a particular topic.

Of course, the (6 x 1) and (6 x 6) matrices (1.1.9, 1.1.10, 1.1.11) and
(1.1.20) do not transform as do Cartesian tensors in (1.1.1), even though both
transformations are always defined by the same single matrix of directional cosines
a; = cos (x’,-, X j) of angles relating the new to current coordinate systems. Instead,
the matrices are transformed using the (6 x 6) matrix X generated from the aa;
products of the directional cosines, in agreement with (1.1.1), and the summation
and contraction rules. Lekhnitskii (1950) and Ting (1987, 1996) show coefficients
of the X matrix (denoted by K in the latter)

X = [al 232} (1.1.23)
a3 a4
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where
-2 2 2
I
a = | a; ay asxn (1.1.24)
> 2 5
| d3; d3p dig
apaiz apdi dndn ar1asz1  a»dz a»3as;
a = | apaxy axax aan a3 = | azyjan  axpap axnap | (1.1.25)
anas; a;dz  azaxn aia apdy a3axs

axnass + ariasy a3asz + adsz a1 dsn + axas;
ay = | ampa;z +azan  anan +azaiz  asdp +anan (1.1.26)
appa + apzay  apdx +and  ajndx + apds

The X matrix is not orthogonal, however, its determinant | X | = £1.
The contracted stress and tensorial strain components then transform as

o' =Xo & =Xe (1.1.27)
and the contracted tensorial stiffness and compliance matrices as
L'=XLX"' M=XMX"" (1.1.28)

Transformation of the engineering strains according to (1.1.12), &’'g¢ =
B¢’ epg = Oe, yields

56 = OXO " erg = (X ) ese (1.1.29)

where the equality follows from rewriting (1.1.13), and from (1.1.23)

_{r o —I\T _ | a1 a2
B ) R T IR

The engineering stiffness and compliance matrices then transform as
L'io=XLggX" M= (X" MgX™' (1.1.31)

These transformations are useful, for example, in analysis of ellipsoidal inclu-
sions and inhomogeneities. In their principal system, properties of the latter are
described by certain (6 x 6) matrices; the stiffness L selected according to the
material symmetry of the inhomogeneity in Sect. 2.2, and the matrix P derived from
their shape and orientation in Sect. 4.6. A change in orientation of the ellipsoids
requires transformation of anisotropic L and/or P to new coordinates.
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A special form of this coordinate transformation, involving rotation about a
single axis, finds frequent use in operations with the plane stress stiffness matrix
of a composite ply in analysis of fibrous laminates. Selecting x5 as the axis of rigid
body rotation by an angle 6, measured counter-clockwise from 6 = 0 at x, = 0, with
m = cosb, n = sinb, yields

m? n2 0 0 0 2mn
n? m> 0 0 0 —2mn
0 0O 1 0 0 0
X = 1.1.32
0 0 0 m -—n 0 ( )
0 0 0 n m 0
| —mn mn 0O 0 O mz—nz_
X Ym,n) =X (m,—n) (1.1.33)

Among the coordinate transformations defined by the matrix of directional
cosines a; = cos (x’,-, X j) is that which converts the current square matrix of
stress, strain, stiffness or compliance into its diagonal form. That yields nonzero
coefficients which are eigenvalues of the matrix. For each eigenvalue A of a square
matrix A there exists an eigenvector x aligned with one of the principal directions
of the matrix. They follow from the nontrivial solution of

(A-ADx=0=[A—AI|=0 (1.1.34)

Expansion of the determinant yields the characteristic equation for the n eigen-
values

M =LA e (D" AL 4+ (D), =0 (1.1.35)

where the coefficients Iy, ..., I, are functions of the coefficients of A, invariant
under any coordinate transformation. For example, the first and last invariants are

n

L= di=uwd I,= ]i[x,- = 4] (1.1.36)

i=1 i=1

Each eigenvalue A, a root of (1.1.35), is substituted into (1.1.34); to yield one of
the n unit vectors x.
For example, a (3 x 3) matrix A = AT

Air A A
A= A22 A23 (1137)
Az
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has three invariants

I =An+An + A3 =X+ A2+ A3

An Anp Axp A A Ap
I, = = AAy + AoA3 + A3A
2 ‘Alz Axn ‘A23 Ass 'AIS Ass R
I3 =|A| = 214215 (1.1.38)
Eigenvalues are obtained by solving
M-I+ DA—1;=0 (1.1.39)

The coordinate directions of each of the three unit vectors x that belongs to one
of the three principal values A(”) follow from (1.1.34), which can be simplified by
resorting to the tensorial form A;; of A. For each AP there are three equations for v;

(Aj— AP8;) v = 0 (1.1.40)

which are complemented by the connection v12 + v% + v32 = 1. The three components
v; provide one row of the matrix of directional cosines a;; = cos (x’j, x,-) for each
direction associated with one of the principal values A”). Evaluation of principal
values of stress and strain tensors and of the principal directions is one of the
frequent applications of the above procedure.

We note in passing that a coordinate transformation of strain or stress or other
tensors of the second rank, which are represented by a (3 x 3) array &; or matrix
&, can be written as s,’-j = ajaj & Or as ¢’ = aeal, where a is the matrix of
directional cosines. When transcribed into the contracted tensorial or engineering
matrix notation, the result is equivalent to that found using (1.1.27).

A much broader exposition of most result in this chapter can be found in several
continuum mechanics textbooks, such as Fung (1965, 1994), Malvern (1969) or
Spencer (1980).

A list of symbols frequently used in Chaps. 3, 4, 5, 6, 7 and 8 appear in
Table 2.5 (see p. 34).
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Chapter 2
Anisotropic Elastic Solids

Properties of composite materials and their constituents often depend on both
position and direction in a fixed system of coordinates. In the terminology of
solid mechanics, such materials are heterogeneous and anisotropic. This chapter is
concerned with the directional dependence, defined by certain material symmetry
elements, and reflected in eight distinct forms of the stiffness and compliance
matrices of elastic solids. Such materials include, for example, reinforcing fibers,
particles and their coatings, or fibrous composites and laminates represented on
the macroscale by homogenized solids with equivalent or effective elastic moduli.
Identification of the positions of zero-valued coefficients, and of any connections
between nonzero coefficients in those matrices is of particular interest. Different
classes of crystals exhibit a much larger range of symmetries, derived from spatial
arrangement of their lattices. Broader expositions of these topics can be found in
several books, such as Love (1944), Lekhnitskii (1950), Green and Atkins (1960),
Nye (1957, 1985), Hearmon (1961), Ting (1996), and Cowin and Doty (2007).

2.1 Elastic Strain Energy Density

The elastic strain energy stored in a unit volume of a homogeneous elastic material
that is subjected to a certain uniform local strain state () is defined by a scalar
quantity %/ ('), the strain energy density. Any deformation leading to another
strain state, that starts at and is then reversed to &(©), has no effect on the magnitude
of W (&), hence the energy density is independent of the deformation path
followed to reach the current strain. The energy accumulated in the unit volume is

£© £©
wW = / O',:,'d&‘,'j = / L,:jklé‘k]dé‘ij (211)
0 0
G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 11
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This integral is path independent if the integrand is the total differential

ow 1
dw = Ed&j = Lijklgkldgii = Ed(Lijklgklsij) (212)
ij
where d(Ljusweij) = Lju(ende; + ejdey). The second derivative must be

independent of the order of differentiation, hence the integrand

Pw  Pw
aSkIBSij - aSijBSkl

= Lju = Lj (2.1.3)

as anticipated by (1.1.7).

The argument leading to (2.1.3) can also be utilized to show independence of the
complementary energy on the stress path, and diagonal symmetry of the compliance
matrix My = Mj;;. Following the contraction (1.1.8) to (6 x 6) matrices, both
Lop and Myg(c, B = 1,2,...6) are real and diagonally symmetric, with at most
21 independent coefficients.

Integration of (2.1.2) provides

2W = Lijklsijskl = szjklo-iio-kl = 0j&;5 > 0

(2.1.4)

20 = Laﬂeas,g = Malgo'aO',g = &p0g > 0
wherei, j,... =1,2,3,a,8, ... =1,2,...6. Moreover, &, &g are the engineering
strain components and the stiffness and compliance matrices L g — Log, M g —

M.

The strain energy density 9/ is a positive definite quadratic form and both
Los and M,g are positive definite matrices, with real, positive eigenvalues.
Decomposition of the stress and strain tensors according to (1.1.14), enables writing
of the strain energy density as a sum of distortional and dilatational parts

1 1/1 1 1 1
W = 5 ii€ij = 5(5 kk(sij + Sij) (gSkkSij + eij) = gGkkSkk + Esijeij (2.1.5)
where s;0; = e;0; = 0:;6;6; = 3. In the absence of a specific constitutive
relation that evaluates the coefficients of Log or Mg, this form of %/ is valid for
any material symmetry.

Transcription of the energy function into the contracted tensorial and engineering
(EG) notations is facilitated by expanding the product oj;¢;; in (2.1.5)

2W = oyg;; = 011811 + 00 + 033833 + 2012812 + 2023623 + 2031831 (2.1.6)
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In the two notations, this result is provided by the products derived using (1.1.12)

20 = g0 > €' @0 =0"O¢=¢L;0 =0 erg
(2.1.7)
20 = O'TGEG = EEGLEGeEG = €TL€EG = €TL@ &

This shows that the product estL ec€pc of engineering strain and stiffness
matrices provides the correct magnitude of the strain energy, to be used in Chap. 5.
However, the following invariants transcribe as

Siisii = ST, 83, + 53 +2(53; + 53, +57,) > 5" O (2.1.8)
and
eje; = e%l + e%z + e§3 + 2(653 + e%l + efz) —>eT@e = eEG@_leEG (2.1.9)

The results indicate that transcription of tensorial expressions to matrix form
needs to be performed with care.

Apart from the diagonal symmetry derived in (2.1.3), the structure of the
elastic stiffness and compliance matrices depends on material symmetry, defined
by reflection or symmetry planes and axes of rotational symmetry in Sect. 2.2.
For each material symmetry, the inequalities (2.1.4) impose certain restrictions or
bounds on the values of stiffness and compliance coefficients. Ting (1996) indicates
that these restrictions provide more stringent limitations on elastic constants than
those which ensure that the differential equations governing elastostatic problems
are completely elliptic. Within their particular limits, the elastic moduli may exhibit
significant changes and assume extreme values, as discussed in Sect. 2.5. Nye
(1985), among others, shows examples of directional dependence of elastic moduli
of certain crystals.

The necessary and sufficient conditions for positive definiteness of stiffness
and compliance matrices require that all principal minors of L.g or M,g be
positive. The minors are determinants of the five principal submatrices, generated
by deleting same numbered rows and columns; they include the determinants
HLaﬂ || and H Mg || This guarantees that all diagonal terms of L,g or Mg, as
well as all eigenvalues of these matrices are positive.

As a positive definite and symmetric quadratic form, the strain energy density
can also be written as a polynomial in the strain components, arranged as strain
invariants consistent with the groups of transformations describing a particular
crystal class. A complete list of the invariants appears in Green and Atkins (1960).
Several different invariants of the anisotropic elasticity tensor with respect to
arbitrary orthogonal transformations are discussed, for example, by Spencer (1971),
Ting (1987), Ahmad (2002) and Ting and He (2006).

Evaluation of the effect of material symmetry on the structure of the stiffness
and compliance matrices is facilitated by reference to the expanded form (2.1.4)


1.1.12
http://dx.doi.org/10.1007/978-94-007-4101-0_5

14 2 Anisotropic Elastic Solids

of the strain energy density %/(gqp). Recall from (2.1.7) that 2% = e};Lggerc,
hence the expanded form is written using engineering strains ez — &, from
(1.1.11)and Lgg — Lag

W (eap) = L1167/2 +L12e182 +L1ze163 +Lise1es +Liseres +Lise186
+L2e3/2 +Larzeres +Loseres +Loseres +Logercs

+L338%/2 + L4384 +L3se385 +L3gezes

+L448%/2 + Lyse485 +LacEsss

+L558§/2 +L5(,85£6

+Leoel/2

(2.1.10)

Specific symmetry elements are introduced by certain coordinate transformations
which are required to preserve invariance of %/(eqng). A strain component that
changes its sign as a result of the transformation may change the expanded form
of . To prevent that, the stiffness coefficients appearing in the affected terms of
1 are made equal to zero. For example, if a particular coordinate transformation
induces a sign change in the strain ¢s5, from +&5 to —¢gs, then L5 = Lj; =
Lis = Lys = Lsg = 0 in the stiffness matrix of the solid defined by this
transformation. Additional reductions follow from connections established between
nonzero coefficients. In this manner, accumulation of symmetry elements reduces
the number of independent elastic moduli from the maximum of 21 to the minimum
of 2, in isotropic solids. Of course, identical coefficient reductions apply to both
Ly and L, and also to Mgg and M .

2.2 Material Symmetries

2.2.1 Elements of Material Symmetry

Early studies of material symmetry were inspired by observed properties of crystals.
Voigt (1910) identified 32 crystal classes, among eight basic symmetry groups of
transformations that preserve a particular form of /. A systematic classification of
crystal symmetries and complete groups of transformations for each crystal class are
described in Green and Atkins (1960), following the formalism developed by Smith
and Rivlin (1958). For each crystal class, their results also include representations
of W by polynomials, in terms of sets of strain component invariants which form
a polynomial basis for each transformation group. The related stress invariants
have been used in definitions of assumed yield or failure surfaces of anisotropic
solids (Hill 1948; Mulhern et al. 1967, 1969; Spencer 1972; Tsai and Wu 1971).
A systematic formulation of general principles, and of equilibrium, transport and
optical properties of crystals can be found in Nye (1957, 1985).


1.1.11

2.2 Material Symmetries 15

More recent studies, initiated by Cowin and Mehrabadi (1987, 1989) show
that the eight basic symmetries can be defined by the number of planes of
symmetry that each one admits, without reliance on the groups of transformations
or crystallography. These results also allow determination of material symmetry
of materials with initially unknown microstructures. For a comprehensive review,
see Cowin and Mehrabadi (1995), Cowin and Doty (2007). Chadwick et al. (2001)
reconcile the symmetry groups and symmetry planes approaches and show their
equivalence. Ting (1996, 2003) provides a concise exposition of the number and
orientation of symmetry planes for each of the eight symmetries.

Here we make contact with a subset of these results, and emphasize symmetry
elements that can be identified by inspection of the microstructure of composite
materials and laminates. Each symmetry element will be defined by a specific form
of the matrix a; of directional cosines in (2.2.1) below. Applying this a; matrix
yields transformed strain components, some of which may change values of certain
terms of the strain energy density function %/ displayed in (2.1.10). As already
mentioned, invariance of %/ under each such transformation is preserved by letting
the stiffness coefficients of Log be equal to zero, in the terms changed by the
transformation. The strain energy density 7/ corresponding to a particular com-
bination of material symmetry elements is generated by application of successive
transformations, one for each of the specified symmetry elements. We consider only
the effect of symmetry on the stiffness and compliance matrices, or on fourth order
tensors that relate two second order tensors. Tensors defining transport and other
properties experience different material symmetry effects, described by (Nye 1957,
1985), and with specific applications later.

Coordinate transformations consistent with the Euclidean space are translations,
rotations and reflections, described by

x| =x) +tayx; a;=cos(x], x;) i,j=12,3 (2.2.1)
where x? € V is the translation vector, and the a; is an orthogonal matrix
of directional cosines which describes the reflection and rotation parts of the
transformation.

Material symmetry in the Euclidean space requires the strain energy density %/
in (2.1.10) to remain invariant under coordinate transformations of both strain and
stress components, implied by reflection or symmetry planes and axes of rotational
symmetry.

W(ehg) = W(eap) W(0y5) = W(00p) (2.2.2)

Translational invariance assures homogeneity, or the same symmetry everywhere
in a given material volume; it has no effect on material symmetry itself.

Material symmetry elements include, as appropriate, the three coordinate planes
and one or more planes of symmetry, or reflection planes aligned with the x3—axis,
each defined by a unit normal vector n; that contains an angle 0 with the
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triclinic monoclinic 6=0

orthotropic
— — 8=0. r/2 and x5=0

tetragonal
>< 8=0.+71/4 and x;=0

trigonal % ty %7

6=0.+7/3

X3 o

[
transversely| t- £ cubic
isotropic -1
0=0=2 7% x5=0

isotropic

Fig. 2.1 Evolution of material symmetries by addition of planes and axes of symmetry

x1— axis, measured counterclockwise, Fig. 2.1. Also, a vector m is defined in the
plane itself. When such transformation is a reflection, the normal vector may reverse
its direction, such that a;n; = —n;, while the a;m; = m;. The corresponding
matrix of directional cosines is

aj = Sij—2n,-nj (2.2.3)

In particular, if the normal vector is n; = [cos@,sin®,0]T, —7/2 < 0 < /2,
then the reflection (2.2.3) is described by the transformation

—cos20 —sin20 0
aj=| —sin20 cos20 O (2.2.4)
0 0 1

Also included among symmetry elements are axes of rotational symmetry, each
defined by a unit axial vector and by the angle of rotation 6 = 27 /n, and called a
n-th order or n-fold axis. For example, the transformation describing a rigid body
rotation by an angle 6 about the x3 — axis, measured counterclockwise from 6 = 0
at x, = 0is
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cos —sinf® O
aj=| sin® cos® O (2.2.5)
0 0 1

Each of the eight material symmetries can be described by one or more reflection
planes and/or axes of rotational symmetry.

In all anisotropic materials, both the strain energy and stiffness are invariant
under central inversion, denoted by C and defined by selecting a; = —§;;, as well as
under identity or I5 transformation a;; = §;. The identity aa” = a’a=1; = a’ =
a~! shows that a material symmetry defined by an orthogonal (3 x 3) matrix a is
also defined by aT = a~!. The implication is that a material symmetric with respect
to rotation by a certain angle 0 remains symmetric when rotated by —6. Additional
symmetry elements, such as glide planes, and n-fold screw and inversion axes are
used in crystal physics (Nye 1957, 1985).

Figure 2.1, shows schematically the eight material symmetries, with their
symmetry elements and interconnections, described in the following paragraphs.
In the triclinic material at the upper left, there are no symmetry planes or axes,
while in the isotropic material at the lower right, any plane and axis is an element of
Ssymmetry.

2.2.2 Triclinic Materials

No reflection planes or axes of rotational symmetry are prescribed to impose
restrictions on the structure of the stiffness matrix, which remains fully populated
by 21 independent coefficients L,g. Therefore, triclinic solids are symmetric only
with respect central inversion C, allowing for transformations I3 and I3, C, which
are shared by all material symmetries. In addition to the triclinic crystals, the fully
populated matrices frequently appear in constitutive relations of elastic-plastic and
other inelastic materials, where they may represent an instantaneous tangential or
secant stiffness at a particular point of the deformation path. Cowin and Mehrabadi
(1995, §10), indicate that a coordinate system can be selected such that three
components of Lyg of the triclinic system become equal to zero, reducing the
number of nonzero coefficients to 18.

2.2.3 Monoclinic Materials

A single plane of material symmetry is introduced, typically selected as one of the
three coordinate planes. For example, reflection about the x;x,-plane at x3 = 0 is
described by
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Table 2.1 Stiffness matrices of triclinic, monoclinic and orthotropic solids

eeo0o0oo0 ee0e((0e eee0e (0 eee (000
LI ) ee0(00e eee0 (0 ee (000
oo oo e00e ee (00 e 000
eoe ee( e 00 e(00
o0 o ( o0 e 0
° ° ° °
Monoclinic (symm. Monoclinic (symm.
Triclinic plane x3 =0) plane x; =0) (Orthotropic, Rhombic)
m=21 m=13 m=13 m=9
1 0 O
aj=cos(x'i.x;)=101 0 (2.2.6)
00 —1
which provides transformed strains &',
gir=e ey=¢6 & =6 & =—& ¢c5=—¢t5 g5=2¢ 2.2.7)

Invariance of % in (2.1.10), with respect to the transformation (2.2.6), requires
the terms affected by the above strain sign changes to vanish. That is enforced by
setting

Ly = L5 =1Ly = Lys = L3y = L3s = Ly = Ls¢ =0 (2.2.8)

which reduces the number of stiffness coefficients from 21 to 13. The stiffness
matrix for reflection about x; x, plane appears in Table 2.1, where each bullet stands
for a different stiffness coefficient.

When substituted into the matrix form of the constitutive relation (1.1.21),
the nonzero coefficients in the upper right (3 x 3) partition, and the off-diagonal
coefficients L45 or Lsg in the lower right partition of these matrices cause coupling
between normal strains and shear stresses, and between different shear strain and
stress components. The letter m denotes the number of independent stiffness and
compliance coefficients in the respective matrices.

Cowin and Mehrabadi (1995, §10) show that certain restricted rotations about
the normal to the plane of symmetry provide further reduction of the non-zero
coefficients from 13 to 12. If the x,x3—plane of symmetry is chosen at x; = 0, then
permutation of subscripts in (2.2.8) yields the vanishing stiffness and compliance
coefficients

Lis=Lig=Los = Los = L3s = L3s = Lys = L4s =0 (2.2.9)
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Finally, for the x;x3—plane at x, = 0
Ly =1Lig= Loy =1Ly = L3y=L3s=Lss=Lss=0 (2.2.10)

Table 2.1 displays the stiffness matrices complying with (2.2.8) and (2.2.9).

Monoclinic symmetry applies, for example, to a homogenized unidirectional
fibrous ply in the overall coordinate system of a laminated plate, when the fibers
contain an arbitrary angle with the 0° direction of the laminate. Although the ply
may have a higher, transversely isotropic symmetry in the local coordinates of the
ply, in the overall system it has only reflective symmetry about any plane parallel to
its mid-plane.

2.2.4 Orthotropic Materials

Together with rhombic and orthorombic crystals, orthotropic solids have three
mutually perpendicular planes of reflective symmetry, with normals in the directions
of the coordinate axes. These symmetry planes include those with 6 = 0, 7/2 in
Fig. 2.1.

Therefore, the form of 9/ is found by superimposing (2.2.8) with reflections
about the x;x3— and x;x3—planes, which are indicated in (2.2.9) and (2.2.10),
respectively. It can be verified by inspection of (2.2.8), (2.2.9), (2.2.10) that using
only two of the three symmetry planes yields the same zero-valued stiffness
coefficients. However, the planes are not exchangeable, since material properties
remain distinct in the three coordinate directions.

The number of independent moduli is reduced to a total of nine, with six on the
main diagonal and L,, L3, L3 in the upper left (3 x 3) partition; Table 2.1. No
coupling terms remain in the upper or lower right partition. The compliance matrix
has the same structure, with Mg coefficients replacing the Lyg. The zero-valued
coefficients are

Lys=Lys =Lye=0 fora=1,2,3 and L4s = L4 = Ls¢c =0 (2.2.11)

Layered plane materials, such as composite laminates and plywood often exhibit
orthotropic symmetry on the macroscale, in terms of effective or overall properties
derived by homogenization of the material volume. However, on the more refined
scale that recognizes individual layers or plies, these materials do not satisfy, in the
direction normal to the interfaces, the translational invariance condition (2.2.1) that
embodies the homogeneity requirement.
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Table 2.2 Stiffness matrices of trigonal and tetragonal solids

Ly Ly Lz Ly 0O 0 Ly LpLi; 0 0 O
Ly Lz —Lyy O 0 LyLz 0 0 0
Lz 0 O 0 Lz 0 0 O
Ly O 0 Ly 0 O
Lyy Ly Ly O
(L1 — L12)/2 Les
Trigonal, axis rot.symm: X3 Tetragonal, axis rot. symm: X3
m==6 m=~6

2.2.5 Trigonal and Tetragonal Materials

In contrast to the orthotropic symmetry, these materials are defined by prescribing
certain equivalent planes of elastic symmetry, that require retention of material
properties after exchange of the equivalent symmetry planes. Such exchange may
be accomplished by rotation about a fixed axis of symmetry. For example, a rigid
body rotation by an angle 6 about the x3 — axis, measured ccw from 6 = Oat x, = 0
as indicated by (2.2.5).

A trigonal material admits rigid body rotation about a 3-fold axis x3, such that
% in (2.1.10) remains invariant at 8 = 0, £ 7 /3. This defines three equivalent
planes, all aligned with x3 and separated by 60° angles. The x;x,—plane is not a
reflection plane. The principal diagonal of the stiffness matrix has only three inde-
pendent coefficients, but coupling coefficients L4 = —Lys = Lsg are still present
(Table 2.2).

Lyy =Ly Ly=Lss 2Le=(Lii— L)
Liz=1Lys Liy= —Ly=Ls (2.2.12)

LaszL%:O fOl’OlZI, 2, 3,4

A tetragonal material, has the x;x,—plane of reflection, and it admits a rigid
body rotation about a 4-fold axis x3, with invariance of %/ preserved at 6§ =
0, & /4, 7 /2. Therefore, the planes aligned with x3 are separated by 45° angles,
and they are equivalent or exchangeable planes of symmetry. To keep the strain
energy (2.1.10) invariant under the transformations indicated by these symmetries,
the following stiffness coefficients are connected or set equal to zero

Liyy=1Lyn Ly=1Lss Liz= Loy
La4:La5:La6:0f0ra:1, 2,3 L45:L46:L56:O

(2.2.13)

Both trigonal and tetragonal materials have m = 6 nonzero stiffness or compli-
ance coefficients, which are not identically positioned or related.
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2.2.6 Transversely Isotropic or Hexagonal Materials

These materials have two symmetry elements, one plane that may be selected as
the xx,—plane in Fig. 2.1, and perpendicular to that plane, an axis or rotational
symmetry x3 about any angle 6. In the x;x,—plane of symmetry, the material is
isotropic, with properties independent of direction, so that all planes containing the
x3—axis are also planes of symmetry.

The matrix of directional cosines that describes rotation around x3 by an angle
0, measured counter-clockwise from x; to xi, is shown by (2.2.5). The strains 821. =
Ajrd &y are

gy = £11€0820 + £2,8in%0 — 2¢15 sin O cos O
ghy = £115In%0 + £27c05%0 + 2615 5in0cos O £}y = 33 0214

g3 = £13c080 — £x35in0 &)y = £138in0 + £33 cos
&y = (611 — ex)sinBcos O — g1p (sin29 — cosze)

It can be verified that the following five strain invariants associated with
transverse isotropy about x3 = 0 are independent of the transformation (2.2.5).
The strain energy 9/ can be written as a polynomial in these invariants

/ / /
E33 = €33 & T &p =¢€11 +En
2 2
5/115/22 - (5/12) = €112 — &), (2.2.15)
7 \2 r\2 2 2 |
(1) + (e23)” = el + 33 [e'y] = ey

Coefficients of the stiffness or compliance matrix are connected as those of the
trigonal system in (2.2.12), but by introduction of the x;x,—plane of symmetry,
they are further reduced to L4 = L;5 = Ls¢ = 0. That leaves five independent
constants and zero coupling terms, as also shown in Table 2.3. Moreover, the
constants need to satisfy (2.1.4) which requires the strain energy to be a positive
definite quadratic form. This yields the connections (Nye 1985)

Ly =Ly >|Lia|] Las=Lss>0 2Le = (L1 —Li2)
Liz=1Lys Liu=Lis=Lss=0 (Lii+ Lin)Ls >2L7, (2.2.16)
Lys=Ly=0 fora=1,2,3,4

The same results follow for hexagonal or higher symmetry, when 6 = 7/n and
n=3.
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Table 2.3 Stiffness matrices of transversely isotropic solids

Ly L Lz 00 0 Ly Ly Lys 0 0 0
Ly Liz 0 0 0 Ly Lo 0 0 0
Lz 0 0 0 Ly 0 0 0
Ly O 0 (Lax—La3)/2 0 0
L44 0 L55 0
(Lin—Li)/2 Lss
Axis of rotational symmetry: x3 Axis of rotational symmetry: x
m=>5 m=>5

Materials reinforced by fibers aligned in a single direction and randomly
distributed in the transverse plane are regarded as transversely isotropic. A more
extensive description of this symmetry, in notations commonly applied to unidirec-
tional composites, appears in Sect. 2.3.

2.2.7 Cubic Materials

Nine planes of elastic symmetry are prescribed, arranged in sets of three and derived
from the tetragonal symmetry. Three of the nine planes are perpendicular to the
coordinate axes, and are interchangeable. Six planes have normals that contain an
angle 7t /4 with the coordinate axes. Only three independent constants remain, and
they must satisfy (2.1.4). This yields the following connections (Nye 1985)

Ly =Ly = L33 > | L] Lip=Li3= Ly
L44 :L55 = L66 >0 L11 + 2L12 >0

(2.2.17)

The remaining 12 coefficients are all equal to zero. Many metals and ceramics
crystallize in either tetragonal, or face or body-centered cubic system.

Analytical studies often prefer to employ the bulk modulus x and two shear
moduli u and p’ which Zener (1948) identifies by means of the connections
(Walpole 1981, 1985a)

1 1
K=3 (Liy +2L1p) p= 3 (Lii— L) =Ly (2.2.18)

In fact, u and pare two extreme shear moduli that bound every other shear
modulus of the crystal. In an isotropic solid, they coincide as the unique shear
modulus. The extent to which their ratio '/ differs from unity is a measure
of anisotropy. In general, i’ is larger than @ in most actual cubic crystals. All
three moduli k, u and ' are necessarily positive in accordance with the positive
definiteness of the strain energy in (2.1.4).
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The nonzero coefficients of the compliance matrix in engineering notation can
be written as

1 1 1 1
+— Mp=Msz=Mpn=_———

My =My = My = —
11 2 B= o0 3 % o

) (2.2.19)
My = Mss = Mes = "

2.2.8 Isotropic Materials

At least three perpendicular axes of rotational symmetry about any angle are
available. Any plane is a plane of symmetry, and invariance of the strain energy
7 is preserved under any orthogonal transformation of the coordinates. In addition
to the connections (2.2.17), the shear moduli are equal, which reduces the number
of independent moduli from three to two.

1
Liyy=Ly=L33s Liy=0Lj3=0Lyy Lis=Lss=Le = E(LH — L)

Myy=My=Msz Mp=Mp3z= M3z My= Mss= M =2(M; — M)

(2.2.20)
The stiffness matrix of isotropic solids in the engineering notation is
[1-v v v 0 0 0 ]
I—-v v 0 0 0
E 1—v 0 0 0
Leg=———""5—
(I+v)(1-2v) (1-2v)/2 0 0
(1-2v)/2 0
L (1-2v)/2 ]
(2.2.21)

The contracted tensorial stiffness matrix L in (1.1.22), written with bulk modulus
K, shear modulus G has the nonzero coefficients

Ly =Ly =L3; =BK+4G)/3
Lip=Li3=1Lyy= 1Ly =L3 =L»=03K-2G)/3 (2.2.22)
Lyy =Lss = Les = 2G

The matrix Lgg is usually written using the Lamé constants A, u, with Ly} =
A+2u, L1 = Aand L4y = p, repeated as indicated above. Relations between these
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and the Young’s modulus E, bulk modulus K, shear modulus G, and the Poisson’s
ratio v are

E 2 K
A=Y _Kk_ZG6 E= _9KG
(14 v)(1-=2v) 3 3K+ G
(2.2.22a)
_G— E X = E
F="=%05n " T 30-w
Both Lgg and L appear in the constitutive relation o, = Lggeg, (@, f =

1,2,...6) where the stress and engineering or tensorial strain vectors are defined
by (1.1.9)—(1.1.11). The compliance matrix has a similar structure, with M gg
written as

My =My = M3 =1/E M= M;3=My3y=—v/E

(2.2.23)
My = Mss = Mg = 1/G = 1/p
In the contracted tensorial component M matrix, My = Mss = Mg =
1/2G = 1/2pu.
For isotropic solids with elastic moduli K and G, the strain energy function
(2.1.5) is evaluated using oy = 3K ek, s;j = 2Gey;. The result is

1 2, 1 2
290 = 9—K(0kk) + 5]2 = K(skk)™ + 2Gejje; (2.2.24)
where J> = sy5;7/2 is the second invariant of the stress deviator tensor. Since each
of the two terms has to be positive definite, the moduli must satisfy G > 0, K > 0.
This also implies that

9KG 3K —-2G 1
E—3K+G:>E>O U_2(3K+G): 1<u<2 (2.2.25)

In materials regarded as rigid, all moduli become infinite. The Poisson’s ratio
approaches the low limit v — —1 for G — oo and finite K. The high limit
v — 0.5 is observed in incompressible materials, where K — oo and G remains
bounded. For example, v ~ 0.45 — 0.49 in soft rubbers and biological tissues, 0.33
in aluminum, 0.29 in steel, 0.1-0.4 or negative in certain polymer foams and nearly
zero in cork (Lakes 1987).

Isotropic material symmetry applies to metals, ceramics and certain polymers, at
scales exceeding the typical grain size by at least one order of magnitude, where
translational invariance in (2.2.1) can be accepted. Applications at more refined
scales are justified by lack of data or simplicity of modeling.

Different definitions of material symmetry and isotropy in particular have been
developed for materials with cellular and other heterogeneous microstructures.
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For example, Christensen (1987) shows that only six axes of five-fold symmetry
associated with the pentagonal dodecahedron and the icosahedron are sufficient
for isotropy of cellular and low density materials which transmit load by axial
deformation of micro-struts arranged in a space network. The corresponding fiber
composite is isotropic if the fibers take at least the six specific directions in three-
dimensional space. Budiansky and Kimmel (1987) present a different derivation of
isotropy for the macroscopic moduli of lung tissue modeled by a pin-jointed truss,
again in the shape of the regular pentagonal dodecahedron.

2.2.9 Decomposition of Isotropic Tensors and Matrices

Asshownin (1.1.16), the isotropic fourth-order identity tensor is a sum of two fourth
rank tensors, I;jy = Jiju + Kjj. Inner products of these tensors show that they are
isotropic and idempotent

1 1
Jijkl-]klmn = §8ij8k18k18mn = gSijgmn = Jijmn

Kijleklmn = ijlekImn - ijkl(lklmn - Jklmn) = Kijmn (2:2.26)

Jiixi Ktmn = Jijit(Lcimn — Jiimn) = 0

Moreover, since SMSM = 3, Jij,'j = 1, K,'jij = 5, J,'ijj = 3, K,'ijj =0.

These properties simplify evaluation of inner products of isotropic fourth rank
tensors, such as stiffness and compliance tensors of isotropic solids, which both
depend on at most two elastic moduli. The inner product then is

Ui = miJju + wo Ky Vi = vidiju + v2Kiju

Uijia Vikmn = wiviJijmn + u2v2 Kijmn (2.2.27)

1 1
1 1
Uijkl — _lJijkl + —Kju Uyl =1

where u, vs, s = 1,2, are positive scalars. It can be verified that the (6 x 6) matrices
representing the tensors in the contracted tensorial notation also exhibit the above
properties

J=JJ=J" K=KK=K' KI=JK=0 J+K=1

(2.2.28)

1 1
U=uJ+wK U'=—J+—K UU'=1
uj Uz
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Application to the stiffness matrices (2.2.21) and (2.2.22), written in the con-
tracted tensorial notation (4 — 2G in Ly4, Lss, Lgg), with the bulk and shear
moduli K and G, yields

1 1
L=3KJ+2GK M=—J+—=K LM-=1 2.2.29
+ 3K + G ( )

where the matrices J and K were evaluated in (1.1.19). The coefficients L;; appear
in (2.2.22). The multiplication table (2.2.28) can be used to show that substitution
of the above stiffness L and of both o and & from (1.1.18)intoo = L ¢ in (1.1.21),
yields the elastic constitutive relation in the form Jo = 3K Je and Ko = 2G Ke,
or oxy = 3Key, and s;; = 2Gey;.

Walpole (1981, 1984) and Baerheim (1993) provide similar ‘spectral’ decom-
positions, and multiplication tables analogous to (2.2.28), for anisotropic tensors.
However, their relative complexity limits widespread applications.

2.2.10 Orientation Average of a Fourth-Order Tensor

An isotropic fourth order tensor can also be created as an average of an anisotropic
tensor Hj,, taken over all orientations. Under any orthogonal transformation (1.1.
1) of Hjj, there are only two linear invariants, H;;;; and H;;;; (Ting 1987, 1996).
If Hjy, is represented by a (6 x 6) matrix H , not necessarily symmetric and written
in tensorial component notation, then the invariants are

Hijij —)]’ll +I’l3 Hiijj —)hl +l’l2

hy = (Hy + Hyp + H3)  hy = (Hyy + Hss + Hege) (2.2.30)

hy = (Hiz + Hiz + Hy + Hy + H3 + Hzy)

With reference to the ‘spectral’ decomposition (2.2.29), the orientation average
of { H} has the form (Kroner 1958)

{Hy=aJ +bK {H)'= lJ + %K (2.2.31)
a

The scalars a, b are
1
a = gHi,'jj b= (Hijij —a) (2232)

Evaluation of the nonzero coefficients of the (6 x 6) matrix {H,g} = {Halg}T
shows that
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1
{Hyin={H}n={H}3; = E(Shl + hy + 2h3)
1
{H}o={H}3={H}» = E(h1 + 2hy — h3) (2.2.33)

{Hw = (HYss = {H}os = f—s(zhl o+ 3hs)

As an exercise, one may verify that these relations yield (2.2.31) for any
H = aJ + DK. Orientation averages of anisotropic tensors are useful in
modeling of polycrystals and composites consisting of randomly orientated grains
or constituents.

2.3 Transversely Isotropic Composite Materials

2.3.1 Engineering and Hill’s Moduli

Experimental measurements of elastic moduli of fibrous plies are usually performed
on thin plies in the x;x,—plane, or on thin-walled cylindrical tubes with fibers
aligned along the longitudinal x;-axis. Details of such experiments appear, for
example, in Herakovich (1998), and Daniel and Ishai (2006). Table 2.4 describes
definitions of the engineering moduli, in terms of the strains measured in thin
plies, under loading by a single stress component that needs to be applied for
their experimental determination. Fibers are assumed aligned along the longitudinal
xp-axis. Transverse isotropy about x| and diagonal symmetry of M; also yield
Ey V21 V1o

Eyn=FE Gpnr= ———= 2
2 . 2721+ vp) E»n  Ei

V23 = V32 (231)

Note that transverse shear modulus G,3 = m depends on Poisson’s ratio v,3,
derived from the out-of-plane strain £33 caused by the stress 0,,. Values of the shear
modulus are seldom included in ply property data, since reliable measurement of
£33 requires very large specimen thicknesses relative to those of a typical ply (0.13—
0.23 mm).

Table 2.4 Evaluation of engineering moduli of fibrous plies

Applied  Measured Calculated
o1 e11, e =¢€33 Ejp=o/en, vio= —exnlen =vi3
on 11, £22, €33 Ex =00/, vo1 = —€11/622, Va3 = —&33/6:

o1 ety G = 012/ (215)
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The engineering compliance matrix M;; and the constitutive relation of a ply
material are, for x4 = x;

en 1/Eyw —va/Ep —vy/Exn O 0 0 o
€2 —via/Enn 1/Exn —vyp/En 0 0 0 02
£33 | _ | —vio/En —vs/En 1/Ex 0 0 0 033
2823 0 0 0 1/G23 0 0 023
2831 0 0 0 0 1/G12 0 031
_2812_ B 0 0 0 0 0 1/G12_ _012_
(23.2)

The stiffness matrix of transversely isotropic solids is simplified by defining the
coefficients of L;; by Hill’s (1964) moduli k, [, n, m, p, written here for consistency
with (2.3.2) with the axis of rotational symmetry x4 = xi, to yield

o1 K I 000 en
02 lk4+mk—-mO0O00 &7
o3 | _|lk=mk+m000 £33 (233)
023 0 0 0 mO0O0 26‘23
031 0 0 0 0 P 0 2831
_012_ _O 0 0 00 p_ _2812_
where
—1
k = [2(1 —vy3)/Exn — 4v},/ Eyi] I =2kvpp
e (2.3.4)
n=Ej+4kv,=Ey+1’°/k m=Gy p=Gy
En=n—10*/k viy=1/2k vy = Envp/En
dm(kn —I? nlk —m) =12 (2.3.5)
Ey = E3 = ( ) Va3 = V3 = ( )

nlk +m)—12 n(k +m)—1?

Here, k is the transverse bulk modulus, or plane strain bulk modulus for lateral
dilatation without axial extension, n is related to uniaxial straining in the x;-
direction, and [ is the associated cross modulus. The m and p are the transverse
and longitudinal shear moduli.

It is worth mentioning that in the micromechanical literature originating in the
United Kingdom, the fibers are often aligned with the x4 = x3; direction. That
notation was frequently used in papers by Hill, Laws, Walpole and Willis, cited
later. On the other hand, x4 = x| is prevalent in papers on fibrous laminates.

Of course, change of coordinates has no effect on the physical definitions of the
Hill’s moduli, but it changes the position of first and third rows and columns in the
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M;; and L; matrices, and it needs to be carefully monitored to prevent errors in
applications.

Moreover, (2.3.2) and (2.3.3) are often written in the contracted tensorial
notation, where the multipliers 2 are transferred from the shear strain components
to the shear moduli in the compliance and stiffness matrices, such that values of the
stress components are not affected. This is illustrated in (2.3.11) and (2.3.13) below.

For isotropic solids, Hill’s moduli appearing in the stiffness matrix (2.3.3) are
expressed in bulk and shear moduli K and G and by Poisson’s ratio v, according to

2G(1 - 2G
k—}—m:n:M k—m=1[= e m=p=G
1—2v 1—2v (2.3.6)
k=K+G/3 I =K-2G/3 n=K+4G/3

If Lamé constants A and p in (2.2.22a) are preferred, their connections to Hill’s
moduli are

k+m=n=A4+2u k—m=Il=) m=p=pu (2.3.7)

It is often advantageous to separate the axisymmetric from the shear strain and
stress components, and write the elastic constitutive relations (2.3.3) of transversely
isotropic solids, for x4 = x|, as

Low vore) [ [t
(02 +033)/2] L1 k][ (e2+e33)

(022 —033) = 2m(e2 — €33)
(2.3.8)
023 = 2mer3 031 = 2pe3r 012 = 2penp

P ] i | PR
(e +en)]  (kn—12) [~ n ]| (02 +03)/2

Of course, elastic properties of actual fibrous plies may not conform exactly
to the widely used assumption of transverse isotropy, because the fibers may not
be uniformly distributed in the transverse plane. For example, plies reinforced by
aramid, carbon or glass fiber tows, containing thousands of very thin (~10 pwm)
filaments, are often subdivided into fiber and matrix-rich regions. Also, certain
metal and ceramic matrix plies are reinforced by monolayers of relatively thick
(~150 pm) boron or silicon carbide fibers. Such plies may have an orthotropic sym-
metry on the macroscale. Evaluation of the nine engineering moduli of orthotropic
solids would expand Table 2.4 and require six applied stress components. However,
since the constants are usually measured in plane stress applied to thin ply layers,
experimental results are limited to those appearing in the table, and deviations from
transverse isotropy are neglected. Transversely isotropic material symmetry is also
adopted for properties of some cylindrically anisotropic fibers and of homogenized
layered solids, such as surface coatings and thin films.




30 2 Anisotropic Elastic Solids

As shown in Sect. 3.9, the microstructure of aligned fiber materials allows
derivation of universal connections involving the overall moduli, and known phase
moduli and volume fractions. In transversely isotropic fiber systems, the number of
independent overall moduli is thereby reduced from five to three, the two shear
moduli m and p, and one of the moduli k,/,n, such as k. However, it is often
convenient to use all five moduli in derivations.

2.3.2 Walpole’s Notation

Using again the x4 = x3 convention, Walpole (1969) writes the relation u = Aw
between any symmetric second order tensors #,w, and a fourth-order tensor A4,
all expressed in the contracted tensorial notation, in the expanded form by Hill
(1964)

[(Mn + Mzz)/2} _ [ a ,31} [(Wn +W22)}
uss B2y w33
(2.3.9)
(u11 — up) = 28(wi1 —w)

Ui = 28W12 Uur3 = 2€W23 usy = 2€W31

For B1 = B> = B, the Ajy = A is diagonally symmetric and transversely
isotropic with respect to x4 = x3. It is positive definite if and only if « > 0,6 >
0, > 0, and (ay — %) > 0. In a symbolic form consistent with the contracted
tensorial notation

A= Qa, B. y, 28, 2¢) (2.3.10)

Equations 2.3.9 can then be replaced by

Ui [(@+8) @=8 B0 0 0] [wny
U (x—=8) (@+8) B0 00 wo)
uss | _ B B yv000 w33 23.11)
- 0 0 020 0 || wn
ui3 0 0 0020 W13
un] L 0 0 00025 wn|

The inverse w = A ™' u is written as

AT =(8/2p). — B/(2p). a/p.1/(25).1/(2¢)) (2.3.12)
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where p = ay — B2. In matrix form, w = A" u is

Wil (r/o+1/8)/4 (v/p—1/8)/4 —=B/2p O 0 0 Ui
wa (y/p—1/8)/4 (v/p+1/8)/4 —B/2p O 0 0 Uz
wis | _ —B/2p —B/2p a/p 0 0 0 u33
w3 0 0 0 1/(28) 0 0 us3
Wi 0 0 0 0 1/ 0 Ui
W12 0 0 0 0 0 1/(28) upp
(2.3.13)

Walpole’s notation is often used to describe different diagonally symmetric
and transversely isotropic tensors in the micromechanics literature. Notice that the
symbolic forms (2.3.10) and (2.3.12) are not affected by the choice of direction of
the axis x4 of rotational symmetry; however, appropriate exchanges of rows and
columns are required in the matrices (2.3.11) and (2.3.13). Moreover, notice that in
the u;; and wy; in (2.3.9) are usually regarded as coefficients of the stress and strain
tensors, hence the tensorial shear strain components in (2.3.11) and (2.3.13) are
€23 = Wps, etc., in contrast to their engineering form 2,3 = wy3, etc.

The engineering and contracted tensorial matrix notations invite the connections

o=Le= LEGeEG LEG = L@_l = @_IL
[1.1.22]
€:@_1€EG:MO':@_1ME(;O' MEG:@M:M@

where the diagonal matrix @ = diag(l, 1, 1, 2, 2, 2). However, to preserve
diagonal symmetry of the stiffness or compliance matrices L, M, these connections
apply only to orthotropic, tetragonal, transversely isotropic, cubic and isotropic
solids, all free of coupling between normal and shear strains and stresses.

Examples of application of Walpole’s notation include stiffness and compliance
matrices of transversely isotropic solids, written in the symbolic form consistent
with the contracted tensorial notation and the x4 = x3 convention as

L =02k, I, n 2m,2p) M= n/Q2kE),—-l/Q2kE),1/E, 1/2m,1/2p)
(2.3.14)

For x4 = xj, the corresponding L and M matrices in the engineering notation
are given by (2.3.3) and (2.3.2), where kE = kE|; = kn — 2. Of course, (2.3.14)
could be converted to engineering notation by changing 2m, 2p tom, p. For cubic
material symmetry of §2.2.7, the stiffness and compliance can be written as

L = (3k,2u, 2i')y M =[1/(3k), 1/2u), 1/ 2u)] (2.3.15)

in terms of Zener’s moduli (2.2.18). For isotropic stiffness and compliance tensors,
the original Hill’s (1965a) notation is, as in (2.2.29)

L =(K.,2G) M = (1/(3K),1/(2G)) (2.3.16)
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Forms similar to M are also be used to define other tensors that have the
dimension of a compliance, such as the P tensor in Sect. 4.6.

2.4 Cylindrically Orthotropic Materials

This is a separate symmetry class, characterized by distinct elastic moduli which
are constant along each of the radial, tangential or hoop, and axial or longitudinal
directions of cylindrical coordinates r, 6, z. An orthogonal transformation from the
Cartesian to the cylindrical system of coordinates is described by

{r, 0, 2}] = ayx; (2.4.1)

where the a;; is given in (2.2.5). Invariance is preserved only under translation in the
z-direction and under a rotation by 6. Nine stiffness coefficients describe this type
of symmetry. The constitutive relation uses the stiffness matrix C, and is typically
written as

i Orp ] _Crr Cr¢ Cl‘z 0 0 0 11 Err i
O C¢¢ C¢z 0 0 0 Epg
Oz | _ C: 0 0 0 €z (2.4.2)
e Gg: 0 0 264 o
Oy synmt. Gzr 0 28zr

Lo | L Gry | 2809 |

Radially or circumferentially orthotropic materials satisfy C,, > Cg4 or
C,, < Cyg, respectively. Note that a transformation inverse to (2.4.1) renders the
stiffness coefficients dependent on the angle 6, and thus on position in the Cartesian
coordinate system.

Cylindrical orthotropic symmetry applies to fiber coatings or laminated com-
posite cylinders, and also to anisotropic fibers where reliable experimental data
are typically available only for the C,, coefficient. Therefore, such fibers are often
assumed to be only transversely isotropic, so that their properties can be extracted
by micromechanical methods from those measured on matrix-based composites.
The number of independent coefficients is then reduced from nine to five, using
the following connections with Hill’s moduli, written here for the x3 = z-axis of
rotational symmetry

C,.r=C¢¢=k+m C,.¢=k—m Crz=C¢z=l C,=n
Crr —Lrp = 2Gr¢ Gr¢ =m G¢Z = Gzr =p

(2.4.3)
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2.5 Young’s Modulus, Shear Modulus and Poisson’s Ratio

Restrictions imposed on the elastic constants by positive definiteness of the strain
energy function allow directional dependence of elastic moduli of anisotropic
solids and thus invite search for directions that correspond to extremal values
of engineering constants of practical interest, such as Young’s modulus, shear
modulus, and Poisson’s ratio. As pointed out by Hayes and Shuvalov (1998), Sirotin
and Shakol’skaya (1982) had derived the following expressions of the three moduli
of any anisotropic elastic solid, as functions of compliance coefficients and spatial
directions. In particular, the Young’s modulus E (n), defined as the ratio of the
normal stress to normal strain, both acting in the direction of a certain unit vector n,
is given by

E(n) = 1/(Mjun;njngn;) (2.5.1)

Explicit expressions and graphs of E (r) for materials of different symmetry
classes can be found in Backus (1970) and Nye (1957, 1985). The shear modulus
G(m,n) is defined as the ratio of the shear stress to the shear strain on a square
element whose two sides are described by two orthogonal unit normal vectors
mand n,suchthatn -n=m-m=1andm -n = 0.

G(m.,n) = G(n,m) = 1/(4Mun;m;nimy) (2.5.2)

The Poisson’s ratio v(m, n) is defined as the negative transverse strain along m,
divided by the axial strain in the direction of stretching force along the direction n.

v(m,n) = —Myym;m jnin; /(Mpqmnpnanns) (2.5.3)

Ting (2005a) studied the maximum, minimum and saddle points of Young’s mod-
ulus for a general anisotropic elastic material. He also shows that certain orthotropic
and hexagonal materials can have a Young’s modulus that is independent of the
direction n (Ting 2005b). Srinivasan and Nigam (1969) derived certain invariant
elastic moduli for crystals. Hayes and Shuvalov (1998) derived connections between
extreme values of the three moduli of cubic materials, which had been identified
by Turley and Sines (1971). Li (1976) presented a method for calculating Young’s
modulus, shear modulus and Poisson’s ratio for hexagonal materials.

It turns out that (2.5.3) imposes no limits on the extreme values of Poisson’s
ratio in all anisotropic materials, where it may reach an arbitrarily large positive or
negative value for certain directions of the above vectors (Boulanger and Hayes
1998; Ting 2004; Ting and Chen 2005; Ting and Barnett 2005). This admits
existence and suggests design of auxetic materials with negative Poison’s ratios
(Lakes 1993; Zheng and Chen 2001; Baughman et al. 1998). They expand when
stretched, which may enhance their shear moduli, indentation resistance and fracture
toughness (Lakes 1987, 2000). With few exceptions, they do not exist in nature.
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Table 2.5 Selected Symbols

Qo Volume of the comparison medium surrounding 2, < 2
Q, Volume of homogeneous inclusion or inhomogeneity

Q Total volume 2 = Q( + 2,

Q2 Surface of volume 2

092, Interface between 2, and

V,V,,c,=V,/V  Total and inhomogeneity volumes, and phase volume fraction in a
composite aggregate

aV, Interface between inhomogeneity L, in V, and matrix L

Ly, M, Stiffness and compliance of a comparison medium in ¢

L, M, Stiffness and compliance of the matrix phase

L..M, Stiffness and compliance of an inhomogeneity in 2, or V,

LM Overall stiffness and compliance of a composite aggregate

ed, e’ Uniform overall strain applied to £ or V

o> Ky Uniform eigenstrain applied in €2, and 2, or V,

0q. 0 Overall stress caused in Q or V by the load set {€°, w,, o}

A Overall eigenstress caused in © and V by the load set {€°, w,, o}
%, 0° Uniform overall stress applied to 2 or V

Ao, A, Uniform eigenstress applied in ¢ and €2, or V,

€q,€ Overall strain caused by load set {6°, A,,A°} in Q or V

m Overall eigenstrain caused by load set {o°, A,, A%}

&, 8, Uniform and average local strain in 2, or V,

0,,0, Uniform and average local stress in €2, or V,

il A%t Uniform equivalent eigenstrain and eigenstress in €2, or V,

[L,d~q, A;"’ Uniform damage-equivalent eigenstrain and eigenstress in €2, or V,
T.. R, R,y Partial strain and eigenstrain concentration factors

W,.,N,, Ny Partial stress and eigenstress concentration factors

However, they can be realized by certain symmetric laminates with ( & 0)¢ layups,
Sect. 10.7, or by homogenization of specific microstructures. For example, Almgren
(1985) designed structures, in two or three dimensions consisting of rods, hinges,
and springs that have a negative Poisson’s ratio. Foam materials with negative
Poisson’s ratio have also been developed (Lakes 1987). Evans et al. (1991) used
molecular modeling techniques to design a molecular network with a negative
Poisson’s ratio (see also Guo and Wheeler 2006). Some potential applications of
auxetic materials can be found in review articles by Evans (1991) and Lakes (1993).

A list of symbols frequently used in the chapters that follow appears in Table 2.5.


http://dx.doi.org/10.1007/978-94-007-4101-0_10

Chapter 3
Elementary Concepts and Tools

This chapter provides a brief introduction to micromechanics. Following an
overview of several descriptors of microstructural geometry is an outline of the
procedures that predict overall response of a heterogeneous aggregate in terms
of phase volume averages of local strain or stress fields. Applied loads include
uniform overall strain or stress and a piecewise uniform distribution of eigenstrains
or transformation strains in the phases. Derivations of theorems, formulae and
connections that will frequently be used in subsequent chapters are presented in
Sects. 3.7, 3.8 and 3.9. A summary of the overall and local response estimates
appears in the concluding Sect. 3.10. Many symbols used in this and following
chapters are summarized in Table 2.5.

3.1 Aggregates and Constituent Phases

Heterogeneous materials, such as fibrous or particulate composites and polycrystals,
are modeled as aggregates of homogeneous phases that occupy simply or multiply
connected parts V. (r=1, 2, ... n) of the total volume V. In a selected overall
system of Cartesian coordinates defined in V, each phase in a volume V, has
certain constant physical properties, such as elastic moduli, coefficients of thermal
expansion, thermal and electrical conductivity, and dielectric constant. Aligned or
misaligned fibers, particles, matrices, coatings, interphases, or polycrystal grains are
examples of constituent phases. Any of the eight material symmetries described in
Chap. 2 may be exhibited by and assigned to a constituent phase.

A matrix-based composite reinforced by aligned isotropic or transversely
isotropic fibers is a typical two-phase system, since all fibers have identical stiffness
coefficients in the selected overall coordinate system. Any composite consisting
of a homogeneous matrix and dispersed isotropic particles, aligned or misaligned
short or long fibers, is also a two-phase system. However, if the reinforcements
are anisotropic and misaligned or randomly orientated, then each particle or fiber

G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 35
and Its Applications 186, DOI 10.1007/978-94-007-4101-0_3,
© Springer Science+Business Media B.V. 2013
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represents a distinct phase of a multiphase composite. Accordingly, polycrystals are
multiphase systems, with each anisotropic grain or a set of similarly aligned grains
representing a separate phase.

Composite materials and laminates often tolerate presence of distributed damage
in the form of imperfect interface bonds, matrix cracks and fiber breaks. Such
defects may be regarded as additional phases with modified or vanishing property
values. However, perfect interface bonds and absence of damage are assumed to
prevail in the materials described this chapter.

3.2 Heterogeneous Microstructures

Heterogeneity of the microstructure of composite materials is a function of the size
scale used to solve a particular problem. Many different scales can be employed,
depending on the typical absolute size of the constituents of interest, which may
range from the nanoscale at 10~° m, to the microscale at 10~° m, to the mesoscale
at 1073 m, and finally to the macroscale. Both local and overall properties and
interactions between the phases depend on phase geometry and phase material
properties expressed at each scale. As an example, consider a laminated plate or
shell made of fiber-reinforced plies, which have a polymer matrix that has been
modified by an addition of nano-sized ceramic particles. Modeling of such system
should start at the nanoscale, by first considering interactions of the particle surface
layers with adjacent polymer chains that may result in chain alignment along particle
surfaces. Such interface layers can be regarded as graded interphases with certain
effective properties. Then, the mixture consisting of particles, interphases and bulk
matrix is homogenized to provide estimates of effective properties of the modified
matrix. Another homogenization is then performed at the microscale, where the
modified matrix is reinforced by a certain volume fraction of aligned fibers. This
yields effective properties of a macroscopic composite element, a fibrous ply.
Finally, the plies are laid up in a certain orientation and stacking sequence, and
bonded together to form a laminated plate or shell, with properties derived from
those of the homogenized plies. Connections between local deformation and stress
fields at all scales, established in the multiscale homogenization sequence, are then
used to estimate local fields caused at the different scales by applied loads, and the
expected response and load bearing capacity of the composite structure.

Transitions from local material properties to those of a homogenized mixture can
be examined in the context of statistical geometry of random heterogeneous media,
as described by Beran (1968), and more recently by Torquato (2002), who presents
an authoritative and extensive overview of the subject.
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3.2.1 Simple Descriptors

As in standard material characterization, a collection, or an ensemble, of material
samples of similar shape and volume is considered. The ensemble volume V' >> Q,
where €2 is the volume of a single sample. Each sample contains the same nominal
volume V, of each constituent phase r = 1,2,...n, or a constant phase volume
fraction ¢, = V,/V, such that X¢, = 1. Phase subvolumes of matrices, individual
particles or fibers, are denoted by v,. In each sample, they are assumed to be of
similar size and distributed at random.

A heterogeneous microstructure can be represented by a realization of a specific
random process. In the infinite-volume limit, it is possible to invoke the ergodic
hypothesis, which postulates that the result of averaging over all realizations of
the ensemble is equal to the result of averaging over one realization of very
large volume, for 2 — V — oo. A single Cartesian coordinate system x =
(x1,x2, x3)7 is attached to each sample of the ensemble with the same fixed origin
and orientation. Although all samples have identical external appearance in the x-
coordinates, any given point x € 2 selected in the same position in all samples,
can reside in a different phase subvolume v,. The actual phase r hosting point x
is conveniently identified by the value of the indicator or characteristic function of
phase r, defined for each subvolume v, as

1 ifx e,

1. =
(x) 0 otherwise

(3.2.1)

suchthat Y I, = 1.

In two-phase systems, preferred in what follows, the indicator function is a
random variable with two possible values at a fixed point x. The probability of
finding a given phase r at any point x € Q is

P{l,(x)=1}=1-P{I,(x) =0} (3.2.2)

For all realizations of the ensemble, the expectation, or an ensemble average of
I.(x), is denoted by the one-point probability function of phase r

Si(x) = (I,(x)) = P{I,(x) =1} (3.23)

For a function ®(x) = ®[I,(x)] describing certain properties of a microstruc-
ture in one realization of a very large material volume, or equivalently in all
realizations of the ensemble, the expectation or average ® is identified with the
ensemble average (®) indicated by the angular brackets

_ . 1
(@) =3 = lim - / ®(x)dV (3.2.4)
14
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The volume fraction c, of a phase r in a statistically homogeneous medium is
defined by the one-point probability function (3.2.3) as

¢ =S{(1) = (L(x)) = V,/V (3.2.5)

where V, = ¢, v, is the total volume, comprised of ¢, phase subvolumes v,, in the
total volume V of the ensemble.

A more intuitive definition of the phase volume fraction is the number density 1,
which counts the number of r-th phase subvolumes v, in the total volume V. For
subvolumes of similar size and shape, 7, is related to the dimensionless density c,
as follows

n, = lim gq,/V Cr = NrVr (3.2.6)
qr, V—>00

The probability of finding a selected phase r =1, 2 at two or more points x;,
i =1,2,... N, in volume 2 is equal to the expectation of the product, denoted by
an N-point probability function for phase

Sz(\;)(xl,xz,---xzv)z <ilz_[11r(xi)> =P{,(x))=1,1,(x2)=1,... 1, (xy)}=1
(3.2.7)

Specific evaluations of these functions are difficult to obtain, and have thus been
limited mostly to Sé") for up to three-dimensional two-phase systems with circular
or spherical shapes of the second phase. However, the hierarchy of the N-point
probability functions provides a conceptual basis for several definitions of important
properties of composites microstructures.

3.2.2 Statistical Homogeneity and Material Symmetry

Statistical homogeneity of a heterogeneous medium relies on the ergodic hypothesis,
defined by translational invariance of the N-point probability functions. This implies
that Sy (x;) = Sy (x; + y), where y is a translation vector, and x; +y are well
within . Therefore, each member of the said hierarchy of S}, depends only on the
relative position of any particular set of points x;, and is independent of the position
of the origin of spatial coordinates in 2. The relative position of any pair of the
points x; is written as x,;, = x, — x,. It then follows that a heterogeneous aggregate
is statistically homogeneous if and only if

Sy(xi,x,...xn)=Sy(xg) PF#Fq=12,...N (3.2.8)
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Statistical isotropy is another independent property of the microstructural
geometry, defined in a Cartesian system by directional invariance of S},, under
coordinate transformations x; = a;;x; where g;; is a matrix of directional cosines.
Combined with the translational invariance of statistical homogeneity, statistical
isotropy makes the S, functions dependent only on the distance x,, = ‘x 24 ‘ = Xgp
between pairs of points x;. Specific forms of S}, for N = 2, 3 are written as

S (x1,x2) = S5 (x12) S3(x1, %2, x3) = S3(x12, X23, X31) (3.2.9)

Higher-order probability functions cannot be derived from lower order functions,
except in systems with equal phase volume fractions ¢; = ¢, = 0.5, exhibiting
phase-inversion symmetry. However, asymptotic values of Sj can be found for the
following permutations of the distances x;,, x»3 and x3; (Torquato 2002)

: r : r r
lim S (x12,X13,X23) = ¢ lim S5 (x12, X13, X23) = S5 (X12)
x12—0, x13—>0 X230
3 r r : r 3
lim S3 (X12, X13, X23) = ¢S, (x12) lim S5 (x12, X13, X23) = ¢}
x12 fixed, x;3—>00 all x p,—>00

(3.2.10)

Statistical anisotropy is defined in a Cartesian system by invariance under the
group of transformations that characterize one of the particular material symmetries
described in Chap. 2. It often coexists with statistical homogeneity, for example,
in solids made by stacking repetitive parallel layer pairs or sequences of different
phase materials. Such layered materials are statistically homogeneous and trans-
versely isotropic on the macroscale. By assigning different translational and/or
orientation-dependent properties to the S} functions, one can define statistically
inhomogeneous and/or anisotropic aggregates that are representative, for example,
of graded composites with phase densities varying in one or more directions.

3.2.3 Specific Surface

This is another useful descriptor of the microstructure, defined by
s(v,) = n.(v,) = ¢, (0v,) /v, 3.2.11)

It is the ratio of surface area dv, to subvolume v, of phase 1 adjusted by the
volume fraction ¢, to the total area of all surfaces dv, of the subvolumes v,, in a unit
volume of the aggregate. In other words, it is the total area of all interfaces in a unit
volume of a heterogeneous aggregate. In two-phase systems where c; is the volume
fraction of the second phase, the specific surface is
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S(v2) =2c¢,/R for cylindrical fibers of radius R and unit length
S(v2) =3¢,/ R for spherical particles of radius R (3.2.12)

S(vy) =2cp A/ At = 2¢,/t for platelets of area A and thickness ¢

As an example, let us derive the specific surface or interfaces area in a 1 cm?
volume of a matrix-based composite, reinforced by a volume fraction ¢ s of aligned
S-glass, E-glass or P100 graphite fibers. Those fibers have nearly circular cross sec-
tions, with Ry ~ 5x 10~°m. A single fiber that is 1 cm long occupies the subvolume
vs = 0.25x107% cm? and has the surface area dv = 7 0.1 x 1072 cm?. There are
(4cs/m) x 10° fibers in 1 cm? of total volume. The specific surface or interface area
of a fiber volume fraction 0 < ¢y < 1listhen S(v)=cyx0.4m?/1cm® = 2¢//R;.
On the other hand, in fiber composites reinforced by boron or SiC fibers, where
R = 70 x 10~°m, there are v =m49x 10~ %cm?, vy =m 140 x 10~*cm?, and
the specific surface area of the fibers is S(v¢) = ¢y x 0.0285m?/1 cm?, or only
7.13% of the surface area of the 10 pm diameter fibers.

Among common objects, books with sheet thickness of 1 x 10~*m have a
relatively small page surface area of 0.02 m2, or 200 cm?, in a 1 cm® of volume,
of similar order as the S(v ) of boron or SiC fiber composite. However, the specific
interface area assumes a significant magnitude in nanocomposites reinforced by
platelets with £ = 107° to 10~®m, or by spherical particles with R =10"% to
10~® m. For example, the area of interface contributed by each percentage point
(c2 = 0.01) of spherical particles with radius R = 10 nm turns out to be equal to
3 m? in each 1 cm® of material volume. In the same 1 cm? of material volume,
each volume percent of flat platelets of thickness t = 107 or 10~® m creates the
interfacial area equal to 20 or 2 m?. If the particles or platelets are coated, e.g.,
by layers of aligned polymer chains and are present in higher concentrations, the
coatings may occupy a significant fraction of the total volume. In fact, the entire
1 cm? volume could be filled with the single volume percent of above flat platelets if
the coating thickness approached 0.5 x 10~7 m or 0.5 x 107® m, respectively. Large
interphase regimes have been found in certain polymer nanocomposites reinforced
by small loadings (1 wt.% or less) of nanotubes or graphitic nanofillers, as discussed
in Sect. 9.3 (Ramanathan et al. 2005, 2008).

3.2.4 Two-Point Probability Function

For a phase r in a statistically homogeneous medium the two-point probability is
the autocorrelation function of I,

Sj(x1. x2) = (I(x)1,(x2)) = S} (p) (3.2.13)
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where p = x, — x| reflects the translational invariance with respect to a specified
direction. For example, in a statistically isotropic medium, the two-point function
can be generated by randomly placing a line segment of length p = |p| and counting
the fraction of times the end points, but not necessarily the entire length of the
segment, are found in volume v, of phase r. Somewhat similar is Buffon’s (1777)
problem of placing a needle at random in a plane covered by straight, parallel lines
a unit distance apart, or on a grid of such lines, and counting the probability of the
needle crossing the lines (Clark 1933; Kendal and Moran 1962).

The two-point probability function indicates the relative position of individual
subvolumes of the phases, which can be used to estimate different aspects of
their distribution and interaction. As suggested by (3.2.10), third or higher order
probability functions would follow by replacing the line segment by a triangle or
by polygons. For small and very large distances and in the absence of long-range
correlations

lim S5 (p) — ¢, lim S;(p) = ¢? (3.2.14)
p—0 p—>00

For small values of p, the Sél) (p) for the matrix (r = 1) of a two-phase, three-
dimensional isotropic medium can be approximated by (Debye et al. 1957)

5(v2)
4

SV(p) = e1 = 2 p + 0(p) (3.2.15)

The first derivative of this function at p — 0 is thus equal to minus one-quarter
of the specific surface area. Berryman (1987) generalized this result for anisotropic
porous media by showing that the angular average of the anisotropic two-point
spatial correlation function has the same relationship to the specific surface.

Figure 3.1, derived from Torquato’s (2002), Table 5.1, illustrates this behavior,
by showing the autocovariance 52(1) (p) — cf of matrix r = 1 containing an isotropic
distribution of hard spheres of diameter D at three volume fractions ¢,, computed
from the Verlet (1972) correction to the Percus and Yevick (1958) approximation.

Higher order terms in (3.2.13) were evaluated by Torquato and Stell (1985) and
Lu and Torquato (1990) for matrix-based aggregates containing either two or three-
dimensional distributions of both penetrable and impenetrable hard discs or spheres
of diameter D. Their results cover the entire range of volume fractions and extend
to large p/D ratios. They show a rapid decrease of the difference Sz(l)(,o) —c?
with increasing ¢, from its maximum c¢; — cl2 = cjcp, which is the variance of
the characteristic function (3.2.1) of either phase at p/D = 0, to zero at p/D =
1.5+-2. Small oscillations caused by volume exclusion effects are observed at higher
p/ D ratios, and are more evident at higher c,. This indicates absence of significant
interactions between phase subvolumes that are about two diameters apart.
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Fig. 3.1 Autocovariance of isotropic distribution of hard spheres of diameter D, density ¢,

3.3 Representative Volume

3.3.1 Size Requirements

Design of composite structures relies, in part, on evaluation of overall or effective
properties of the heterogeneous composite material, such as elastic moduli, co-
efficients of thermal expansion, or conductivity, which are then attributed to an
equivalent homogeneous solid. On an appropriate material size scale, these effective
properties can be measured experimentally, or estimated by theoretical models.
In the latter, material constants are determined from local fields in a certain
representative volume element, or RVE, of a statistically homogeneous material,
which is subjected to macroscopically homogeneous boundary conditions applied
to its surface.

For example, as shown in Chaps. 6 and 7, application of surface displacements or
tractions derived from a uniform state of strain or stress leads to evaluation of bounds
and estimates overall stiffness or compliance. A distribution of phase eigenstrains,
such as thermal or transformation strains, which is statistically homogeneous and
invariant under the group of transformations that define overall material symmetry,
generates a macroscopically uniform eigenstrain in a traction-free representative
volume of a heterogeneous solid. In the case of thermal strains caused in the phases
by a uniform change in temperature, the overall strain can be related to effective
thermal expansion coefficients. Conversely, a macroscopically uniform eigenstress
is generated by the said distribution of phase eigenstrains if the representative
volume is constrained by zero surface displacements.
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To assure independence of the results on specific boundary conditions and on
absolute size of the constituents, the representative volume should be of sufficient
size to represent the typical microstructure, such that the resulting estimates of
material constants are valid for any larger volume (Hill 1963a).

In the absence of a specific definition of the ‘sufficient size’, the representa-
tive volume is essentially a convenient theoretical concept, indicating an interior
material volume removed from applied surface loads, and containing many micro-
constituents, such as particles or fibers, voids or microcracks, or crystalline grains.

However, recent estimates of the necessary rather than sufficient size of the
RVE, suggest that a relatively small size should be adequate. In particular, Drugan
and Willis (1996) found that the representative volume of a three-dimensional
aggregate of identical spheres, based on the Percus and Yevick (1958) and Wertheim
(1963) hard-sphere radial distribution function, need not be larger than twice the
reinforcement diameter. This result applies to an estimate of the overall moduli
that admits a 5% maximum error, and it holds for an entire range of sphere
concentrations and stiffness magnitudes, including spherical voids. Notice that this
outcome is anticipated by Fig. 3.1, which shows that the two-point probability
function remains essentially constant for p/ D > 2.

Additional confirmation of the above estimate of necessary RVE size was
provided by Gusev’s (1997) numerical evaluations of elastic moduli of periodic
unit cell models of several Monte-Carlo realizations of two-phase composites
reinforced by a random distribution of identical spherical particles. For a statistically
isotropic mixture, the computed overall Young’s and shear moduli of unit cells
containing 8, 27 or 64 spheres at fixed concentrations were found to be within
3% and 7% of their average value. The periodic boundary conditions applied to
the unit cells simulated a small uniform overall strain. As shown by Huet (1990)
and Hazanov and Huet (1994) the results represent an upper bound on the elastic
moduli, whereas application of a uniform traction field would produce a lower
bound. Similar results were reached by Ostoja-Starzewski (1998). Therefore, careful
evaluation of sufficient representative volume size is indicated for unit cell models
of a given microstructure. This was pursued in detail by Pecullan et al. (1999) on
two-dimensional finite element models composites consisting of square domains
filled with 1 < n < (6 x 6) unit cells of three different geometries; two designed
to approximate the upper and lower bounds on bulk moduli, and one generating
a composite with a negative Poisson’s ratio. Their results show very small error
associated with replacing the smallest scale regions by an equivalent homogeneous
medium when n & 3.

Minimum representative volume requirements for unit cell models of perfectly
bonded cubic polycrystals were examined by several numerical experiments. Ren
and Zheng (2002, 2004) approximated the polycrystal by a square, plane stress
model of increasing size, and concluded that the effective shear and Young’s moduli
can be approximated with less than 5% error by a representative volume size of
16 or less times the grain size. They also indicate a linear dependence of the
required size on the crystal anisotropy. That effect was also observed by Nygérds
(2003) who used a discrete version of the Voronoi algorithm to partition a finite
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element mesh into grains. He suggests a rough approximation of the number of
grains needed in a representative volume, in the form N, ~ 0.03(Az — 1)/err?,
where Ay = 2L44/(L11 — L12) is Zener’s (1948) measure of anisotropy of cubic
crystals (2.2.18), and err is an acceptable error. Elvin (1996) simulated response
of polycrystalline ice under compression and found that at least 230 grains were
needed for the aggregate to exhibit homogenized elastic behavior.

A useful conclusion that can be drawn from such studies is that effective elastic
moduli estimated by different homogenization methods in large representative
volumes provide a close approximation of effective moduli of material volumes
of finite size, containing 10-30 inhomogeneities in matrix-based systems, or few
hundred grains in a polycrystal. This has implications for hierarchical modeling of
multiscale and gradient microstructures, and for formulation of non-local constitu-
tive equations for elastic composites (Drugan 2000).

3.3.2 Local Volume Fraction Fluctuations

Aslong as RVE size is accepted to be ‘sufficiently large’, the phase volume fractions
are constants defined by (3.2.5). However, both their overall and local magnitudes
may depend on a number of factors related to manufacturing and processing of a
particular material, or to a position in a sample. For example, most polymer matrix
fibrous composites are reinforced by fiber tows containing thousands of individual
filaments with diameters of 5-20 um. Therefore, the fiber volume fraction in a
0.125 mm thick ply may approach full saturation in the impregnated volume of
each tow, and remain low in the matrix-rich regions separating the tows. Changes in
matrix volume during consolidation and curing may affect the overall concentration.
Even in systems consisting of apparently periodic monolayers of carefully laid 150—
200 um fibers, a series of micrographs of the microstructure may reveal differences
of several percent from the ‘nominal’ volume fraction provided by the fabricator.
Since the volume fraction magnitude may have a significant influence on certain
overall properties, a reliable evaluation of actual distribution and volume fraction
of the phases should be made in any comparison of experimental results with
theoretical predictions.

In a representative or any material volume, the phase volume fraction may
fluctuate as a function of position and of the ratio Vo /v,, which compares the size
of a selected observation window Vg to that of typical subvolume v, of a phase
r. For statistically homogeneous and isotropic distributions of impenetrable and
penetrable disks and spheres in a continuous matrix, Lu and Torquato (1990) and
Quintanilla and Torquato (1997), had introduced a measure of local volume fraction
fluctuations. In particular, they define the coarseness C as scaled standard deviation
o of the local volume fraction function, a random variable ¢, (x)

2\ .2\1/2
C:cﬂz((c’)—c’) (3.3.1)

cr
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For an infinitely large observation window Vo — oo, the expected value
cr(x) — c¢,. At the other extreme, for Vo — 0, the ¢,(x) — I,(x), the
phase indicator function (3.2.1). In two-phase media, the variance (I %) — (I 2)2 =
¢ — ¢3, hence

C = (c2/c1)? forVo — 0 C =0 forVy — 00 (3.3.2)

In observation windows of intermediate size, suggested for example by the Dru-
gan and Willis (1996) estimate of Vo /v, = 8 as sufficient size of the representative
volume for evaluation of elastic moduli of a matrix-based composite reinforced by
a random distribution of spheres, one can utilize the asymptotic formula

1/2

/ 55" () — c}1p"dp (3.3.3)

p<t

1

C =
61«/V0

where the spatial dimension d =2 or 3 for disks or spheres. The correlation length
¢ can be taken as (£/D)* ~ Vo /v, = 8, where D is the diameter of circular disks
or spheres of the second phase r = 2. Quintanilla and Torquato (1997) show that the
volume fraction distribution can often be approximated by the normal distribution
in the observation window, as

e(x) = J# exp (~[x — e2)/o]/2) (33.4)

where ¢, represents the mean value and 0 = ¢, C is the standard deviation (3.3.1).

Computed values of coarseness, scaled to C (Vo/ vz)l/ 2 appear to approach their
long-range values at Vo /v, = 8, and at much smaller ratios for ¢, = 0.2. Lu and
Torquato (1990) found these values for impenetrable spheres as

C(Vo/v2)"* 2025 =0 ~0.0177 atc; = 0.2
(3.3.5)

C(Vo/v2)"? 2 0.15 = 0 = 0.0318 atc, = 0.6

Together with (3.3.4), that indicates that fairly large deviations from the mean
value may be found in small material volumes. Of course, this spread rapidly
tightens at larger ratios of Vo /v,.

Another source of nonuniform phase distribution in material volumes is the
development of clusters of particle or fiber reinforcements. This is expected at high
volume fractions, according to different estimates of the upper limit ¢; < ¢, of
random closed packing. For example, the upper packing limit ¢., = 7/ V18 =
0.7405 applies to monodisperse hard spheres in a face-centered cubic lattice.
Somewhat lower limit ¢., ~ 0.68 is suggested for this material by the Monte Carlo
simulations of Tobochnik and Chapin (1988), and by the ‘drop and roll’ algorithm
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used by Visscher and Bolstrelli (1972), which yields ¢., ~ 0.60. However, isolated
particle or fiber clusters can develop even at very low concentrations, for example,
in nano-scale composite materials with large specific surface.

3.4 Stress and Strain Field Averages

Geometry of the microstructure of composite materials is usually specified only in
terms of the shape, size, orientation and volume fractions of the phases. Therefore,
actual local strain and stress fields can be found only in few selected models of well
defined microstructures. However, estimates of phase volume averages of the local
fields are within reach of several approximate methods. Of interest in this section
are connections between the applied uniform overall fields and the resulting local
fields and their averages.

A representative volume V of a heterogeneous solid, enclosed by surface 9V, is
loaded according to one of the two homogeneous boundary conditions described
below, which apply a uniform overall stress or strain.

(a) Self-equilibrating surface tractions #;(x) = oy;(x)n;(x), derived from a
certain overall stress field o;;(x) are prescribed at all surface points x € 9V
with the outside normal 7 (x). The range of subscripts is i, j=1, 2, 3, and x is
a position coordinate. Interior stress field is continuous but not necessarily uniform,
and it satisfies the equations of equilibrium o;; ; = 0 and the prescribed boundary
conditions.

Volume average of the stress field in V is provided by the divergence theorem

ad
/Uiknkxde :/a(o—ikxj)dv :/[Uik,kxj —}-Uika,k]dV = /oij(x)dV
v Vv Vv |4

(3.4.1)

where x;; = 6 is the Kronecker delta. With reference to the Cauchy formula
I; = oj;n;, the first integral is rewritten in a symmetric form and scaled by V. This
yields the definition of the overall stress, which is the volume average 6;; of the
local stress field in V, generated by the prescribed surface tractions. With reference
to (3.2.4)

_ 1 1
(O’ij(x)) =0; = V/O’,‘j(x)dV = ﬁ / (tixj + tjxi)dS (3.4.2)
14 av

Suppose now that the volume V is subdivided into n subvolumes V, (r=1,2 ...
n), perfectly bonded at their interfaces, such that 3, V, = V. The subvolumes are
typically selected to coincide with those of individual phases or parts of subdivided
phases of the aggregate, so that each subvolume is filled by a homogeneous
phase material. Nominal volume fractions are defined by (3.2.5) as ¢, = V,/V, so
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that ¥, ¢, = 1. Traction continuity prevails at subvolume boundaries, hence the
subvolume stress average 6;; follows from (3.4.2), with the integrals taken over each
V:. The 6;; . 6]; and o;; (x) are represented either by diagonally symmetric (3 x 3)
matrices, or by (6 x 1) vectors of the stress components written in the contracted
notation (1.1.9) and denoted by 6, ¢, and o (x).

Stress averages in subvolumes V, are then related to the overall average over V
in (3.4.2) as

=5 = —/a(x)dV = Z/a(x)dV Zc,o, (3.4.3)

Similar volume and subvolume averages and partitioning follow for any spatially
variable and integrable quantity ®(x) in V; see (3.2.4). Since traction continuity is
preserved at surfaces of cracks or voids, and also at imperfectly bonded interfaces,
the above average holds even in the presence of such imperfections.

(b) Surface displacements described by a continuous function of coordinates
u; (x) are prescribed at all points x € 9V, such that they cause only small strains, and
do not generate any rigid body translation or rotation of V. These displacements are
related to the resulting strain and rotation field inside V' through a volume integral
of the strain gradient u; ; (x), obtained from the displacement field u; (x), x € V.

1
uij = E[(ui,j +uji) + (i —uji)] = eij + wij (3.4.4)

Integrating this over V and scaling by V provides volume averages of strain
and rotation. However, the latter is zero when disallowed by the prescribed surface
displacements. Application of the Gauss theorem then connects the average strain
to the surface displacements as

(e) = &) = _/g,jdv e /(u,n, +un;)dS (3.4.5)

where n; is the outside normal to dV. However, in the presence of damage, the
second integral must also be taken over all interior free surfaces of cracks and
voids, to account for displacement jumps at imperfectly bonded interfaces. Local
deformations caused by such imperfections contribute to the overall strain.

Subdividing V into perfectly bonded subvolumes with preserved displacement
continuity at the interfaces allows decomposition of &;; into a sum of subvolume
strain averages. In both contracted tensorial and engineering matrix notations, the
strain averages are

= —/e(x)dV = Z/e(x)dV Zc,e, (3.4.6)

r= lVr r=1
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Constitutive relations of each homogeneous phase residing in subvolumes V, now
follow by writing (1.1.21) with (6 x 6) phase stiffness and compliance matrices,
expressed together with the strain vectors in either the contracted tensorial or
engineering notations.

o,(x)=L,e(x) &(x)=M,0,(x) (3.4.7)

These relations between local stress and strain fields also apply to their volume
averages (3.4.3) and (3.4.6), and can be written as

=) co, =) cLe E=)Y cer=)» Mo, (3.4.8)

r=1 r=1 r=1 r=1

If the volume V is a representative volume of a heterogeneous solid, then stress
and strain averages of local fields in V are connected by certain effective or overall
properties of the homogenized volume V. As in the above paragraphs (b) and (a),
suppose that the RVE is subjected to prescribed displacements causing a uniform
overall strain &°, or to prescribed tractions causing a uniform overall stress o,

Overall constitutive relations of the homogenized aggregate in V then are
6 =Le" §=Mo" (3.4.9)

where L and M denote effective or overall stiffness and compliance matrices,
and o, & are overall volume averages of local stresses and strains caused by the
prescribed &° or ¢°, under the distinct boundary conditions. In later chapters, the
top bars on o and & are used only when required for clarity. Otherwise, overall
averages are denoted only by o or €, and phase averages by o, and €,.

Notice that the angular brackets ( ) designating the ensemble or overall average
have been replaced by the top bar. This notation will be extended to averages taken
over the relevant overall, or local volume designated by a subscript, and retained as
needed in what follows.

3.5 Opverall Properties and Local Fields

3.5.1 Mechanical Influence Functions and Concentration
Factors

When a representative volume V of a heterogeneous medium is loaded by either
surface tractions or displacements that are derived from uniform overall stress or
strain fields, the variable local fields in material subvolumes V, can be described
in terms of certain influence functions of spatial coordinates. In a similar manner,
volume averages of the local fields in V, are related to the applied overall fields
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by constant concentration factor tensors (Hill 1963a). The present discussion
is concerned with definitions and certain properties of theses quantities. Their
evaluation in specific composite systems is described in Chaps. 6 and 7.

First, consider a volume V subjected to displacements u;(x), prescribed at all
surface points x € dV as linear functions of coordinates, u; (x) = 8?jx ;. The

superscript (O) indicates that e?j is a prescribed overall strain, derived from the
applied, linearly varying surface displacements. In a homogeneous or homogenized
volume V, such displacements would create a uniform strain field s?j = (u;j+uj;),

hence sioj is also equal to the volume average (3.4.6) of the strain field in V.

Actual strain fields generated by application of 8?j in any given subvolume V,

of the heterogeneous volume V are not uniform. Since s?j is a constant tensor, the
said fields can be expressed as functions of the position coordinate x € V; in either
subscript or matrix notation as

e (x) = Ay (), & (x) = A, (x)e’ (3.5.1)

Recall that in the latter equation, both strain tensors are represented in either the
contracted tensorial notation (1.1.10) or the engineering matrix notation (1.1.11)
by (6 x 1) vectors, implying that the influence functions A, (x) are dimensionless
(6 x 6) matrices, which are not affected by the selected notation.

In a numerical analysis of a subdivided unit cell, each k-th column aff (x) of the
matrix A, (x) is equal to the local strain vector a¥(x) = A,(x)i; generated at
point x by application of the overall strain 32 = i, where i} is the k-th column of
the (6 x 6) identity matrix 1.

Mechanical strain concentration factor tensors or matrices are volume averages
of the influence functions (3.5.1), taken over each subvolume V.

1 1
g = 7r/g(x)dv = 7r/A,(x)eOdV =A,& (3.5.2)
v, v,

Next, the volume V is loaded by surface tractions ’(x) = crioj n;(x), derived
from a uniform overall stress field crioj , where the superscript (°) denotes a prescribed
overall stress. The variable local stresses in each subvolume V, are expressed
through influence functions of position coordinates x € V,

a/;(x) = Bl (x)oy;  0,(x) = B,(x)a’ (3.5.3)

where the o, (x) are written in the contracted notation as (6 x 1) vectors, and the
stress influence function tensors B, (x) as (6 x 6) matrices. Columns bff (x) =
B, (x) i of the latter are again generated, in turn, by application of the applied
stress component 02 = i} of unit magnitude.

Volume averaging of local field over V, provides the mechanical stress concen-
tration factor tensors B, as


http://dx.doi.org/10.1007/978-94-007-4101-0_6
http://dx.doi.org/10.1007/978-94-007-4101-0_7
1.1.10
1.1.11

50 3 Elementary Concepts and Tools
.1 1 o o
o, = 7 o,(x)dV = 7 B.(x)a"dV =B,0o 3.54)
r r i

Evaluation of the mechanical concentration factors 4, and B, seldom relies
on integration of the influence functions, which may not be easily found. Instead,
they are replaced by estimates which follow from one of several analytical methods
described in Chaps. 6 and 7.

It should be emphasized that the above €, and &, are the strain and stress
averages of the respective phase fields in the total phase volume V., which includes
all subvolumes v, of the phase r in the representative volume V. Of course, in each
randomly distributed phase subvolume v, local fields and their average magnitudes
may deviate from the above averages of phase fields, taken over all subvolumes of
each phase.

The strain and stress concentration factors provide average phase fields under
two distinct boundary conditions described with (3.4.5) and (3.4.2), which must be
respected in evaluations of the local fields. However, they have certain common
properties. In particular, (3.4.8) indicates that

n n
Zce =z Zc,.&,. =6 r=12,...n (3.5.5)
r=1

r=1

where the overall averages are equal to the respective prescribed quantities.
Therefore, the subvolume weighed sums of the transformation factors are

n n
Zc,.A,. =1 Zc,.B,. =1 r=1,2,...n (3.5.6)
r=1 r=1

where I is the (6 x 6) identity matrix. This shows that only n — 1 strain or stress
concentration factors need to be evaluated for the phase volumes, and that the
averages of local fields are related. In the particular case of two-phase systems,
volume averages of strain or stress in the phases are closely related, while the actual
local fields can be very different. The A, and B, matrices may not be diagonally
symmetric.

3.5.2  Overall Stiffness and Compliance

Estimated or actual mechanical concentration factor tensors are often used in
evaluation of overall stiffness and compliance of a representative volume of a
heterogeneous medium. In particular, the overall stress and strain averages follow
from equations (3.4.8) and (3.5.2), (3.5.4) as

= ZcLe = Xn:c,L,.A,.eO &= Xn:c,M,.&, = Xn:c,.M,.B,ao (3.5.7)
r=1

r=1 r=1 r=1
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Therefore, overall stiffness and compliance in (3.4.9) can be found from

L=) c¢LA M=) c¢M,B, (3.5.8)

r=1 r=1

By this sequence, suggested by Hill (1963a), derivation of overall properties and
of strain and stress field averages in individual phase subvolumes of a representative
volume is reduced to evaluation of the mechanical concentration factor tensors.
Accuracy of the results depends on that of the concentration factors. Introduction
of the concentration factors was a simplifying departure from the previously used
equivalent inclusion method described in Sect. 4.2. The original derivation shown
here had been reproduced by several writers, in different notations of their choice.

It should be emphasized that both phase and overall stiffness and compliance
matrices of a representative volume of a statistically homogeneous medium must
satisfy the consistency conditions

LM, =1 LM=1 (3.5.9)

Moreover, they must comply with one of the eight material symmetries described
in Chap. 2, which require that both L = L™ and M = M" are diagonally
symmetric and positive definite. Finally, no admissible prediction of overall stiffness
and compliance may be in conflict with established bounds on such properties.

These requirements have to be satisfied by all admissible homogenization
procedures that estimate overall stiffness L and compliance M in terms of phase
geometry and properties. Unfortunately, that has not been fully appreciated by all
developers or users of available material models. As shown in Chap. 7, even well-
established methods may fail to provide admissible predictions, for example, by
violating variational bounds on overall moduli, or certain restrictions on shape and
alignment of the constituents, which guarantee diagonal symmetry.

Mechanical stress and strain concentration factors are connected by writing the
local strain (3.5.2) as

& =A,e"=A,Mo6 =M,5, =M,B,o° (3.5.10)

In finding local stress averages &, in a representative volume, the overall average

& of local stresses is regarded as equal to the prescribed overall stress, @ = o,

Therefore, the strain and stress concentration factors are connected by
AM=M,B, B,L=LA, 3.5.11)

In two-phase composite aggregates, with phases r = «, 3, overall stiffness and
compliance (3.5.8) can be written with regard to (3.5.6) as

LZLa—}-C/g(L/g—La)Aﬁ MZMQ-FCﬁ(Mﬂ—Ma)Bﬁ (3.5.12)
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For example, if L, = L, the stiffness of the matrix phase, then the second
term in the first formula indicates the contribution of the reinforcement r = § to
overall stiffness. In particular, L — L, = (Lg — Lo)(I — c4A4), hence overall
stiffness is elevated by an addition of the reinforcement when Lg — L, is positive
definite. Conversely, if the r = f phase is more compliant in certain directions
than the matrix, or if it contains cavities, then the overall stiffness is reduced. In any
event, according to (3.5.6), only one concentration factor of a single phase, usually
the reinforcing phase, is sufficient for determination of field averages in the other,
matrix phase.

As written, the above connections hold in both contracted tensorial and engi-
neering matrix notations, providing that e,, L,,and M, are all written in the same
selected notation. Then, A, and B, are not affected by the chosen notation.

Connections (3.5.12) can be utilized in estimating mechanical concentration
factors A,, B, of either phase r = «, B, in terms of an experimentally evaluated
overall stiffness L or compliance M and known phase stiffnesses and volume
fractions ¢, + ¢g = 1. The results hold for any statistically homogeneous
distribution of the phases, and provide strain and stress field averages over total
phase volumes, regardless of phase shape and alignment.

cada =(Ly—Lg) "(L—Lg) cgAp=—(Lo—Lp)""(L—Ly)

caBo = (Mo —Mp)" (M —Mp) csBg=—(Moy—Mp)" (M —M,)
(3.5.13)

Of course, actual local fields may exhibit deviations from the averages, taken
over all phase volumes. However, as long as the reinforcements have low to medium
volume fractions, and similar shapes that can be modeled by spheres, ellipsoids, and
oblate or prolate spheroids, such as circular fibers, the Eshelby solution described in
Sects. 4.1 and 4.2 indicates that their local fields are approximately uniform under
application of a uniform overall strain or stress. Under such circumstances, and
absent interface decohesion, (3.5.13) should provide good estimates of local fields
for comparison with nominal strength or failure strain values of the reinforcements
and of their interfaces with the surrounding matrix. In contrast, local fields in the
matrix may develop sharp gradients in the vicinity of interfaces.

3.6 Phase Transformations

3.6.1 Eigenstrains and Eigenstresses

Eigenstrains or transformation strains represent a large group of deformations that
are not caused by mechanical loads, exist in their absence, and are generated
by different physical sources. A uniform eigenstrain applied in any traction-free
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volume of a homogeneous or heterogeneous solid causes uniform, stress-free
deformation. When this uniform eigenstrain is applied to a fully constrained material
volume at zero surface displacements, the deformation is constrained by a layer
of surface tractions that generate a strain-free stress, called an eigenstress or
transformation stress. In a homogeneous solid, this eigenstress is also uniform. In
a heterogeneous solid, the definition of a representative volume in Sect. 3.3 is ex-
panded by stipulating that any statistically uniform distribution of phase eigenstrains
generates a macroscopically uniform overall deformation of this volume under zero
surface tractions, or a macroscopically uniform overall stress under zero surface
displacements.

Transformation fields can be broadly divided into physically based and equiv-
alent eigenstrains. Physically based eigenstrains are frequently introduced during
fabrication of composites, laminates and polycrystals, and in service. One category
of the physically based eigenstrains consists of known functions of thermal changes,
moisture concentration or other processes assumed independent of mechanical
loads. They are more easily evaluated than those in the second category, such as
inelastic strains or certain phase transformations, which depend on past loading or
deformation history of a particular material volume. Due to their stress-dependent
evolution history, the latter are not always regarded as ‘true’ eigenstrains (Zaoui
and Masson 1998). In the context of incremental deformation, the change of
inelastic strains may indeed be stress-dependent during each loading step. However,
when a particular loading step has been completed, the total current strain of a
material point can be decomposed into an elastic part and a strain that would
survive an instantaneous unloading to zero local stress. This latter part is the
current eigenstrain, regardless of its past or recent evolution history (Rice 1970).
Contributions of physically based eigenstrains to the total local strain and stress
fields can be significant, possibly causing interfacial decohesion or matrix cracking
and other modes of damage.

Equivalent eigenstrains, discussed in some detail in Chap. 4 are fictitious, in the
sense that they have no direct physical origin. They are often introduced to simulate
the effect of local material property changes on local fields and on overall response
under applied mechanical and transformation loads. For example, the equivalent
inclusion method discussed in Sect. 4.2 uses an equivalent eigenstrain induced in
a homogeneous inclusion, to reproduce the effect of an identical inhomogeneity on
local fields caused by overall loads. A damage-equivalent eigenstrains may be used
to approximate the effect of interfacial decohesion or cavity formation on overall
response; Sect. 4.3.4. In contrast to their physically based counterparts, equivalent
eigenstrains depend on the magnitude of currently applied mechanical loads. They
may also depend on physically based eigenstrains, for example, in applications of
the equivalent inclusion method to problems involving physically based eigenstrains
(Mura 1987, §25). Equivalent eigenstrains vanish in the absence of their loading
sources.

In what follows, both types of transformation fields are regarded as internally ap-
plied loads, separate from external mechanical loads. To emphasize this difference,
the eigenstrain fields will be denoted herein by the symbol u(x), and the related
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eigenstress fields by A (x). When needed, equivalent eigenstrains will be denoted
by topical superscripts, such as u°?, and p?? for damage-equivalent eigenstrains.
Of course, the p(x) are strain vectors written in either tensorial component or
engineering matrix notation, and A (x) are stress vectors, similar to those described
in (1.1.9), (1.1.10) and (1.1.11).

In both homogeneous and heterogeneous solids, a distribution of eigenstrains
gives rise to stress and strain fields, often called residual fields, that remain in the
material or structure after complete mechanical unloading. The total residual strain
fields are compatible, and the residual stress fields are self-equilibrated; however,
the transformation (eigenstrain and eigenstress) fields themselves need not satisfy
such requirements. This suggests that total residual fields are superpositions of
the transformation fields with certain elastic fields which restore and guarantee
compatibility and equilibrium.

The distinction between the total residual, elastic and eigenstrain fields can be
illustrated by imagining a heterogeneous medium, such as a polycrystal or compos-
ite, decomposed, without local rotations, into separate homogeneous but anisotropic
grains or phase subvolumes. Each of these can be differently transformed, e.g.,
by application of a uniform temperature change. Such dissimilar phase volume
and shape changes create an incompatible, stress-free deformation field in the
subvolumes. Reassembly of the perfectly bonded material thus requires application
of surface tractions to the transformed subvolumes, to restore displacement and
traction continuity at the interfaces. These tractions generate the elastic parts of
residual fields, and possibly additional eigenstrains if the deformation does not
remain elastic. Such residual fields are superimposed with those caused in each
phase or structure by any applied mechanical loads.

Presence of phase transformations expands the elastic constitutive relations
(1.1.21) to

o,(x)=Le (x)+ Ar(x) er(x) =M,0,(x)+ p,(x)
Ar(x) =—Lyp,(x) me(x) =—M;A(x) (3.6.1)

o,(x)=L,[e,(x) — p,(x)] er(x) =M,[o,(x)—A,(x)]
where the L, and M, = Lr_1 are phase stiffness and compliance, and p,(x) is a
local value at x of a distributed eigenstrain field; the A, (x) is the related eigenstress,
generated by ., (x) while &,(x) = 0. For consistency of the constitutive relations,
both strain and eigenstrain vectors and the stiffness and compliance matrices in
(3.6.1) need to be written either in the contracted tensorial or in engineering matrix
notations.

Notice that the adopted sign convention anticipates a positive isotropic eigen-
strain to cause local compressive or negative eigenstress, and vice versa. This
convention is not uniformly used in the literature, which may invite sign errors.

Both p(x) and A (x) fields are defined by certain continuous functions belonging
to class C? in each open region V,, that may represent a part or an entire volume
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of a homogeneous phase r. To illustrate the effect on stress equilibrium, we rewrite
(3.6.1); as

0ij(x) = Lijrieri(x) + Aij(x) = 655 (x) + A (x) (@, ) =1,2,3)  (3.6.2)
and require that the stress field satisfies for all x € V, and on the surface dV; of V,
6’,‘1"]' + Fl + Aij,j =01in V, (6jj + A,-j)nj =1{; on BV, (363)

As in (3.4.2), the boundary tractions generate the average total stress ¢;; in V.
This shows that equilibrium can be satisfied if the eigenstress field modifies body
forces and surface tractions as

Fi =F+ /\,‘j'j andf,- =1 —)kijnj (3.6.4)

The implication is that displacements caused in V, by application of the trans-
formation field ;; (x) = —M;jx; Ak (x) are equal to those generated by application
of body forces A;; ; (x) at x € V; and by surface tractions —A; ; (x)n; at x € dV,.
Equations (3.6.4) also show that the leading terms on the right hand sides in
(3.6.1) are caused, in part, by application of external loads, by internal residual
fields generated by body forces A;; ;(x) at x € V,, and by surface tractions
—Aij(x)n; at x € dV,.

3.6.2 Local Transformation Fields

A distribution of phase transformations in a heterogeneous aggregate generates both
local and overall deformations and stresses. In particular, the total local strain &, (x)
in (3.6.1), is the sum of elastic strain M, 0 ,(x) and local eigenstrain p,(x). The
elastic strain is caused, in part, by an applied overall mechanical strain &°, and by
residual fields generated by an eigenstrain distribution in the entire volume.

A convenient representation of the total local strain and stress fields in a
volume V of a heterogeneous medium can be obtained by replacing any variable
transformation field by a piecewise uniform distributions g, in phase or subdivided
phase volumes V,,r = 1,2, ...n. The form

er(x) = A,(x)e" + Y Di(¥)p, 0,(x) = B, (x)0" + ) F(x)A; (3.6.5)

s=1 s=1

expands (3.5.1) and (3.5.3) by including both mechanical loads and phase transfor-
mations (Dvorak 1990). Overall strain € is again uniform, applied by prescribed
displacement at the surface dV, and A,(x) is the mechanical strain influence
function. Overall stress o is generated by surface tractions prescribed on 9V, and
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B, (x) is the mechanical stress influence function. The D,;(x) and F,;(x) are trans-
formation strain and stress influence function tensors that evaluate residual strain
or stress fields caused in subvolumes V, by the locally uniform transformations
g or A, applied in another (or the same) subvolumes Vj, under e’ = 0 or
" = 0, respectively. Included are the self-induced terms D,,(x)and F ,,(x) that
reflect contributions to total local fields in V, by uniform local transformation fields
M, and A, respectively.

Numerical evaluation of the transformation influence functions in (3.6.5) can be
carried out for any selected phase geometry in a representative volume of a hetero-
geneous material, at different levels of refinement, from the coarse distribution in
phase subvolumes, to that afforded by a finite element subdivision of a unit cell.
In the latter, the influence functions or concentration factors can be established
between each pair of elements as follows. Overall boundary conditions apply zero
overall strain € = 0 (or stress 0 = 0). Then, unit-valued components of phase
eigenstrains ;L’S‘ = i (or eigenstress AIS‘ = i) are applied in turn in all elements
Vs, including V,. The i is the k-th column of the (6 x 6) identity matrix I. The
k-th column Dr]i (x) = Dg(x)iy (or Fri(x) = F,s(x)iy) is the local strain or
stress generated in V, by i,. Volume averaging described in (3.5.2) and (3.5.4)
then provides transformation strain and stress concentration factors D, and F, that
evaluate the eigenstrain contributions to strain and stress averages &, of &,(x) and
o, of o,(x)in V,, respectively. A detailed derivation is presented in Sect. 12.1.3.

The influence functions and concentration factors are (6 x 6) matrices with
dimensionless coefficients. Of course, the strain and eigenstrain vectors, stiffness
and compliance matrices must all be written in either contracted tensorial or en-
gineering matrix notations. However, the concentration and transformation tensors
and matrices do not depend on the selected notation.

In two-phase material systems, the transformation influence functions can be
derived in terms of the mechanical influence functions, by creating a uniform strain
field. In particular, suppose the RVE of a two-phase composite systems, r = «, 3, is
loaded only by two independent, uniform phase eigenstrains i, € V;, and by an as
yet unknown, auxiliary overall strain &, which is also uniform. Let us now separate
the phases and apply to each one an auxiliary uniform overall stress ¢ such that &
becomes the local strain in both phases

& =La(€—p,) = Lg(é — pp)
& =(Lo—Lp) ' (Latty — Lgig)

Since both the stress and strain are now uniform and of the same magnitude in
all phases, the aggregate can be reassembled, providing that the overall stress 6 or
strain & are applied at the outer surface dV. Traction and displacement continuity
conditions are satisfied at all interfaces. Finally, the auxiliary overall strain & is
removed, and the original overall strain reapplied. The phase strain (3.6.5); then is

(3.6.6)

er(x)=[I—A,(x)é +A,(x)e’ r=ap (3.6.7)


http://dx.doi.org/10.1007/978-94-007-4101-0_12

3.6 Phase Transformations 57

Since the two applied phase eigenstrains are independent, substitution for & from
(3.6.6) and comparison of the resulting strain with (3.6.5); yields the following
connections between mechanical and eigenstrain influence functions, which hold
for any micro-geometry of a representative volume of two-phase aggregates

D,y(x)=(I —A,(x))(Ly — Lﬁ)_lLa

(3.6.8)
Dig(x)=— (I —A(x))(Lo —Lp) 'Ly

An analogous procedure yields the eigenstress influence functions (3.6.5),. The
separated phases are subjected to auxiliary tractions that generate a uniform stress
6, and to eigenstrains g, or eigenstresses A, = —L, u,. Uniform phase strain and
stress then are

E=M,6 +p,=Mpgé + gy
. . (3.6.9)
06 =—(My—Mp)" (1o —pp)
By removing the auxiliary stress 6 and reinstating o°
o,(x)=B,(x)¢"+[I -B,(x)]6 r=ap (3.6.10)
After substitution for 6 one recovers the eigenstress influence functions
F,o(x)=(I—-B,(x))(M, — Mﬂ)_lMa
| (3.6.11)
Fip(x) == —B,(x))(My—Mpg)" Mg

The transformation concentration factors D, and F,; follow from replacement
of the mechanical influence functions by the concentration factors A, and B, in
(3.6.8)and (3.6.11).

The point-wise connections between mechanical and transformation influence
functions can be established only in two-phase systems. In multiphase systems,
similar connections exist only between the respective field averages or concentration
factors, for example, when the reinforcements or all phases are modeled by
ellipsoids, Sect. 8.2.2. In two-phase systems, the equality (L, — Lﬂ)_lLa =
MM, — Mﬁ)_1 helps in showing that the uniform fields (3.6.6) and (3.6.9)
are identical. They represent the only exact elasticity solution for local fields in
any two-phase solid or structure that has an arbitrary microgeometry. However,
the unloading steps leading to (3.6.8) and (3.6.11) involve mechanical influence
functions or concentration factors that are defined and estimated in a representative
volume. In Sect. 8.2.4, we show that the influence functions and concentration
factors satisfy the following connections

Dyo(x) + Dyp(x) = (I = Ar(x))  Fro(x)+ Frpx) = (I — B,(x))
(3.6.12)
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Do(x)My+D,g(x)Msg =0  F,o(x)Ly+ F(x)Lg=0  (3.6.13)

caDupMp = cgM oDy,  caFopLp = cgLoF, (3.6.14)

In multiphase systems, similar connections are obtained only between the
mechanical and transformation concentration factors, in the context of a selected
homogenization method. In both two and multiphase systems, local transformation
field averages depend only on mechanical concentration factors and on phase
stiffnesses or compliances (Dvorak and Benveniste 1992a, b).

3.6.3 Overall Response

A distribution of local phase transformations in a representative volume expands the
overall constitutive relations (3.4.9) of a heterogeneous aggregate to

(3.6.15)

where the A is the overall eigenstress under overall prescribed strain €°, and & is
the overall eigenstrain that is superimposed with mechanical strain caused by ¢°.

In both two and multi-phase systems, the overall eigenstrain and eigenstress
follow from the Levin formula derived in Sect. 3.8. However, in two-phase
materials, magnitudes of both A and ji can be readily derived using (3.6.6) and
(3.6.9). Suppose that two distinct, uniform phase eigenstrains p, = —M,A,,
r = «, f,are applied in a representative volume V' of an aggregate constrained by
zero-valued displacements at the outer surface V. The overall uniform eigenstress
caused by these eigenstrains follows by superposition of the auxiliary uniform stress
6 in (3.6.6) with the overall stress caused by removal of the auxiliary uniform
strain &

A=6—-Lé=(Ly—L)é+Ay=(L—Ly)(Ly—Lg) "(ke—Ap) + A4
(3.6.16)

A=(L—Lg)(Ly—Lg) "Ay—(L—Lg)(Ly —Lg) " Ag (3.6.17)
The overall uniform eigenstrain caused by such transformations in a traction free

representative volume V' follows by complete unloading from the auxiliary overall
stress 6 in (3.6.9) to zero.
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(Mo —M)§ + p,=(M —My) (Mo —Mp) ™ (o — ig) + g
(3.6.18)

i=6-Mé

=M —Mg)(My—Mpg) ' py—(M—M)(My—Mp)"'py  (3.6.19)

It should be noted that both A and it depend on volume fractions ¢, + cg = 1,
and on mechanical concentration factors of the phases, through the overall stiffness
L and compliance M, as indicated by (3.5.8). Of course, if L or M are known from
an experiment, then only phase properties and the local transformations are needed
for determination of the overall response (Benveniste and Dvorak 1989).

3.7 Work, Energy and Reciprocal Theorems

3.7.1 Clapeyron and Virtual Work Theorems

A certain volume V of a heterogeneous solid is loaded by a combination of constant,
piecewise continuous surface tractions #; and displacements u;, applied at respective
parts of the surface dV = 9V, + dV,. Moreover, a distribution of body forces F; (x)
may be prescribed at x € V. The actual interior stress and strain fields caused in V
by the applied loads are not known. Instead, certain interior fields are selected such
that they comply with the following admissibility conditions. A statically admissible
stress field o0y, (x) is continuous and has continuous partial derivatives with respect
to the x —coordinates, up to and including order 2, or is of class C2. 1t satisfies
equilibrium equations o;; ; + F; = 0 at all interior points x € V/, as well as traction
boundary conditions o;;n; = t; prescribed on dV;. Applied body forces F; (x) are
continuous functions of class C'. An interior strain field &;; = (u;; + u;;)/2 is
derived from a kinematically admissible field of continuous displacements u; (x ), of
class C°, that satisfy the displacement boundary conditions u; = u) on dV,,.

Work generated by constant surface tractions and body forces applied in V, on
surface and interior displacements is

/t,»u,»dS—}-/FiuidV zfoijnjuidS—f-/EuidV

av 14 av 14

au,-

0 80,,»
= / [E(U,'ju,') + F,'I/l,']dV = / [Ujjgj + I/l,'(Wj + F,)]dV (3.7.1)
|4 14

= /aij(r?ij + wi)dV = /C’ijgijdV =2w
Vv Vv
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This is Clapeyron’s theorem, which states that the work of constant tractions
and body forces on kinematically admissible displacements is equal to twice the
strain energy 9/ stored in V' when the body is in equilibrium state. Moreover,
transcription of the product o;;&;; — eEGL EG€Egc derived in (2.1.7) implies use
of the engineering matrix notation in numerical evaluations of the results derived in
this section.

Proof of the theorem relies only on the stated admissibility conditions and on the
divergence theorem relating the respective volume and surface integrals. The two
admissible fields may, but do not need to be connected by a constitutive relation.
For example, each may have been found for different elastic and/or inelastic phases
residing in the original subvolumes of V. In the latter case, the work terms are
entirely fictitious. However, in an elastic solid, the strain energy is

1 1
w = / W(é‘ij)dV = E/Lijklgijgkldv = E/O—ijsijdv (372)
14 14 14

where %(g;;), a positive definite quadratic form of the strain components, is the
strain energy density in V. Expanded form of 9/ is shown in (2.1.10).

Next, suppose that a distribution of transformation strains w;; = j;; of class C'
is also prescribed in phase subvolumes V, comprising V. The class C' requirement
may necessitate additional subdivisions of V. The displacement field u; (x ) remains
of class C3, and assumes prescribed values u; =u? on dV,. As described in Sect. 3.6,
surface tractions and body forces are now superimposed with eigenstress fields
Aij = —Lijki ki, and are then replaced by the modified quantities (3.6.2), (3.6.3),
(3.6.4), which must satisfy the above stated continuity conditions in V and on dV.

5,‘]' = 0jj —Aij F‘l =F + /X,'j,j fl =1 — Aijnj (3.7.3)
Use of these in the first two terms of (3.7.1) yields the expression

/(Zf —)Lijnj)uidS + /(FI—FAUJ)M,dV (374)
v Vv

Application of per partes integration to the last term, together with the divergence
theorem, and the connections u; ; = &;; + w;;, Aij = Aji, w;j = —wj;, provides

//\,-j,ju,-dV = —/AijsijdV—i-//\,-ju,-nde (375)
14 Vv v

In the presence of the eigenstrain fields, and in superposition with separately
admissible total stress and strain fields, (3.7.1) reads

/l,’lx[,’dS +/FiuidV—/A,'j8,'jdV Z/(Uij —A.,'j)S,'jdV (376)
Vv Vv |4

av
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Existence of the integrals needs to be verified for each applied eigenstress field.
Equation (3.7.6) is equivalent to the Clapeyron theorem (3.7.1), with the stress now
derived from the elastic strain, 0;; = L;jx;(ex1 — pki)-

The virtual work theorem evaluates the work performed by any kinematically
admissible virtual displacements du; in the material volume, that satisfy homoge-
neous boundary conditions du; = 0, consistent with the prescribed displacements
U = u? on dV,, on an admissible stress field that remains constant along the
virtual deformation path. Again, the two admissible fields need not be related by
a constitutive relation. The derivation leading to (3.7.1) is reconstructed with virtual
terms, providing the virtual work equation

/ti8uidS+/E5uidV = /Ujj88ijdV (377)

v, 4 %

where the first integral is taken only over dV; because §u; = 0 on dV/,.

Since the admissible fields need not be connected by any specific constitutive
relations, and the integrals evaluate only a virtual energy change, the virtual work
equation can be used in numerous applications, with any pair of possibly unrelated
admissible fields. This is illustrated by derivation of the Levin formula in Sect. 3.8.
In the presence of an eigenstress field, the virtual work equation becomes, in analogy
to (3.7.6)

/t,-é’uidS+/E8uidV—//\,~j85ijdV = /(O’,‘j —/\,'j)58,'jdV (378)
14 14 14

Vi

3.7.2 Minimum Potential and Complementary Energy
Theorems

As in the derivation of the virtual work equation (3.7.7), actual displacements u; of
an elastic body in equilibrium are superimposed with a kinematically admissible
virtual displacement field éu;, while applied body forces and surface tractions
remain constant. The strain field thus changes to &; = &;; + §g;;. First variation
of the strain energy is defined as

sw = / [W(eij + eij) — W(eij)ldV (3.7.9)
14

Expansion of the first integrand in a Taylor series yields

B‘W(sij)gg 1 BZW(e,-j)

w i 8’.. =W i i —
(8] + 8]) (81)+ asij J 2 38ija€kl

88ij88k1 + ... (3.7.10)
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The second term is equal to the derivative of the quadratic form in (3.7.2)

BW(Sij)
88,'j

88,‘]' =Gij88ij (3711)
and its integral follows from the virtual work equation as

/%‘56de Z/Fié’ude +/ti5u,-dS [3.7.7]

vV |4 av

In (3.7.11), with reference to (2.1.2), there is dW/de;; =o0;; fori = j, and
0W/0e;; =20;; fori # j. The third term in (3.7.10) is equal to strain energy
density % (8¢;;) of virtual displacements, and is therefore positive. The first two
terms in the expansion yield the first variation of strain energy

|4 v

Since applied body forces and surface tractions remain constant during applica-
tion of virtual displacements, this can be written as

5W—5/EuidV—8/tiuidS =4 W—/EuidV—/tiuidS =67”=0
Vv v |4 v
(3.7.13)

where

W:

=

/UijsijdV—/F}uidV—/t,-u,-dS (3.7.14)
14 14 v

defines the potential energy of an elastic body under constant tractions and body
forces. The surface integrals in the last two equations are taken only over that part
of the surface where tractions are prescribed. The second variation of ¥/ is positive,
hence (3.7.13) defines the minimum of potential energy in 7.

The minimum potential energy theorem states that when potential energy of
an elastic body has a minimum §% =0, the displacement field is that of actual
equilibrium state and it satisfies boundary conditions prescribed at dV,.

Next, write the strain energy (3.7.2) of an elastic body in equilibrium as a
function of the stress field

1 1
W = / W(oij)dV = E/Mijklaijakldv = E/S;joijdV (3715)
Vv Vv Vv
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and define the first variation of 94/ as

SW = / [W(oi; + 801) — W(o)]dV (3.7.16)
14

where the field (0j; + doy;) is a self-equilibrated stress field, with (§0;;) ; = 0 in
V. It also satisfies traction boundary conditions by letting §o;;n; = 0 on 9V}, while
doijn; are arbitrary at dV,,. The first integrand is again expanded into a Taylor series,
where we retain only the first two terms. Together with above properties of §o;;, this
yields first variation of the quadratic form (3.7.15)

1
8W=/€ij80'ijdV = E/(u,, +Mj’i)80'ijdV = /(ui(So,-j),jdV
Vv vV Vv

(3.7.17)
:/uiSUijnde
)%
Virtual surface tractions §#; = Jo;;n; vanish where actual surface traction

are prescribed, hence they are applied only at the 9V, part of 9V, where surface
displacements are prescribed, to keep the virtual stress field in equilibrium. Since
displacements remain constant, (3.7.17) can be recast as

§ W—/u,-tidS =8V =0 (3.7.18)
aVu

The complementary energy of an elastic body in equilibrium is the functional

I
ot = E/Sij%dy_/uitidg (3.7.19)
14 vy

Theorem of minimum complementary energy follows from the condition § ¥* =0
indicated by (3.7.18). It states that 9* reaches an absolute minimum when the
stress field is that of equilibrium state and it satisfies traction boundary conditions
prescribed at dV;. This result is attributed to Castigliano. The above derivation of
both theorems has followed that by Brdicka (1959).

Of particular interest in subsequent derivation of energy bounds on overall
stiffness and compliance in Sect. 6.1, are applications of these theorems to a
representative volume V, loaded on dV' by displacements corresponding to a uniform
overall strain &°, or by tractions creating an overall uniform stress o (Hill 1963b).
For the first boundary value problem, where a uniform overall strain &° is prescribed,
the potential and complementary energies are
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YD <y ==

=

/ LijrigijerdV
v

(3.7.20)
(V9@ = v =

N =

/(25?]- — M;jri0x1)0i;dV
v

The actual potential energy 9@, equal to strain energy W@, is generated by the
actual but unknown local strain and stress fields in the heterogeneous aggregate in
V. It is smaller than the potential energy 7’ generated there by any admissible local
fields. Under the same overall strain €°, the complementary energy (3.7.19) is larger
than that derived from any admissible local fields.

For the second boundary value problem, where a uniform overall stress o is
applied, the energy inequalities are

1 1
Y@ == 3 / (20,-(} — Lijkierr)eijdV (V)@ < v* = 3 / M;jy0ij01,dV
v v
(3.7.21)

Energy changes induced by superposition of external loads with phase eigen-
strains are described in Chap. 5.

3.7.3 The Reciprocal Theorem

This theorem applies to linear elastic solids or structures, kept in equilibrium
by prescribed displacements on a part dV, of their surface, and in turn, by one
of two independent systems of body forces and surface tractions distributed in
V and on dV;. The two systems are denoted here by Fi(l), tl.(l) and Fi(z), ti(z).
Each system is applied separately to the same solid or structure, generating

interior displacements ul(l), ul@, while the prescribed surface displacements are kept

constant. The reciprocal theorem states that the work of force system Fi(l) , ti(l) on
(2) )

displacements u;~ caused by force system Fi(z) .t
Fi(z)’ ti(Z) on displacements ’4,('1) caused by system Fi(l) ) t,-(l) . This result is due to
Betti (1872) and Rayleigh (1873). Sokolnikoff (1956, p. 392) writes the reciprocal

theorem as

/ tMuPds + / FVuPay = / (ulVds + / FPuPav (3722
v Vv v 14

is equal to the work of forces

If a distribution of eigenstrains is also present in the elastic solid, the surface
tractions and body forces are superimposed with eigenstress fields /\l(.l) and Afz),
which can be replaced in (3.7.22) by modified quantities in (3.7.3). Repetition of the


http://dx.doi.org/10.1007/978-94-007-4101-0_5

3.8 The Levin Formula and the Hill Lemma 65

sequence in (3.7.1) and rearrangement of terms provides final form of the reciprocal
theorem in the presence of eigenstress fields as

/ti(l)ufz)ds+/E(1)u§2)dv—/xl§})sg)dlf

av Vv Vv

= [10as + [ EPuPav — [22elav

av Vv Vv

(3.7.23)

The reciprocal theorem can also be written for local stress and strain fields.
Referring to the last integral in (3.7.6)

/ () = A ey = / (0 = A)e v (3.7.24)

Since the eigenstress field need not be continuous, existence of the above
integrals needs to be verified in each application (Dvorak and Benveniste 1992).

Together with virtual work, the reciprocal theorem has found numerous applica-
tions. However, in contrast to the broader applicability of the former, it can be used
only for elastic solids. Both theorems are now applied to solving the same particular
problem.

3.8 The Levin Formula and the Hill Lemma

Consider first a specified distribution of local eigenstrains u,. (x), with related local
eigenstresses A,(x) = —L,u,(x), in the phases r=1, 2, ... n of a certain
representative volume V of a heterogeneous medium, where both body forces
and surface tractions vanish, F;(x) =0, #;, = 0. Since the eigenstrain distribution
is applied in the interior of a representative volume, it must generate, by the
expanded definition of the RVE in Sect. 3.3, a uniform overall eigenstrain. This
overall eigenstrain is now derived using, in turn, the virtual work and the reciprocal
theorem.

The Levin formula (1967) describes the effect of a uniform change in tempera-
ture A0 on the overall thermal strain of a representative volume of a multiphase
heterogeneous solid. The eigenstrains are represented here by thermal strains,
specified in each phase r as uj; = mj; Af. The m;; is the thermal strain vector of
linear coefficients of thermal expanswn shown in the contracted tensorial notation
in Table 8.1. Overall eigenstrain is sought as [t;; = m;; A8, where m;; denotes
the overall or macroscopic thermal strain vector of the heterogeneous aggregate. In
many references, thermal strain tensors are denoted by «;; and &;; .

Levin’s choice of admissible fields for this problem offers a good illustration
of the utility of the virtual work theorem. A total of four admissible fields are
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used in two virtual work equations. The first pair of overall and local admissible
fields is selected as that caused by a uniform overall stress at zero temperature
change. Denoted by a single prime, overall and local stresses and strains derived
from (3.4.7), and (3.5.4) are

_ 0 =’ 0 r /o r 0 r I _ r r /
0;; =0y & = Mijuioy (Uij (x)) = ijkl(x)Ukl (51‘; (x)) = ijkz(%' (%))

(3.8.1)

Top bars denote overall averages.
The second pair of admissible fields is generated only by a uniform change in
temperature A6, at zero overall stress. Overall and local stresses and strains are

ol =0 & =m; A0 (¢f;(x))" = M/, (0f,(x))" + mj; Af (3.8.2)

The first virtual work equation employs statically admissible stresses of the
double primed second pair, and kinematically admissible strains of the first pair,
yielding

[ e wyar =agE, v =o
Vv

= / (07, () Ml (0F, (x))dV = / (01 ()" M, (0f, (x))'dV =0
Vv %4
(3.8.3)

The second virtual work equation combines the two remaining admissible
fields in

/ (07 (%)) (e (x)"dV = 6],&,V (3.8.4)
Vv

The primed local stress field is given by (3.8.1); and (g];(x))” by (3.8.2);.
However, if the elastic field is written as (0] (x)) = Bi’;.kl(x)a,?l # 0, (3.8.3)4
renders the integral of M, (07,(x))" equal to zero. Therefore, (3.8.4) assumes the
form

o} / Bl (x)m); ABAV = o)) / By (x)miy AOAV = o)) iy ABV (3.8.5)
|4 |4

After rearrangement, the Levin formula provides the overall thermal strain vector

1 , , 1
iy = V/(Bi’jk,(x))Tm}d dv or m = V/Bf(x)m, av (3.8.6)
14 Vv
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It is probably obvious that the derivation is not limited to thermal strains and
that it can be generalized to a distribution of any number of other small eigenstrains
distributed in V. That result is sometimes called the generalized Levin formula.

This generalized form also follows from, and illustrates here the use of, the elastic
reciprocal theorem (Benveniste and Dvorak 1992). The heterogeneous aggregate in
representative volume V is assumed to be free of external tractions, and is loaded
only by small eigenstrains p(x), distributed in V such that the overall eigenstrain,
denoted here by ft, is uniform on the macroscale.

To find f, let us select two sets of force and displacement fields. One is
represented by local eigenstresses A (x) = (4 D (x), with corresponding

displacements ul(- ) (x) and zero tractions on dV. The other is caused in V by certain
auxiliary surface tractions t(z) (x) € 0V, which create a uniform overall stress

c'ri(jz) = t,(z)n and local stresses (0;; (x))( ) = Bukl(x)akl Ukl(ekl(x))(z) and
. 2 2
strains (&;; (x))( ) = M, (o7, (x))( ) in V. The reciprocal theorem then states that
- / A e dy = / (PaVds (3.8.7)
4 av

The integrands are rewritten as

(1) (2) (1) 2) 1 ()
A =A; szlequra( = A )Mrrleklzj

1
/ (D70gs — ‘(2’2/(:4“);1 +M n)dS (Z)Mf,l)V
v v

(3.8.8)

where p,(l) is the overall eigenstrain. Noting that My, (A;r)(l)(x) = —(p,]’d)(l)(x),
one can solve the last two equations for the overall averaged eigenstrain as

1
fLij = / (Bl () (x)dVor i = - / Bl (x)p,(x)dV  (3.8.9)
Vv

In a traction-free volume, this eigenstrain is equal to the overall strain. In contrast,
if the volume V is prevented from overall deformation by prescribing u#; = 0 on the
surface dV, then an analogous derivation provides the overall eigenstress at & = 0.

Aij = ! /(Aljk,(x))TAkg(x)dV or A :%/Af(x)lr(x)dV (3.8.10)
|4

vV

A similar application of the reciprocal theorem was described by Rice (1970).

In the terminology of Eshelby (1961), the eigenstress (3.8.10) is generated by
application of surface displacements on 9V that cause an overall image strain &"™
such that & = ji —&'™ = 0, as required by the boundary conditions. An image stress
is defined in an analogous manner under overall tractions.
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For a piecewise uniform distribution of eigenstrains u,(x) = u, in the phases,
the influence functions are integrated according to (3.5.2) and (3.5.4), and the above
integrals are replaced with

A=>"c,ATA, =) c¢Blp, (3.8.11)
r=1

r=1

Of course, this also applies to the thermal strains. Referring to (3.8.1), 3 and (3.6.1);,
we rewrite the first form as

n n
3= —ZcrAfLrur =L ZCrBfﬂr (3.8.12)

r=1 r=1

and by comparison with (3.8.11), prove that A = —Lji, i = —MA, as stipulated
in (3.6.15).

Equations (3.8.9), (3.8.10) and (3.8.11) are equivalent forms of the Levin formula
that defines overall averages of local transformation fields, in a representative
volume of a heterogeneous aggregate. Only in homogeneous materials, where
A, =1, B, =1, are the overall transformation strains equal to sums of their local
volume averages, as in (3.4.3) and (3.4.6).

Itis important to recognize the differences in averaging of elastic, transformation,
and total strains. Standard averaging of local elastic strains (3.6.1), over the volume
V yields

1 1 1
V/M,.o,(x)dV = V/[e,.(x)—u,(x)]dV = E—V/u,(x)dV (3.8.13)
v 4 v

However, according to (3.8.9), the overall eigenstrain that represents the volume
average of the local transformation strains is

= % / Bl (x)p, (x)dV # % / p, (x)dV (3.8.14)
|4 14

Therefore, the average over V of elastic strains in (3.6.1), is not equal to the
actual overall elastic strain

%/M,ar(x)dV # (E—f) = Mo (3.8.15)
Vv

except, of course, in the absence of transformation strains, when elastic and total
strains coincide and the last relation is replaced by (3.5.7) with (3.5.8).

The distinct eigenstrain averaging in heterogeneous and homogeneous materials
has not been uniformly recognized in the micromechanics literature, even long
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after the Levin (1967) paper, leading to numerous unnoticed violations of (3.8.10)
and (3.8.11), especially in certain papers on inelastic behavior of composite
materials.

The first introduction of Levin’s result outside the former USSR was apparently
made by Rosen and Hashin (1970), in the original context of overall thermal
expansion of composite materials. In application to two-phase systems, they utilize
(3.5.6) to replace the mechanical concentration factor tensors by local and overall
moduli, local CTEs and volume fractions. In two-phase systems, r = «, 3, one can
indeed write (3.8.11) as

A =caAghy +cpAfhp i =coBlp, +cpBug (3.8.16)
and employ (3.5.13) to arrive at the results already known from uniform fields
A=(L—Lg)(Ly—Lg) "Ag —(L —Ly)(Ly —Lg) 'Ag [3.6.17]
and
o= (M—Mg)(My—Mpg) " py —(M—My)(My—Mp) 'y [3.6.19]
which Rosen and Hashin (1970) write as
A=A+ (L—Lo)(Ly—Lp) ' (Ag — Ap)

(3.8.17)
o=y + (M —My)(My—Mp) (1, — pp)

Such elimination cannot be carried out for more than two phases, but that has no
effect on Levin’s key results (3.8.6) and (3.8.9), (3.8.10) and (3.8.11), which provide
similar relations for multiphase aggregates, albeit dependent on the elastic local
fields, or mechanical concentration factors. The latter are reproduced by Rosen and
Hashin (1970) in their §2, which confirms (3.8.6) for multiphase systems. However,
in opening their §3, they state: “The direct method of Levin cannot be applied to
composites of three or more constituents as discussed earlier.” This statement is
evidently limited to the “direct” method (3.8.17).

As shown in (3.5.6), the overall compliance of two-phase aggregates depends on
at least one concentration factor. Therefore, if the compliance is estimated, rather
than measured in an experiment, there is no difference in accuracy of Levin’s
formula when applied to binary or multiphase systems. Moreover, since shape-
independent two-phase results (3.8.17) follow from the uniform field method, the
correct conclusion is:

Levin’s formula is indispensable only in applications to multiphase aggregates,
while the uniform field method yields equivalent results for two-phase systems. This
argument is further supported by the analysis of thermal eigenstrain fields presented
in Chap. 8.

The Hill lemma (1963a, 1967, 1971, 2000), originally derived for elastic and
elastic-plastic heterogeneous aggregates, relates overall and internal work involving
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inelastic strains. These are replaced here by a distribution u,(x) of eigenstrains in
the representative volume V, which is loaded by a uniform overall stress o°. Total
local and overall strains are given by (3.6.1), and (3.6.15),, respectively, as

e (x)=M,0,(x)+p,(x) &§=Mo"+jx (3.8.18)

These strains satisfy (3.4.6) and represent a compatible, kinematically admissible
set. Similarly, local and overall stresses satisfy (3.4.3), with ¢ = 0% and both are
parts of the same equilibrium set. The virtual work theorem then guarantees equality
of work terms

o'e = %/[ar(x)]Te,(x)dV =o0,Te, (3.8.19)
|4

This equality is the Hill lemma. Note that it holds for any volume, but only if
either or both the overall stress or strain are uniform. For example, the strain & may
represent the average (3.4.6) of any compatible field &(x), but the field o (x) — &
must be free of surface tractions on 9V, doing no net work on the strain. Recall from
(2.1.7) that the engineering matrix notation (1.1.11) should be used in evaluation of
(3.8.19).

3.9 Universal Connections for Elastic Moduli of Fibrous
Composites

As pointed out in Sect. 2.3.1, the number of independent overall elastic moduli
of two-phase aligned fiber composites can be reduced below that implied by their
overall material symmetry, by certain universal connections, involving phase moduli
and volume fractions. In transversely isotropic systems of Sect. 2.3, with a plane
of symmetry that is perpendicular to the fiber direction, and an axis of rotation
parallel to the fibers, the number of independent moduli is reduced from five to
three. In monoclinic systems of Sect. 2.2.3, which have only a single plane of
symmetry perpendicular to the fiber direction, the number of independent moduli
is reduced from 13 to 9. Another strategy for evaluation of independent moduli of
transversely isotropic aggregates of cubic crystals was outlined by Walpole (1985b).
These connections have to be respected in prescribing values of independent phase
and overall moduli in solutions of elastic and elastic-inelastic problems, to assure
consistency of material constants.

More extensive connections exist between physical constants of piezoelectric
fibrous composites, as shown by Benveniste and Dvorak (1992a). Those provide
substantial reductions in the number of independent overall or effective elastic
moduli, as well as of dielectric and piezoelectric constants and related influence
functions. Chen and Zheng (2000) established additional results for different
properties of the phases.
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3.9.1 Hill’s Universal Connections for Transversely Isotropic
Composites

A large representative volume of this composite material consists of a homogeneous
matrix (r = o) and a statistically homogeneous distribution of aligned cylindrical
fibers (r = B) of arbitrary cross sections. Phase volume fractions ¢, + cg = 1.
Both phases and the composite itself are transversely isotropic in a fixed Cartesian
coordinate system, with x4 = x; axis of rotational symmetry. Their elastic moduli
related to axisymmetric loading and deformation are denoted by k,, I, n, and
k, I, n, defined in Sect. 2.3.1. The relevant part of the constitutive relation (2.3.8)
is rewritten here as

o4 =011 =neq+ler  or =(on+033)/2=1es+ ker 3.9.1)
gqa=2¢n er = (exn +€33) o

Perfect bonds are assumed to exist at the interfaces, which are all aligned with
X4 = x1, hence both phases and the composite experience identical uniform normal
strain in the longitudinal direction.

Phase and overall stress and strain averages are related by (3.4.3) and (3.4.6).

M @ (o) B)
&y =&, =&y Co€p +CpeEp = €T
(3.9.2)
caaila) + cﬁoﬁlﬂ) =0y caa(Ta) + cﬁU(Tﬂ) =or

After substitution from the constitutive relations (3.9.1), the equations for o4 and
or, are written in terms of phase and overall strain averages

04 = co(ngeq + Zae(T“)) + cp(npes + lﬂe(f})) =neq + l(cae(ﬁ) + Cﬂe(Tﬁ))

or = co(lyeq + kae(Ta)) +cp(lpea + kﬂe(Tﬁ)) =ley + k(cae(Ta) + Cﬂe(Tﬁ))

(3.9.3)

Since both equations are derived from local and overall constitutive relations for
the same material system, they are similar and the coefficients multiplying each

strain component must be proportional. For example, for S(Ta), the ratio is (k —

ky)/(l —ly), and similar ratios are readily found for sf) and & 4. Equalities of the
ratios provide Hill’s (1964) universal connections between phase and overall moduli
of two-phase fiber systems

k—ky k—k [ —coly —cpl ke — k
_ p_t—¢ ph_ i (3.9.4)
l—la l—lﬁ n—Colly —Cphp la—lﬁ

Those can be used to find overall [, n, in terms of overall modulus k, and known
phase moduli and volume fractions. The number of independent elastic moduli of a
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two-phase fiber system is thus reduced from five to three, usually taken as the plane
strain bulk modulus k and transverse and longitudinal shear moduli m and p. Of
course, the latter are not related by the universal connections.

3.9.2 Universal Connections for Monoclinic Systems
Based on Uniform Fields

Equations 3.6.6 show how application of certain auxiliary overall stress or strain
vectors can create a single uniform strain and stress field everywhere in a material
made of two perfectly bonded phases of any material symmetry and shape, which
have been transformed by different uniform eigenstrains. However, any number of
different uniform strain fields can also be created in a fibrous two-phase solid, with
uniformly transformed phases, by application of axisymmetric overall tractions that
generate a piecewise uniform stress fields (Dvorak 1983, 1986, 1990; Benveniste
and Dvorak 1989). The uniform strain field that can be created in the absence of
phase transformations is examined next.

The fibrous composite material considered consists again of two homogeneous
elastic phases r = «, B, perfectly bonded along cylindrical interfaces generated by
lines parallel to the x; —axis. Phase cross sections can be arbitrary, but isotropy and,
unless otherwise noted, statistical homogeneity of the aggregate in the transverse
X2X3 — plane are not required, hence the total volume V need not be representative.
Matrix-based composites reinforced by aligned fibers, ribbons or other cylindrical
shapes, as well as certain lamellar and layered materials, are examples of such
systems. Present derivation focuses on systems made of isotropic or transversely
isotropic phases with the x; — axis of rotational symmetry, although similar results
could be found for certain other material symmetries of the phases. Phase transverse
isotropy and alignment guarantee existence of one plane of overall symmetry, the
XXx3 — plane, together with at least monoclinic overall material symmetry, and only
eight zero stiffness coefficients shown in Table 2.1. The present derivation applies
to materials which are free of phase eigenstrains. The more general case which
includes application of uniform phase eigenstrains is described in Chap. 8.

The composite material is loaded by uniform auxiliary axisymmetric stress
components, denoted by 64 and 67, that are supposed to generate a uniform strain
field at all interior points.

Eu(x) = Ep(x) = ¢ (3.9.5)
where & denotes an as yet unknown overall strain. Since all interfaces are parallel to

the x| — axis, traction continuity at the interfaces can be satisfied by the following
uniform auxiliary phase stress fields.
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B S B
1 01 = Cq0y + Cp0

Q>
Q>

s

5 (3.9.6)
;= A}?‘:&j for j=2,3,...6

>

According to (3.9.5), differences between individual phase strain components
must vanish. Substitution of (3.9.6) into phase constitutive relations é, = M6,
and the requirement &, — £ = 0, provide

1

6
o7 — MieT + 3 (Mg —MHs; =0 (3.9.7)
j=2

wherei = 1,2,...6. This is a system of six equations for the seven unknown phase
stresses in (3.9.6). Therefore, the solution depends on a free parameter, enabling
many different solutions. All are independent of the transverse geometry of the
fibrous microstructure and phase volume fractions, hence they represent a class of
exact elasticity solutions for two-phase fibrous solids and columnar structures.

The uniform overall auxiliary stress 6°, and its components 64 and 67 that are
expected to generate the uniform strain field (3.9.5), are related to phase stresses by

~0 ~ A A
6" =[64. 67. 67, 0,0, 0]"

P (3.9.8)
5’,4:5'1:00[5'?—‘;-6’56'1 or = 07 = 03

The 67 is selected as the free parameter in the solution of (3.9.8), which then
yields the normal longitudinal and transverse stress in the two transversely isotropic
phases

6] =qU, Al —n, AK)6r 6, =65 =6r r=a.p (3.9.9)

where ¢~ = (Iokg — kalp) = 2kokpg(v¥ — vﬁ) # 0, and An = n, — ng for
any quantity n,. The v; = v{, in (2.3.5) are phase longitudinal Poisson’s ratios. A
different solution, for (v} — vf) = 0, appears in op. cit.

The uniform strain field & that is caused in the entire volume V/ by the auxiliary
overall stress ¢° can be found by substituting the stresses into phase constitutive
relations

é‘l =—q Ak&T 5‘2 = §3 = (q/Z)AlaT (3910)

The overall stress that supports the uniform field is applied along the proportional
path

G4/61 = ql(cala + cplg) Al — (canig + cgnpg) Ak] (3.9.11)
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Overall strain components are related by
£1/82 = 8&1/83 = —2Ak/Al (3.9.12)

Since no overall moduli have been employed in Egs. (3.9.9), (3.9.10), (3.9.11),
(3.9.12), those results hold for any volume of fibrous or bonded columnar material.

Next, recall that a representative volume of a monoclinic fibrous system with the
Xx2x3 — plane of material symmetry has 13 nonzero stiffness coefficients among the
maximum 21 of the triclinic system, with

Lis=Lig=Los =Los = L3s = L3s = Lys = L4s =0 [2.2.9]

Overall constitutive relation of the aggregate, which is now loaded by the uniform
stress 6 in (3.9.8) and undergoes uniform deformation & & in its entire volume, is

6°—Le=0 (3.9.13)

where, according to (3.9.10),2‘ = q67[—-Ak, Al/2, Al/2, 0, 0, 0]T. This
yields four equations relating phase and overall moduli

Ly Ak — (L1 + L13)Al/2464/(q67) =0

LinAk — (Lo + La3)Al/24+q ' =0
(3.9.14)
LisAk — (Las + L3)Al/2+¢7' =0

LisAk — (Log + L34)AZ/2 =0

with 64 /67 from (3.9.11), and with g~' = (lokg — kolg) = 2kokpg (VG — vf) #0
and Ay =y —ngforn, =k, I, n,,r =a, B.
For composites exhibiting overall transverse isotropy

Lii=n Lyo=L;iz=1 (Lo + Ly3) = 2k (3.9.15)
Equations (3.9.13) and (2.3.8) yield
6A=n§1+2l§2 6'T:lé1+2k§2 (3916)

for the uniform auxiliary stresses and strains, that are now known functions of phase
moduli and volume fractions. After substitution of the auxiliary fields and some
algebra, Eq. (3.9.16) yield Hill’s (1964) universal connections (3.9.4) between phase
and overall moduli.

Following a procedure somewhat similar to that leading to (3.9.14), one can
also derive six connections between phase moduli and certain coefficients of the
mechanical concentration factors A, or B, (Dvorak 1990, §6).
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3.10 Constitutive Relations and Local Fields
in Heterogeneous Aggregates

This section presents a summary of some frequently used results derived in
this chapter. A macroscopic representative volume V of a multiphase material is
considered, consisting of r,s = 1, 2,...n perfectly bonded phases, or phase
subvolumes V,, with known stiffnesses L, or compliances M, = Lr_l and volume
fractions ¢, = V,/ V. Each phase may exhibit any of the eight material symmetries
described in Sect. 2.2. Two homogeneous boundary conditions can be specified for
the representative volume V, providing either a state of uniform overall strain &°, or
stress a’. Moreover, a distribution of eigenstrains ., or eigenstresses A, = —L, .,
piecewise uniform in phase subvolumes V,, is prescribed in V.

These combined mechanical and transformation loads are represented by two
dimensionally consistent load sets {€°, w,} or {¢°, A,}, which generate overall
responses & = Le® + A or & = Mo + ji, respectively.

The goal is to find expressions for evaluation of local fields in the phases and of
the overall stiffness or compliance, and of the overall eigenstress or eigenstrain. The
sequence of steps leading to these results is different under the two load sets which
represent either displacement or traction conditions applied at the outer boundary
dV of the representative volume V.

3.10.1 Overall Strain &° and Phase Eigenstrains .,
are Prescribed

Local strain and stress fields in subvolumes or phases V, are sought using (3.6.1)
and (3.6.5);, in the form

er(x) = A,(x)e" + Y Di(x)p, 0,(x)=Lo(e,(x)—p,)  (3.10.1)

s=1

For two-phase composite materials, with phases denoted by r,s = «, 8, the
transformation strain influence functions are

D,y(x) = —A,(x))(Ly — Lﬁ)_lLa

| [3.6.8]
Dyp(x) =—(I — A, (x))(Lo —Lp)""'Lp
where A, (x) are mechanical strain influence functions. Related transformation and
mechanical strain concentration factors follow by replacing A4 ,(x) by its volume
average over V,
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1 1
A, = 7/A(x)dv D, = 7/D,S(x)dv (3.10.2)
r 7 r 7

Overall stress imposed on the representative volume by application of an overall
strain €” and eigenstrains , is described by (3.6.15) and (3.8.12) as

n n
g=Le"+X A=) ¢AA, == ALy, (3.10.3)
r=1

r=1

where A is the overall uniform eigenstress contributed solely by local eigenstrains.
Effective or overall stiffness and compliance of the composite material in the
representative volume V are

L= ZcrLrAr M=L" [3.5.8]

r=1

The actual overall material symmetry of the representative volume may depend
on shape, spatial distribution and material symmetry of the phases. In the above
expression, it is encoded in the products L,A,, which depend only on material
symmetry and geometry of the phases or subvolumes V,, but may not represent the
effect of their spatial distribution. This is explained further in Chaps. 6 and 7.

3.10.2 Overall Stress o and Phase Eigenstresses A,
are Prescribed

The eigenstresses A, are preferred here as assigned quantities, but if desired, they
can be exchanged for eigenstrains u, = —M ,A,. Local stress and strain fields in
subvolumes or phases V, are found from (3.6.5); and (3.6.1) as

o,(x)= Bl‘(x)oo + ZES(x)A‘S er(x) = Ml'[or(x) _A‘r] (3.10.4)
s=1

For two-phase composite materials, with phases denoted as r,s = «, B, the
transformation stress influence functions are
Fro(x) =(I - B,(x))(My —Mg)"'M,
Fop(x)=—(—B,(x))(My—Mp)'Mg [3.6.11]

where the B, (x) are mechanical stress influence functions.
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Related mechanical and transformation stress concentration factors are the
volume averages over V,

1 1
B, = 7/B,(x)dv F,, = 7/F,S(x)dv (3.10.5)
r 7 r v

Replacement of the influence functions in (3.10.4) by the concentration factors
provides an equation for evaluation of phase stress averages o ,.

Overall deformation of the representative volume caused by an overall stress o
and eigenstrains g, is macroscopically uniform and described by (3.6.15), (3.8.9)
and (3.8.11) as

0

1 n
E=Mo"+i = v / Bl(x)p,dV ==Y "c¢,BIM,A,  (3.10.6)
v r=1

where f is the overall uniform eigenstrain generated only by the local eigenstrains.
Effective or overall compliance of the composite material in the representative
volume V is

n
M = Zc,.M,B, [3.5.8]

r=1

Material symmetry of the aggregate depends on that of the products M, B, which
may or may not agree with that implied by spatial distribution of the phases.

Connections (3.5.6), (3.5.9) and (3.5.11) are independent of prescribed loads,
valid under both overall strain or stress

ZcrAr:I ZC,B,:I r=1,2,...n. [3.5.6]

r=1 r=1

IM=1 AM=M,B, B,L=L,A, (3.10.7)

Independent of overall loads are also connections (3.6.12), (3.6.13), (3.6.14)
that apply to mechanical and transformation concentration factors and influence
functions.

These results illustrate the remarkable simplicity of generally valid connections
between local fields and overall response generated by one of the two homogeneous
boundary conditions and local eigenstrains. In addition to the known elastic moduli
of the phases, n — 1 concentrations factors are needed in a system containing n
phases, hence a single concentration factor is sufficient in analysis of the commonly
used two-phase systems. The concentration factors depend on overall and phase
elastic moduli and on the shape of the phases or reinforcements. Together with
overall moduli, they are estimated by certain bounding and averaging methods,
described in Chaps. 6 and 7.
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Chapter 4
Inclusions, Inhomogeneities and Cavities

Overall mechanical properties and local strain and stress field averages, caused in
individual phases of heterogeneous solids by remotely applied uniform strain or
stress, are often derived from estimates of local fields in ellipsoidal homogeneous
inclusions and inhomogeneities, bonded to a large volume of a surrounding matrix
or ‘comparison medium’. The attraction of this approach lies in the relative simplic-
ity of evaluation of the local fields, and in the adaptability of ellipsoidal shapes,
such as prolate or oblate ellipsoids, spheroids, cylinders, spheres, penny-shaped
discs or slits, to represent either short or long fibers, particles, voids and cracks
of different shapes. Transition from local fields in a single inhomogeneity to those
in interacting inhomogeneities comprising composite aggregates and polycrystals is
accomplished, in part, by assigning certain properties to the comparison medium, as
shown in Chaps. 6 and 7.

In Sects. 4.1, 4.2, and 4.3 we discuss evaluation of local fields in the interior
of volume 2, of an isolated or solitary ellipsoidal inhomogeneity of stiffness L,,
surrounded by a large volume 2 > 2, of a homogeneous comparison medium of
stiffness Ly, in the total volume = 2, + €. Loads are applied on the surface 02
as linearly varying displacements or as self-equilibrating tractions that generate an
overall uniform strain e% or stress a%. Moreover, uniform transformations strains
or eigenstrains described in Sect. 3.6.1 are applied both in the interior and exterior
of the inhomogeneity.

Solutions of ellipsoidal inclusion and inhomogeneity problems are derived in
terms of certain concentration factor tensors which connect local field averages to
either mechanical loads or to transformation strains. They are shown to depend only
on the stiffnesses L,, Ly, and on Hill’s tensor P = SL(T1 = PT, where S is the
Eshelby tensor for a particular shape of the transformed ellipsoidal inclusion in L.
Once the L,, Ly and P matrices have been assembled, solutions of inclusion and
inhomogeneity problems follow from simple closed-form expressions. In Sect. 4.4,
these results are applied to multiphase composites with very low reinforcement
density, where inhomogeneities L, interact only with the matrix L;, but not with
each other. Derivation of the elastic Green’s function and of the Eshelby tensor,
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and Its Applications 186, DOI 10.1007/978-94-007-4101-0_4,
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and of exterior fields averaged over certain ellipsoidal volumes surrounding €2,
is deferred to Sect. 4.5. It is followed by a collection of P matrices for typical
ellipsoidal inclusion and crack shapes in isotropic and transversely isotropic solids,
which should be useful in applications. The closing Sect. 4.7 contains a short
summary of procedures useful in numerical evaluations.

4.1 Homogeneous Ellipsoidal Inclusions: The Eshelby
Solution

4.1.1 A Transformed Homogeneous Inclusion

A large volume €2 of a homogeneous and possibly anisotropic solid Ly is con-
sidered, free of surface tractions or constraints on its surface 02. A transformed
homogeneous inclusion is an ellipsoidal subvolume 2, <« €, subjected to a
uniform transformation strain or eigenstrain ., = [u{ LG, S, [y, S, ug]T. As in
(1.1.10) or (1.1.11), the shear components are written either in contracted tensorial
(1 = ph,,...), or in engineering matrix () = 2u%,,...) notations. Originally
denoted by e” (Eshelby 1957, 1961), and by other authors by &* (e.g., Mura 1987),
the transformation strain and stress vectors are denoted here by the kernel letters
1 and A, to emphasize that they are distinct from other deformations, and when
physically motivated, independent of applied mechanical loads; Sect. 3.6.

If the transformed inclusion €2, were separated from its surroundings and left
free of surface tractions, then its total strain would be equal to the stress-free
transformation strain u,. Conversely, if the separated inclusion is prevented from
deforming by a layer of body force, then the interior strain-free stress or eigenstress
is A, = —Lop,. However, the surface 0€2, is a perfectly bonded interface that
does not accommodate any cracks, overlaps or body forces. Therefore, to reconnect
the transformed inclusion along 9€2,, the body force layer must be removed by
superposition with an equal and opposite layer applied at the surface of the cavity
containing the inclusion. This superposition adjusts the strain and stress fields
outside and inside €2, to the constraint imposed by the surrounding elastic medium
L. Since 2, < €2, the transformation u, causes only local disturbances of stresses
and displacements, which become negligible at exterior points far removed from €2,.
Early solutions specific to different inclusion, inhomogeneity and cavity geometries
were reviewed by Sternberg (1958).

In his classic paper, John D. Eshelby (1957) presented a new perspective on
solution of inclusion and inhomogeneity problems, by showing that the strain and
stress in a uniformly transformed homogeneous inclusion of ellipsoidal shape in Lg
has the form

ro__ Q. r r __ 70 r_ ,,ry_— _70 _ r
g = Sijkify 0, = Lijkl(skl M) = Lijkl(IkZP‘I Sklpq)'“pq

&y = S”'r o, =Ly(e, — ”’r) =—Lo(I - S)M’l

(4.1.1)
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where the Eshelby tensor S, stiffness Ly, and strains &,, u, and stresses o, are
represented by (6 x 6) matrices and (6 x 1) vectors, respectively, in either the
contracted tensorial or engineering notation of Sect. 1.

The important feature of the solution is that in both isotropic and anisotropic
solids, as long as p, is uniform and 2, is of ellipsoidal shape, the strain &, and
stress @, are both spatially uniform in the interior of 2,, but not necessarily coaxial
with p, (Eshelby 1957, 1961; Willis 1964; Kinoshita and Mura 1971). Therefore,
coefficients of S are dimensionless constants that depend on elastic moduli Ly,
and on aspect ratios of the ellipsoid €2,. The fourth order Eshelby tensor exhibits
symmetries Sy = Sjiw = S, but it is not necessarily symmetric under exchange
of the first and second pairs; in general, Sy # Sy;j. The (6 X 6) matrix S may not be
diagonally symmetric; it also becomes singular for certain extreme aspect ratios of
the ellipsoid, encountered, for example, in modeling of fibers or cracks. However, a
related symmetric tensor P = SL; ' = P7 is more convenient in most applications
(Hill 1965a). Frequently used forms of P for selected ellipsoidal shapes and cracks
are summarized in Sect. 4.6.

4.1.2 Local Fields in Ellipsoidal Inclusions

To illustrate the utility of (4.1.1), we now find local fields caused in homogeneous
inclusions by a uniform overall stress or strain and by piecewise uniform transfor-
mation strains. By suitably adjusting the magnitude of p,, we then show in Sect. 4.2
how to generate in a homogeneous medium L strain and stress fields equal to those
caused by uniform overall strain or stress in an ellipsoidal inhomogeneity L, or
cavity in €2,.

External tractions and displacements causing the uniform overall fields are
similar to those described in Sect. 3.4. First, tractions that create a uniform overall
stress o% are applied at the outer boundary 92, together with two independent
eigenstrains, u, € 2, and p, € o, in the total volume Q2 = Q¢ + 2,. Since
both € and 2 are very large relative to €2,, i, has no effect on the magnitude of
the overall strain, which is uniform and equal to 6 = M 00% + py. Local fields
inside ©, are obtained by first applying a2, and g in both Q¢ and €2,. This is
followed by application of the eigenstrain u, — p, inside €2,, while the exterior
surface d€2 is traction-free. According to (4.1.1), the latter application generates in
Q, the strain S (, — o) and stress —Lo(I — S)(n, — p). After superposition,
the total uniform fields caused in the homogeneous inclusion €2, by the load set

(0% 1. o} are

er =Moo+ pg+ S, — o) = Moo, + p,

4.1.2)
or =04 —Lo(I —S)(p, — o) = Lo(e, — p,)

Parts of the above fields that remain after removal of the overall stress, at o% =0,
are the residual fields caused in 2, by the two eigenstrains.
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Next, consider the load set {e%, I [1,0}, where e% is the overall strain and the
local eigenstrains are still present in their respective subvolumes. Application of
a uniform, stress-free strain g, everywhere in €2, together with local eigenstrain
I, — I in Q,, generates in €2, the partial local strain wy, + S (1, — o) and
stress —Lo(I — S)(p, — iy). Then, an additional uniform strain of magnitude
e% — [, is applied as a mechanical strain to €2, causing the uniform overall stress
Ly (e% - ;LO). Superposition provides the total fields generated in €2, by the load

0
set {el o, g

o, = LO[egZ -, + S(I"'r _”’0)] = L()(é'r _”/r) (4 1 3)
e =e4+ S, — o) = Moo, +p,

Note that the respective local fields in (4.1.2) and (4.1.3) are identical when the
overall fields are related by a?z = o0q = Lo(eq —uo),e% = £&gq, at the
exterior surface points, where the displacement field u; (x j) = sg.x j is a linear
function of coordinates. In most circumstances, interaction with surroundings ceases
at distances greater than one order of magnitude of the largest ‘diameter’ of the
inclusion.

Of course, the strain and stress fields created by u, € €2, are not uniform at
exterior points surrounding €2,. They can be found, for example, by solving for
an ellipsoidal cavity €2, loaded on its wall by tractions derived from the known
interior stress field (Tanaka and Mura 1982). Eshelby (1957, 1961) and Mura (1987)
present exterior field solutions for several common ellipsoidal inclusion shapes
and material symmetries. A simple estimate of the average strain in an ellipsoidal
domain surrounding €2, is offered by the Tanaka-Mori theorem in Sect. 4.5.4.

Analytical evaluations of the S tensors for ellipsoidal shapes are available
for some orthotropic solids and for those of higher material symmetries. Mura
(1987) presents a rich collection of Eshelby tensors and local field solutions for
homogenous inclusions in both isotropic and anisotropic solids transformed by
different distributions of eigenstrains, for inclusions interacting with a free boundary
of a half-space (Kouris and Mura 1989), and for pairs of interacting inclusions
(Moschovidis and Mura 1975). Additional solutions appear in two reviews (Mura
1988; Hirose, et al. 1996). These results open the way toward evaluations of both
interior and exterior fields of inclusions and inhomogeneities subjected to non-
uniform overall strains, or located in close proximity of other inhomogeneities as
they often are in actual composite materials. Ju and Zhang (1998), among others,
have utilized solutions for directly interacting inhomogeneities in finding estimates
of overall moduli of certain composite systems. Numerical procedures are needed
for evaluation of the § tensor in anisotropic solids of lesser symmetry (Ghahremani
1977; Gavazzi and Lagoudas 1990). They are useful, for example, in solving
inclusion problems in elastic-plastic or damaged materials, where the surrounding
medium has an incrementally evolving material symmetry. Ting and Lee (1997)
discuss related analytical methods.
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Asaro and Barnett (1975) analyzed local fields caused by transformation strains
defined by a polynomial of degree M in the position coordinates x;. They proved
a theorem showing that application of such variable stress-free transformation
strain inside homogeneous ellipsoidal inclusions in any anisotropic elastic solid
generates strain and stress fields that are also polynomial in degree M in the position
coordinates inside the inclusion. The elastic strain and rotation tensors inside the
inclusion can be expressed in terms of simple surface integrals over a unit sphere,
which are amenable to numerical computations. Local fields in inclusions subjected
to variable eigenstrains, or to inhomogeneous boundary conditions, are useful in
certain applications; for example, in analysis of functionally graded composites
(Zuiker and Dvorak 1994).

Until recently, several attempts to prove that uniform interior fields can be
generated in transformed homogeneous inclusions of other than ellipsoidal shape
have not succeeded, as shown by Rodin (1996), Nozaki and Taya (1997), Lubarda
and Markenscoff (1998), Markenscoff (1998) and Kawashita and Nozaki (2001).
However, Liu et al. (2006) and Liu (2009) had established existence of certain
multiply connected, periodic and non-ellipsoidal inclusions which undergo ap-
proximately uniform elastic deformation in response to application of a uniform
eigenstrain. They found a number of such shapes and configurations using the finite
element method.

4.2 Ellipsoidal Inhomogeneities: The Equivalent Inclusion
Method

Here we consider again a very large volume €2, consisting of subvolumes Q2 = Q2+
2,. However, the homogeneous comparison medium L is now present only in 2,
while 2, contains an ellipsoidal inhomogeneity of different stiffness L,. Any of the
eight material symmetries described in Chap. 2 can be admitted to represent Ly or
L,. A uniform overall strain e%, or stress a%, are applied by surface displacements
or surface tractions prescribed on d€2. No eigenstrains are present.

Elastic constitutive relations of the inhomogeneity are

e, =Moo, o,=0L,e, 4.2.1)

The effect of the inhomogeneity on overall response of 2 becomes negligible at a
large distance from €2,, hence the overall uniform fields are related by the elastic
constitutive equations for a homogeneous solid L

0o =Ll eq= My (4.2.2)
These applied fields are now rewritten as 6 = Loeg and eq = Mo g, with

the superscript (°) temporarily suspended. Both local and overall stiffness and
compliance matrices satisfy L, M, = I and LoMy = 1.
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Fig. 4.1 The equivalent inclusion method evaluates the equivalent eigenstrain ;¢ that makes the

local strain si") in the homogeneous inclusion equal to the strain sib) in the inhomogeneity

Local fields caused inside and outside an inhomogeneity by each of the overall
strain or stress are derived using the equivalent inclusion method, which compares
solutions of two problems for the same geometry of 2 and €2,, under either
displacement or traction boundary conditions on the surface 2. The former case is
illustrated in Fig. 4.1 (Eshelby 1957, 1961).

(a) The volume €2 of a homogeneous solid L is subjected to an overall uniform
strain g or stress 0 g, and to a uniform equivalent eigenstrain p,? of as yet
unknown magnitude, applied inside an ellipsoidal homogeneous inclusion £2,.
Since o = 0, the strain and stress in €2, follow from (4.1.3), or from (4.1.2), as

0 = Lyfea— (1~ $)uif] = Lo (e — ) ¥ = eq + Sy’

ei“) =Mooqg+ Spi? =Moo, + pyd aﬁ“) =oq—Lo(I-S)p
(4.2.3)

(b) A similar problem for the same geometry is posed for an inhomogeneity of
stiffness L, that has now replaced the homogenous inclusion inside €2,. The
volume €2 is subjected to the same remotely applied strain eq or stress o g,
but no transformation strain is applied in the inhomogeneity. The respective
local fields are determined below by finding a specific value of w,?, such
that it generates in the homogeneous inclusion the stress and strain present
in the inhomogeneity. Local fields inside the inhomogeneity are also uniform.
Therefore, the constant overall and local stress and strain tensors of rank two
can be related by constant tensors of rank four, represented by (6 x 6) matrices
T, and W,, with constant, dimensionless coefficients. Under the two distinct
boundary conditions, which apply overall strain eq or overall stress o g, the
respective local fields are

e,(.b) =T,eq=T Myoq af.b) = L,eﬁb)
(4.2.4)
o =W,o0 =W, Loeq &¥ =M, ¢?
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The T, and W, are the partial mechanical strain and stress concentration
factors of the inhomogeneity. They are similar to the A, and B, concentration
factors described in Sect. 3.5, but they apply only to fields in a single
inhomogeneity that resides in a large volume of a surrounding medium Ly,
whereas the A, and B, refer to field averages in many, usually interacting
inhomogeneities in a representative material volume. As long as the strain
and stiffness coefficients are both written in either contracted tensorial and
engineering notations, the concentration factors are not affected by the chosen
notation.

Equations (4.2.4) yield two relations connecting the partial strain and stress
concentration factors

W,Lo=L,T, MW, =T,M, (4.2.5)

Evaluation of T, and W, by the equivalent inclusion method requires the equiv-
alent eigenstrain w,? in (4.2.3) to reach values that generate local stress and strain
fields in the homogeneous inclusion equal to those caused in the inhomogeneity L,,
while both configurations are subjected to the same uniform overall strain eq or
stress o . To that end, the corresponding terms in (4.2.3) and (4.2.4) must satisfy

e =¢® ¢@=g" (4.2.6)

These equalities yield partial concentration factors and associated equivalent eigen-
strains, written now in the original notation for prescribed overall fields % and 0%

T,=[I+SLy (L, —Lp)]"" p%=-Ly" (L, —Lo)T,e)  (42.7)

W, =[I+Lo(I—S)(M, —My)]™" pé=UI-8)"MoI—W,)o}
(4.2.8)

More convenient forms of the partial concentration factors are obtained using
Hill’s (1965a) tensors P or Q. Those are defined by

P=SLy'=(L* +Lo)"'=P" Q=LoI—-PLp)=(M"+My) "' =07

PLy+My0 =1
4.2.9)

In contrast to the Eshelby tensor, these tensors are symmetric under exchange of the
first and second pair of indexes, hence the (6 x 6) matrices that represent them in
contracted tensorial or engineering matrix notation are diagonally symmetric.

The L* and M* matrices represent Hill’s (1965a) constraint tensors, defining
the stiffness and compliance of an ellipsoidal cavity. In particular, the Eshelby
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solution guarantees that application to the cavity wall 92, of surface tractions,
corresponding to a uniform stress field o *, generates a uniform strain e*, derived
from resulting surface displacements of the cavity wall according to (3.4.5). If
surface displacements derived from a uniform strain &* were applied to the cavity
wall 0€2,, then the resulting tractions would create a uniform stress field o* in a
homogeneous solid. This implies the connections

o =—-L%" & =-M*c" (4.2.10)

where the sign convention anticipates expansion of the cavity by hydrostatic
pressure and vice versa. The constraint tensors are symmetric under exchange of
the first and second pair of subscripts, hence the corresponding (6 x 6) matrices
satisfy L* = (L*)" and M* = (M*)", L*M* =1I. Both depend only on the
elastic moduli of the surrounding medium Ly and on cavity shape. For example,
for a spherical cavity in an isotropic medium L, the constitutive relation is
(Walpole 1981)

L* =3K*J +2G*K M* = (1/3K*)J + (1/2G*)K

K*=4Gy/3 G* =" — 4+ ——
o/ 2\ Go T 9K, + 8Go

where the projectors J + K = I are defined in Sect. 2.2.9, and Ky, G, are elastic
moduli of the surrounding medium Ly. A more general form of (4.2.10) appears in
(4.3.27).

The P and Q matrices render the Eshelby problem solution (4.1.1) for a
transformed homogeneous inclusion in the simple form

er=8p, =—PA, o,=—-Lo(I-S)n, =-0p,
A’r = _LOI'l'r n, = _MOAr

(4.2.12)

Partial concentration factors T, W, in (4.2.7) and (4.2.8) then relate local strain &,
and stress o, in an ellipsoidal inhomogeneity of stiffness L, to the respective applied
overall fields

&y = TrS% =+ P(L,— LO)]_le(g)z o,=0L,e,
4.2.13)

o, =Wl =[I + QM — My '¢d, e =Mo,

Other convenient forms of the partial strain and stress concentration factor tensors
follow from the definitions of P and Q as

T,'=I+PL,—Lo)=(L*"+Lo)'(L*+L,)=P(L*+L,)
W, =1+ QM —Mo)=M*+Mo) ' (M*+M,)=QM*+ M)
(4.2.14)
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Although neither T, nor W, need to be diagonally symmetric, it can be shown that

T.P =PT' W,Q=0wW'

(4.2.15)

T.(L,— Ly :(Ll - LO)TrT Wr(M -My) =M, - ]‘IO)WrT

In summary, since both Ly, L, and My, M, are known, evaluation of the partial
concentration factors is reduced to finding the tensors P or Q for the specific
ellipsoidal shape of the inhomogeneity. Both depend only on the stiffness Ly and
on the shape of 2,, but not on L,. Therefore, a P tensor found for a particular
inclusion shape in a material symmetry of Lo provides a concentration factor for an
inhomogeneity of any local stiffness L,, embedded in Ly. Coefficients of P tensors
for typical ellipsoidal shapes appear in Sect. 4.6 below.

Traction-free cavities of ellipsoidal shape can be regarded as inhomogeneities
with zero stiffness. Average strain caused by displacements of the cavity wall is
found from (4.2.13) at L, = 0. In a large volume of a comparison medium or ‘matrix’
L, that is loaded by a uniform overall strain e% or stress o% = Loe%, the cavity
strain average is

e, = —PLy) "X = —-8)"Myd =Q 'Ly = 07'0 (4.2.16)

4.3 Transformed Inhomogeneities

4.3.1 Method of Uniform Fields

Here we show how to find local fields caused in an inhomogeneity by application
of physically based uniform transformation strains or eigenstrains g, € 2o and
I, € 2, or eigenstresses Ag = —Lop, and A, = —L,u,, both superimposed
with overall fields &), or 2. Regardless of their specific physical origin, both
eigenstrains are regarded as independent applied loads. Their presence is reflected
in phase constitutive relations (4.2.1) and (4.2.2) as

o,(x)=L,[e,(x)—pn,)]=L,e,(x)+ A, &(x)=Mo,(x)+pn, forxeQ,
0o(x) = Lo[eo(x) — po] = Logo(x) + Ao €o(x) = Mooo(x) + gy forx € Qo
“4.3.1)

Since local fields caused by each of the two applied load sets {egz, I ;LO} and
{o%, A, AO} are uniform inside an ellipsoidal inhomogeneity L, in 2,, they can be
sought as a superposition of the contributions

& = Tle(g)z + Rrrlllr + RrOﬂO o, = Lr(er - ”’r) (4.3.2)
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0Q, 2Q, 60
Qo,Lyp,
0,010 Qo My, 2,
er=Teq+ R, py+ Ry 1y 6, =W,60+N, 2+ N,
Or= Lr(“"r_,“r) & = Mr(o'r _;Lr)

Fig. 4.2 Local strain and stress fields caused in an inhomogeneity L, by the distinct load sets
{eq. p, oy and {09, 4, Ao}

or

o, = ma% + Nrrlr + NrOA‘O &y = Mr(or _A‘l‘) (433)

where the R, and Vg, (B = r,0) are (6 x 6) partial transformation concentration
factor matrices that represent tensors of rank four, with constant coefficients which
depend on elastic moduli of both Ly and L,. They define contributions to the local
strain or stress fields in €2, by the prescribed phase eigenstrains or eigenstresses,
under zero overall strain e%, or stress 0%, respectively, as indicated in Fig. 4.2.

Each of the two load sets contains dimensionally consistent terms, hence the
concentration factor coefficients are dimensionless.

Assuming that at least one of the mechanical concentration factors T, or W, is
known, the transformation concentration factors R,s and N,g can be found by
creating in the entire two-phase volume certain auxiliary uniform strain and stress
fields (Dvorak 1990). The two phases are separated, transformed by uniform phase
eigenstrains g, and g, and loaded by as yet unknown surface tractions derived
from the same auxiliary uniform stress 6. Of course, we wish to select 6 such as to
create the same uniform strain & = &, (x) in both phases, so that they can later be
reconnected.

As in (3.6.6), this selection is made by solving

6=L,(6—p,)=Lo(6—p,) =M —A,)=My06 —Ay) (434
for the auxiliary uniform strain and stress, in the form
8=—(L,—L)'(Ar—40) 6 =—(M.—Mo) '(n, —py)  (43.5)

Now that both stresses and strains in the two phases are uniform and of the same
respective magnitude, the phases can be reconnected, while the fields & or 6 are
maintained by application of corresponding displacements or tractions at the surface
02 of Q2.
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Finally, the overall strain or stress applied to the restored aggregate are reduced
from the auxiliary to the actual magnitudes of interest. Complete unloading to zero
from the respective overall uniform fields (4.3.3) provides

e, =I—-T)e o,=(I-W)é (4.3.6)

Since the two eigenstrains are independent, implementing these unloading steps
and comparing the resulting local fields with those in (4.3.2) or (4.3.3), at either
e% =0or o% = 0, yields the following connections between the mechanical and

transformation concentration factors

R,=I~-T)L,-Ly) 'L, =T,PL,
(4.3.7)
Ro=—(I—-T)L,—Ly) 'Lo=-T,PL,
and
N.=I-W) (M, —My)~'M, = W,0M,
(4.3.8)
Neo=—(I —W,) (M, —M¢)™'My = —W,QM,

where T, +R,,+ R, = I and W, + N,,+ N,o = I. The (6 x 6) matrices R,,, R ¢
and N,,, N ,o need not be diagonally symmetric, but it can be verified that

R.M, = MR’ N,L, =L,N}! (4.3.9)

In a homogeneous medium, for L, — Ly, the T, — I and R,, — PLy = S, the
Eshelby tensor.

After appropriate substitutions and exchanges A, = —L,u, and A9 = —Lop,
of the transformation terms for brevity, local fields caused in the inhomogeneity L,
by the two load sets are

e, =T, ey —P(A, —Ag)] o, =L, Tel+ A —L,T,P(A, — Ao)

for {d., i, o} (4.3.10)

o, =W oG- 0, —pmp)] & =MWoaogo+p, —MWOm, — )
for {o.A,. Ao} (4.3.11)

Notice that uniform fields (4.3.4) and (4.3.5) can be created for any
shape of the inhomogeneity. If the mechanical influence functions in the
inhomogeneity are known, so that &, (x) = T,(x) eg = M,o,(x), or
o,(x) = W, (x)a?2 = L,e, (x), and are used in the unloading (4.3.6), then
(4.3.7) and (4.3.8) can be augmented to provide the transformation influence
functions R, (x) and N4 (x), (B =1,0).
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Exterior fields surrounding an inhomogeneity L,, can be described in a similar
manner, providing that the mechanical influence functions are known

e0(x) = To(x)ey = Mooo(x) oo(x) = Wo(x)og = Logg(x)  (43.12)

Unloading from the auxiliary uniform fields (4.3.4) or (4.3.5) yields the exterior
fields in the form

eo(x) =[I =To(x)]é  oo(x)=[I-Wo(x)]o (4.3.13)
The transformation influence functions for the exterior fields in €2 are

Ror = (I —To(x))(L, —Lo)"'L, Roo=—(I—To(x))(L, —Lo)"'Lo

(4.3.14)
Nor =T —=Wo(x)(M, —Mo¢)"'M, No=—I-Wo(x))(M,—Mo)"' M,
(4.3.15)
The exterior fields are
eo(x) = To(x)el + Ro,(x)p, + Roo(x)peg
. (4.3.16)
Go(x) = LO [EO(x)_M’O] for {EQv Ky ”’0}
00(x) = Wo(x)a® + No(x)A, + Noo(x)Ao
(4.3.17)
eo(x) = Mooo(x) + po for {o. A, Ao}

4.3.2 The Equivalent Inclusion Method

For completeness, the above results are now rederived using the equivalent inclusion
method outlined in Sect. 4.2. In this context, Eshelby (1961) and Mura (1987)
describe a transformed inhomogeneity as an ‘inhomogeneous inclusion’. Two
systems of identical geometry, deformed by the same uniform overall strain e%, are
considered. One is a homogeneous solid L containing a homogeneous inclusion
Q,, where we apply uniform eigenstrains g, + u,’, together with a uniform
eigenstrain g, in 9. The other system contains an inhomogeneity L, in €2,
perfectly bonded to a large surrounding volume €2 of material Ly. The goal is to
find the equivalent eigenstrain p,? such that its superposition with u, generates in
both €, and 2 of the homogeneous system the same strain and stress fields that
the applied load set {e%, I [LO} causes in the second two-phase system with an

inhomogeneity.
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According to (4.1.3), the stress and strain in the homogeneous inclusion now are

of = Loled — (I = S)(1, + ni") — S pol = Lo(ef” — p, — pi%)

el =ed + S(n, +ui’ — po) = Moo\ + p, + pi
4.3.18)

Local fields in the inhomogeneity L, are again sought in the form
eﬁb) = T,eg2 + R p, + Rropg af.b) = L,(ef.b) —I,) [4.3.2]
The equivalent inclusion method requires the corresponding pairs to satisfy
eV =¢® @ =g® [4.2.6]

Derivation of R,, and R, by this method follows the steps leading to T, in (4.2.7),
and it yields the results already recorded in (4.3.7). Using the two equations (4.2.6)
in turn, the equivalent eigenstrain is found as

Sﬂ/iq =- (I - Tr)e(s)'z + (Rrr_S)M’r + (RrO + S)”’O

(4.3.19)
=- P(Lr - LO)[T,«E?—Z + (Rrr - I)M/; + RrOﬂO]
The equality can be verified as an exercise. The result now includes contributions
by each of the three independently applied loads e%, My io-

Next, let us apply to €2 a uniform overall stress 0%, together with uniform
eigenstrains w, + g’ in Q,, and a uniform eigenstrain g, in Q. The equivalent
eigenstrain w:in @, is now different from that in (4.3.19). The connection
A¢? = —L,u;? introduces an equivalent eigenstress. Using (4.1.2), we write local
fields in the homogeneous inclusion as

e =Myod +po+ S, +pl—py) =Moo, +p, +p 43.20)
0\ =a¢—Lo(I —S)(p, + py’ — po) = Lo(e, — p, — )
Local stress caused by the applied loads in the inhomogeneity L, is written as
in (4.3.3)
o =W, 6L + NyA, + Noory € =Me® +p, (4.3.21)

Referring again to the equality (4.2.6), one can recover the results (4.2.8); and the
equivalent eigenstrain

Quyt = ~W)log — Ok, — ko)l (4.3.22)
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If the load sets {e%, o, ;LO} or {o%, A, AO} are applied in superposition with
the equivalent eigenstrains (4.3.19) or (4.3.22) within an ellipsoidal homogeneous
inclusion L in €2, then they reproduce there the local strain and stress fields that are
generated by these load sets in a perfectly bonded inhomogeneity L, residing in €2,.
Therefore, both the interior and exterior total fields in Q2 = Q¢ + €2, are made equal
by addition of the equivalent eigenstrains to the loads acting on the homogeneous
medium L in 2.

The equivalent inclusion method is applicable only to ellipsoidal inhomo-
geneities, whereas the uniform field method can be used to analyze inhomogeneities
of any shape, providing that the T,(x) or W,(x) and T((x) or Wy(x), or their
respective volume averages are known. The latter method is more transparent,
because it does not rely on the equivalent eigenstrain, which may also depend on
the applied, physically motivated eigenstrains. However, both methods are limited
to problems involving uniform overall fields and piecewise uniform transformation
strains in the phases.

4.3.3 Contrasting Mechanical and Transformation Strains

It is important to keep in mind that mechanical and transformation strains have a
different effect on overall and local fields inside and in the exterior of an inclusion
or inhomogeneity. As an example, consider two separate loading states applied to a
large volume V of the material Ly in €2 that contains a traction-free cavity in €2,.
One involves applications of a uniform overall strain eg. In the other loading state,
the volume V is traction-free, and transformed by a uniform eigenstrain .

The strains e% and p, are of the same magnitude 5. In both cases, the same
uniform deformation prevails at points far removed from €2,. However, their
respective contributions to the stress field in €2y, and to the local deformation of
the cavity in €2, are very different. Around the cavity, the mechanical strain e?z =7
creates concentrated fields that depend on cavity shape. In contrast, application of
the eigenstrain g, = 5 to the same solid generates only a uniform stress-free strain,
independent of cavity shape or position, everywhere in the solid.

Another illustration is provided by embedding an ellipsoidal inhomogeneity L,
in subvolume €2, of a large volume €2 of a homogeneous solid Ly. An overall strain
e?z = 1) is applied together with the eigenstrain o, = 3 in ¢ only; #, = 0in £2,.
The outer surface €2 is now traction-free, hence the average stress in Qg isa9 = 0.
However, local stress in the inhomogeneity L, in €2, follows from (4.3.2) as

o, = Lrer = Ll‘(Tre(g)z + RrO”lo) = Lr(Tr + RrO)rl = LlTr(I - S)Y]
(4.3.23)

This indicates that an equivalent eigenstrain applied to the exterior of an inho-
mogeneity, for example, to simulate stress reduction caused there by damage or
inelastic deformation, generates nonvanishing local fields inside and nearby the
inhomogeneity.
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To reduce this local stress also to zero, an auxiliary eigenstrain u¢"* needs to be
applied inside €2,, such that

o, =1L, (e — I'l'crmx) =L, [Trn (I - Rrr)ﬂcrmx + RrOﬂ] =0 (4.3.24)

Of course, this yields p¢** = 5, and it confirms that a uniform eigenstrain does
not generate a stress field in a traction-free heterogeneous medium. A more direct
way to show this is to apply e% = |, = M, = 5 and recall from (4.3.7) that

T,+ R, + R,y =I.Then, the local stressiso, = L,(e,—n) = L,(In—n) = 0.

4.3.4 Imperfectly Bonded Inhomogeneities and Cavities

So far, we have assumed that the inhomogeneity is perfectly bonded along its
interface €2, with the surrounding ‘matrix’ L¢. Of course, other than perfect bonds
are often present, due for example, to the presence of elastic or inelastic coatings,
or to partial or complete interface separation. The original single interface is now
replaced by two surfaces, the cavity wall d€2., and the surface 02, surrounding the
partially or completely debonded material inside the cavity. Traction continuity is
always preserved. However, displacement jumps may open between pairs of points
originally in contact, but now separated at the two sides of an imperfect interface.
Stress and strain averages taken over the volume of the matrix cavity €2, still follow
from the displacements and tractions present at the cavity wall, as in (3.4.2) and
(3.4.5), but they may no longer be connected by an effective stiffness of the material
inside €2,. In fact, as shown in Chap. 6, inhomogeneities surrounded by coatings or
imperfect interface bonds may not exhibit a unique effective stiffness.

Elastic fields of imperfectly bonded or coated inhomogeneities need to be
evaluated separately, with regard to the type of bond or coating and a particular
physical mechanism of the decohesion process. Some of those are described in
Chap. 9. However, each such solution must comply with certain connections
between local strain and stress averages, which are then reflected in evaluation of
the overall field averages and stiffness matrices of the damaged material. Those
connections are derived here in terms of the surface displacements and tractions at
the ‘loaded cavity’ wall.

Traction continuity along the interface guarantees that stress averages 6\ = 6f,
derived from tractions along the cavity wall or the surface of the inhomogeneity,
respectively. Interpenetrations are excluded, hence the displacement jumps cause
some or all components of the average strain Ef inside an imperfectly bonded
inhomogeneity to be smaller than those of the average &; in the surrounding loaded
cavity. Both follow from (3.4.5). This average strain difference can be eliminated
by applying to the debonded inhomogeneity a uniform damage-equivalent eigen-
strain p, ! = &€ —Ef , which corresponds to the volume average of the strain derived
from the displacement jumps at the imperfect interface. The average strain & can be

generated in the surrounding matrix cavity by applying ;Lf” to a perfectly bonded


http://dx.doi.org/10.1007/978-94-007-4101-0_3
http://dx.doi.org/10.1007/978-94-007-4101-0_3
http://dx.doi.org/10.1007/978-94-007-4101-0_6
http://dx.doi.org/10.1007/978-94-007-4101-0_9
http://dx.doi.org/10.1007/978-94-007-4101-0_3

94 4 Inclusions, Inhomogeneities and Cavities

inhomogeneity. Of course, a perfect bond at all points of the interface may not be
reinstated by this application, which cancels only the averages of displacement jump
components along the interface (Dvorak and Zhang 2001).

We now proceed to derive a general connection between any pair of field averages
&,, &} inside the cavity. This task is rather simple when there is complete interfacial
separation, which creates a traction free cavity with 6 = 0 and &, # 0. The latter
can be reproduced in a perfectly bonded inhomogeneity by application of a uniform
damage equivalent eigenstrain ;L',iq = ¢, which yields zero stress average inside
Q., asin Sect. 4.4.3.

For the load set {8%, I [1,0}, the strain and stress averages &€, and o, in a
perfectly bonded inhomogeneity are given by (4.3.2). By applying an additional
uniform eigenstrain ;Lf" in the inhomogeneity, the local fields in €2, remain uniform
and become

Gy =Ly@E —p,— ) & =Treg+ Ro(i, + 1) + Roopy (43.25)

where u is the uniform eigenstrain applied in the exterior 2y of €2,, and e% is the
overall strain, both uniform and applied to the large surrounding volume 2 of a
comparison medium L. The eigenstrain concentration factors R,, = T, PL, and
R,y = —T,PL appearin (4.3.7).

The damage-equivalent eigenstrain is equal to the difference

pit =& —M&—p, (4.3.26)

where 6 is average stress derived from the tractions at the imperfect interface.
The ;L,'.iq is now added to the original load set as {e%, n, + ;qu, [y} acting on the
undamaged composite system.

Since R, =T,(I-S)and M* =[(I - S)'—I|My=(I—-S)"'SM,
in (4.3.7) and (4.2.9), the field averages inside the loaded ellipsoidal cavity are
connected by

&= (I-5)" (e} — Sy — M*G

(4.3.27)
= (I —S) "'} — S (o + Mo5?)]
This extends Hill’s constitutive relation (4.2.10) of a uniformly deformed ellipsoidal
cavity loaded by interface tractions in equilibrium with 6, by including the effect
of remotely applied uniform overall strain e% and uniform matrix eigenstrain p.
Notice that both &¢ and 1% depend on L, only if ¢ =% = L,&? # 0. Otherwise,
;L',iq is a stress-free strain, independent of L,, that adjusts the local strain to &;.

As one might expect, if & is connected to 6¢ = L?&¢ by a certain damage-
induced stiffness Lf, then (4.3.27) can be reduced to & = T ,.de% where the T ,d
follows from (4.2.12) with L, — Lf. Of course, even if it exists at a particular
instant of interface decohesion, the Lf may not be easily computed. In contrast,
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evaluation of the average damage-equivalent eigenstrain ;qu =&, — Ef requires
only integration of displacement jumps along the imperfect interface, according
to (3.4.5). In this manner, the contribution of displacement jumps at imperfect
interfaces to both cavity and overall strains in composite aggregates can be easily
evaluated, the latter using the Levin formula (3.8.11),, where B, or W, are taken for
a perfectly bonded inhomogeneity.

Notice that the ;7 in the equivalent inclusion method in Sects. 4.2 and 4.3.2 is
introduced in a homogeneous solid to simulate an inhomogeneity, while the present
damage-equivalent eigenstrain is applied to a perfectly bonded heterogeneous
system.

For cavities or voids, the results show that in the absence of interface tractions,
atag. — 0, the ;qu transforms a perfectly bonded inhomogeneity L, such that its
average strain &, = &, the traction-free cavity strain. The same result follows if an
ellipsoidal cavity in 2, is regarded as an inhomogeneity with vanishing stiffness, at
L.—0,T,— (I—PLy) " atR,—0,R,c — —(I —S)"'S in(4.2.13),(4.3.7),
so that the average cavity strain agrees with (4.3.27)

E=I-8)"(e)—8Suy) 65=0 (4.3.28)

r

Next, for the load set {o%, Ar, AO} we write the field averages in the imperfectly
bonded inhomogeneity L, in terms of a damage-equivalent eigenstress Af" =
_Ll'ﬂll'iq-

E =M G —A, — A% ¢ =W, 0% + Ny, +2%) + N,odo  (4.3.29)

where N,, = W, OM,, N,o = —W, QM| from (4.3.8). The Q and W, matrices are
given by (4.2.9) and (4.2.13). Since p, = —M oA, (4.3.29) provides

M (A, + A%y = —(1 = 8§) "Moo, + Moo+ (M* + M,)6¢  (4.3.30)

and

& =~-S)"Myod — Mory— M*G¢
(4.3.31)
= —S8) ' [Mysd —SMy5°] — Myho

In a large volume Q2 > ,, a small transformed inhomogeneity or cavity has a
negligible effect on the overall strain. Therefore, both (4.3.27) and (4.3.31) predict
the same cavity strain under the distinct overall mechanical loads. In a traction-free
cavity, o, — 0

& =I-S)"Mopod —Mory =0 (4.3.32)

r

which agrees with (4.3.28).
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4.4 Dilute Approximation of Overall Properties
and Local Fields

The results for a single inhomogeneity L, can be utilized to estimate overall
properties of a representative volume V of a statistically homogeneous composite
aggregate containing a very low concentration of inhomogeneities and/or cavities,
not exceeding about 5%. The ‘matrix’ or comparison medium L is now replaced by
the actual matrix phase r =1 with stiffness L;. The inhomogeneities or reinforce-
ments are phases r = 2, 3, ... n, having stiffnesses L, and volume fractions c,,
which satisfy

o =1- Z:;Z ¢ Z':=2 ¢ = 2; V)V <1 (4.4.1)

In the dilute approximation, each inhomogeneity interacts only with the matrix,
but not with other inhomogeneities. However, the average strain X7_, (c,&5) = &’
or stress X0_,(c; W) = o in the entire volume are not necessarily equal to their
matrix averages, hence X_ (¢, T) = X%_,(c;W ) = I, and the actual magnitude
of Ty or W, follows from this identity. In fact, T = I only when all inhomogeneities
r > 2 arerigid, and W) =1 when all r > 2 are traction-free cavities, voids or cracks.
That is illustrated by the examples in Sect. 4.4.4.

The advantage of this method is that each inhomogeneity may have a different
ellipsoidal shape and alignment, which indicate the corresponding forms of the
tensors P, = (L*+ L))" and Q, = (M* + M,)™" in (4.2.9), all evaluated
in the matrix L; for each shape, r = 2, 3, ... n. That is demonstrated by (4.4.6).

4.4.1 Overall Strain €° and Phase Eigenstrains j,, i,
Are Prescribed

Overall properties are obtained using the procedure described in Sect. 3.5. Suppose
that the composite aggregate is loaded by the load set {eo, My, [,l,,.}, where the overall
strain €” and the phase eigenstrains are all uniform. Local field averages for r > 2
are written by referring to (4.3.2), where we retain the concentration factors 7', R,
and change the R,gto R,y = —T,P,L,andlet P, = S,.Ll_l. The phase fields are

er1=1 |:€0 -y c,er] o1=Li(er—py)
=

e, =T e"+Ryp, + R, o,=L,(e,—p,)=L,e,+A, r>2
(4.4.2)
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where A, = —L,p,, and

1 . _
T =— [’ - Zcrrr] T, = +P,(L, — L) (443)
1
r=2
R.,=-T,P.L, R,=T,P,L, (4.4.4)

Notice that the local strain average (4.4.2) in any inhomogeneity L, depends only on
the phase and matrix stiffness, and is thus independent of the volume fractions and
stiffness of the other inhomogeneities that may be present in the dilutely reinforced
composite. This agrees with the initial assumption that each inhomogeneity interacts
only with the matrix but not with other inhomogeneities. The concentration factors
satisfy T, + R,1 + R, = I, hence the aggregate undergoes uniform deformation
when the strains &°, M1, ., are of the same magnitude.

Overall stress caused by the applied overall strain and by the phase eigenstrains
can be obtained as in (3.10.3), with A, — T,

doeoy=6=Le"+1 A== T Ly, (4.4.5)
s=1 s=1
where A = —L [ is the overall eigenstress (3.8.12), and & is the overall eigenstrain.

Overall stiffness of the aggregate follows from (3.5.8), (4.4.1) and (4.4.3) as

n n n
L=cLT\+) ¢L T =L, (1 —Zchr) +Y e LT,
r=2 r=2

r=2

=Li+) (L, —L)T, =L+ Y ¢[P,+(L,—L)'"' =L"
r=2 r=2
(4.4.6)

4.4.2 Overall Stress ¢° and Phase Eigenstresses A1, A,
Are Prescribed

Under the load set {00, A1, A}, the stress field averages in the matrix L; and
inhomogeneities L,, r = 2, .3...n are

1

URY N IO
C1 r=2

o, = ‘/VraO +NaAi +NyA, e = M‘(ar _A‘r) =Moo, + My

(4.4.7)
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where p, = —M. A, W, + N1 + N, = I and

W, = 1 [1 —~ Zc,.Wr] W,=U+Q,(M—M)]" (4.4.8)
C1 s

N, = _‘/Vl‘Qer N, = W‘Qer (4.4.9)

Again, the strain average in each inhomogeneity r > 2 depends only on Q
and on the compliances M, and M; it is not influenced by the presence of other
inhomogeneities s # r.

Overall strain caused by the loads 0°, g, , is found using (3.10.6), as

n n
Y e, =g =Mo" +ji=Ms"+ > W, p, (4.4.10)

s=1 s=1

The overall compliance is

M=caMWi+) oMW, =M+ (M~ M)W,
= = @4.11)

=M1+ (0, + (M - M) =M
r=2

Identities X7_,(¢sTs) = Xi_,(csW,) = I, and connections (4.2.5) with
Ly = L, show that the overall properties are consistent

-1
n n
M =Y c;MW, (Z cSWS)
s=1 s=1
n n -1 n -1
=Y T M, (Z cSLSTSMl) = (Z cSLSTS) =L7" (44.12)
s=1 s=1 s=1
Moreover, definitions of local field averages in (4.4.2)3 and (4.4.7)3 suggest that

e, =T,e"=T,Mc" = Mo, = MW" = T.M = M, W,
(4.4.13)

o, =W,e"=W,Le"=L,e, =L, T,e" = W,L=L,T,

Application of these connections in Levin formula for the overall transformation
fields in (4.4.5) and (4.4.10) shows that those fields are also consistent.

n n n
A=Y "c¢T,"A, ==Y T, "Liyp, ==Y LW, "p, =—Lji (44.14)
r=1 r=1

r=1
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Equations (4.4.6) and (4.4.11) provide reliable estimates of overall properties
of matrix-based composite aggregates which have added phases in very low
concentrations.

4.4.3 Debonded Inhomogeneities Creating Traction-Free
Cavities

Consider again an aggregate with dilute reinforcements L, in matrix L;. A certain
volume fraction ¢, of originally bonded inhomogeneities L, now undergoes com-
plete decohesion from the matrix. That changes the overall compliance M — M,
which is evaluated next by two procedures. One adjusts the compliance by assigning
vanishing stiffness to the volume fraction ¢, of cavities. The second procedure
simulates presence of these cavities by inducing a damage equivalent eigenstrain in
the volume fraction ¢, of inhomogeneities L, while the aggregate remains perfectly
bonded, as explained in Sect. 4.3.4. For simplicity, all inhomogeneities L, are
assumed to have the same shape and alignment, described by a single matrix Q.

In preparation for the first procedure, notice that for any L, — 0, the term
(M, —M )W, =[(M, — M,)"" + Q]! — Q. Then, the presence of ¢, cavities
changes the overall compliance (4.4.11) to its damage-modified form

My=M;+ (c;—cq)(My— M)W, +cq0!
=M +c;(My—M)Wy+cq[Q7 —(My— M)W,
=M +c¢,Q7 ' [Wy ' = Q(M>— M)W,
=M +c,07'W,

(4.4.15)

where W, follows from (4.4.8). The overall strain caused by application of the
uniform overall stress o is

Eq=Mio’ =M +c,Q"'W»)o". (4.4.16)

In the second procedure, the entire aggregate remains perfectly bonded. The
traction free cavities are simulated by introducing in the volume fraction ¢; < ¢, of

inhomogeneities L, a damage-equivalent eigenstrain ;L‘zlq =-M 2/\‘21‘7 derived from
(4.3.30), with A0 = 0,69 = 0,0 = 0* and My =M.
pi=I—-8)"M6°=0"¢° (4.4.17)

The overall damage-equivalent eigenstrain follows from Levin’s formula as

il = cqWyTpi = cqW," Q0760 = ¢, Q7' W60 (4.4.18)
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with W,TQ ™! = Q7'W, from (4.2.15). The overall strain caused by the applied
stress 0 and by i is

€4 =Mo"+ 1% = Mo’ +c, Q7' W,o°
(4.4.19)
=M +c;0'Wy)e? = M 6°

This shows that the damage equivalent eigenstrain generates the same change in
the overall strain as does the damage-modified overall compliance M, in (4.4.15).
Moreover, since W, = [I + Q(M, + Ml)]_1 thereis M, = M; (4.4.17).

It should be emphasized that the damage-equivalent eigenstrain should be used
if and only if the overall strain change is caused by complete decohesion, from a
perfect bond to cavities. The technique may also be used during partial decohesion,
but only if the interface integral of the displacement jumps and tractions is evaluated
by a finite element or by another independent method, and then converted into a
damage equivalent eigenstrain using (3.4.5).

4.4.4 Applications to Particulate Suspensions
and Porous Media

One of the earliest applications of the dilute approximation is the Einstein’s formula,
for the effective viscosity of a dilute suspension of rigid particles, r = 2, with
volume fraction ¢; < 1, in an incompressible viscous fluid » =1 (Einstein 1905).
To arrive at the result, let us first solve a more general problem: Derive the stiffness,
compliance and local fields in a dilute mixture of elastic particles with known
stiffness L, in a matrix L;. Suppose that the mixture is subjected to a uniform overall
strain €° and, to illustrate applications of the results found in Sect. 4.4.1, to a uniform
change in temperature A, which causes the thermal eigenstrains u; = m ;A6 in
the matrix and ., = m,A#@ in the particles. Thermal strain vectors of the isotropic
phases are m, = [, ™, a,0,0,0]T for r = 1, 2, where a"”) is the linear
coefficient of thermal expansion.

Overall stiffness and compliance of the suspension can be written using (4.4.6),
and (2.2.29), in terms of the as yet unknown overall moduli G and K, and the
projection matrices J and K in Sect. 2.2.9 and (1.1.19).

1 1
L =1L L,—L\)T,=3KJ+2GK M=—J+ —K 4.4.20
1 +ce(Lr DT> + 3K + C ( )

where phase volume fractions ¢; + ¢, = 1, ¢, < 1. Constitutive relations of the
phases are

_ 1 1
L. =3K.J +2G.K L7'=M, = 3_K,.J + Z_G,.K (4.4.21)
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and K, and G, are known phase moduli. The strain concentration factor (4.4.3)
of the inhomogeneities is To» = [I + P(L, — L,)]”!, where the P matrix for
a spherical inclusion is assembled using the constraint tensors (4.2.11) in (4.2.9).
Coefficients Pyg, written in the contracted tensorial notation, are

P 1 3(Ki + 2Gy)
3K+ 4G, " T 5G.(3K, + 4G))
5G,(3K) + 4G)
3(K; + 2Gy)

(4.4.22)
P! = (3K, +4G))J +

The result also appears later in (4.6.3). The strain concentration factors can now be
written in an expanded form

1
T1 Z—[I—Csz]
C1
_ 3AK 17! 6AG(K| +2G1) 1!
T,=1[1 P(L,— L I = 1 _— 1 -
2 [+ P(L vl |: + 3K, +4G1i| |: + 5G1(3K; +4Gl)]
(4.4.23)

where
L,— L, =3(K;— K|)J +2(G,— G))K =3AKJ +2AGK 4.4.24)

Overall stiffness of the particulate mixture follows from (4.4.20)

—1
L=Li+c(L,—L)Tr,=1L, +62[P + (L2 —Ll)_l]

3K + 4G
=3)k, +czAK#} J+2

3K, + 4G, 5G1(3K +4Gy)

6AG(K; +2G) 17!
G1+02AG[1+w] }

(4.4.25)

The terms in curly brackets are the overall bulk and shear moduli, obtained as a
sum of the separate contributions of the matrix and particle moduli. Notice that the
contribution of the particles to the overall moduli is introduced only through the A K
and AG from (4.4.23).

Total strain fields caused in the two phases by the mechanical overall strain &
and temperature change A0 follow from (4.4.2) and (4.3.10) as

0

1
e1=— [¢°—c2e2] o1 =Li(e; —m AD)
1
&2 = T1e" + (Ryymy + Rpmy)AO = T5[e” — P(Lymy — Lymy)A6]
o) = L2(€2 —mer)
(4.4.26)
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The eigenstrain concentration factors were derived in (4.4.4) as
R, =-T,PL, Ry,=T,PL, (4.4.27)

and they can be constructed from (4.4.22, 4.4.23), by multiplication of the relevant
coefficients of the J and K matrices. Numerical evaluation of phase strains is
simplified by recalling that both thermal strains are isotropic, which suggests that
Km,AO = 0. Therefore, only the coefficient of J in (4.4.26) will appear in
evaluation of the phase strains, which is left for an exercise. Overall eigenstress
is found from (4.4.5)

A=—LmAb = —(c,T\"Lim| + c,T,"Lym;) A6 (4.4.28)

where for spherical inhomogeneities T,” = T, according to (4.4.24). The overall
thermal strain vector is m = [o,«,,0,0, O]T, where « is the overall linear
coefficient of thermal expansion. Overall stress caused by application of &° and
A0 is & = Le" + A, where the overall stiffness is derived in (4.4.25).

Einstein’s (1905) formula estimates the effective viscosity of a suspension
of rigid particles in a viscous, incompressible fluid. An analogous elasticity
solution is obtained by replacing the fluid viscosity coefficient with the matrix
shear modulus G, and by letting K; — oo. Moduli of the rigid particles are
unbounded, G, — oo, K, — o00. Since both phases are incompressible, there
is no overall volume change and the overall bulk modulus is also unbounded,
K — o0, and the Poisson’s ratio v — 0.5. The multiplier of J in (4.4.25), equal
to 3K,, becomes unbounded. However, the overall shear modulus G is finite. By
letting AG — oo in the multiplier of K in (4.4.25) and then taking the limit of the
remainder at K| — oo, we find that

. 5G,(3K; + 4Gy) 5
2G =2G 1 ————————— | =2G1 |1 + = 4.4.29
1+Kllgloo [62 3K 1 26) 1 +202 ( )

which is analogous to the Einstein’s formula for effective viscosity the suspension.
Overall Young’s modulus £ = 3G.

Another application of (4.4.23, 4.4.24, 4.4.25, 4.4.26, 4.4.27, 4.4.28) is to a
porous medium, a matrix which contains a small volume fraction of spherical
cavities r = 2. If the cavities are traction-free, then AK — —K; and AG — —G;
in (4.4.24), and the overall stiffness assumes the form that reveals their weakening
effect.

3K + 4G,
4G,

53K, + 4G))

L =3k [1—6-2 9K, + 8G
1 1

i| J +2G, |:1 - i| K (4.4.30)

When the matrix is incompressible, the overall bulk modulus is also unbounded,
while the shear modulus follows from (4.4.30), as the limit of the second
term at K; — oo. The resulting overall shear modulus of the porous solid is
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2G = 2G(1 — 5¢;/3). Comparison with (4.4.29) shows that the cavities have a
lesser effect on stiffness than do rigid particles. However, the difference between
5/2 and 5/3 is small.

Of interest in applications to geomechanics is evaluation of the bulk modulus
of a undrained porous medium, saturated by a fluid that has elastic moduli
Ky > 0, G,=0, and is under pressure p = —O’,:,f) /3. The porosity of rocks and
condensed soils is usually very small, hence the skeleton may be modeled by a
dilute concentration of cavities, where the pressure is uniformly applied to all cavity
and exterior surfaces. Under such circumstances, the fluid () filling a cavity can
be regarded as an inhomogeneity with the stiffness L 1 = 3K¢J. The G, K, are
moduli of the solid ‘matrix’. According to (4.4.20), the bulk modulus is (1/3) of the
multiplier of the J matrix, in the decomposed form of the overall stiffness L.

The bulk moduli of the undrained and drained or dry porous medium then follow
from (4.4.25) with K, = K 7, and from (4.4.30) as

3K, + 4G,

Ky =K +cyomt W21
H Ry G TES

3K, 4 4G
(K;—K)) Kp=K, [1—@L}

4G,
4.431)

More convenient notation employs strain concentration factors T2D and TZU of the
cavities under drained and undrained conditions

Ky =K+l (K —K) Kp=K(1-alP)=K((-8) (4432
where 8 = 1—-Kp/K; = cszD is the Biot (1941) coefficient. The concentration

factors of the cavities (r = 2) and the matrix or skeleton (r = 1), in the drained
and undrained states are

TP =Bley Ty = T = blex (4.4.33)
2 I+ (TP -DKs /K 1+ (B/eo—DKg/K
and
1— K 1— o1
rp-1=f ___K» TV = 272 (4.4.34)
1—C2 (1—62)K1 1—C2
Equations (4.4.31) can be solved to eliminate G; and yield
B(Ky — K1)
Ky —Kp =aTy(Kr — K KB = K
U p=cTy(Ky 1)+ KB 1+(,8/cz—1)Kf/K1+’3 1
(4.4.35)

which is the Gassman relation between the undrained and drained bulk moduli of
the porous medium.
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Under overall isotropic strain egk /3, applied to the saturated porous medium,
the overall isotropic stress is oy = 3KU£2k. It is also a sum of the stress 3K Degk
caused in the dry skeleton by the applied overall strain, and by the overall effect
of the pressure applied in the cavities. The latter can be regarded as an eigenstress

/\,(i) = —3p. The corresponding overall eigenstress follows from the Levin formula
as A = —3c2pT, = —3Bp. Therefore, the overall stress caused by application

the overall strain &Y, /3 and fluid pressure p is
ou/3 = (Kpel, — Bp) = Kyel, (4.4.36)

This is in agreement with the result of Rice and Cleary (1976). Application of a
temperature change A6 would cause a dilatation of the skeleton, and an addition to
the overall eigenstress. The result can be derived as an exercise, from (4.4.28), by
converting the overall eigenstrain to a corresponding eigenstress and adding that to
Jo = ou/3.

Notice that the simple model of a dilute suspension of particles or cavities
provides generally valid results (4.4.29), (4.4.35) and (4.4.36), which were first
found using different lines of reasoning. Applications of eigenstrains to more
complex material response were developed by Suvorov and Selvadurai (2010).

4.5 Green’s Function and Eshelby’s Tensor in Elastic Solids

4.5.1 Introduction

The Green’s function for an elastically anisotropic solid provides a fundamental
solution to various problems of mechanics and mathematical physics. For an
exposition of the mathematical background the reader is referred to one of the many
mathematical texts (Roach 1982; Arfken and Weber 1995). Here we consider only
linearly elastic solids which are unbounded in extent, homogeneous and everywhere
in equilibrium. The elastostatic Green’s function is defined as the displacement field
at a point x, due to a point force applied at a different point x". For example, in an
isotropic solid, the displacement at x caused by a force P; concentrated atx’ is given
by the generalized solution of Kelvin’s problem (Eshelby 1957; Mura 1987, p. 63)

P
up = Gy(x —x")P; = — [(3 —4v)8; + R

(xi —x'i)(x; — x’,-)}
16wrpu(l —v)R

(4.5.1)

where R = [(x; — x])(x; — x] )]"/2. 1t can be verified that tractions generated by this
displacement field on any closed surface surrounding x” have the resultant P;.

The Green’s function has an exact analytic expression only in the case of isotropy
or transverse isotropy (Lifshitz and Rozenzweig 1947; Kroner 1953; Willis 1964;
Mura and Kinoshita 1971; Pan and Chou 1976; Withers 1989). Many different
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procedures have been proposed to derive the Green’s function. These include the
eigenfunction expansion method (Mura 1987), Fredholm’s technique (1900), the
Fourier transform method (Synge 1957; Barnett 1972), the Radon transform (Bacon,
et al. 1979), and related procedures which involve the solutions of the roots of sextic
equations (Ting and Lee 1997; Lee 2002).

The ellipsoidal inclusion or inhomogeneity problem is one of the few solvable
three-dimensional elasticity problems. As pointed out in Sect. 4.1, pioneering inves-
tigation of the subject is due to Eshelby (1957), who employed the Green’s function
method and solved the problem of an ellipsoidal inclusion analytically. This result
has found a wide range of applications in micromechanics and material physics
communities. A detailed exposition of the topic in the uncoupled mechanical context
can be found in monographs by Mura (1987) and Nemat-Nasser and Hori (1999),
and in the review papers (Willis 1981; Walpole 1981; Mura 1988).

4.5.2 Green’s Function and Its First Derivative

We first recall from Sect. 2.1 that the constitutive relation for linearly elastic
materials can be written as o;; = L;jen where oy is the stress tensor, gy is the
strain tensor and Ly is the tensor of elastic moduli, which satisfies the symmetry
relations Lyy = Lju = Ljx = L. Therefore, the (6 x 6) matrix L=LT has
at most 21 independent components. If u; (x) denotes the displacement vector, the
strain and rotation tensors are given by

1 1
Ejj = E(ui,j + uj,i) wijj = E(ui’j - I/lj’i) (452)

In the absence of body forces, the stress field 0y;(x) should satisfy the equilibrium
equation V - 0 = oy ; = 0. Substituting from (4.5.2) into 0;; = Ljjey yields the
Navier’s equation Lyuy ;j = 0.

To express this equation in terms of the displacement defined by the Green’s
function as ur = G, (x —x") P, we define a unit body force §;,6(x —x’) and arrive
at the governing equation for the Green’s function for a linearly elastic material with
arbitrary anisotropy in the form

*Gp (x — x")

L;
ik 0x;0x;

+8,8(x —x")=10 (4.5.3)

where §; is the Kronecker delta and 6(x — x’) is the Dirac delta function.
Specifically, the Green’s tensor Gy, (x,x") is defined as a field which gives the
displacement component u; at x, in response to a x, component of a unit point
force applied at x’. The Green’s tensor is translationally invariant, centrosymmetric
and satisfies the relations (Bacon et al. 1979)

Gy .) = Gy =) = Gy (&' =x) = Gy v =) @54)
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For convenience, Green’s function will be written as a (3 x 3) matrix form G.
We will employ the Fourier transform method to derive the Green’s function and its
first derivative for generally anisotropic solids. The quantities of the first derivative
of Green’s function are related to the strain fields (and correspondingly the stresses)
due to a point force source, and can also be linked to solutions of point defects
and loops (Willis 1970). The derivation procedure follows the approach of Barnett
(1972), in which the solution is expressed as a line integral over a unit circle. To
start, we let x” be the origin and apply the Fourier transform to (4.5.3). The Green’s
function in the transformed domain is defined by

GE) = 8—7113/G(x)exp(i§ -x)dV(§) (4.5.5)
R

The integration domain R denotes the infinite space. Thus, (4.5.3) becomes
L&t Gry = 8 (4.5.6)

The components of GA,;,~ can be obtained by solving the algebraic equation

Gy(§) = k;' (4.5.7)
where the tensor k;; is defined by

kij = L& (4.5.8)
and k,-jk];1 = §i. It should be noted the é()‘;‘ ) are even in & and are homogeneous
function of degree —2 in |£|.

By employing the Fourier inversion formula, the Green’s functions G is derived
in the form

1 . , .
G(x) = (2n)3 / Gere(~ 8-V ) = s / G (&)cos(t - x)dV (&)
) _
(m s [ 6@ as @

(4.5.9)

where £ = §/|&| = &/r, || = r; dV(§) = r’drdS (), and 0O denotes the
surface of a unit sphere ®. Since (Synge 1957)

fim LS 080 (- x) (4.5.10)
r—00 7 § X
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the Green’s tensors G for a point source at x’ can be represented in terms of a line
integral (Laws 1977)

Gyt — ') = 5 [ Gu@BE - (v~ as (@)
90 4.5.11)
1

= @G
82 |x —x’| éGl(E) s

where ds is element of arc, and the contour C is taken around the unit circle which
has its center at x” and lies in the plane perpendicular to x —x’. The expression of
the Green’s function involves a contour integration around a unit circle. The original
derivation of (4.5.11) dates back to earlier references, see for instance, Lifshitz and
Rozenzweig (1947) and Synge (1957).

For isotropic solids, the integrand G can be obtained and the Green’s function
can be exactly integrated, to yield another form

R 1 92
4 |x — x| 16 (1 —v) dx;0x;

Gy (x —x') x—x'|  (45.12)

where p is the shear modulus and v is Poisson’s ratio. Analytical investigations of
Green’s functions for anisotropic materials can also be found in the works by Willis
(1965), Indenbom and Orlov (1968), Ting (1996, 2000), Ting and Lee (1997), Lee
(2002), Suvorov and Dvorak (2002), and the references cited therein. For general
anisotropic materials, closed form solutions of the integral (4.5.11) are unlikely to
be found. However, it is not difficult to evaluate the integral by numerical integration
procedures.

To perform numerical integrations, define x — x” = t |[x — x’| where # is a unit
vector, expressed in the spherical coordinates as [sin ¢ cos 6, sin ¢ sin 6§, cos ¢]T
The vector .§ in (4.5.9) can be parameterized by (Barnett 1972)

E =ascosf +bysinf s=1,2.3 (4.5.13)
where

a; = sinf a, = —cosf a3 =0

4.5.14

by =cos¢cos by =cospsing b3 = —sing ( )

and in reference to (4.5.11), ds = dp. The integral (4.5.11) can be programmed

for numerical evaluation in a straightforward manner because the integrands are

all well-behaved functions. For example, one can carry out the integrations using
Gaussian quadrature formula (e.g., Press et al. 1989)

N
G(x —x') ~ . > w,G(B,) (4.5.15)
p=1

82 |x — —
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where 3, are the integration points in the interval (0, 27r) and w), are the Gaussian
weights. This numerical scheme, valid for arbitrary anisotropy of the solid, turns out
to be very accurate and efficient. Further, the numerical result will pass smoothly
into the isotropic limit which can be checked with the known exact Kelvin’s
solutions for isotropic solids. A further observation of (4.5.11) indicates that
G = Gj; and that the Green’s functions G follow the decomposition

Gx—x)=|x—x|""gll) I =@i—x))/|x—x| (4.5.16)

where g are even functions of / only. Therefore, G (x,x") = G (x’,x), as in (4.5.4).
To find the first derivative of G(x), differentiate (4.5.11) with respect to x;

G =31 = o [ GUOESE - —xnas® @5
0

From the definition of the delta function and its derivative and by change of variables
(Barnett 1972), this can be further recast in the form

Gis(x —x') = ! - 36 (-6 &)+ EFy (B)|as  @s58)

8ml|lx —x
c

where £ is a unit vector along x — x’, and Fj = Lpys éil,é,jpxq, with p;; = §i t; +§_j t;.

A different parametrization of the unit sphere was adopted by Ghahremani
(1977) and Gavazzi and Lagoudas (1990). A line integral expression for the second
derivative of the Green function was also provided by Barnett (1972). Willis (1975)
reformulated Barnett’s derivation and obtained a general result for all derivatives.
Similar expressions for the Green’s tensors and their derivatives for piezoelectric
solids can be found in Chen (1993a, b) and Chen and Lin (1993).

4.5.3 The Inclusion Problem

Consider an unbounded space €2 containing an ellipsoidal region €2, which has the
same material property as the surrounding matrix, but undergoes certain prescribed
transformation strain j,(x) inside. The constitutive relation can be written in
the form

. 1 xeQ,
0 = L (su — w(x)py)  wlx) = . (4.5.19)
0 otherwise

Substituting this into the equilibrium equation o ; = 0 and employing the Green’s
function, the displacement field caused by the transformation field in the inclusion is
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0

/.
ox’

up(x) = —/Gm,-(x —x')

Q

{w(x") [ Ly (x")]}dx’ (4.5.20)

Performing integration by parts with respect to x” and noting that d/0x; = —d/dx;,
we can show that the strain field in the solid can be expressed as

Emn(x) = — / Do (x — x")A5(x")dx’ (4.5.21)
&,
where the eigenstress Aj(x") = — L, (x’), and
1
Lo (x — x7) = -3 [Gomin(x = x") + Gimj(x — x)] (4.5.22)

Notice that since A;;(x") = A;i(x”), the operator I' is also equivalent to

1
Conii(x —x') = — =[G i ni(x —x') + G ni(x — x’
(= x7) = = 2 [ G . ) (452
+Gm<,mj(x — x')+an,mi(x — x')]

If the transformation field is uniform inside the inclusion, then (4.5.21) reduces
to the form

Emn (x) = _Pmmj (x) A,r, (4524)

where

1
P (x) = -5 / [Ginj(x — x") + Gy j(x — x")]dx’ (4.5.25)
Q,

Equivalently, the elastic strain field can be written in terms of the uniform
transformation field as

gmn(x) = Smnkl(x):ulr(l (4‘526)
where
1
Smnkl(x) = _E / {Lijkl [Gmi,nj (x - x,) + Gni,mj (x - x,)]}dx, = PmnijLijkl
Qr

(4.5.27)

If x € Q,, and the inclusion €2, is ellipsoidal in shape, then this equation gives
the Eshelby tensor S, and (4.5.25) the P tensor (4.2.9). The derivatives in (4.5.25)
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can also be written as

/3 Gpi(x —x7) ¥’ 8712/8)6,,3)6;[ Gi (€) 8 ((x —x")-£)dS (€)dV (x)

0x,0x
Qr

1 2l o
= '87_[2 / axnan /Gmi (S) w (X,S) ds (E)
Q

90
(4.5.28)

where

/5 x—x')-E]dV (x') (4.5.29)

The ¢ (x, .§) is the area of the section €2, cut off by the plane through x and

perpendicular to €. If the inclusion is an ellipsoid, one can integrate this analytically.
For example, if the ellipsoid is characterized by o;x] x} = 1, it was shown by Laws
(1977) that for x € 2,

¥ (x. &) = P —(x- 5)2} (4.5.30)

xa

where 1 = o '§;€; and o = det o From (4.5.25,4.5.26,4.5.27, 4.5.28, 4.5.29,
4.5.30) we now have

j + Gui (€) Eméj] ds () 4.5.31)

It is seen that P does not depend on x for x € 2,. If the ellipsoid is coaxial with
the coordinates, and a;, a,, az are its semi-axes, then the strain and rotation fields
inside the inclusion can be expressed as

a\ara 1 - z
ey == [ 522 [ S Pu@as@ | au
90 (4.5.32)
ajara 1 P z
wj = — 14; 3/ 73 R )ASE) | A
90
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where Pl:jk](é), Rl:jk](é), and ¢ are given by

_ 1 _ _ _ - _ -
Pia(§) = 3 [k &6 + ki 68 + ki 66 + K 6]
Riu®) = 3 [k 6 — k'l + k'R — kB ) (4533

— - .1
t = (a1€] + a38; + a3§3)’

Forms equivalent to (4.5.25) can also be expressed as (Chen 1993b)

1 Xpn
Py = y—— / r4 = (kynjng + kan jng + kyning + kyning) dS
1a20a3
92,
1 Xpn
R = y— / r4 = (kiynjng —kan jng + kyning — kyning) dS
1a2a3
92,
(4.5.34)

where n is the unit normal of the ellipsoidal surface €2, and k; = (o U with ¢ =
L ijkin jny.

Except for some typical ellipsoidal shapes of the inclusion in materials with
certain elastic symmetry, closed form expressions for the P tensor or the Eshelby
tensor S cannot be found analytically. However, to evaluate the P tensor for arbitrary
anisotropy of the medium, and for any shape of the inclusion, one can carry out the
integrations numerically in terms of Gaussian quadratures. In order to do this, the
integrals in (4.5.32) are first parameterized on the surface of a unit sphere following
a coordinate transformation described by Mura (1987). For example, the tensor Pjjy
in (4.5.25) can be written as

1 2
1 o o o _
P = Tow / d§3/ (k& & + k& + k€& + kp&i&r)do (4.5.35)
5 0

where

ki =k (€) & = ¢i/a; (nosumon i)
G=(1-8)coso &H=(1-8)

The double integral can be computed using the Gaussian quadrature formula
(Chen 1993a)

(4.5.36)

=
=

sin w

| MoN o o o o
Piju = Tow Z [(kick; & + k€& + ki€ + kibi&x) wpq (g C3p) ]
p=1g=1
(4.5.37)
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where éi = éi (wq, §3p), M and N refer to the Gaussian points used for the integra-
tions over {3 and w, respectively, and w), are the Gaussian weights. The selection
of the integration points M and N depends on the aspect ratio of the ellipsoidal
inclusion, material constants, and the desired accuracy. Similar expressions can also
be written for the R tensor.

4.5.4 The Tanaka-Mori Theorem for Exterior Fields

This is a very useful theorem that provides an estimate of the average strain caused
in the exterior of a homogeneous inclusion €2, by a uniform eigenstrain p},; applied
in the interior of this inclusion (Tanaka and Mori 1972). The double inhomogeneity
model described in Sect. 7.4 is based on this theorem. Recall from (4.5.26) and
(4.5.27) that the total strain field caused by p;, in a large volume €2 is

1
Emn(X) = —Eu,rd/ {Lijwi [Ginj (x = x") + Griwj (x —x')]}dx"  (4.5.38)
o,

If the inclusion €2, has an ellipsoidal shape, then the integral is constant for x € ;.
The stress field associated with this strain field is 0y, (X) = Lynpglepg(X) — fpql,
with p,, = 0forx ¢ Q,.

Next, suppose that two other domains €2 and €2, surrounding €2, are defined
such that 2, € Q; C 2,. Their shape, size and position can be selected as desired.
Let us now find the integral of (x) in 2, — ;.

1
/ Enn(x)dx = —3 / dx { / 1 Lt [ Gt (5 — %)+ G (x — x')]}dx'}

Q—Q Q- r

(4.5.39)

Since the integrand has no singularity in €2, — €2, the order of integration with
respect to x and x’ can be interchanged, and

1
/ Emn(x)dx = _E /dx, {n / I’LZ‘[ {Lijkl [Gmi, nj (x —x")+ Gm’,mj (x — x’)]}dx}

Q;—Q Q 2—Q

(4.5.40)

The integral on the right hand side is actually equal to the strain generated at x’” € Q,
by the uniform eigenstrain ji;, applied in the interior of £, — €.
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If both 2, and 2, are ellipsoids, then (4.5.27) provides the integrand in the form

1 A Liga [ G (% = %) + Gy (x — x") ] }dx
oo, (4.5.41)

= [Spnia(R2) — Sy (21)] 11y

=

Since both S,,1(€22) and S,,,x(€21) are constant tensors, their difference is a
constant tensor in £2,. Substituting (4.5.41) into (4.5.40) and completing the
integration over €2,

1 .
- / Smn(x)dx = [Smnkl(QZ) - Slnnkl(Ql)] I"L;(l (4542)

r
Qr—Q

Finally, from (3.5.2), the average strain caused inside the volume 2, — Q2 by the
eigenstrain iy, € 2, C Q C 2, follows from the last equation as

1 Q
(2:—Q1) (x)dx = r S i(a) — St (2 .
Eumn Q,— Q / € (x) X Q- Q [ kl( 2) kl( 1)] M
Qr—Q
(4.5.43)
In Q,
_ 1
Srnn = Q_/Smn(X)dx = Smnkl(Qr),U«/rd (4544)
r

Q

It is also of interest to determine the average local strains in a double inclusion
in a homogeneous medium L, consisting of two ellipsoidal volumes $2; and €2,
such that Q, = Q; C Qj; Fig. 4.3. The volume surrounding €2, is denoted by
Q, = Qy — Q,. Two distinct uniform eigenstrains are applied, denoted by uf, in
the entire volume 2, and by uf, — uf, inside Q,. Of course, this is equivalent
to simultaneously applying p,fl in Q, and uy, in Q,. The strain average created
in Qg by p,fl, applied alone in the entire €2, is equal to Smnkl(Qz),ufl, while the
contribution of 1}, is suggested by (4.5.43). Superimposition of the two fields yields
the average strain in the surrounding 2, as

_ Q
sygnn = Smnkl(QZ)Mil + er [Smnkl(QZ) - Smnkl(Qr)] (H}rcl - Mf]) (4‘545)

Q)

while in 2,

é:,m = mnkl(QZ)Mil + Smnkl(Qr)(M;;l - /*Lfl) (4‘546)
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Fig. 4.3 Geometry of the double inclusion

The results (4.5.43) and (4.5.44) hold for any ellipsoidal shape and position of
Q, € Q) C Q;. However, if both | C 2, and 2, C 2 have the same shape and
alignment and only different size, then they also share the same Eshelby tensor. For
example, one can select a particular ellipsoidal shape for all 2, = Q; C €2, and
conclude that the total strain average caused by u;, € 2, inside Q,= Qj, — Q, is
equal to zero.

Another interesting result that follows from the theorem extends the Eshelby
solution to strain and eigenstrain averages. Indeed, the average eigenstrain in the
volume €2, in the homogeneous medium Ly is given by the Levin formula (3.8.11)
as ,u,(j) = fuy + (1= HHuss f = Q,/Q, since all B, =1I. Then, (4.5.45) and
(4.5.46) yield the average strain in €2,

ED = [f&, + (1= &) = S (4.5.47)
In a similar way, it can be shown that the above mean field theorem also holds
for the rotation tensor @. Extension of the Tanaka and Mori (1972) result to non-

uniform transformation fields in the inclusion was described by Hori and Nemat-
Nasser (1993).

4.5.5 Shape-Independent Relations

Milgrom and Shtrikman (1992) derived the following exact relations between the
coefficients of the Eshelby’s tensor for all geometric shapes of inclusions, which
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reduce the number of unknown coefficients. Recall from (4.5.26) that the strain
caused in the inclusion €2, by a uniform transformation strain j;, applied inside
Q, is

smn(x) = Smnkl(x),u;;l [4.5.26]

where S,,(x) was expressed in (4.5.27). Notice that there are no restrictions on
the location of the point x, or on the geometric shape of the inclusion. Using the
definition (4.5.3) of Green’s functions and taking the ip trace there, Milgrom and
Shtrikman (1992) show, with reference to (4.2.9), that

Miju Qi = Lijij — Siji = 3 (4.5.48)

where M, denotes the compliance of the comparison medium, where both
Qi and Sy are evaluated. Since Iy = (0idji + 0udjx)/2 and Ij; = (8 +
8;i6;7)/2 = 6, there is

Sji; =3 forx € Q, (4.5.49)

and zero outside the inclusion.
Dually, a corresponding dimensionless tensor relates the applied transformation
stress Ay applied in €2, to the resulting stress field in (4.5.19) as

Omn(xX) = W) Lkt — St ()] As = T () A (4.5.50)

This can be verified, with SM = P in (4.2.9), and with (4.5.19) and (4.5.26), that
o0 =Le—wp,) = LS —wlhu, = wl—S)'A,, where A, = —Lpu,. The
tensor T* = (I — S)" is not related to the T, in Sect. 4.2; it can be written as

Tr:nkl = [W(x)lmnkl - Smnkl(x)]T
T
1
= E / Lijkl (Grm nj + Gm', mj) dx’ + (8mk8nl + 8m18nk) W(X) (4‘551)

r

In an analogous manner, one can show that

*
T

=3 forx € Q, (4.5.52)
and zero outside $2,.

A remarkable feature is that these are pointwise relations valid for the entire
domain without regard to the geometric shape of the inclusion, or to the elastic
symmetry of the medium. For inclusions of ellipsoidal in shape, Hill (1965a,

Eq. (20)) derived an equivalent to (4.5.51) using a different approach.
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4.6 Coefficients of P Matrices for Selected Ellipsoidal Shapes

4.6.1 Sources and Notation

Evaluations of the field averages in the phases, and of the total and interaction
energies caused by the various applied loads, both require numerical values of the
coefficients of the matrices representing the partial strain or stress concentration
factors 7, or W, for specific inclusion or inhomogeneity shapes. They are also
needed in evaluation of actual mechanical concentration factors described in Sect.
3.5.1. As suggested by (4.2.13), (4.2.14) the concentration factors are functions of
the phase elastic moduli and of the Hill’s tensors P, that reflect the effect of shape,
and depend only on the stiffness of the solid surrounding the inhomogeneity.

Derivation of these tensors is outlined in (4.5.31-4.5.37). Several different
integration procedures are given in detail in the original papers by Hill (1965a),
Walpole (1969, 1977, 1981), Willis (1980, 1981), and Laws (1977, 1985). Suvorov
and Dvorak (2002), derived expression for the rate P of the Hill’s tensor in
anisotropic solids which experience prescribed rates of change in the coefficients of
their stiffness matrices. Such changes may be caused, for example, by temperature
or moisture content variations, or by phase transformations. Masson (2008) used
the Cauchy theory of residues to derive new expressions for P tensors in general
anisotropic solids. An extensive derivation and collection of the § = PL tensors
appears in Mura’s (1987) monograph, among others.

Additional results can be found in Kroner (1958), who evaluated the Eshelby
tensor S for a spheroid in an isotropic material. Willis (1980) presents coefficients
of P for a flat disc, with semi-axes (a, a, €a), ¢ < 1 in an isotropic solid, to first
order in &, and also for a thin cylinder with semi-axes (g/, &/, [), ¢ < 1, to second
order in ¢. Laws (1985) derived the P tensor to first order in & for a penny-shaped
crack in a transversely isotropic material. Withers (1989) derived the Eshelby tensor
S for oblate and prolate spheroids in a transversely isotropic solid. For spheroids
in an isotropic solid, the P tensor is given by Ponte-Castaneda and Willis (1995).
Derivations of the S and P tensors in piezoelectric solids can be found, for example,
in Benveniste (1992), Chen (1994), Deeg (1980), Dunn and Taya (1993), Dunn
(1994), Huang and Yu (1994), Kuhn et al. (2002), Michelitsch and Levin (2000)
and Mikata (2000).

Here we present a collection of results that should be useful in finding the
concentration factors for many typical shapes of ellipsoidal inhomogeneities and
cracks in both isotropic and transversely isotropic solids. The contracted tensorial
and Walpole’s notations of Sects. 1 and 2.3.2 are used. Inclusion shape is given by

(x1/a1)* + (x2/a2)* + (x3/az)* = 1 (4.6.1)

where the coordinate system is aligned with the principal axes of the ellipsoid, and
is also used for stiffness or compliance of the host medium. Of course, except in
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isotropic media, ellipsoids that are not aligned with the principal directions may
perceive the host medium as highly anisotropic. Even in an isotropic medium, the
P tensor of a misaligned ellipsoid has to be transformed to the overall coordinate
system of the representative volume. The (6 x 6) matrix form is transformed using
the X matrix, as described in Sect. 1.

Recall from (4.1.1) that the strain in a homogeneous ellipsoidal inclusion €2,
which is transformed by uniform eigenstrain u, is also uniform and given by &, =
S i, Definitions (4.2.9) of the tensors P and Q suggest that the local fields inside
the transformed homogeneous inclusion are related by (4.2.12), or by

e =Moo, +p,=—PA, o0,=Loe, +A,=-0p, 4.6.2)

where A, = —Lou, is the eigenstress that would be caused by p, in a
fully constrained volume €2,. Therefore, the P has the dimension of compliance.
Transcription of a (9 x9) matrix Py to the (6 X 6) matrix P,g, written in the
contracted tensorial notation, should follow the rules for subscripts in (1.1.8).
However, when &, — ef G = @ e, in the engineering matrix notation (1.1.12),
then Pyg = Py for o, B < 3, but P,g = 2Py for either « or B < 3, and
Pug = 4Py forboth o, B > 3.

4.6.2 A Spherical Inclusion in an Isotropic Solid

This shape is defined by letting a; = a, = a3 in (4.6.1). The result is written in the
tensorial component notation (2.2.29) as

p— 1 3(Ko + 2Gy)
3K, + 4Gy 5Go(3Ko + 4Gy)

(4.6.3)

where J and K are the projection tensors defined in (1.1.19). The related Hill’s
constraint tensors L™, M™ for a spherical cavity are shown in (4.2.11). In terms of
the Lamé constants (2.3.7), Lo = Ko—2Go/3, o = Go, The nonzero components
of the P = PT tensor are

6Ky + 17Gy
2T I T U5G,(3K, + 4Go)
—(3Ko + Go)
Py = Pjy = Py = 4.6.4
AT T U5G,(3K, + 4Go) (4.64)
3(Ko + 2Gy)
Pu=Pc=Pp = —M  —~
M IS T T 560K, + 4Go)
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4.6.3 An Elliptical Cylinder in a Transversely Isotropic Solid

The elliptical cylinder shape is obtained by letting a3 — oo in (4.6.1), as
xtjal +x3/ai <1 p=a/a (4.6.5)

Both the cylinder axis and the axis of material rotational symmetry are aligned with
the x3—direction. For p # 1, the P tensor it is represented by a (6 x 6) matrix
with the following nonzero coefficients derived by Suvorov and Dvorak (2002) for
XA =X3

_ p(L3, + Lgg) +2Lgg _ p(Lgs — L3,)

Py = o 5 Pop=—-——F—"3
2L9,L0(1 + p) 2L, L0 (1 + p)
LY, + L% (1 +2

Py = ol 220 = a6 2/0)] Py = # (4.6.6)
2L5, LY (1 + p) w1 +p)

LY,(1 + p?) + 2pLY 1
Pes = —2 P Pl ps

L, Lgs(1 + p)° L§y(1 +p)
This result holds in contracted tensorial notation when L}, = L% = 2py, LY =
2m, and in the engineering matrix notation when L}, = LY = po, L% = my.
Results for an elliptic cylinder in an orthotropic solid were also derived in op. cit.
The Lioj can be found in terms of Hill’s moduli (2.3.3), after exchanges of the first
and third rows and columns to conform with the present x4 = x3 convention. For a
circular cylinder, the P matrix in Walpole’s notation appears in (4.6.11).

4.6.4 A Slit Crack and Flat Disc in an Orthotropic Solid

Laws (1977) obtained the P tensor for an inclusion in the shape of a flat ribbon or
slit crack in an orthotropic material. The slit is located in the principal x;x3 — plane,
aligned with x3—axis, and x; is the normal to crack plane; x4 = x3. The non-zero
coefficients of (6 x 6) P matrix in the limit ¢ = a,/a; — 0, correct to the order
O(e), are

P Ly + Les(@p)'/? Po— e Lz + Les
1= 2=

Ly Le(a'/? 4+ B1/2) L1 Les(af)* (/2 + B1/2)

1 Ly—L 12 1 Lss)'/?
Py = Lyl ss[al; B+ (aB) 7] Py = — — a% (4.6.7)
L22 L22L66(O(,3) (O(l/2 + ﬂl/Z) L44 (L44)
1 1 2(Li1Ly — L?

I (L11La )

——— 5 Po=-—-¢
(L44L55)1/2 L66 LIIL%6(05/3)1/2(051/2 + :31/2)
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where L;; denote the stiffness coefficients of the comparison medium in contracted
tensorial notation. The &, B are roots of

LiiLegx® — (L1 Loy — L3, —2L13Les)X + LayLes =0 (4.6.8)

Chen (1994) found the P and related tensors for a slit-like inclusion in an
orthorombic piezoelectric solid.

A flat disc resides in a transversely isotropic medium with principal material
directions x;, on the x,x3 — plane with normal x4 = x;, which coincides with one
of the principal directions. The shape is defined as

x3/ay +x3/a3 < 1 (4.6.9)
The non-zero components of P are
Py =1/LY; Py=1/Ly Pss=1/LY% (4.6.10)

According to (2.3.3), LY; = no, Ly, = L% = 2po, in the contracted ten-
sorial notation. The P matrix for a penny-shaped crack, taken as a spheroid
(a, a, ea),withe < 1 and also for a fiber of large length a, (ea,ca,a), in an
isotropic medium, both correct to the order O(¢), was evaluated by Willis (1980).

4.6.5 Spheroids in an Isotropic Solid

Ponte-Castaneda and Willis (1995) found the P matrix for an oblate or prolate
spheroidal inclusion in an isotropic medium. This matrix is transversely isotropic,
and in the Walpole’s notation (2.3.14), it is written as

P = (2kp.lp,np.2mp,2pp) (4.6.11)

The coefficients are not actual Hill’s moduli, they only indicate the structure of P
when they replace their counterparts in the stiffness matrix written in terms of those
moduli.

The spheroid surface may be generated by rotation of the ellipse (4.6.5) about
the x4 = x;—axis, as in Fig. 7.5. The results apply to both oblate (p = a;/a, < 1)
and prolate (p > 1) spheroids, providing that the parameter

B 12
h plarccos(p) — p(1 — p°) '] for p <1
(- pz)l/z
4.6.12
plp(p> — 1)"* — arccosh(p)] o
L for p > 1

(=1
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The coefficients of P in (4.6.11) are

L [Th =201+ 20)p*1Go + 3[h —2(1 = W)p?]Ko

" 8(1 — p?)(4Gy + 3K0)Go

Iy = [2(1 — h)p* — h](Go + 3Ko)

"7 T4 p) 4Gy + 3K0)Go

_ _ _ 2 _ _ 2
py = 16=5h=8(1=mpGo + 3lh — 21 = )p]Ky 46.13)
2(1 = p?)(4Go + 3Ko)Go

I [15h —2(1 + 6h)p?]Go + 3(3h — 2p*) K,

P 16(1 — p2)(4Go + 3Ko)Go

_ 2(4—3h—2p")Go + 3[2—3h + (2 —3h)p*]Ko

pr = 8(1— p2)(4Gy + 3K0) Gy

The K and Gy are elastic moduli of the isotropic comparison medium that contains
the inclusion. Since Ly is isotropic, the results depend only on the aspect ratio of the
spheroids, not on the choice of the x4 axis.

4.7 Summary of Principal Results

Results derived in this chapter can be used to evaluate local volume averages of
strain and stress fields in either a homogeneous inclusion Ly, an inhomogeneity L,,
or a cavity or crack that occupies a volume €2,, in an infinitely extended volume
Q = Qo + 2, filled with a homogeneous, possibly anisotropic solid of stiffness
Ly. Overall averages of these fields at dilute concentrations appear in Sect. 4.4.
Phase elastic moduli which provide coefficients of the (6 x 6) matrices Ly and L,
are assumed to be known. Homogeneous boundary conditions are prescribed on
the surface d2 that apply either displacements creating a uniform overall strain
€, or tractions generating uniform overall stress o at the remote exterior points
of Q,. Moreover, applied independently of mechanical loads, are uniform phase
eigenstrains or transformation strains g, and p,, in €2, and €2, respectively.
Related eigenstresses or transformation stresses are A, = —L,u, in Q, and
Ao = —Lop, in Q0. These terms define two distinct, dimensionally consistent load
sets {€%, i, o} and {62, A,, Ao}

Local fields, caused by either one of the two load sets in inclusions, in-
homogeneities and cavities of ellipsoidal shape, are uniform. Actual shapes of
these entities are approximated by selected ellipsoids. Then, coefficients of the
P matrices in Sect. 4.6 are assembled for selected shapes, using elastic moduli
of the surrounding phase Ly. All results of interest for the load set {eg, M ot
follow in terms of the known load set components, the three matrices Ly, L, and
P, and the volume fraction ¢, < 1 for dilute approximations of local and overall
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fields. For the load set {ag,lr,lo}, the results are obtained with the matrices
M, = Lgl,]\/l,. = Lr_1 and Q@ = Lo(I — PLy). Relevant parts of previously
derived relations are denoted by their equation numbers in [ e | brackets.

4.7.1 Homogeneous Ellipsoidal Inclusions

Strain and stress fields in a homogeneous ellipsoidal inclusion Ly in €2, are uniform,
and for the load set {&%, i, , it} they are

o, = LO[S% — R, + S(”/r - I’LO)] = L()(é'r - I'l'r) [4.13]
& = e(g)z +S(M’r _”’0) = Mo, T,
For the load set {o%, A, Ao}
&r =Moo+ o+ S, — o) = Moo, + p,
o [4.1.2]
Oy =05 — LO(I - S)(”’l - I’l’O) = L0(€r - ”’1)

where S is the Eshelby tensor for a selected ellipsoidal shape of €2,.

4.7.2 Inhomogeneities and Cavities of Ellipsoidal Shape

For the load set {e%, I, lo}, the strain and stress fields in an inhomogeneity L, are

e, =T ey +R,pu, +Ropy o,=0L,(e,—p,) [4.3.2]
where
T, =[I +P(L,— L) [4.2.14]
and
R,=T,PL, R, =-T,PL, [4.3.7]

The P tensor is related to the Eshelby tensor S by

P=SL;'=(L*+Ly) '=P" Q=LyI—-PLy)=M*"+M; '=0Q"
PLy+My0 =1
[4.2.9]

and L*, M* are Hill’s constraint tensors describing stiffness and compliance of an
ellipsoidal cavity (4.2.10).
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A traction-free cavity is regarded as an inhomogeneity with vanishing stiffness
L.—0,hence T, > (I —S)"",R,, > 0,R,c = —(I —S)~'S. However, if the
cavity wall is loaded by surface tractions that generate an average stress o ., then the
cavity strain average is

& =U—-S8) (e —Sny) —M*s¢

e [4.3.27]
=T —-8) [eq— S(po+ Moa;)]

For the load set {ogz, Ay, Ao} the stress and strain fields in an inhomogeneity L,
are

o, =W,6% + Ny, + Noro & = Mo, +p, [4.3.3]
where
W, =[I + Q(M, — Mo)]™' [4.2.13]
and
Ny =W,0M, N,o=-W,0M, [4.3.8]

The mechanical partial concentration factors T, W, need not be diagonally sym-
metric, however

T,P = PT' W,Q=QW}

[4.2.15]
T.(L, —Lo) =(L, — Lo)T," W,(M, — Mo) = (M, — Mo)W,"

The (6 x 6) matrices R,,, R,o and N,,, N ;¢ need not be diagonally symmetric, but
it can be verified that

R,.M, = MR N,L,=L,NT [4.3.9]
Useful connections are
Tr+Rrr+Rr0:I Wr"l‘Nrr"f‘NrO:I

WrLOZLrTr MWr:TrMO

A cavity that is loaded by surface tractions, in equilibrium with uniform stress
6 on its wall, and subjected to the eigenstress A in its exterior and to a remotely
applied uniform stress ¢, undergoes the average strain

[4.2.5]

M*6¢ = —S) "Moo — MoAo— & [4.3.31]
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In a traction-free cavity, 6; = 0. Since 0?2 = Lo(eg2 — Ig), [4.3.31] and [4.3.27]
yield the same cavity strain. Partially debonded inhomogeneities are discussed in
Sect. 4.4.3.

4.7.3 Multiphase Aggregate with Dilute Reinforcements L,
in Matrix L,

Volume fractions of phases r = 1, 2, ...n are defined by

o =1- Z'r’zz ¢ Z':Zz ¢ = Z':zz V)V < 1 [4.4.1]

The reinforcements r = 2, ...n interact only with the matrix r = 1, but not with
each other.

For the load set {€°, w,, p,}, where p, is a uniform eigenstrain applied in the
matrix r = 1, the phase field averages are

0
cieg =€ —) c&g 01 =Li(er—py)
; [4.4.2]

& = Tr€0 +Rap, +Ryp, o, =L, (e, —p,)=0L,e, + 4,

Overall stress caused by the applied overall strain and by phase eigenstrains is
obtained from the Levin formula as

N N
Y o, =6=Ley+A=Ley+ Y cTIA, [4.4.5]
s=1 s=1
where A = —L ji is the overall eigenstress at e"=0,and A, = —L,pn,ate, =0.

Overall stiffness of the dilutely reinforced aggregate is

N N
L=cLiTi+) LT, =Li+) (L —L)T,

r=2 r=2
[4.4.6]

N
=L+ ¢[Pr+@L,—L)"I"'=L"
=2

Strain and eigenstrain concentration factors T,, R,,, R, follow from [4.2.13] and
[4.3.7] above, with Lo =L;.
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For the load set {a°, A, A1}, field averages in the phases are

1 n
o, = _—[ - csas] e1=M(o;—24))
1 5=2 [4.4.7]
o, = ‘/VraO +NaAi +NyA, e = M‘(ar _A‘r) =Moo, + My
where i, = —M, A, and W,, N,,, N, appear in (4.2.13) and (4.3.8).
Overall strain caused by the load set {6°, A,, A}, with .= — M.A,,
my = —Allll,m
N N
Y e, =g =Mo"+ j=Ms"+) W p, [4.4.10]
s=1 r=2

Overall compliance of the aggregate is

N N
M=cM\Wi+Y oMW, =M+ c(M-M)W,=M" [44.11]
r=2 r=2

As shown in (4.4.12), the overall compliance of a dilutely reinforced solid is
M=L".



Chapter 5
Energies of Inhomogeneities, Dilute
Reinforcements and Cracks

As in the previous chapter, we consider homogeneous inclusions and inhomo-
geneities in subvolumes €2, of an infinitely extended homogeneous volume 2
of a comparison medium or ‘matrix’ of stiffness Ly; the total volume Q =
Qo + 2. In Sects. 5.1.4 and in 5.2 and 5.3, we examine composite aggregates
with dilute reinforcement, which may consist of many distinct inhomogeneities L,
in a matrix L, as described in Sect. 4.4. Systems containing cracks are discussed in
Sect. 5.4. Loads applied to both single and multiple inhomogeneity systems include
displacement or traction fields acting at a remote boundary to generate uniform
overall strain or stress, and piecewise uniform, physically based eigenstrains in both
matrix and inhomogeneities. Those include thermal and moisture-induced strains,
phase transformations, and inelastic strains. Low loading rates causing only small
strains are assumed.

When applied separately to a homogeneous material, each of these loads
generates a certain amount of potential energy 7’ defined in Sect. 3.7. When applied
together to a heterogeneous material, they generate the total potential energy,
which is equal to the sum of the energies caused by the applied loads and of the
potential energy generated by interactions between individual load components
and/or inhomogeneities. Different interaction energies are derived for selected
combinations of applied loads and material configurations. The results are useful in
several applications, e.g., in estimating the energy released by interfacial decohesion
of inhomogeneities from the surrounding matrix, or energy changes associated with
phase transformations.

Many aspects of this subject were examined by Eshelby (1956, 1957, 1961)
and Mura (1987), who were using the equivalent inclusion method of Sect. 4.3.2
to simulate local fields in inhomogeneities. The present treatment describes local
field averages by the partial mechanical and transformation concentration factors
found in Sects 4.2 and 4.3, and it covers a much broader range of problems.

G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 125
and Its Applications 186, DOI 10.1007/978-94-007-4101-0_5,
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Since equivalent eigenstrains are no longer needed, the role of physically based
eigenstrains in the energy balance becomes more transparent. Eshelby’s results are
recovered as special cases, and Mura’s often appear along the way to a more explicit
form.

Energy terms evaluated in the different systems include the strain energy 7/ gen-
erated by surface displacements causing uniform overall strains €% or &°, and by a
distribution of uniform phase or subvolume eigenstrains p,. The potential energy ¢
is generated by surface tractions causing uniform overall stresses ' or ¢, and by
a distribution of uniform phase or subvolume eigenstresses A, = —L [,

As pointed out by Eshelby, in the context of thermodynamics, the strain energy
is the Helmholtz free energy of a selected volume V of the aggregate, F = W —
608, where the product of absolute temperature and entropy 65 = 0 at isothermal
conditions. The potential energy ¥ is the Gibbs free energy ¢ = ¥ — 6.5 under
such conditions. To preserve these conditions, material properties are assumed to be
independent of temperature changes.

5.1 Energy Changes Caused by Mechanical Loads

5.1.1 Uniform Overall Strain Is Applied

To introduce the subject, consider a solitary inhomogeneity L, of arbitrarily shaped
subvolume 2,, perfectly bonded along the interface 92, to the volume 2y = Q —
2, of a comparison medium Lg. A uniform overall strain e% = &g is applied, but
no phase eigenstrains are present. Volume average of the equilibrium stress fields in
the phases is

(x)dV = — |:f Loe(x)dV + f Lre(x)dV]
o (5.1.1)

Qf— O~

Sy
Q
[f Loe(x)dV + f (L, —Lo)e(x)dV:|

The second integral is now written in terms of the partial strain influence function
T, (x), which for ellipsoidal inhomogeneities reduces to the concentration factor T,
in (4.2.13).

1 1 Q,
5 / (L = Loje(x)dV = / (L = LT (x)epdV == (L, — Lo)T &}

(5.1.2)
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The elastic strain energy 7/ of the strained volume Q = ¢ 4 €2, is found by
utilizing the statically admissible stress averages (5.1.1) and (5.1.2) in the virtual
work equation

1._
/[a(x)] e(x)dV = 758 e (5.1.3)
where the applied uniform strain €% and the local field &(x) are selected as the

kinematically admissible set. After substitution from (5.1.1) and (5.1.2), the total
strain energy is decomposed into W = Uy + W)

1
Wh = 5(e) LoegQ
. . (5.1.4)
Wy = S(e0) (Lr = Lo)TreqQr = S (e5)" (W, Lo — LoT,)eg 2

where L, T, = W ,Ly. W is the energy of the homogeneous comparison medium
under e%, and W is the interaction energy between the inhomogeneity L, and
the prescribed overall strain e%. In subscript notation, for an inhomogeneity of any
shape for which the integrals exist

/(811)9 I/szrkl(x)Lklmn Lglekrlmn(x)](gmn)?de (5.1.5)

It is often convenient to write %/ as a surface integral over the interface 0€2,.
Actual interface traction and displacement vectors, caused on the ‘matrix’ side 92,
of the interface by the applied overall strain e% are defined by

li = ojn; and wu; = EjX; Xi € an_ (5.1.6)

We also define the displacement and traction vectors

W and 7P =67n; = L (en)on, (5.1.7)
that would be generated on this interface dQ:F, drawn in a homogeneous volume
Q, by the overall strain (¢;), = u’ ; applied at d2. Substituting these vectors
into (5.1.5) provides the interactlon energy between the overall strain and the
inhomogeneity L,, evaluated as an integral over the surface 0€2,, following the
sequence shown in (3.7.1)

/[(eu)goy(x) sy(x)cr av == /(t, —1; 2y;)dS (5.1.8)

39,
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This result is a form of the Eshelby (1956) formula, indicating that at a given
overall strain, the interaction energy is generated by the work of the tractions
and displacements at the interface of the inhomogeneity on those acting there
in a homogeneous medium, respectively. As shown later, this result also applies
to interface tractions and displacements associated with an imperfect interface,
where the local field averages comply with (4.3.27). Moreover, this result applies
to interaction between the applied strain €} and a traction-free cavity in Q,; in
that particular case, L, = 0, W, = 0 in (5.1.4) and (5.1.5), causing t;, = 0O
in (5.1.8).

5.1.2 Uniform Overall Stress Is Applied

Next, the above material Ly € ¢ containing a perfectly bonded inhomogeneity
L, € Q, of arbitrary shape is loaded by a uniform overall stress o applied at
a remote external boundary dQ by surface tractions t? = (0;)%n ;. The resulting
overall strain is u; ; = ész Evaluation of the potential energy V of the aggregate
and applied loads utilizes the Clapeyron theorem (3.7.1) and virtual work of the
equilibrium stress state on the phase strain averages. The result is

1 1 1
(— E/GUSUdV — / tiu;dS = —E/Uijé‘ijdv = _E(GU)(S)?ES}Q (5.1.9)
Q aQ Q

A procedure similar to (5.1.1), (5.1.2), (5.1.3), (5.1.4), provides the strain
averages and the total potential energy as ¥/ = 14 + 17, where

1
% - —E(G%)TM()O'?ZQ

1 1
V= _E(ag)T(Ml - MO)WI'G(g)ZQI' = E(og)T(MOWr - TrMO)angr
(5.1.10)

The W,, given by (4.2.13), is the r-phase volume average of the partial stress
influence function W, (x),and T,My = M, W,.

vy = ¥ — U is the interaction energy between the prescribed stress a% and the
inhomogeneity L,. A surface integral form is obtained in analogy with the sequence
(5.1.5), (5.1.6), (5.1.7), (5.1.8), as the original form of the Eshelby (1956) formula

1
V= / (18~ ur)dS (5.1.11)

99,
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where ¢;, u; denote actual traction and displacement vectors on 92 ,+ , the ‘matrix’

or cavity side of the interface, analogous to those in (5.1.6). On the other hand,
tractions and displacements

0= ey and @ =6 = Lo G112
would be caused on dQ " if the applied overall stress was applied to a homogeneous
medium M .

For a solitary inhomogeneity that has no effect on the magnitude of overall
stiffness L, the overall stress and strain are related by 6 = Lo€q. Substituting
this into (5.1.10); shows that the interaction energies (5.1.8) and (5.1.11) are
identical, not affected by the changed boundary conditions. However, %} and 1}
have opposite signs. Notice that these forms of the interaction energy between
overall mechanical loads e% or a?z and an inhomogeneity L, involve only surface
tractions and displacements acting at 9<2,, assuming perfect contact. Imperfect
contact may involve additional work of the surface tractions on displacement jumps.

Since the energy 74 in a homogeneous medium L, derived in (5.1.4), is
independent of L,, any changes in L, are reflected only in the interaction energy.
If the inhomogeneity has a ‘higher’ stiffness than the comparison medium, or
more precisely, if the matrix L, — L is positive semi-definite, then M, — M
is negative semi-definite and the interaction energy is positive. On the other hand,
an inhomogeneity with ‘lower’ stiffness than the medium L, reduces the total
potential energy. Therefore, in the former case, the interaction energy is available
for a phase transformation or interface separation that reduces the effective stiffness
of the material inside 2,.

Eshelby (1961) decomposed the total energy that may favor formation of a new
inhomogeneity or precipitate into four parts,

rVw[ = % + rVA + rVinc + (VI (5113)

where 14 + 74 represent energy of the loading mechanism and the potential energy
caused by external loads, both evaluated in the absence of the precipitate. ¥}, is the
increase in potential energy cased by introduction of the precipitate at zero overall
stress, and 17 is the interaction energy. Choosing the overall stress to make the
Gibbs free energy of formation of the inhomogeneity A1}, = Vi, + 1V < 0 favors
spontaneous precipitate formation.

5.1.3 Energy Based Evaluation of Overall Stiffness
and Compliance of Dilute Mixtures

We recall from Sect. 4.4 that local fields in a composite material with very
low or dilute reinforcement density can be approximated by those in a single
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inhomogeneity L,. In a two-phase system, r = 1, 2, ¢, = 1 —¢; < 1. The
stiffness and compliance L, M| of the actual matrix now replaces the Ly, M of
the comparison medium and, as indicated in (4.4.2) and (4.4.3), the overall applied
strain €° is substituted for €% in evaluation of local strain field averages. Subject to
these modifications, (5.1.1) and (5.1.2) can be readily applied to dilute mixtures. In
particular, rewriting the first integral in (5.1.1) as

1
V/a(x)dV =6 =Lé¢° (5.1.14)
|4

and letting Ly — L in (5.1.2), (5.1.3), (5.1.4),or My — M in (5.1.9), (5.1.10),
yields

L=L,+c¢(L,—L)T, M=M,+c M, —-M)W, (5.1.15)

For two-phase systems, these results coincide with those derived in (4.4.6) and
(4.4.12) from strain and stress field averages. They also extend to multiphase
systems, where contributions of all reinforcement volume fractions to matrix
stiffness or compliance are added. Therefore, both energy-based and averaging
methods give the same estimate of overall moduli.

5.1.4 Energy Released by Complete Decohesion
of a Part of Dilute Reinforcement

The result of interest here is the change in total energy AW = %, — %W per unit
volume V of the aggregate, caused by complete decohesion of a certain volume
fraction ¢, = V;/V of identical inhomogeneities L, from the matrix L;, while
the composite is loaded by a fixed uniform overall strain €°, and the walls of
the new cavities remain traction free. %/ is the energy after decohesion, equal to
that generated in the damaged system by applying &° from an initially traction-free
state. The dilute approximation of overall stiffness and compliance, and the effect of
cavitation on those quantities are described in Sect. 4.4. We recall that the volume
fraction of reinforcements and cavities is 1 —¢; < 1.

Total energy of the undamaged aggregate is denoted by W = W), + W}, and
Wy = W + ‘Wld is the total energy after decohesion. As shown in (5.1.4);, the
strain energy of the homogeneous matrix is equal to 2%} = (¢°)"L&" V, and it is
not affected by decohesion. Therefore, AW = W,; — W = WI‘” — Wy is equal to
the difference in interaction energies between the applied strain and the cavities and
inhomogeneities.

Interaction energy follows from the Eshelby formula in the form similar to
(5.1.4),. First, each inhomogeneity is perfectly bonded to the matrix L, and its
strain concentration factor is taken as equal to that of a solitary inhomogeneity.
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The interaction energy between the volume fraction ¢; = V,/V = 1 — ¢ of
inhomogeneities and the applied strain &° is

1 1
Vw, = Ecz(eo)T(L2 —L)T»&° (5.1.16)

where T5 = [I + P(L, — L;)]" is the strain concentration factor of the bonded
inhomogeneities derived in Sect. 4.2.

Next, a certain volume fraction ¢, of the inhomogeneities undergoes complete
decohesion from the matrix, so that the still bonded inhomogeneities are left in
the volume fraction ¢, — ¢;. Complete decohesion of an inhomogeneity can be
accounted for by replacing its original stiffness L, by L; — 0. From (4.2.13), the
partial strain concentration factor of a cavityis Ty = (I — PL))™' = (I —S)™",
where § = P L, is the Eshelby tensor for the selected cavity shape, evaluated in the
matrix L. The total interaction energy between the bonded inhomogeneities plus
cavities and the applied strain follows from (5.1.16) as

1 'y —C c
—aqd = M(eO)T(L2 — LT’ — L (@TL, T, & (5.1.17)
Vv 2 2

The change AW = Wld — W} in the total strain energy per unit volume V of
the aggregate, caused by complete decohesion of a certain volume fraction ¢, of the

inhomogeneities is

AW Lt ) = YL Ty — LTy — T2l (5.1.18)
V Vv 2

Since the difference (T ; — T ») should be positive semi-definite for open cavities,
the A7/ represents a decrease in the total strain energy, equal to that released by
decohesion.

Notice that even for ¢; — ¢, the A7/ retains a contribution by L, and T'»,
as a reminder of the fact that this energy was released from an originally bonded
aggregate. It is therefore different from the total energy of a porous medium,
consisting of a volume fraction ¢, of cavities in a homogeneous matrix L

%wp = %(eO)TLl[I—cC(I—S)_l]eO (5.1.19)

where the last term follows from T, = (I — PL,)"' = (I — S)".
As indicated in Sect. 5.1.3, overall stiffness of the damaged aggregate can be
derived from its total strain energy. With reference to (5.1.17)

L;=L+ (ca—cq)(Ly—L\)Ty—c4qL T, (5.1.20)

which, with the above value of T ;, agrees with (4.4.6).
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Under a constant, uniform overall stress ¢°, we now find the change in the

potential energy A7/ in an aggregate that experiences complete decohesion of a
certain volume fraction c¢; of inhomogeneities. As indicated by (5.1.9) the total
potential energy of a certain volume V of an undamaged composite material loaded
by 6% is 20/ = —(6°)"éV, where & is the average overall strain caused by
application of . The A% = 1), — 9 must reflect changes in potential energies of
both material volume and applied loads. According to (5.1.9), these changes depend
on the difference Ae = &, — & between the overall strain averages after and before
decohesion at constant 6°; 2A7 = —(a*)TA" V.

As shown in (4.4.10), (4.4.11), overall deformation of the undamaged two-phase
aggregate, loaded only by ¢, is

E=Mo" =M+ c;(My— M)W,]c° (5.1.21)

where Wy = [I + Q(M>— M )], (My — M)W, = [(M>— M)~ + 0],
Q = LI - S§). Since (MZ—MI)_l — 0 in the volume fraction ¢, of
the debonded inhomogeneities, the above overall strain in the damaged aggregate
changes to

€4 =My =M+ (c2—ci)(Ms—M)W3+c;0']o° [4.4.15]

Therefore, the change in overall strain caused by complete decohesion of ¢, of
inhomogeneities is

ANe =85 —& =cqg[-(Mr— M)W, + 07 ']o° (5.1.22)

and

% = —%(O'O)TAGO = —%(aO)ch[—(M2 —-M)W,+ 06" (5.1.23)

Comparison of the magnitudes of A9/ and A7/ is left as an exercise. Notice that
the latter includes the contribution of work of applied surface tractions or overall
stress o” on damage-induced overall strain.

The average energy released over the surface of a single inhomogeneity can be
obtained by dividing AW/V or AY/V by the specific surface s(v,) = n,dv,,
defined in (3.2.11) as a product of the number density 1, with the interface area of
each inhomogeneity. As discussed in Sect. 3.2.3, the specific surface area increases
in inverse proportion to the ‘diameter’ of each inhomogeneity. Therefore, the energy
released and the likelihood of decohesion are reduced with decreasing particle size
or fiber ‘diameter’, and it may become very small for nanosized inhomogeneities.

If interface decohesion is identified as the dominant damage mechanism in
a particular material, then its extent or volume fraction ¢; can be estimated by
comparing measured changes in effective stiffness or compliance of the material
with the above estimates.
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5.2 Energy Changes Caused by Uniform Phase Eigenstrains

Here we consider a system consisting of a homogeneous matrix L containing
perfectly bonded inhomogeneities L, in dilute concentration. The shape of each
ellipsoidal inhomogeneity is defined by the tensor §, = P,L;. Recall that the
inhomogeneities interact only with the matrix. First, let the external boundary 0V of
the total volume V' = V| + X"_, V, remain traction free, while uniform, physically
based eigenstrains are applied as u, ineach V. and u, in V;. In the absence of
mechanical loads, local stresses are equal to residual stresses o (x) = o, (x) which
have zero overall average, 6, = 0. Overall strain is equal to the eigenstrain derived
from the Levin formula in Sect. 3.8, or from

n
E=p=p 4+ oW (n —n) [4.4.10]
r=2

Potential energy of the system is generated only by interaction between applied
phase eigenstrains and the residual stress field. This interaction energy is the scalar
product of the elastic strain field with the residual stress field.

1 1
v =5 [ o) =, w10, 00aV = = [+ m) o uav
v v

2

1 1 1 &
=—= f piou(x)dV = f (=)0, )V ==, — ) oV,
v v, r=2

(5.2.1)

Since 6, = 0, and ¢ is also uniform on 9V, virtual work renders volume
integrals over V, of both T(x)o ,(x) and uTe ,(x), equal to zero. The o} denotes
the residual stress caused in either homogeneous inclusion or inhomogeneities in
subvolumes V;, by the eigenstrains o, € V, and p;, € (V — V,) under zero
overall stress. It has a constant value in subvolumes of ellipsoidal shape in V. In
a transformed homogeneous inclusion, the Eshelby solution (4.1.2), yields the local
residual stress

o'lrL = _Ll(I - Sr)(l'l'r - ”’l) = _Qr(”/r - I’l’l) (522)

that evaluates (5.2.1) as

=

n
rVI = Zz(l'l'r_l'l’l)TQr(”/r_l'l’l)Vr
=
or as (5.2.3)
r 1) r 1)
Qiipg (“Eq - “Pq) (Mii — Wi ) Vr

%
0=
S}

1
2
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Residual stress in an inhomogeneity L, follows from (4.3.3), (4.3.8) or
(4.3.11), as

O'f"“ :_NrrLrI'l'r_erLlﬂ/l :_WrQ(I'l'r_lLl) (5.2.4)

Since W, Q = QW,T in (4.2.15), the energy (5.2.1) of a transformed inhomo-
geneity L, in a traction-free ‘matrix’ L is

1
Vo= 30— k)W Q, — )Y, (5.2.5)

For L, — L and W, — I, one recovers (5.2.3). Application of a uniform
eigenstrain j, = g, in the entire traction-free heterogeneous volume is a stress-free
transformation involving no mechanical work. Notice that no mechanical work can
be contributed by equivalent eigenstrains that depend on mechanical loads, because
they are equal to zero in their absence.

Next, the same system is now constrained at its outer boundary 9V, such that
the overall strain € = 0, while uniform phase eigenstrains p,, g, = —M A, are
applied in the matrix » = 1 and dilute reinforcements r = 2, 3,...n. Overall stress
is equal to the overall eigenstress (4.4.5), evaluated by the Levin formula as

g=6,=A=A+Y ¢T. (A — A1) (5.2.6)
r=2

Potential energy of the system is generated by interaction between the phase
eigenstrains and the residual stress field, or between the eigenstrains and inhomo-
geneities. This interaction energy is written as in (5.2.1), as a scalar product of the
elastic strain field with the residual stress field

=5 [ 1o =~ T,V = =3 [ G+ o0V
1% |4

1 - 1<
== SHIAV =5 (,—p)' otV
r=2
(5.2.7)

Under €° = 0 and uniform & « on dV, virtual work renders the volume integral
of T(x)a ,(x) equal to zero. Residual stress o'} is caused in V, by the eigenstrains
i, € Vi.and p, € (V — V,) under zero overall strain. Inside a homogeneous
inclusion, it is given by the Eshelby solution (4.1.3),, with S, = P, L,

o =Li[S:(p, —py)— 1] (5.2.8)
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In an inhomogeneity L, according to (4.4.2) at €’ = 0
o' = L[Rap, + (R, —Dp,] = LT, P,(Lop, —Ligy) —p,] (529

Substitution of these residual stress averages into (5.2.7) yields the interaction
energy of the transformed volume V under zero overall strain.

The above results can be used, for example, to estimate energy and local stress
changes caused by a spontaneous transformation of homogeneous inclusions or
inhomogeneities, or by a uniform change in temperature of a traction-free or
constrained aggregate. In the former case, the aggregate may be traction-free at a
certain fabrication and/or processing temperature 6y, where % — 0. Subsequent
changes in temperature A = 6 — 6, should elevate the interaction energy
regardless of the relative magnitude of the thermal eigenstrains. Of course, since
A6 < 0 during cooling to ambient temperature, both thermal eigenstrains are
usually ] < 0. Local stress (5.2.4) is also equal to zero at 6y, but its isotropic
component should be positive during cooling (m] — m,(-l) JAB < 0, i.e., when the
reinforcement phase has ‘higher’ coefficients of thermal expansion. The resulting
tensile tractions along the interface may encourage interface decohesion between
matrix and reinforcement. On the other hand, if the matrix L contracts more than
the reinforcement during cooling, the increasing compression along their mutual
interface may support growth of radial matrix cracks. Either type of cracking should
reduce the local thermal stress, and thus release some or all of the accumulated
interaction energy.

5.3 Energy Changes Caused by Mechanical Loads
and Phase Eigenstrains

5.3.1 The Load Set {&°, ny, 1,)

Here we consider again the dilutely reinforced material system of Sect. 5.2, now
loaded not only by the uniform, physically motivated phase eigenstrains u, in V.,
r > 1,and g, in Vi, but also by a uniform overall strain €° caused by displacements
applied at the external boundary 0V of the total volume V = V; + X7_,V,. The
two loading states are independent and the total stress and strain fields they generate
in V are superpositions of the mechanical fields o ,(x) and &,(x) caused by the
applied overall strain, with the residual fields o, (x) and &,(x) generated by the
two eigenstrains at zero overall strain

og(x)=o0,(x)+0o,(x) e(x)=-¢e,(x)+eu(x) (5.3.1)
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Both stress fields are in equilibrium, and each total strain field is compatible. For
brevity, the fields in (5.3.1) will be denoted only by their kernel letters, as o, &; 0,
€00, &

Under a prescribed deformation path, the total residual strain e, does not
contribute to the overall strain average & = €” in V, hence &, = 0. This implies that
the residual deformation is constrained by the overall eigenstress o, = A=-L .
Both two-phase and multiphase systems can be considered; their overall response is
indicated by (4.4.5), as

n
F=LE"—g)=6,+12 A=A+ T (A —A) (53.2)
r=2
where 6, = Le&°, and the overall eigenstress & w = A=-L jt follows from the

Levin formula (3.8.11) with A, — T, ¢, < 1, L from (4.4.6)andc, = V,/ V.
Potential energy is equal to a work integral of the stress field on elastic strains

1
W= /(ep +6)7(0, + 0,)dV (533)
14

Elastic parts of the mechanical and residual strain fields in V; and V, are
ep=Myo, e, =e,—p, =My, n=1r (5.34)

Therefore, work integrals of the scalar products of the mechanical and residual
fields in (5.3.3) satisfy

/ (e,) 0, dV = / (0,)'edV = / (&) (o ,)dV (5.3.5)
|4 |4 |4

This reduces (5.3.3) to

W= %/ [(Ep)T‘fp + (EZ + Ze‘p)TaM]dV (5.3.6)
4

Evaluation of total energy is facilitated by observing that uﬁ‘ = Oon dV, and that
cri’;. ; = 0in V. The integral of the scalar product of the residual stresses and total
strains thus becomes

By, B _ oy Wy
/crij SiidV = /crij u,-,jdV = /al:i u; nde—/a,-j,ju,- dV =0 (5.3.7)
14 v av v

Since &7, (x) = &, (x)—p(x), this result reduces the integrand &},0';, in (5.3.6) to
—pT(x)o ,(x). The eigenstrains are applied as w, in V — V;, and g, in subvolumes
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V., and residual stress averages which they generate in those subvolumes are found
under € = 0. In particular, residual stress caused by g, in ellipsoidal subvolumes
V. is piecewise uniform and found using (4.4.2), (4.4.3), (4.4.4), as

ol = L[Rap, + (R — D] = LT, P.(Lop, — Lipy) — ] [5.29]

Residual stress in V is not uniform, but according to (4.4.5), its volume average
is equal to

1 /-
ol =— (A2 — rot 5.3.8
7 Cl( an,) (5338)

r=2

Total energy in (5.3.6) is now decomposed into W = Wy + W, + W, where
each term is evaluated using virtual work

1 1 1
Wy = 3 / (e,) 0 ,dV = 5(eO)T&p V= E(EO)TLEO v (5.3.9)
Vv

1 1
W, = E/(eZ)TGMdV = —E/ﬂT% av
14 |4

11 . .
=— |:C—;LT (A - Zc,a‘,‘) i+ Y. (/L,)TG’er:| (5.3.10)
1 r=2 r=2

1 _ n

r=2

Wy = / (ep) o, dV = ()TAV (5.3.11)
Vv

and where L is given by (4.4.6).

Of course, the present energies "4 and ¥/ are different from those introduced in
(5.1.4) and (5.2.1). In particular, W} is again generated by overall strain °, applied
to the inhomogeneous aggregate. It is thus equal to the total energy %/ in (5.1.3),
which includes the interaction energy (5.1.5) between applied overall strain and
inhomogeneities.

W), is the work of applied eigenstrains on the residual stress field. Notice that the
result is similar to (5.2.7), where | was appliedin V and (u,—p ) in V;.. Therefore,
itis equal to interaction energy between applied eigenstrains and constituent phases,
under zero overall strain.

W) represents here the interaction energy between mechanical and transforma-
tion fields. Notice that it does not directly include interactions of the loads with
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inhomogeneities, reflected in (5.1.4) or (5.1.10) and already included here in %4
and W),. For p, — 0, p,; — 0, one recovers the total energy (5.1.3).

As shown by (5.3.11), W/} is evaluated as the work of an applied uniform overall
strain €° on overall volume average of residual stress, or eigenstress A, caused by
constant phase eigenstrains. Also, it is equal to the work that the elastic part 6, =
L& of the overall stress would have to perform on overall eigenstrain i = —M A,
to restore overall strain to & = €. Equation 5.3.11 can be recast into

Wy =Y (T4 V, =) ()4 V, == (©@)'n,V; (5.3.12)
r=1

r=1 r=1

where e/, of denote mechanical parts of the local fields in (5.3.1). Therefore, 1/
can also be interpreted as the work of local stresses caused by mechanical loading
on applied local eigenstrains.

5.3.2 The Load Set {¢°, A., A{)

When the title loads are applied to a composite aggregate with dilute reinforcement,
¢r < 1, mechanical strain fields e,(x) generated by overall stress o are
superimposed with the residual fields &, (x) caused by eigenstrains g, in V, and
ft; in V} under zero overall stress. Similar superposition applies to the stress fields.
Total fields are

o(x)=o0,(x)+0o,(x) e(x)=-¢e,(x)+eu(x) (5.3.13)
They satisfy equilibrium and compatibility conditions. Overall eigenstrain or

residual strain j& is derived from (3.8.9) where B, — W,. Overall constitutive
relation is

& =Mo"+

=i

n
=p+ Y oW, (n,—py) (5.3.14)
r=2

Total potential energy of a large volume V subjected to the load set {o°, w,, w,}
or{c®, A,, A}, isasum of the strain energy and of the potential energy of surface
tractions. The former is a scalar product of the superimposed stresses and elastic
parts of strains in (5.3.13)

1
V= 5 / (€p+€;)T(‘7p +o,)dV — / (up + ”M)TtodS (3:3.15)
4 av
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where the surface displacements u,, u, are generated on 0V by &,, €,. Recall
now that

e, =My, e, =¢e,—p,=Myo, n=1,r [5.3.4]

However, 65 = 0, hence the residual traction on dV is now ti” = ai;‘ n; = 0and

/ (ep) o, dV = / (0,)'e,dV = ()76, V =0 (5.3.16)
Vv Vv

where £, = Mo is the mechanical part of the overall strain. This is the Colonnetti
theorem (Mura 1987).

The integral of 8555 over V, evaluated in (5.3.7), is again equal to zero and
&},(x) = —p(x). This eliminates the interaction term in the strain energy integral
in (5.3.15) and leaves there the sum of the work of mechanical stresses on conjugate
strains, and of the eigenstrains on residual stress field under zero overall stress. In
particular

1 1 _
3 / (e,+ e;)T(op +o,)dV = > / [t-:lTJ o’ —(n, + p) e, JdV o (5.3.17)
4 Vv

Turning our attention to the potential energy of applied loads in (5.3.15), we

recall that ' = oj)n;, o)} ; = 0 and find

—/ (uf + uﬁ‘)oi(;nde = —/ [(uﬁj + uﬁj)oi(])- + (uf + uﬁ‘)oioj’j]dV
av v
(5.3.18)
_ P [y 0
= —/ (eij + sij)aiidV
v

Total potential energy is now written as the sum 9 = 94 + 9}, + 97, where

1 1 1
Y = —E_IT)GOV = —E(O'O)TMO'OV v, = -3 /(M, —u)'e,dv
12

(5.3.19)

v, =—i'e’V =— [MT + Zcr(u, — [LI)TWr:| a'v (5.3.20)
r=2

with the overall eigenstrain g = &, from (5.3.14).
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If the overall strain & = & in (5.3.10) is related to the overall stress ¢ = o

in (5.3.19) by 0 = Le¢, then 19 = —Wj. The energy ¥}, of the residual fields in
2, under zero overall stress has already been evaluated as the interaction energy
for a homogeneous inclusion in (5.2.3), and for an inhomogeneity in (5.2.5).
For an ellipsoidal inhomogeneity, residual part of local stress in %), is obtained
from (4.3.11) at o% — 0. Therefore, in the absence of phase transformations,
the present results coincide with those found in Sect. 5.1, and in the absence of
mechanical loads with those found in Sect. 5.2. In both cases, the present 77 would
be zero.

Interaction energy 7 is equal to the work of constant overall surface tractions
tio = cri(}n ; on surface displacements ﬁf‘ = éfj X, generated on dV by the applied
eigenstrains, as first observed by Eshelby (1957, 1961). Interaction energies %) =
W if 6 = Le. If eigenstrains are prescribed only in V, and p; = 0, then the
interaction energy can be found as

n n n
V==Y uWo'V, == plolV, =Y AlelV, (5.3.21)
r=2 r=2 r=2

For L, — L, this result coincides with Eshelby’s (1961, Eq. 2.43) for a
transformed homogeneous inclusion; o” and &” are defined in (5.3.1).

5.4 Energy Changes Caused by Cracks

It is well known that composite materials may contain distributed systems of cracks
introduced by either monotonic or cyclic loads, by changes in temperature or
moisture content, or by phase transformations. Matrix cracks are preferred in a
well designed system, where they should bypass the fibers or other reinforcements,
and thus not substantially impair their load carrying capacity. Analysis of such
systems relies on established micromechanical methods, where cracks are repre-
sented by oblate or flat cavities. Theoretical predictions, as well as experiments
show reduction of certain elastic moduli. Those should be measured during small
unloading steps, which keep cracks stationary and still open. Of course, shape, size
and density of cracks causing observed moduli changes are internal variables, hence
their state and evolution under applied loads are not generally known. However,
they can be estimated with some confidence in fibrous laminates, which exhibit
well-documented transverse cracking in the matrix, on planes aligned with the
fiber direction and normal to the plane of individual plies, as well as isolated fiber
breaks. Those can represented by aligned slit or penny-shaped cracks discussed next.
Extensive analysis of many crack problems can be found in Hutchinson and Suo
(1992), Kachanov (1992) and Nemat-Nasser and Hori (1999).
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5.4.1 Aligned Slit Cracks in an Orthotropic Solid

A volume V of a ‘matrix’ material L, contains a dilute distribution of aligned slit
cracks with the cross section in the principal x;x;—plane, and with x3 normal to
the crack plane. A schematic drawing of the crack is shown later in Fig. 10.17. The
crack width is | x;| < 2a;. Taken as a limit of an infinitely long elliptic cylinder V.,
each crack is described by

xt/al +x3/a3 < 1 | x3] < 00 e=ax/ay —0 (54.1)

Such cracks, also called transverse cracks, are observed in laminated plates and
shells, where they span the thickness of a ply and propagate as tunneling cracks on
planes aligned with the fiber direction. In that case, L is replaced by the ply stiff-
ness L. Crack volume fraction ¢, is defined here by the number 7 of ellipsoidal cylin-
drical voids or cracks per unit area in the x;x,—plane, per unit length | x3| = 1, as

1 -
Cc = Tayan = nafne = Zn,Bs (5.4.2)

where ,3 = 4na% denotes the crack density parameter (Laws et al. 1983). Thus B is
equal to the average number of cracks of width 2a; in a square with side 2a,. For
example, if all cracks were arranged in a single column or ply of thickness 2a;, then
at B = 1 their average distance would be ply thickness 2a;, and it would become
infinite at B = 0. At dilute concentration of cracks, ,3 < 1.

First, a uniform overall stress o is applied at the surface 9V of V, such that all
cracks remain open and traction-free. The traction field remains continuous, hence
averages of stress and strain in the matrix are 61 = a°, & = M,0". However,
displacement jumps or crack opening displacements make a separate contribution
to overall deformation of the volume V. Average strain caused in a cavity V, by
displacements of its wall follows from (4.3.32) as

e, =UT-8)"Me"=0""¢" (5.4.3)

where Q = L(I — PL,), is defined in (4.2.9). The dilute approximation implies
that each cavity or crack interacts only with the ‘matrix’ and not with other cavities
or cracks. Therefore, the overall strain caused in V by an applied stress ¢ follows
from (4.4.10) and (4.4.11) as

E=M,+c0 Yo' (5.4.4)
The P matrix for slit cracks, correct to order ¢, is given by (4.6.7) with (4.6.8).
By examining the product PL, at ¢ — 0, one finds that Q' becomes singular.

However, the tensor

A =limeQ™! (5.4.5)

e—>0
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remains finite. In particular, using his form of P in (4.6.7), Laws (1977) evaluated
nonzero coefficients of A as

L 1/2 1/2 1
Ay = 11(0{_—!—,32) A= —rr
LiLy — Ly, (L44Lss) (5.4.6)
A (L11 L)' ?(@'? + B/?)
66 =
LyLy—L3,
where o, B are roots of
LiiLesx* — (L1iLyy — L2, —2L12Les)x + LayLes =0 [4.6.8]

The overall strain in (5.4.4) is now expressed in terms of the compliance of the
damaged medium

& =[M,+ rainAle® (5.4.7)

Potential energy ¥ = 14 + 7} of the crack and ‘matrix’ system of volume V of
unit length | x3| = 1, or thickness of the ply, follows from (5.1.9) to (5.1.11) as

1 1
U = —E(GO)TMIGOV YV = —Errafn(ao)TAaoV (5.4.8)
Substituting for A; from (5.4.6) finally yields

V= %NG%VI[Azz(UzO)z + Aaa(09) + Aes(00)1V (5.4.9)

This form shows contributions of individual crack modes, by the opening Mode
I under the overall stress component o3, and by the shear Modes II and III under
o) = o3 and 0 = o},, respectively. Since A depends only on stiffness coefficients
of the matrix, and not on the absolute size of the cracks, these results can be extended
to a finite concentration of aligned slit cracks.

The interaction energy 7 between an applied overall stress and cracks is equal
to the energy released by the crack system. It is also equal to the work of the applied
stress on crack-induced contribution to the overall strain.

Next, under a uniform overall strain €° applied to the matrix L; containing
a dilute distribution of aligned ellipsoidal cylindrical cavities (5.4.1), the average
overall stress is again equal to matrix stress average ¢ = o0 ;. Strain average in each
cavity is found as in (5.4.3),e. = (I — §) '€ = Q'L &". Applied overall strain
ise® = M6 + c.e., hence

6=L(I—-c.Q'L))e° (5.4.10)
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Taking again the limit (5.4.5) in the transition from elliptic cylinders to cracks
provides

6 =L(I—-nalnAL,)&’ (5.4.11)
Total potential energy W = WUy + W, of the volume V then follows from
(5.14) as
1 1
Wh = 5(eo)Tngov Wy = _Emfn(eo)TLlA L’V (5.4.12)

Interaction energies 7/ and 77 are identical under the different boundary
conditions. However, " and 14 change signs.

For a solid L; containing a dilute distribution of open aligned slit cracks, these
results provide overall compliance (5.4.7), overall stiffness (5.4.11), and total energy
Wr and 7} released by the cracks, per unit crack length | x3| = 1in (5.4.1).

5.4.2 Aligned Penny-Shaped Cracks in a Transversely
Isotropic Solid

Such cracks are modeled as a limiting shape
xP+xi=a’> x3—-0 (5.4.13)
of an oblate spheroid (x;/a)? + (x»/a)> + (x3/b)> = 1, fore = b/a — 0, with

normals aligned in x3—direction. The number of cracks per unit volume is denoted
by 7, and their volume fraction is

4 b4
C. = —ma’ne = —ae 5.4.14
FTANE= ¢ ( )
where @« = 8na® is the crack density parameter. For o = 1, there is one

crack of diameter 2a in a cube of side 2a (Laws and Dvorak 1987). A different
density measure had been used by Budiansky and O’Connell (1976) for randomly
distributed elliptical cracks.

Suppose that a large volume V' of material L; containing a dilute density of
cracks is loaded by a uniform overall stress 0°. Average strain caused by opening
displacement of a single crack follows from (4.3.32) in the form

ee=I—-S8)"'"Mie"=0Q7"'¢° (5.4.3]

As shown by Laws (1985), Q! is again singular, but the tensor A = lil%gQ_l
e—>

remains finite. In present coordinates, one first solves the equation

Ly3Lygx® — (Lyj L3y —2L13L4s — L3)x 4+ LyjLay =0 (5.4.15)
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and then substitutes the roots y;, ¥, into the following nonzero coefficients of A

Ay = 2(Lii1L33) (1, + 7,/
(L Ly — L)

Ass = Aes = [41433()’11/2 + )’21/2)]

1
X [”{L11L33 - L+ L33(V11/2 + Vzl/z)[(Ln - L12)L44/2]1/2}]

(5.4.16)

Total potential energy ¥ = 14 + ¥} is obtained from (5.1.9) to (5.1.11) with

U = —%(UO)TMlaOV vV = —gna%(aO)TAaOV (5.4.17)
After substitution for A;; from (5.4.16), the interaction energy is

V= —%na?’n {A33(0§3)2 + A [(0?3)2 + (083)2]} 4 (5.:4.18)

where the individual contributions correspond to opening Mode I and to the two
shear modes. The strain energy under overall applied strain and related results can
be obtained by following similar derivations in Sect. 5.4.1.



Chapter 6
Evaluations and Bounds on Elastic Moduli
of Heterogeneous Materials

This chapter is concerned with composites and polycrystals, consisting of two
or more distinct phases that have known stiffnesses L, defined in the fixed
overall coordinate system of a representative volume V. Phase volume fractions
¢r, X'_, ¢, = 1, are no longer small, hence evaluation of both overall properties
and local fields must reflect interactions between individual phase volumes. Spatial
distribution of the phases in V is statistically homogeneous, as described in Sect.
3.2.2, and perfect bonding is assumed at all interfaces. Of interest are derivations of
upper and lower bounds on the overall stiffness L = LT and compliance M = L™
of the aggregate, and of estimates of phase volume averages of strain and stress
fields, caused in the heterogeneous system by application of uniform overall strain
&Y or stress 0. Those are sought in terms of known volume fractions, elastic moduli,
shape and alignment of the constituent phases, Sects. 6.1 and 6.2.

Three approaches to these goals will be described here. The average field
approximations of phase interactions, or AFA is based on solitary inhomogeneity
solutions of Chap. 4, modified for applications to many interacting inhomogeneities.
One form of the average field approximation yields Hashin-Shtrikman (H-S)
variational bounds on overall stiffness and compliance, presented for particulate
mixtures and aligned fiber composites in Sect. 6.3. Other AFA methods bracketed
by these bounds are described in Chap. 7.

The second group of methods includes the Hashin (1962, 1972, 1979) and Hashin
and Rosen (1964) composite sphere and cylinder assemblage (CSA/CCA) bounds.
Identical composite elements of the same phase volume fraction and variable
diameter fill in a random manner the entire volume V. Exact elastic fields are found
for a single element subjected to traction or displacement boundary conditions that
impose uniform overall stress or strain. The minimum energy theorems (3.7.20)—
(3.7.21) then provide another set of variational bounds, yielding four results after
role exchange of the phases. Best bounds are selected as the closest among the
CSA/CCA and/or H-S bounds, the lowest upper and highest lower bound. Periodic
fiber microstructures, such as the PHA model described in Chap. 12, exhibit long-
range order. The upper and lower bounds on their elastic moduli are often closer,
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albeit somewhat lower than the CCA bounds (Accorsi and Nemat-Nasser 1986;
Teply and Dvorak 1988; Nemat-Nasser and Hori 1995, 1999; Nemat-Nasser et al.
1982).

In the third group is the generalized self-consistent method, or GSCM in
Sect. 6.5, developed by Christensen and Lo (1979) and Christensen (1990). Overall
shear moduli predictions are found by constructing exact elasticity solution of a
three-phase system, consisting of a cylindrical or spherical two-phase element,
similar to CSA/CCA, embedded in the effective medium. The interaction energy
(5.1.11) between the element and effective medium is required to be equal to zero.
The GSCM estimates of overall moduli are often closely bracketed by the CSA or
CCA bounds for the same geometries, hence both provide more rigorous, usually
best available and accurate evaluations of overall moduli.

Subject to certain restrictions, the Hashin-Shtrikman bounds can be found for
multiphase materials. However the CSA/CCA bounds and the GSCM estimates are
limited to two-phase systems.

6.1 Elementary Energy Bounds

The least restrictive but historically significant bounds, derived by Voigt (1889) and
Reuss (1929), offer an illustration of the utility of the potential and complementary
energy theorems of Sect. 3.7 in estimating overall stiffness or compliance of
a heterogeneous aggregate. Derivation of the Voigt bound adopts the uniform
applied overall strain field as the local strain field in all phases, or grains in a
polycrystal. This field is kinematically admissible, since it satisfies the prescribed
displacement boundary conditions, and is compatible in a representative volume V.
Then, according to (3.5.2), &, = €% A, = I, and the actual magnitude Y@ of
the potential energy (3.7.20); of the RVE, and its approximation derived with the
admissible strain field, must satisfy the inequality

n
29@ = / (€)' Lelay <Y / &) L, &%V = / %) Lye®dV  (6.1.1)
|4 14

r=1 v,

where L is the actual but unknown overall stiffness. This suggests that the Voigt
estimate of overall stiffness is Ly = Zf=1 ¢ Ly, and that (Ly — L) is positive
semi-definite.

The Reuss bound is based on the assumption that the equilibrium stress field in
the phases is uniform and equal to the overall stress applied to the RVE; or that all
o, =" and B, = I in (3.5.4). That field is evidently statically admissible. The
actual complementary energy (’(/"‘)(“) of the material in the representative volume
and its approximation follow from (3.7.21),, and they must comply with


5.1.11
http://dx.doi.org/10.1007/978-94-007-4101-0_3
3.5.2
3.7.20
3.5.4
3.7.21

6.2 Hashin-Shtrikman and Walpole Bounds on Overall Elastic Moduli 147

n
2V @ =/(00)TMaodV < Z/(GO)TM,GOdV - /(aO)TMRaOdV
v r=ly 1%

(6.1.2)

This shows that the Reuss estimate of overall compliance is Mg = Z'r’: oM,
and that (Mg — M) is positive semi-definite.

In summary, if one defines My = L\_,l and L = Mﬁl, then Lv and Ly are the
upper and lower bounds on the actual stiffness L, while Mg and My are the upper
and lower bounds of the actual compliance M = L™ of the heterogeneous system
in the representative volume V. Similar energy bounds with somewhat improved
local fields were derived by Paul (1960).

Of course, the Voigt and Reuss bounds depend only on the phase moduli
and volume fractions, without reference to the geometry of the microstructure. For
example, for a macroscopically isotropic composite, according to (2.2.29), the Voigt
and Reuss bounds on the effective bulk and shear elastic moduli are

Ky =Y ¢K, Gy =) ¢G,
r=1 r=1

Ky' = zn:c,Kr—l Gr' = Zn:chr_l

r=1 r=1

(6.1.3)

For a two-phase system, Hill (1963a) shows that the difference between the
bounds is

Ky — Kr = (K1 — K2)*(Ki/e1 + Ky /)™ > 0 (6.1.4)

which indicates that they are close only for small contrast between phase moduli,
but quite inadequate otherwise. Without information about the shape or spatial
distribution of the phases, these bounds are at best limited to isotropic polycrystals.

6.2 Hashin-Shtrikman and Walpole Bounds on Overall
Elastic Moduli

In several seminal papers appearing in the early 1960s, Hashin and Shtrikman
(1962a, b, 1963) formulated a novel variational principle that lead to much tighter
bounds on overall elastic moduli of multiphase heterogeneous materials, written in
terms of phase properties and information about the geometry of the microstructure.
Hill (1963b) connected the H-S variational principle to standard extremum theorems
(3.7.20), (3.7.21), which were then utilized by Walpole (1966) in a more complete
derivation of the bounding theorems, described below.


2.2.29
3.7.20
3.7.21

148 6 Evaluations and Bounds on Elastic Moduli of Heterogeneous Materials

As pointed out earlier, another set of CCA/CSA assemblage bounds for two-phase
systems, reinforced by particles or by aligned fibers, was developed by Hashin
(1962) and Hashin and Rosen (1964). Hashin (1964, 1965, 1967, 1972, 1979) sur-
veys both approaches, which had established a rigorous foundation and inspiration
for many later developments that comprise contemporary micromechanics.

6.2.1 Overall Strain €° is Prescribed

A representative volume V of a multiphase material is considered , consisting of
perfectly bonded subvolumes V, of phases L, that are present in certain volume
fractions ¢,, such that ), ¢, = 1. Traction and displacement continuity prevails at
all interfaces. Application of a uniform overall strain €° creates in V a compatible
local strain field e(x) = A(x)e’ in the phases, together with local stresses
o(x) = L,e(x) in equilibrium. The A4 (x) is a certain mechanical strain influence
function determined later. In parallel, the actual strain field e(x) is recreated in an
identical volume V of a homogeneous comparison medium L by applying there
an equivalent eigenstrain field p(x), such that e(x) has the applied magnitude
€" at the surface dV. The original stress o (x) is restored by the eigenstress field
A(x) = —Lop(x). In the present context, the A(x) is usually regarded as a
polarization stress, in analogy to polarization vector in electrostatics (Kroner 1958).
The stress and transformation fields are, from (3.6.1)

o(x)=L,e(x) = Loe(x) + A(x)

(6.2.1)
A(x) = (L, — Loje(x)  p(x) =—Lg'(L, — Loe(x)

The stiffness L of the comparison medium is now related to known stiffnesses
L, of the constituent phases (Walpole 1966). To this end, the local fields are selected
as phase volume averages &, = e(x) — &’,(x) = A,&" that satisfy Z';:l & =
€. The concentration factors A, were introduced in (3.5.2). In the present context,
they represent an average of an actual or as yet unspecified elastic field in the phase.
The eigenstress field A (x) in Ly is replaced in the same way by a piecewise uniform
distribution A, = (L, — Ly)&, in phase subvolumes. Local stress field (6.2.1);
becomes

o*(x) = Loe(x)+ (L, — L), = L, A,&" + Lo&’,(x) (6.2.2)

where ¢ *(x) and e(x) are in equilibrium and derived from continuous displace-
ments, respectively. Since &,(x) = &,, the deviation &’,(x) = &,(x) — &, has the
average &', = 0 in each phase volume V,. The fields o *(x) and &(x) have volume
averages 6 * = Le" and & = &° over the total volume V, and &° is uniform on 9V.
This suggests the virtual work equality
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/ (e — e(x))Ta'(x)dV =0 (6.2.3)

Vv

The minimum potential energy theorem provides an upper bound on the actual

potential energy 7“), generated in the aggregate by the applied overall strain &°.

According to (3.7.20),, the actual potential energy 9@ and its approximation must
satisfy the inequality

1)@ — /(80) L(a) OdV < Z/ T(x)L e(x)dV (6.2.4)

er

where the first integral represents the potential energy of a homogenized medium
that has the actual but as yet unknown effective stiffness L@ as the heterogeneous
aggregate in V. The second integral evaluates the potential energy generated by the
strain fields e,(x) = &, + &', (x).

A more compact form of the last integral in (6.2.4) can be found by adding (6.2.3)

2 < Z/ ST L, e(x)dv+/(g —e(x)) (L A,° + Lo’ (x)]dV
r= lVr 1%
6.2.5)

This can simplified by noticing that L, 4,e° = L,&, = L,[e(x) — &', (x)]
and that

/ (€°) Loe’, (x)dV = 0 / (E)[(Lo— L& (x)]dV =0  (6.2.6)
v v,
Then

29/ <Z LAeV—i—Z/ eT(x) L,e(x)dV

r= lV,

-y [ (e &) + Loe', )] av

r= lV,

29/ <Z )'L, A&, - Z/(e(x)) [(Lo— L,)e (x)]dV

r= lV,

<Z )L AV, - Z/ (& + /() [(Lo — Lo)e', o))V

r= lV,

(6.2.7)
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This renders the potential energy inequality (6.2.4) in the form

20" = (€)TLWeV <Y (%)L, 4,",

r=1

- Z/ () (Lo~ L)e' (x)dV

r=1 v,

(6.2.8)

At a given value of €, the inequality compares the actual stiffness L@ of the
composite aggregate with its upper bound approximation L"), derived from local
fields denoted now by &, = AP

1 n
L@ = v Z/L,.A,(,“)(x)dV L™ = Zn_l e LAY (6.2.9)

r=lV,

For the total energy of the approximate fields to reach a minimum value, the last
term in (6.2.8) must be positive, hence (Lo — L,) has to be positive semi-definite,

where we denote the required Ly = LE)H. The final form of the energy bound is

CONVARES AU DY / (e x) (LS = L)e' (x)dV  (6.2.10)

r=lV,

suggesting that if (LE)H — L,) is positive semi-definite for all r, then so is
(L(+) _ L(a))_

A lower bound L™ on the actual effective stiffness L@ of the heterogeneous
aggregate follows from the minimum complementary energy theorem. The actual
complementary energy (1/*)(“), generated by the overall applied strain &° in both
the aggregate and the equivalent homogenized material in V, must be smaller than
that obtained from the approximate local fields (6.2.2). In the present application,
(3.7.20), provides the inequality

n
2(v*)@ > Z/ (0*) 2" = M,0*)dV (6.2.11)
r=1 v,
where spatial variability of a* is no longer emphasized.

Subtract now (6.2.3) from the right hand side of (6.2.11) and retrace the
derivation of (6.2.10) to find

2@ =Y ()L AV + ) (') Lo(Mo — My) Lo’ dV,  (6.2.12)

r=1 r=1
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The actual magnitude (V) of the complementary energy follows from
(6.2.11), after replacement of the approximate ¢ * by the actual but unknown stress
field 0@ (x) = L,e9(x) = L,.A,(,")(x)eo that is caused in the aggregate by the
applied €°. The A,(,”) (x) is the mechanical strain influence function (3.5.1).

2@ =" / [A9(x)e"] L, [26° — A (x)e"]dV = e’L@e"  (6.2.13)

r=1 v,

The actual overall stiffness of the aggregate, and its lower bound in (6.2.12) are
denoted by

1 « 1 <
L@ = VZ/L,Aﬁ”)(x)dV LO = VZL,A,(,_)V, (6.2.14)
r=lVr r=1

This changes the inequality (6.2.12) to

n n
2V =Y ()L, ATV, + ) (7)) Lo(Mo — M,)Loe’,dV,

r=1 r=1

(€O)T(L(—) _ L(a))€0V < - Z (e’r)TLO(MO _ Mr)Lo€'rdVr

r=1
(6.2.15)

For a lower bound on L‘?, the difference (L™ — L@) should be negative semi-
definite and (M — M ,) positive semi-definite. The (Mo — M ,) and (L, — L)
are both either positive semi-definite or negative semi-definite, depending on the
choice of L. Therefore, L(()_) must be selected such that (Lé_) — L,) is negative
semi-definite.

Inequalities (6.2.10) and (6.2.15) provide the theorems (Hashin and Shtrikman
1962a, b; Walpole 1966)

If in all subvolumes V., (Lé-H — L,) is positive semi — definite,

then so is (L™ — L@)
(6.2.16)
If in all subvolumes V., (L(()_) — L,) is negative semi — definite,

then so is (L) — L@)
The L™ or L™ are upper or lower bounds on the actual effective stiffness

L@ of the heterogeneous aggregate. The L(()+) or L(()_) are constructed using all
available moduli of individual phases to satisfy the indicated inequalities. In positive
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semi-definite matrices, all eigenvalues and the determinants of principal minors are
positive or zero. In an isotropic aggregate, both (G(()+) —G,) and (K(()+) — K,) must
be positive, negative or zero, according to the bounding theorems. In transversely
isotropic solids, similar requirements apply to all moduli k, m, p, E;1 = E4 =
(n —1?/ k) and to the expression (k —[?/n) in the (L§)+) — L,) and the (L(()_) —L,)
forms. At very high contrast, L(()+) — 00, Lf)_) = L, when at least one phase
is rigid, only the lower bound is finite, and L™ — oo. For porous media, where
L(()+) — Ly, Lf)_) = 0, only the upper bound is positive and L™ = 0.

6.2.2 Overall Stress " is Prescribed

Next, energy bounds on the effective overall compliance M ) of the heterogeneous
aggregate are derived using the minimum potential and complementary energy
theorems, following the procedure in Sect. 6.2.1. The representative volume V is
now loaded by surface tractions that create a uniform overall stress 09, and an
equilibrium local stress field o (x) with a compatible strain field e (x) = M 0 (x) in
the phases r = 1,2, ...n. The heterogeneous material in volume V is again replaced
by a homogeneous comparison medium L. The stress o (x) is generated in L by
an applied eigenstrain field g (x), such that it assumes the applied magnitude ¢ at
the surface V. The strain field in L then is

e(x) = Moo (x) + p(x) = M,o(x) = p(x)=(M,—-Moa(x) (6.2.17)

An approximation of g (x) is introduced in the form u, = (M, —M)a ,, where
6, =B,6% Y"_ ¢6, =0" and the strain (6.2.17) is replaced by

e*(x) =Moo (x)+ (M, —My)s, =M,B,oc° + Myo',(x) (6.2.18)

The difference o’,(x) = o(x) — 6, has a zero volume average in each
phase r, hence ¢’, = 0. Overall strain derived from phase averages of ¢*(x) in
a representative volume is uniform. Equilibrium and compatibility conditions are
met by the approximate stress and strain fields, which also satisfy the virtual work
equality

/ (0°—a(x)) e*(x)dV =0 (6.2.19)
4
The minimum complementary energy theorem provides an upper bound on the

actual complementary energy (V)@ generated in the aggregate by the applied
overall stress, and also on the effective compliance M @, According to (3.7.21)
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@ g
2(v*)@ =/(00)TM odV < Z/GTM,G v (6.2.20)
Vv

r=lV,

Equation (6.2.19) is now added to the right hand side, and a derivation similar to
that in (6.2.6), (6.2.7), (6.2.8) yields the upper bound M ") = 3" ¢, M, B on the
overall compliance

@) (M — M)V =" / (0’ )" (My—M,)o’.dV (6.2.21)

r=1 v,

This shows that if (Mo — M) is positive semi-definite for all r, then so is
(M(+) _ M(“)).

Finally, a lower bound on M® follows from the minimum potential energy
theorem. Taking (%)@ from (3.7.21),

n
2V = (0")'M W’V = Z/(zao —L.e*)Te*av (6.2.22)

r=lVr

then subtracting (6.2.19) from the right hand side, and following the procedure
leading to (6.2.13), yields the lower bound on the overall compliance, M O =
>e,M, B

©@)'(M@—M)eV =Y (/)" Mo(Lo— L)Moo’,dV,  (6.2.23)

r=1

Since (Lo — L,) and (M, — M) are both either positive definite or negative
definite, depending on the choice of L, (6.2.21) and (6.2.23) suggest the theorems
(Walpole 1966)

If in all subvolumes V,, (M§)+) — M) is positive semi — definite,

then so is (M) — M @)
(6.2.24)
If in all subvolumes V., (M(()_) — M ,) is negative semi — definite,

then so is (M) — M@)

The M or M are the upper or lower bounds on the actual effective
compliance M@ of the heterogeneous aggregate. Selection of M é+) or M f)_) is
analogous to that described after (6.2.16). So are their magnitudes in systems with
high contrast between moduli.
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6.3 Evaluation of H-S Bounds for Ellipsoidal
Inhomogeneities

Original derivation of the local field averages in individual phases by Hashin and
Shtrikman (1962b, 1963b) relied on probability distribution functions of the type
described in Sect. 3.2. In a more recent formulation, Willis (1977) found stiffness
and conductivity bounds for a microstructural geometry represented by the two-
point probability function, using the Hashin-Shtrikman (1962a, 1963) variational
principle. Weng (1992) evaluated the corresponding P tensor in an ellipsoidal
inhomogeneity, and confirmed that P = S L', as anticipated in (4.2.9). For
ellipsoidal inhomogeneities, the H-S and Willis bounds can be made to coincide
with the above results. Therefore, the AFA-type H-S bounds are often referred to
as two-point bounds, and the Voigt-Reuss bounds as one-point bounds, because
they depend only on S| (x) = ¢,. More elaborate and often tighter three point and
multipoint bounds, found for certain particulate and fibrous systems, are described
by Milton (1985, 2002) and Torquato (2002), together with selected microstructures
by which some bounds may be realized. The methods used in their derivation and
evaluation are often entirely different from those exposed herein, and therefore
beyond the present scope.

6.3.1 Local Field and Overall Elastic Moduli of Multiphase
Systems

The stress and strain fields inside a solitary ellipsoidal inhomogeneity embedded
in a large volume €2 of a comparison medium L, were derived in Sect. 4.2. Those
offer a simple analytical evaluation of the H-S bounds. Under a uniform strain &2, or
stress o2, applied to €2, these fields are both uniform and are given by &, = T ,&%,
oro, = W,0, where

T,'=I+P(L,—Lo)=(L*+Lo)"'(L*+L,)=P(L*+L,)

W, '=14+QM,—My)=(M*+My)) ' (M*+M,)=Q(M*+M,)
[4.2.14]

and
P:SL(TI :(L* +L0)_1 :PT Q:LO(I_ PL()):(M* +M())_l :QT
PLy+MyQ =1
[4.2.9]


http://dx.doi.org/10.1007/978-94-007-4101-0_3
4.2.9
http://dx.doi.org/10.1007/978-94-007-4101-0_4

6.3 Evaluation of H-S Bounds for Ellipsoidal Inhomogeneities 155

where the matrix S represents the Eshelby tensor for the selected ellipsoidal shape
of the inhomogeneities, in the contracted notation of Sect. 1 and Sect. 4.1.1. The
constraint matrices M* = (L*)™" in (4.2.10) represent the compliance and stiffness
tensors of the cavity in Ly, containing the inhomogeneity.

To find overall averages of the approximate stress and strain fields in the
interacting inhomogeneities at finite concentrations c¢,, we recall from (3.4.8) that
the sum of their local volume averages in V must be equal to the applied overall
magnitudes of €° or ¢ on dV. Therefore, the €} or a2, are connected to €%r o*
by (Walpole 1966)

n n n —1
E cr&r = E T, el =¢" = &)= (E c,T,) &’
r=1 r=1 r=1
n n n -
E GOy = E lc,.W,.o% =0’ = o% = (E 1c,.W,.) o’
r= r= r=

The phase field averages €, and ¢, are approximated by

&, = T’(Z:=1 cSTS)_le0 = Are0

. » (6.3.2)
o, = Wr(Z:S=l cSWS) ¢’ = B,o°

Notice that the local field averages o ,, &, remain unchanged, while the e% or
o, are adjusted by the matrices (> c,T,)_l and () c,W,)_l. Therefore,

r=1 r=1
the latter may be regarded as concentration factors for a uniformly deformed
comparison medium L, with regard to the homogenized aggregate L of the same
volume. Both become identities when Lo = L.

Two equivalent forms of the above mechanical concentration factors follow
from (4.2.14), one where the shape of the inhomogeneities is described by the
constraint matrices L*or M™, and another that relies in that regard on the P =
(L* +Lo)'or O = (M* + M,)", defined in (4.2.9). In both cases, the
following definitions show that (}./_, ¢,A,) = (Xr_, ¢, B,) = I.

r=1

n -1
A, =[I + P(L, —Ly)]™" [Z e[l + P(Ls — Lo)]_l:|
s=1

. (6.3.3)
=(L*+L,)" [ZCS(L* + LS)_l]

s=1
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n -1
B, =[I+0Q0WM,- M) [Z o[l + QM — Mo)]_l]
s=1

. (6.3.4)
= (M* +M,)"! [Z c(M* + Ms)‘l}

s=1

Overall stiffness and compliance matrices of the aggregate can then be written
according to (3.5.8), in terms of these concentration factors.

n n n —1
L =) ¢LiAr =) c Ll + P(Ly—Lo)™' [ Yol + P(L —Lo)]_l:|
r=1

r=1 s=1

-1
n n
=Y ¢L*+ LA, ~L* :{ Dot +Lr)‘1} —L*=L"

r=1 r=1

(6.3.5)

n n n —1
M=>)"c¢MB,=) c¢;M[I+Q(M.—My)]™"' [ ZcS[I+Q(M‘v—M0)]_1:|

r=1 r=1 s=1
n n _1
= c:(M* +M)B, - M* = {Zcr(M* +Mr)‘1} -M*=M"

r=1 r=1

(6.3.6)
since L* = (L*)T and M* = (M™*)".

Notice that the comparison media that yield the H-S bounds, and other apparently
acceptable choices of Ly, M in (6.3.5) or (6.3.6), may not be readily identified
with known materials. Instead, in agreement with the local field form used in
(6.2.1), the concentration factors evaluated using such Ly, M should be regarded
as averages of elastic fields that may exist in phase subvolumes of any shape and
alignment, represented by a distribution of similar ellipsoidal inhomogeneities. Only
the self-consistent and Mori-Tanaka estimates in Sect. 7 specify the comparison
media as L and L, respectively.

Diagonal symmetry of the overall stiffness and compliance matrices and of the
underlying fourth-order tensors requires identical L* and M* = (L*)™!, or P, Q
tensors for all ¥ = 1,2,...n, implying the same ellipsoidal shape and alignment,
but allowing for different size. Another form of the above stiffness and compliance
estimates, often useful in matrix-based systems, can be derived from the above as

ZC,A, =I=cd, =1 —ZcrAr cB, =1 —Zchr
= = = 6.3.7)

n n
L=Li+) ¢(L,~L)A, M=Mi+) ¢(M,~M)B,
r=2 r=2
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That separates the matrix phase and requires identical L* and M* = (L*)™", or
P, Q tensors, only for the inhomogeneities r = 2, 3, ... n.

In composites reinforced by randomly orientated anisotropic inhomogeneities,
such as discontinuous carbon fibers, the overall L in (6.3.5) is often represented
by the orientation average {(L* + L,)”'}, denoted by the curly brackets; c. f.,
Sect. 2.2.10. Systems containing inhomogeneities of different shape, orientation and
spatial distribution may be analyzed using the double inclusion model in Sect. 7.4.

Consistency LM =1 of the results can be established when L*M* =1 and
L .M, =1. The last terms in (6.3.5) and (6.3.6) provide the equalities

L+LH =) L +L) " =) P,
r=1 r=1

) ) (6.3.8)
M+M*"'=>"c,(M*+M,)" = > 0,
r=1

r=1

where P, and Q, are introduced for convenience. Since L*M* =1, one can show
that

(Pr_1 - Lr)(Qr_1 -M,)=P,L, +M,Q, =1 (6.3.9)
and that

ic,.PrLr = fcr(L* +L)'L, + ic,.@* L) 'L*

r=1 r=1 r=1

~> e (L*+L)7'L" (6.3.10)

r=1

=1- (ZC,P,) L*=I—(L*+L)"'L*

r=1

A similar derivation yields

M. Q, =1-M*> ¢,Q,=1-M*(M+M*) (6.3.11)

r=1 r=1
Finally, from (6.3.9)
(L*+ L)Y 'L* + M*M + M*) ' =1
L*(M +M*) + (L* + L)M* = (L* + L)(M + M*) (6.3.12)
IM=L*M*=1

QED.
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Proofs of diagonal symmetry and consistency of the overall stiffness and
compliance derived in (6.3.5) and (6.3.6) represent two of the admissibility con-
ditions for average field approximations of overall properties. The third condition
connects the moduli of admissible comparison media to those of the phases, such
that overall moduli are bracketed by the Hashin-Shtrikman bounds (6.2.16) or
(6.2.24). Additional conditions may be imposed by tighter bounds in Sect. 6.4.

Any of the eight material symmetries discussed in Chap. 2, and defined in
the same Cartesian coordinates, can represent the phase moduli in L, or M,.
Since the coefficients of Ly are related to those in L,, material symmetry of the
comparison medium Ly may not be lower than that of the L, which has the lowest
material symmetry, or highest anisotropy. However, material symmetries of the
predicted overall L or M are determined by the (L* 4 L,) = P, matrices appearing in
(6.3.5). Therefore, the predictions may or may not correspond to the actual material
symmetry of a given heterogeneous aggregate, which depends, in part, on the spatial
distribution of the constituent phases in the representative volume. If the overall
material symmetry is known beforehand, it may be incorporated, to some extent, in
the formulation of the double inclusion model in Sect. 7.4.

The relative effect of different reinforcement shapes has not been extensively
investigated. Wu (1966) had shown that reinforcement by platelets has the greatest
effect on overall moduli of two-phase systems estimated by the self-consistent
method, at Ly = L. Spherical and needle-like randomly orientated reinforcements
appeared to have a lesser effect. Walpole (1980) found a range of values of the
dielectric constant, estimated by the self-consistent and differential schemes, for
inhomogeneities of any shape. Most of the specific results in the technical literature
refer to spherical of aligned fiber reinforcements, which are of interest in many
applications.

At higher volume fractions, interactions between adjacent inhomogeneities
disturb the uniform local fields that may prevail there at low and medium concen-
trations. However, finite element solutions, obtained with the periodic hexagonal
model of a two-phase fibrous system, e. g., by Teply and Dvorak (1988), indicate
that the disturbances start to become significant only at high fiber volume fractions
(50-60%), at least in systems with large contrast between fiber and matrix moduli,
such as glass-epoxy. Therefore, local field averages derived using the mechanical
concentration factors (6.3.3) and (6.3.4) should provide good approximations of
field averages in individual ellipsoidal inhomogeneities, at low to moderate volume
concentrations. Of course, these fields are never uniform in the matrix, hence
matrix concentration factors deliver only volume averages, related to those in the
inhomogeneities by the connections Y ", ¢, A, =1,y ' _, ¢, B, = I in (3.5.6).

In actual evaluations of the upper and lower bounds L™, L™ and M V), M )
on actual stiffness and compliance L@ and M@ of a heterogeneous aggregate from
(6.3.5) or (6.3.6), one first selects the coefficients of Ly or My = L ! according
to each of the theorems (6.2.16) or (6.2.24), and then proceeds to evaluate the P
(or Q) tensors shown in Sect. 4.6 for the selected shape of the inhomogeneities
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in Ly. Choosing any Ly [or M], which renders both (Léﬂ —L,)and (L, — Lg)_))
[or both (M f)+) —M,)and (M ,—M (()_) )] positive semi-definite, yields an admissible
estimate of overall L or M, in the H-S sense. Exchanges of phase moduli produce
different sets of upper and lower bounds on elastic moduli of a particular composite
material. Most restrictive bounds are identified with the lowest of the upper bounds
and highest of the lower bounds, without regard to the underlying method.

6.3.2 H-S Bounds on Overall Elastic Moduli of Multiphase
Systems

The bounding theorems (6.2.16) or (6.2.24) and equations (6.3.5) or (6.3.6) imply
that stiffness and compliance bounds for multiphase media can be written as

n n —1
L® ="¢LA, = L[l - PL ~ L)
r=1 r=1

" -1
x [Z o[l - P(LY - Lsn‘l]
s=1

., ., (6.3.13)
M(i) = ZCerBr = Zchr[I - Q(M(():t) - ]wr)]_1
r=1 r=1

n -1
x [Z ol — QM - Ms)l‘l]

s=1

Notice that the coefficients of the L(()i) or M (()i) matrices defining the upper or
lower bounds are compared to those in each L, or M, present in the system, not
necessarily to those in a single one. For example, certain carbon fibers have low
transverse but high longitudinal tension and shear moduli relative to those of an
epoxy matrix, hence elastic moduli or coefficients L/, L M Dfﬂ of each phase appear

in both L(()+) and Lé_). Of course, if one of the phases, such as the matrix L; is
relatively compliant, so that (L, — L;) is positive semi-definite forall r = 2,3, ...n,
then Ly = L; yields a lower bound.

Among specific results useful in applications are bounds on the overall bulk
and shear moduli K and G of a statistically homogeneous and isotropic composite,
consisting of any number of perfectly bonded isotropic and homogeneous phases
r = 1,2,...n. Those were first derived by Hashin and Shtrikman (1963), and
for spherical inhomogeneities with a wider selection of phase moduli by Walpole
(1966), in the form



160 6 Evaluations and Bounds on Elastic Moduli of Heterogeneous Materials

n -1 n -1
[Z e (KF + K,)_1:| —K; <K< [ZC,(K;; + K,)_1:| - K}

r=1 r=1

n =1 n =1
[Z e (G + G,.)_l:| ~-Gy <G < [Z e (Gh + G,.)_l] -Gy

r=1 r=1
(6.3.14)

where

Kf=4G./3 K} =4Gy/3

3/ 1 10 -1 31 10 -1
Gr=—4+ —— Gr=2(—y "~
L 2(GL+9KL+8GL) v Z(GU+9KU+8GU)
(6.3.15)

and the K7, G or Ky, Gy are selected as the lowest and highest moduli among
all phases, such that for any phase r, K; < K, < Ky and Gy < G, < Gy.
For multiphase fiber or hybrid composites, bounds on k, m and p can be found in
Hashin (1965) and Walpole (1969).

Hill (1963a) shows that the overall bulk and shear moduli increase [decrease]
when at least one of the two moduli is raised [reduced] in one or both phases. More
broadly, the overall strain energy of a heterogeneous elastic continuum subjected to
a fixed overall strain is a monotonic function of the phase moduli.

6.3.3 H-S Bounds on Elastic Moduli of Two-Phase Systems

Overall stiffness of a two-phase, matrix based aggregate, r = 1, 2, in (6.3.7) is
L=L,+c(L,—L)A; (6.3.16)

where the coefficients of L; depend on elastic moduli of the matrix. L is the elastic
stiffness of the reinforcement phase r =2. All reinforcement subvolumes have the
same shape and alignment, described by a single tensor P, evaluated using the elastic
moduli of the selected comparison medium L. From (6.3.3)

A7 =l + el + P(Ly— Lo)) ' [I + P(Ly — L) (6.3.17)
Ay =l +ei[I + P(Ly— L)l ' [I + P(Ly — Ly)] B

If the matrix is relatively compliant, such that (L; — L;) is negative semi-definite,
then the comparison media for evaluation of the lower and upper bounds on
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the actual overall stiffness L® are selected as L\~ = L;, L\” = L,. The
corresponding pair of bounds is

LY =Li+6[L—L) " +e Pl = L)
L = L+ cx(Ly— L){ead +ei[l = P(Ly— L)™'}

= Ly + el - L)~ et — Lol - P(L~ Lol |

=@y
(6.3.18)

When the reinforcement is very stiff, the selection Lf)_) =L, L (()+) =— 00
provides the lower bound

LO =L, +ce(eP) = (L) (6.3.19)

Next, for an aggregate with a relatively stiff matrix and compliant reinforcement,
such that (L; — L) is positive semi-definite, the upper and lower bounds on L®
are evaluated using Lf)_) = Ly, Léﬂ = L. The above bounds exchange their
positions

LO =L+ 62[62(L2 —L) +e{(La— L[l - P(Ly - Ll)]}—l]_l =(@LT

LY =Ly +oLy— L) + P = @)
(6.3.20)

For a porous medium, the upper bound on overall stiffness is found by letting
Ly=L,L,—0

LD =L, + e P — Ml)_1 = (L("'))T (6.3.21)

Bounds on the bulk and shear moduli of a statistically homogeneous two-phase
composite, consisting of isotropic and perfectly bonded phases r=1, 2, of any
micro-geometry, were first derived by Hashin and Shtrikman (1963), for the ‘well-
ordered’ phase moduli satisfying (G; — G2) (K1 — K») > 0. Walpole (1966) derived
a more inclusive result, allowing for (G| — G2)(K; — K3) < 0. He also pointed
out that the results coincide with those obtained from (6.3.16) with the P tensor
evaluated for a spherical inclusion in an appropriate comparison medium.

The general form of the bounds on the bulk modulus is

C1 < K—Kz < C1
1+e(Ki—K) (K + K™ 7 Ki =Ky 7 1+ ea(Ky — Ko) (K + K2) ™!
(6.3.22)
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The shear modulus bounds are
c G-G; 1
- = =< —
1 + c2(Gi — G2)(G2 + GY) G -G 1+ c2(Gi1 — G2)(G2 + GY))
(6.3.23)

The inequalities hold when K; — K, > 0 and G; — G, > 0, and need to be
reversed when the signs change. For (G| — G2)(K; — K») > 0, one selects K] =
4G,/3 < K}, = 4G,/3, and

301 10 ! 3(1 10 !
Gr= et —" ) =g 6.3.24
L 2(G1 +9K1+8G1) v 2(G2+9K2+8G2) (6.3.24)

However, in the ‘not well-ordered’ case, when (K| — K;) < O and (G, —G3) > 0,
the above expressions are replaced by K = 4G,/3 < K5 = 4G,/3 and

31 10 -1 3/1 10 -1
G =2—+——"" Grh="—+—" 6.3.25
L 2(G2+9K1+8G2) v 2(G1 +9K2+8G1) (6.3.25)

Notice that differences between the respective upper and lower bounds are
limited to those between the star-marked quantities. The bulk modulus bounds can
be reduced to the exact solution for a composite sphere subjected to surface tractions
or displacements creating an overall isotropic stress or strain.

Of interest in applications are also the following simple formulae by Walpole
(1985c), for bounds on overall moduli of two-phase isotropic composites. The
selected comparison medium is also isotropic, with elastic moduli Ky, Gy. The
result agrees again with (6.3.16) when P is evaluated for a spherical inclusion in Ly.

K = ci1Ki + 2Kz — ci0c2(K1 — K2)*(e1 Kz + 2Ky + 4Go/3) ™!
G = c1G) 4 3Gy — c1¢2(G) — G)*(c1Gy 4+ ¢2G, +3G*/2)7' ¢ (6.3.26)

G* = [1/Go + 10/(9Ko + 8Go)] ™"

It can be verified that the upper [lower] bound on K is obtained by selecting
Gy as the highest [lowest] phase G, in the system. The upper [lower] bound on G
follows by using the larger [smaller] of K|, K5, and also of G|, G,. Admissible
estimates of K and G can be obtained using any other values of Ky, Gy bracketed
by these selections. For example, if both phase and overall K and G are known from
experimental measurements on a particular material system with a known phase
volume fraction, then (6.3.26) can be solved for the moduli Ky, Gy. This may prove
useful in extrapolating measured values of overall moduli to the same system with
different phase volume fractions.
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Bounds on elastic moduli of two-phase aligned fiber composites with all
interfaces aligned parallel to the longitudinal axis of rotational symmetry of the
transversely isotropic aggregate, are presented together with the composite element
assemblage bounds on transverse shear modulus in Sect. 6.4.1. They can also be
found using the following expressions derived by Walpole (1985c). For a lower
[upper] bound on overall moduli, the comparison medium moduli ko, m¢ and pg
are selected as the lowest [highest] values among the six phase moduli k,, m, and
pr of the two phases, r = 1, 2.

k = ciki 4 caks — crealky — ka)(crka + caky 4 mg) ™!
m = cymy + camy — cicp(my — mz)z[clmz + comy + moko/(ko+2m0)]_l

p=cipi+capr—cica(pr — p2)i(cipr + capr + po) !
(6.3.27)

These bounds coincide with those derived from (6.3.16) with the P matrix (4.6.6)
for a circular cylindrical inclusion (p = 1).

For small differences between phase moduli, the present bounds differ only
by a third-order infinitesimal, in contrast to the second-order differential between
the Voigt and Reuss bounds (6.1.4). Large contrast between the phase moduli
may elevate the distance between the bounds, especially at intermediate volume
concentrations. At very low or very high volume fractions, the upper and lower
bounds converge toward the corresponding modulus of the dominant phase.

6.4 Composite Element Assemblage Bounds

The second method mentioned in the introduction uses exactly solvable microstruc-
tural elements and minimum energy theorems in evaluation of overall moduli of the
entire representative volume. Hashin (1962, 1972) and Hashin and Rosen (1964)
implemented this idea with the composite sphere (CSA) and composite cylinder
assemblage (CCA) models, Fig. 6.1, that represent two-phase isotropic particulate
mixtures or aligned fiber composites. In both elements, matrix stiffness is denoted
by L; and reinforcement stiffness by L,. All composite elements have the same
prescribed phase volume fraction, but different diameters, including those which
tend towards zero. Centers of composite spheres in the CSA may not be located in
the plane of the drawing.

A single element is subjected to surface displacements or tractions which would
generate uniform strain or stress fields in a homogeneous sphere or cylinder. The
same boundary conditions are applied to the aggregate and to all elements. There-
fore, the resulting fields are kinematically or statically admissible and similar in all
elements comprising the entire volume. Bounds on individual moduli are obtained
by direct substitution into the energy theorems in Sect. 3.8, of the exact local
fields generated by the corresponding boundary conditions in a composite sphere
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Fig. 6.1 Composite sphere (CSA) and composite cylinder (CCA) assemblage models

or cylinder element. Appropriate traction or displacement boundary conditions both
yield identical overall elastic bulk moduli K of the CSA, and the axisymmetric
k, I, n and longitudinal shear moduli p of the CCA. However, application of a
uniform transverse shear stress or strain to either model yields distinct transverse
shear moduli G and m, which are identified with the respective bounds.

Bounds on the shear modulus of the composite sphere element are rather complex
functions of phase moduli; they can be found in Hashin (1962). Bounds on the
transverse shear modulus of fiber composites are described next. As pointed out
by Milton (2002), the assemblage models could be realized as actual composite
materials, by replacing the smallest elements with a homogeneous or homogenized
material, which would have only a small influence on the CSA/CCA overall moduli.

6.4.1 Bounds on Elastic Moduli of Aligned Fiber Composites

Original derivations of bounds on the five elastic moduli of a fiber composite made
of two transversely isotropic phases were obtained by Hashin (1965, 1979), Hashin
and Rosen (1964) and Hill (1964). Only three of the five overall moduli, denoted by
k, m, p in (2.3.3), are independent in a fiber system, as shown by

k—kl k—kz Z—Clll—Czlz _kl—kz

= = = 394
l—ll 1—12 n—ciny —Cny 11—12 [ ]

where r = 1, 2 denote the phases.

The three moduli in (3.9.4), associated with axisymmetric deformation of the
aligned fiber composite, follow from an exact elastic solution for a single circular
cylinder composite element shown in Fig. 6.1. An upper or lower H-S bound on
k provides upper or lower bounds on the moduli / and n of the same system. Hill
(1964) derived the bounds on & as
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ciki(ka + my) + c2ka(ky + my) k< ciki(ky + mo) + ca2ky(ky + my)

ci(ka +my) + ca(ky + my) ci(ky + my) 4 ca(ky + my)
(6.4.1)

The phase moduli satisfy m; < m5. The shell has the shear modulus m; or m,.
The remaining moduli / and z are related to k by the universal connections.

According to (2.3.5), the longitudinal Young’s modulus E4 = Ey; = n —[?/k
and the related Poisson’s ratio vy = v, = [/(2k), hence the upper and lower
bounds on these two moduli are

C1Cp < EA —ClEl —02E2 < C1Cp
ci/ky+ca/ky +1/my — 4(])1—1)2)2 ~c1/ky+ ca/ky + 1/m;
(6.4.2)

and
c1cs _ va—cvi—av c1cs
ci/ky+eafki + 1/my = (vi =v2)(1/ka — 1/k1) = c1/ka + co/ki + 1/my
(6.4.3)

where the E; and v;, i = 1, 2, denote the EX) and vg) moduli of the phases,
and m; < m,. Since the difference between the bounds on E 4 is proportional to
(vi — v2)%, which is often very small, this and only this modulus can be approxi-
mated by the ‘rule of mixtures’ expression E4 = c1E1+c,Ey = Ej4+c2(Ey— E)).

The longitudinal shear modulus p is the same for arbitrary geometry of the phases
in the transverse plane and for the cylinder assemblage and hexagonal array models
(Hashin 1965, 1979; Hashin and Rosen 1964). Assuming that p; < p,, the results
are

(&) C1
+ <p= + (6.4.4)
Upr—p) +a/@py PP =P

1/(p1 = p2) + 2/ (2p2)

Each of the above upper [or lower] bounds represents an exact overall modulus
of a composite cylinder element, or of a continuous composite cylinder assemblage,
with the ‘stiffer’ phase placed in the shell (as » = 1) or fiber (as r = 2).

As already mentioned, a composite cylinder does not exhibit a unique transverse
shear modulus. Therefore, derivation of upper and lower bounds on the transverse
shear modulus m using the CCA model requires two different solutions. The upper
bound is established by applying surface displacements, consistent with a state
of uniform transverse shear strain, and by finding the overall shear stress average
(3.4.2) from the resulting surface tractions. The lower bound requires application
of surface tractions derived from a uniform transverse shear stress, which is then
related to the average shear strain provided by (3.4.5) and the surface displacements.
Both solutions are obtained under generalized plane strain that admits uniform
normal strain and zero overall normal stress in the longitudinal direction. Spatial
continuity of the CCA model guarantees that these solutions hold in the entire
representative volume.
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The CCA bounds were first derived by Hashin and Rosen (1964) and later
expressed in closed form by Behrens (1971) and Hashin (1979). The closest bounds
follow by combining the CCA bounds with any tighter H-S bounds.

Formz >my, k2 > kl

) _ ©
m>m" =m; + I ) (6.4.5)
(my—my)  2my(k; +my)
m<m® =m [1 + 2l + A — } (6.4.6)
p—ofl +3c¢3B3(1 + a) ]
where
a=Bi—yB)/(1+yf) y=m/m p=(+p)/(y—1 (647)
B1 = ki/(ky + 2my) B2 = ka/(ky + 2m>)
Formy, < my, ky <k
m=>m" =m [1 + el + F) — } (6.4.8)
p—cll +3ciBi(c3e— i) ]
m<m® =m, + @ (6.4.9)

1 ci(ky + 2my)
(my—my)  2my(ky +my)

For arbitrary geometry of phase crossections, and for phase moduli arranged as
my > my, ky > kj, the transverse shear modulus m is bracketed by

(&) C1
T o F2my) TMmEmsmt T o>k + 2m3)
(my—my)  2my(ky + my) (my —my)  2my(ky 4+ my)
(6.4.10)

This upper bound is higher than that given by the CCA model, but the lower
bound is also higher than that generated by the CCA model. Hashin (1979) indicates
that composite cylinder assemblage models give a lower value of both m™) and
m™) for my > my and ky > k;. When these inequalities are reversed, the arbitrary
phase geometry gives a lower m ™), but no conclusion is drawn for m ™.

The results can also be applied to porous media, for k; — 0, m; — 0, where
they only offer an upper bound, and to solids with one very stiff or rigid phase,
where only the lower bound has a finite magnitude. With the possible exception of
the transverse shear modulus m, the bounds on all other moduli are the best possible
in terms of phase volume fractions for any transverse geometry.
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Bounds on the off-diagonal moduli in the stiffness matrix follow from (2.3.
5), where one selects among all available bounds on k and m those that produce
the highest upper bound and lowest lower bound on each off-diagonal coefficient.
Of interest are bounds on the transverse Young’s modulus Ey, = E33 = Er and
Poisson’s ratio vy3 = v3; = vr for a fibrous material of arbitrary phase geometry.
Since an aligned fiber composite is transversely isotropic, these must be connected
by (2.3.4). Upper and lower bounds on the remaining Hill’s moduli n and [ follow
from the above bounds on &, E4 and v4, as

EQ + 407 <n < EY + 4D (D) (6.4.11)
2k <1 < 2kHHD (6.4.12)

Hashin (1979) gives bounds on the transverse Young’s modulus as

4k E
E;":t) = K& + q(i)m(i) q(i) =1+ 4k(ﬂ:)V/(4:':)/E1(4i) (6.4.13)
where v4 = vy5. The transverse Poisson’s ratio follows from the standard formula
for transverse isotropy, vy = vo3 = v3; = (E7/2m) — 1. Using the upper or lower
bound values of E7 and m may or may not yield higher or lower numerical values
of vr.

The CCA and CSA models, in combination with the H-S bounds, often provide
superior bounds on overall elastic moduli of composite materials reinforced by
spherical particles and aligned circular cylindrical fibers, which are of interest in
many applications. On the macroscale, the assemblages are statistically homoge-
neous and isotropic (CSA) or transversely isotropic (CCA), and they satisfy the
original requirements that Hill (1963a) specified for a representative volume. They
also satisfy the added requirements in the second paragraph of Sect. 3.3.1, because
they exhibit a macroscopically uniform deformation in response to application of
uniform phase eigenstrains. Local fields are not uniform, they follow from analytical
formulas which may be found in Hashin (1962) and Hashin and Rosen (1964).
However, averages of the local fields in the two phases, or mechanical concentration
factors A,, B, for the assemblage models can be found from (3.5.13).

6.4.2 Application to a Carbon/Copper Composite

This example presents evaluation procedures and magnitudes of the upper and lower
bounds of overall moduli of an aligned fiber composite system P100S/Cu. That and
similar systems with different reinforcement geometries are useful in applications
requiring high electrical and thermal conductivity combined with high stiffness and
strength. The P100S carbon fiber is regarded as transversely isotropic, with Hill’s
moduli defined in (2.4.3)
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El, =760.00 GPa, EJ, = 7.85 GPa, v/, = 0.20
: . (6.4.14)
G2)(3 =my = 2.90 GPa, G‘lfz = py = 20.00 GPa

According to (2.3.4), the remaining phase Hill’s moduli are, in units of GPa

ky=06.0784, Iy =2.4314, ny = 760.9725
kym = 154.3210, [, = 108.0247, m,, = p, = 46.2963, n, = 200.6173§
(6.4.15)
The copper matrix is isotropic, with elastic moduli E£,, = 125.00 GPa, v,, =

0.35. The fiber and matrix moduli satisfy the inequalities

kpm>ke, Ly>1r, mpy>mye, Ny <ng, pPm>
f f f f» P P.f} (6.4.16)

EM < El. ky — 12 /n <k — 12 /ny

The inequalities indicate that the combined higher [or lower] phase moduli
define the coefficients of the comparison media L§)+) [or Lé_) ] in (6.2.16), both
transversely isotropic according to (2.3.3).

The upper or lower bounds on the three independent overall moduli k, m and
p of the composite can be computed by different methods which yield identical
outcomes in this case. First and most direct approach relies on (6.3.27), which
provide the H-S upper or lower bounds on the three overall moduli with the larger
or smaller comparison media moduli ko, m¢ and py. That method is preferred in
systems with mixed phase moduli magnitudes, which do not satisfy specified pairs
of inequalities. The second choice relies on the CCA form (6.4.4) for p'®), and
on the arbitrary transverse geometry forms (6.4.8-6.4.9) and (6.4.13) for m™®) and
E(Ti), respectively. It turns out that the two choices give identical and very close

bounds for m, p, with m) higher than m(C_C)A. These most restrictive bounds on
E22 = E33 = ET, G23 = G32 = GT =m, and G12 = G13 = p appear in Fig. 6.2
and Table 6.1.

6.5 The Generalized Self-consistent Method

Developed by Christensen and Lo (1979), and advanced by Christensen (1990),
primarily for evaluation of transverse shear moduli of particulate or fiber reinforced
two-phase composites, this material model incorporates the above assemblage
models and the “self-consistency” assumption. The latter states that elastic moduli
of the aggregate remain equal, to the first order, to those of the surrounding effective
medium, when the dominant part of the disturbance between the embedded element
and the effective medium is minimized.
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Fig. 6.2 Bounds on the Young’s and shear moduli of a P100S/copper composite

Table 6.1 Upper and lower bounds on elastic moduli of a P100S/copper
composite

¢ ED ErH ) mH o) P
0.0 125.0000 125.0000 46.2963 46.2963 46.2963  46.2963
0.1 84.0568  103.6553  36.4769 37.2713 42.2068 42.7637
0.3 46.1190 68.4543 232930 24.4604 35.3751  36.4499
0.5 28.7584 43.7345 14.8430 15.8034  29.8955 30.9721
0.7 18.5344 26.1629 8.9768 9.5620  25.4027  26.1745
0.9 11.1868 13.1524 4.6578 4.8488 21.6521 21.9378
1.0 7.8500 7.8500 2.9000 2.9000  20.0000  20.0000

As in the CCA and CSA models, the composite microstructure is modeled by a
cylindrical or spherical composite element, that consists of a core with stiffness
L,, surrounded by concentric matrix layer L;. Phase volume fractions in the
composite element are those present in the actual system. However, in contrasts to
the assemblage models, the composite element is now embedded in a homogeneous
effective medium L, as an inhomogeneity with zero interaction energy.

The interaction energy is found from the Eshelby formula (5.1.8) or (5.1.11).
The integral is evaluated along the interface between the matrix layer and the
surrounding effective medium, with tractions and displacements that follow from
an exact elasticity solution for local fields in each of the three phases L,, L; and
L, under uniform overall shear stress or conjugate shear strain applied to the large
volume of surrounding effective medium, Fig. 6.3. In a composite reinforced by
spherical inhomogeneities, this procedure reproduces the lower bound on the bulk
modulus K of the composite sphere assemblage in (6.3.22). In an aligned fiber
two-phase composite, it yields each of the four moduli k, E4, vy, p predicted
by the composite cylinder assemblage model, shown in Sect. 6.4.1. However, new
estimates are obtained for the shear moduli G and m. Complete derivation is rich
in algebraic detail, but the results have been rendered in relatively simple form
summarized below.
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7/

Fig. 6.3 Geometry of the generalized self-consistent model (GSCM) of Christensen and Lo
(1979). Stiffnesses of inhomogeneity, matrix and effective medium are denoted by L,, L, L

6.5.1 Shear Modulus of a Two-Phase Particulate Composite

An isotropic composite has a matrix with moduli G,,, v, reinforced by a statis-
tically homogeneous distribution of isotropic and polydisperse spherical inhomo-
geneities with moduli G;, v; and volume fraction ¢ = (d, /d,)?, given by the ratio
of the outer diameters of L,, and L; in Fig. 6.3. The generalized self-consistent
estimate of the overall shear modulus G of this composite is (Christensen and Lo
1979; Christensen 1990)

A(G/Gn)* + B(G/Gn) +C =0 6.5.1)
where
A = 8(4 = 5v)mnac'®? = 2(63mma + 2mms)e” + 252ma14¢7

—50(7 — 12vy, + 8v2)matpac + 4(7 — 10v,,)nam; } (65.2)

B = —4(1 = 5v,)mnac'™? + 4(63ms + 2mms)c’? — 504mnac™
+ 1503 — Vi) vmmanac — 3(7 — 150m) 12713 } (6.5.3)
C = —4(7 = 5vp)mnac® = 2(63n2m4 + 2mms)e"* + 252mmac™? 4
—25(7 —v2)nanac — (7 + 5v,) 1203 } (6.5.4)

The 7 coefficients are given in corrected form by Christensen (1990) as

m = (7+5v;)(7— 10v,)n4 + 105(v; — vy,)
m = (7+5vi)ns +35(1 —vy)

m = (8 — 10v,)ns + 15(1 — vy)

ne = (Gi/Gy —1)

(6.5.5)
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Fig. 6.4 Bounds and GSCM estimates of bulk and shear moduli of a S-glass spheres/epoxy
composite, as functions of spheres volume fraction c¢. Glass moduli are £, = 87.0 GPa, vy =
0.22; epoxy moduli are E,, = 4.1 GPa, v,, = 0.35

For a dilute suspension, at a small volume fraction c, this result is reduced, using
the binomial expansion of (6.5.1), to

G 1501 = va)nac )
A o) 0 (656
G = T T s 2@ sy T o) fore— (6.5.6)

which agrees with Eshelby’s (1957, p. 390) result. By letting n4 — oo, v,, = 0.5,
one recovers the Einstein formula (4.4.29). The corresponding overall bulk modulus
K of the particulate composite is supplied by the lower bound in (6.3.22), assuming
of course, that G; = G, < G; = G».

Figure 6.4 shows the bulk and shear moduli of a composite made of S-
glass spherical particles in an epoxy matrix, estimated by both the generalized
self-consistent method and by the Hashin-Shtrikman bounds. The K™, K
and G, G™) bounds were computed using (6.3.22-6.3.23). The much tighter
G < G™) upper bound was derived by Hashin (1962) from the CSA model.
The Kgcpr and Ggeyy are standard self-consistent estimates evaluated from (6.3.26)
with Ky = K, Gy = G, as explained in Sect. 7.1. The G/G,, figure illustrates a
comparison of different bounding methods, and it shows that the GSCM prediction
is bracketed by the tightest G**) and G~ bounds. The GSCM is generally close
or coincides with the lower H-S bound on the shear modulus.

Figure 6.5 compares the results of different predictions with experimental results
for the ratio u/u,, of effective to matrix shear viscosity of several particulate
suspensions. The same analysis provides elastic shear moduli ratios. At very low
concentration, dominated by polydisperse mixtures, the results are well approx-
imated by the Einstein formula (4.4.29), and also by the differential scheme.
However, at both low and very high, monodisperse concentrations, only the GSCM
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Fig. 6.5 Effective shear modulus/viscosity of polydisperse suspensions of particles in an incom-
pressible matrix (Reprinted with permission from Christensen 1990)

provides the correct result, while the differential scheme and the Mori-Tanaka
method, described in the next chapter, underestimate the measured viscosity.
Table 6.2 presents numerical values of the moduli ratios. At very high volume
fractions, the effective shear modulus and viscosity may become bounded by those
of the particle phase. Christensen (1990) provides additional comparisons of GSCM
and the Mori-Tanaka and differential schemes with experiments, confirming the
agreement seen in Fig. 6.5.

In suspensions of very stiff particles in a relatively compliant matrix, the parame-
terny = (G;/G,,—1)1in (6.5.2),(6.5.3),(6.5.4), (6.5.5) may become too large. Then,
the said equations should be replaced by the following GSCM prediction of the
overall shear moduli of a suspension of rigid spherical inhomogeneities in an elastic
matrix with moduli G,,, v, (R. M. Christensen 2010, private communication).
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Table 6.2 The overall to

matrix shear moduli ratio G/Gy v = 03333 vm = 049999
predicted by the generalized c GSCM  HSLB GSCM HSLB
self-consistent method and by 0.1 1.237 1.233 1.290 1.278
the lower Hashin-Shtrikman 0.3 1.980 1.900 2.500 2.071
bound 0.5 3.476  3.100 8098  3.500
0.7 7.141 5.900 78.807 6.833

0.9 25.64 19.90 4725.5 23.50
0.95 57.59 41.71 40666.9 48.49

AR(G/G)* +2BRr(G/G,) +Cr =0 (6.5.7)

Ag = 8(4—5v,,)(7 — 10v,)c'® = 50(7 — 12v,, 4 8v2)c7/3

(6.5.8)
4252633 = 50(7 — 120, + 8v2)c + 8(4 — 5v,)(7 — 10um)§

Br = —2(1 = 5v,,)(7 — 10v,,)c'%® 4 50(7 — 12v,, + 8v2)c"/?

~ 53 ~ ~ ~ ~ } (6.5.9)
252¢77° + T5v,,(3 — vy )e — 3(4 — 5v,,) (7 — 15vy,)

Cr = —4(7 = 5v,)(7 — 10v,,)c'*® = 50(7 — 12v,, 4 8v2)c"/3

Gr e o (6.5.10)
+ 252657 —25(7 = v2)e — 2(4 — 50,) (7 + 5v)

At very high concentrations, which can be realized in suspensions of polydis-
perse spherical inhomogeneities, the shear moduli ratio of a composite reinforced
by rigid inhomogeneities depends on the Poisson’s ratio of the matrix. This ratio was
estimated by Christensen (1990) and Christensen (2010) (private communication),
as the leading term in an asymptotic expansion of (6.5.1), with coefficients corrected
by Christensen et al. (1992). For ¢ — 1

G 3

G_m_)(l—c) for v, = 1/3 .
G 27 ©5.1D
-~ > ———— forv, =1/2

Gn 4(1—c)

Under similar circumstances, for ¢ — 1, the H-S lower bound can be reduced to

1
i—)—s for v, =1/3
G, 7(1 —c¢) (6.5.12)
i—)— for v, =1/2
Gn 2(1—c¢)

At intermediate concentrations, 0 < ¢ < 1, the H-S lower bound yields

15— [ e
G/Gp =1+ 253 [(1 _C)} (6.5.13)
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Table 6.2 shows that at increasing concentrations, the GSCM predicts much
higher magnitudes of the shear modulus of particulate suspensions than does the
H-S lower bound, in agreement with the experimental results in Fig. 6.5, where
the lower H-S bound is equal to the Mori-Tanaka estimate. At high concentrations,
the computed GSCM values are very sensitive to small differences in the matrix
Poisson’s ratio when v,, — 0.5. For example, when v,, = 0.4999 instead of the
value shown, the GSCM prediction changes to G/G,, = 3689 and G/G,, = 19540
atc = 0.9 and ¢ = 0.95, respectively.

At the other end of property spectrum are low-density materials, often modeled
by thin-walled cells. A comprehensive exposition of their properties can be found
for polymer-based systems in Gibson and Ashby (1997) and for metal foams in
Ashby et al. (2000). A hierarchy of microstructures for cellular and other low density
materials was examined by Christensen (1995, 2003).

6.5.2 Transverse Shear Modulus of a Two-Phase Aligned Fiber
Composite

Except for the overall m, both the GSCM and the H-S lower boundson k, E4, vyin
(6.4.1), (6.4.2), (6.4.3) predict the same values of overall moduli of the transversely
isotropic composite. The transverse shear modulus of a transversely isotropic fiber
composite, consisting of isotropic phases with fiber and matrix elastic moduli
Gy, vy and G, vy, was derived by Christensen and Lo (1979) and Christensen
(1990) as

Arm/Gpy)? + Bp(m/Gy) + Cr =0 (6.5.14)

In the notationy = G /G, ¢ = (a/b)*, fm =3 —4v,, and ng=3—4vy,
the constants are

Ap =3y — Dy +nyp)c( —c)?

, (6.5.15)
+ Whm + 00w — Y 0m —0p) (Y — Ditme — (¥ + 1]

Br =—6(y — D)(y +ny)c(l —c)’
+ [ynm + (v = De 4+ Ul — D +07) = 20w —ns)c’]p (6.5.16)
+ (= DO + Dely + 0y 4 (vnm —ny)c’]

Cr =3y =D +npel —c) §
(6.5.17)

+ L+ ynm + (= Delly + 0y + @t — 7))
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For dilute concentration, at ¢ << 1, (6.5.14) yields

(G = Gun)(d + 1)

m/Gy =1+
(anm + Gm)

forc — 0 (6.5.18)

At high concentrations of very stiff fibers, at G7/G,, >> 1 and vy — 0.5,
the above terms in (6.5.15), (6.5.16), (6.5.17), after canceling of common terms,
become

Ar =3c(1—c)* — A1 — o)1 = %)

Br = =3c(1=¢)” + (¢/2)(1 + nw)(1 + nmc?)
— (1/2) (1 + )1 = nn(1 = 2¢%)]

Cr =3c(1=¢)* + (1 + (1 + c”)

(6.5.19)

The first term of an asymptotic expansion of (6.5.14) is

1 [3-4 33— 96 64v2)"?
mo_, vm Um + 64v;,) forc = 1, v, <0.5
Gm 1—c¢ 6(1 _va)
(6.5.20)
and
L S S 0.5 6.5.21)
—_— _— c , Uy = 0. 5.
Gu (1-c¢) "

In Fig. 6.6, the m™ is the H-S lower bound, m™ is the H-S upper bound both
from (6.3.18) or (6.3.27), and m‘™ ™) is Hashin’s upper bound (6.4.6). The mscy
follows from (6.3.27) when my =m and ko =k, while mgscy is the solution of
(6.5.14). E4 and Er are Young’s moduli in the longitudinal and transverse directions,
evaluated from (6.4.2) and (2.3.5), respectively. In the latter, the H-S bounds on m
and (6.4.1) bounds on k are used together with the universal connections (3.9.4) for
evaluation of the modulus /. Table 6.3 shows a comparison of the above Hashin’s
bounds with the generalized self-consistent estimates. Christensen (1990, 1998)
describes additional applications of this model to porous solids, to composites
with extreme matrix properties, and to highly concentrated suspensions. He also
compares the results with those predicted by the Mori-Tanaka method and by
the differential scheme. The comparison shows superior agreement of the GSCM
prediction with experiments. The GSCM estimates are apparently the best that can
be obtained by analytical methods for the two geometries considered.

On the macroscale, the model is statistically homogeneous and isotropic or
transversely isotropic, and it satisfies the original requirements that Hill (1963a)
specified for a representative volume. However, as in the CSA and CCA models,
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Fig. 6.6 Bounds, GSCM and self-consistent estimates of Young’s and shear moduli of a S-glass

fiber/epoxy composite. Glass moduli are £y = 87.0 GPa, v, = 0.22; epoxy moduli are E,, =
4.1 GPa, v,, = 0.35, G;/G,, = 23.46

Table 6.3 Hashin’s (1979)

bounds on overall transverse Ey=87GPa, v =022, E,=41GPa, vn=035

shear modulus m of a fibrous cr m™) MGscm m++)

S-glass/epoxy composite 0.1 1.772 1.774 1.800
0.3 2.477 2.577 2.761
0.5 3.674 4.014 4.542
0.7 6.158 7.132 7.981
0.9 14.41 16.06 16.97

the mechanical concentration factors A,, B, are not explicitly available, but
accessible from the original derivation, or more directly from (3.5.13). A different
interpretation of GSCM which may simplify evaluation of these factors in two-phase
systems was presented by Benveniste (2008).

An extension of the GSCM procedure, developed by Hervé and Zaoui (1995),
derives elastic strain and stress fields in a n-layered transversely isotropic cylindrical
inhomogeneity in a matrix, and implements the condition W; = 0 for the interaction
energy under remotely applied, overall uniform fields. Their results provide the
four moduli k, E4, v4, p of an assemblage of multi-layered composite cylinders,
derived from the Hashin-Rosen model by a recursive algorithm, and a new estimate
for the transverse shear modulus. Those may be useful in predicting effective
properties of composites with multilayered fiber coatings.


3.5.13

Chapter 7
Estimates of Mechanical Properties
of Composite Materials

Together with the methods described in the previous chapter, overall moduli and
local field averages in the phases can be estimated by one of several approximate
methods, which use different models of the microstructure. Among those described
here are variants of the average field approximation, or AFA, which rely on strain
or stress field averages in solitary ellipsoidal inhomogeneities, embedded in large
volumes of different comparison media Ly. Among the most widely used procedures
are the self-consistent and Mori-Tanaka methods, and the differential scheme,
described in Sects. 7.1, 7.2 and 7.3. Those are followed by several double inclusion
or double inhomogeneity models in Sect. 7.4, and by illustrative comparison with
finite element evaluations for functionally graded materials in Sect. 7.5.

Although the methods described here can also be applied to periodic composites,
providing that their overall material symmetry is taken into account, this special and
rather rare class of actual materials has been analyzed by methods not discussed
herein, but revisited in Chap. 12. Extensive treatment and related references can
be found in Babuska (1975), Suquet (1987), Nemat-Nasser and Hori (1999), and
Walker (1993). Bensoussan et al. (1978) and Sanchez-Palencia (1980) survey basic
theory of periodic homogenization problems.

All moduli estimates depend in different ways on the elastic moduli, volume
fraction, shape and orientation of the phases. Spatial distribution of the phases is
also reflected in certain estimates. However, absolute size of individual phases is not
a factor in evaluation of overall moduli by the models. Of course, large differences
in scale may cause interactions that distort the magnitudes of phase field averages in
the small constituents. In such multi-scale systems, homogenization should proceed
in sequence, at increasingly coarser scales, by first homogenizing the matrix and
the finer scale inhomogeneities, before proceeding to the next scale. Hierarchical
or multi-scale computational models had been described, for example, by Zohdi
et al. (1996), Ghosh et al. (2001), Zohdi and Wriggers (2005) and Oskay and
Fish (2007).

G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 177
and Its Applications 186, DOI 10.1007/978-94-007-4101-0_7,
© Springer Science+Business Media B.V. 2013
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7.1 The Self-consistent Method (SCM)

The original idea of the method may be attributed to Einstein (1905). Evolution
of the current form dates back to the work of Bruggeman (1935), who had used it
to estimate dielectric, conductivity, and elastic constants of composite aggregates.
That was followed by Hershey (1954), Kerner (1956), Kroner (1958), Hill (1965a)
who applied the method to polycrystals, and by Budiansky (1965) and Hill (1965b,
c) who applied it to composites. Laws (1973, 1974) extended the method to
thermo-elastic problems, and Laws and McLaughlin (1978) used it to estimate
creep compliances of linear visco-elastic solids. Other self-consistent estimates
were found by Christensen and Waals (1972), Boucher (1974), Berryman (1980),
and by Cleary et al. (1980), and by many other writers. Hill’s version of the
method is in current use; see also the reviews by Laws (1980), Walpole (1981,
1984), Willis (1981), and Nemat-Nasser and Hori (1999) for additional results and
references.

7.1.1 Estimates of Overall Elastic Moduli

In the original version of this method, interaction between individual subvolumes
of the phases is approximated by embedding each subvolume 2, of phase L, as a
solitary ellipsoidal inhomogeneity in a large volume €2 of Ly = L, that has the as
yet unknown overall stiffness L of the aggregate. Overall uniform strain &° or stress
o is applied at the remote boundary 92, Fig. 7.1. The mechanical strain and stress

0Q, ¥

Fig. 7.1 The self-consistent model (SCM). Stiffness of the inhomogeneity and of the comparison
medium are denoted by L, and by Ly = L
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concentration factors of each phase L, follow from the expressions for their partial
counterparts in (4.2.14) as

A, =[I+P(L,-L) '=@L*+L,)"(L*+1L)
(7.1.1)

B, =[I+QWM,-M)"' =(M*+M,) " (M* + M)

Substitution of the concentration factors (7.1.1) into the first right-hand terms of
(6.3.5) yields the overall stiffness

L= c¢LA, = [ZC,L,(L* + L,.)_l] (L*+1L) (7.1.2)
r=1 r=1

Diagonal symmetry of L is established by expanding the first term

n n n
L (L*+ L)™'+ ) e L*(L*+ L) =) ¢ L*(L* + L)~

r=1 r=1 r=1

n n
=Y oL+ L)L +L)" =) e L*(L* + L)
r=1

r=1

=1-L*> ¢(@L*+L,)"

r=1

(7.1.3)
and by
: :
L=) ¢L A, = [1 —L*) e (L* + L,.)_l] (L*+1L)
r=1 r=1
L=L"+L-L" Xn:c,.(L* +L,) " (L*+ L)
= (7.1.4)

0=L"* [1 - (Zc,(L* + L) L+ L)>:|

r=1

n —1
L= |:Zcr(L* + L,)‘l} —L*=L" L*#0

r=1

That also confirms that the self-consistent estimate of the overall stiffness L
follows from the general estimate (6.3.5), when one selects Ly = L, and evaluates


4.2.14
6.3.5
6.3.5

180 7 Estimates of Mechanical Properties of Composite Materials

P = (L* + L)™' using the coefficients of L. A similar proof can be derived for the
overall compliance. The inclusion problem solution (4.2.14) and (6.3.5), both with
identical P matrix, provide the same result.

In each application of the self-consistent method, it is necessary to select or
identify the overall material symmetry of L = LT according to the dominant
geometry of the microstructure. The as yet unknown coefficients of L are thereby
identified and then used to construct the P or Q and A, or B,, for substitution into
(7.1.2) or (7.1.5). The resulting system of implicit algebraic equations is solved for
the magnitudes of the coefficients of L or M.

An iterative solution may start using initial values of the coefficients of L
consistent with the bounding theorems (6.2.16), taken as one of the H-S bounds
(6.3.13). The iteration then proceeds until Ly — L or My — M, respectively.
The resulting estimate of the overall moduli is evidently bracketed by the H-S
bounds. That was demonstrated, for example, by Hill (1964) for fiber composites,
and by Kroner et al. (1966) for isotropic aggregates of cubic crystals. In multiphase
systems, the self-consistent estimate assigns each phase, even a matrix phase, the
same shape and alignment, defined by the single P or Q matrix in (7.1.1).

In a two-phase system,r = 1, 2, wherec;Ay = I — c;A», (7.1.2) is reduced to

L=L,+c(L,—L))A; M=M,+c;(M,—M,)B, (7.1.5)

The L; represents the stiffness of a matrix, and A, is the concentration factor
of the inhomogeneity. In matrix-based particulate or fibrous aggregates, the overall
moduli do not change if the role of the two phases is reversed, as long as their
volume fractions remain unchanged, because the model treats all phases ‘on an equal
footing” (Hill 1965c¢).

7.1.2  Elastic Moduli of Two-Phase Fiber Composites

For a fiber composite consisting of two phases r = 1, 2, both transversely isotropic
about and aligned in the longitudinal direction, the self-consistent estimates of
overall moduli were derived by Hill (1965b) from elasticity solutions of an extended
composite cylinder element with a surrounding shell made of the effective medium.
The composite is transversely isotropic, with the overall stiffness matrix in (2.3.3).
The plane strain bulk modulus k is connected to the transverse shear modulus m by

1 _ C1 T C2
k+m ki+m k +m

(7.1.6)
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where m is the positive root of the cubic

1k ok ¢ :
C1kq n 2k —9 1mz 4 Comy (7.1.7)
ki+m ky+m my—m m;—m
The longitudinal shear modulus p is the positive root of the quadratic
c c 1
AT B (7.1.8)
p—pr2 p—p 2

If the matrix r =1 or both phases are isotropic, with moduli K; and Gy, then
according to (2.3.6), the modulus k| = K;+G/3,andm; = p; = G;. The overall
modulus k and the phase moduli are then substituted into the universal connections

k—kl k—kz 1—6’111—6’212 _kl—kz

= = = 3.94
l—ll Z—Zz n—ciny — Ccny 11—12 [ ]

which yield the two remaining overall moduli n and /. It can be verified that the
above results are bracketed by the Hashin-Shtrikman bounds in Sect. 6.3.3, but not
necessarily by tighter bounds.

The overall moduli can be also evaluated by solving the Walpole’s equations
(6.3.27) for kg — k,my — m and py — p.

k = ciki 4 caks — crealky — ko) (c1ka + caky 4 mg) ™!
m = cymy + camy — cicp(my — mz)z[clmz + comy + moko/(ko+2m0)]_l

p=cipi+capr—cica(pr — p2)i(cipr + capr + po) !
[6.3.27]

In contrast to the Hashin-Shtrikman bounds on overall L or M, derived with
comparison media of constant stiffness L(()+) or Lg)—), the self-consistent method
relies on variable Ly = L, which depends on phase volume fractions. Therefore, the
self-consistent estimates of moduli are not aligned with either bound, but approach
the lower or upper bound atcy — Oorcy — 1,

That is illustrated in Figs. 6.4 and 6.6 for a glass/epoxy fiber composite. The
generalized self-consistent (GSCM) estimate of the transverse shear modulus shown
in Fig. 6.6 is typically closer and aligned with the H-S lower bound, and with the
Hashin and Rosen (1964) CCA upper bound m++).

The above results may also be applied to two-phase systems reinforced with
aligned discontinuous fibers that have sufficiently large length/diameter aspect ratio.
For example, Laws and McLaughlin (1979) computed the overall compliances of
a glass-polyester composites, where the fibers were modeled as aligned prolate
spheroids. The fiber length effect receded entirely at aspect ratios exceeding 100
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for any fiber concentration. Since the effect of fiber length depends also on the
magnitude of phase moduli and volume fractions, their procedure has to be repeated
in applications to any other system of interest. The role of phase moduli was
illustrated by Russel (1973) in dilutely reinforced systems.

Self-consistent estimates of overall elastic moduli of composite materials rein-
forced by randomly oriented needle-like short fibers or by disk-shaped platelets
were derived by Walpole (1969, eqns (60)-(61)). At a given volume fraction of
reinforcement, platelets have a stronger effect in determining the overall bulk and
shear moduli of the aggregate.

7.1.3 Elastic Moduli of Two-Phase Particulate Composites

Polycrystals, or matrix-based composites reinforced by a random or any other
dispersion of spheres that provides for overall statistical isotropy are considered.
The effective, or overall bulk and shear moduli G and K of such composites were
found by Hill (1965¢) as

C1K1 C’2K2 Cle CzGl

2=0 7.1.9
K1+4G/3 K2+4G/3 (G—G2+G—G1)+ ( )
and

1 _ C1 (&)
K +4G/3 K, +4G/3 + K> +4G/3

(7.1.10)

The latter result gives an exact value of K for isotropic composites of arbitrary
geometry when the phases have identical shear moduli (Hill 1963a). Since K
depends on the shear modulus G, given by the quartic equation (7.1.9), the self-
consistent method predicts only one independent modulus of an isotropic two-phase
system. As an alternative, Walpole’s (1985c) equations (6.3.26) can be iteratively
solved for Ky — K and Gy — G.

Figure 6.4 shows an example of a self-consistent prediction Ggcys of the shear
modulus of a S-glass/epoxy particulate composite, that is bracketed by the H-S
bounds G and G~. However, it violates the tighter Hashin bound G, which
is respected by the generalized self-consistent estimate Ggscy-

If the disperse phase is replaced by cavities, K, = G, = 0, and also when
both phases are incompressible, K|, K, — oo, then (7.1.9) has a positive root
when and only when ¢, < 0.5, and G = 0 at ¢; > 0.5. That prediction
is contradicted, for example, by properties of closed cell foams. Budiansky and
O’Connell (1976) also derived an unexpected prediction, in applications of the
self-consistent method to isotropic solids containing randomly oriented circular
cracks of radius a and density N/ V, the number of cracks per unit volume. Both
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overall moduli reach zero at ¢ = N (a3) /V — 9/16, which might estimate a
critical crack density, albeit not confirmed by later estimates by the Mori-Tanaka
and double inhomogeneity models, as shown in Sects. 7.2 and 7.4 below. However,
such physically improbable outcomes do not arise in fiber composites weakened
by aligned slit or penny-shaped cracks, where all moduli decrease gradually to
either finite or zero values with increasing crack density (Laws et al. 1983; Laws
and Dvorak 1987). Similar issues arise in other applications of the method, e.g.,
to dielectrics (Milton 2002). Therefore, the method should not be used when the
phase moduli are of different order in magnitude, or when at least one of them
assumes extreme or zero magnitude. Such situations may also be encountered when
the method is applied to composites with elastic-plastic, viscous, and other inelastic
matrices, which may have low instantaneous tangential stiffness.

7.1.4 Restrictions on Constituent Shape and Alignment

Equations 7.1.3 show that the method predicts a diagonally symmetric stiffness
matrix L = LT when applied to systems where each phase subvolume has the
same shape and alignment described by a single P tensor. Applications of the self-
consistent method to multi-phase composites that have more than one reinforcement
phase shape or alignment, yield stiffness or compliance estimates that are not
diagonally symmetric (Benveniste et al. 1991b). However, numerical experiments
described, in part, in (7.1.15) and (7.1.16) below, indicate that different phase shapes
and alignments may be admitted for the reinforcement phase L, in a matrix-based
two-phase system, r = 1, 2.
Concentration factors (7.1.1) for a two-phase system are

AS=[I+ P (Lo— L)™' B=[I+Q,M,— M) (7.1.11)

where

1 1

P,=(L}+L)" Q,=LU-PL)=(M;+M)" (7.1.12)

Each superscript s = 2, ...n, denotes a particular shape and/or alignment of an
inhomogeneity L,. The P or Q, in (7.1.11) depend only on the overall L or M,
and not directly on L, or M, of either phase.

Overall stiffness of such two-phase systems follows from (7.1.2) as

n n
L=L+) ¢i(Ly—L)Ay=Li+(Ly—Ly) ) cA} (7.1.13)
s=2 s=2

where the phase volume fractions ¢; 4+ X¢§ = 1 and

AS=[I+P(Ly— L) = (L} +Ly)" (L} + L) (7.1.14)
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As an example of the self-consistent moduli prediction for a two-phase composite
with different reinforcement shapes, Benveniste et al. (1991b), selected a two-phase
composite with a Tiz Al matrix, reinforced by SiC fibers of circular crossection, and
by SiC circular discs. Both the fiber axes and the normals to the disks planes are
aligned with the x3—axis of a Cartesian system. The phases are isotropic, and have
the following elastic moduli

TizAl: E; =96.5GPa, G; =37.1GPa
SiC: E,; =431.0GPa, G, =172.0GPa

(7.1.15)

The self-consistent estimate (7.1.16) of the overall stiffness of this systems,
was obtained as the ninth iteration of the solution of (7.1.13) and (7.1.14). It is
expected that diagonal symmetry of the overall stiffness may also be found in other
reinforcement shape combinations in two-phase systems. However replacement of
the above elastic moduli of the circular discs by a third set of different moduli
renders a stiffness estimate which is not diagonally symmetric. That can be verified
as an exercise.

[269.95 95.45 82.80 0 0o 0 |
26995 82.80 0 0 0
24924 0 0 0
L), = P 7.1.1
(L)y 6444 0 0 GPa (7.1.16)
sym. 64.44
i 87.25 |

7.2 The Mori-Tanaka Method (M-T)

The presented form of this method was proposed by Benveniste (1987a), who
interpreted a brief derivation by Mori and Tanaka (1973) of the average stress caused
by transformed homogeneous inclusions in a large matrix volume. In the context of
the procedures leading to the estimates of concentration factors in Sect. 6.3.1, their
result suggests that the inclusion should embedded in a large volume of the matrix
phase, and subjected to an average matrix stress. A different form of the method was
suggested by Weng (1984). Numerous applications to many different problems have
appeared in the literature. For example, composites with coated fibers were analyzed
by Benveniste et al. (1989) and by Chen et al. (1990). Porous materials were treated
by Zhao et al. (1989). Specific results for many typical composite systems were
derived by Chen et al. (1992).
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0Q, &

Fig. 7.2 The Mori-Tanaka (M-T) model. Stiffnesses of the inhomogeneity and matrix are denoted
by L,andby L, = L,

7.2.1 Elastic Moduli and Local Fields of Multiphase
Composites

This AFA method approximates interaction between phases in a matrix-based sys-
tem by regarding each reinforcement L, as a solitary inhomogeneity €2, embedded
in a large volume €2, of the matrix L,. The as yet unknown average strain &, or
stress 01 in the matrix phase are applied as a uniform strain or stress at a remote
boundary 92, Fig. 7.2.

The inclusion-based form of this method utilizes (4.2.14), for the average strain
&, in a single inhomogeneity L,

e, =T, T,=[I+P(L,—L)" (7.2.1)

where both the Eshelby tensor § = PLandthe P = (L* + L 1)_l and L* tensors
in (4.2.9) are evaluated in L;.

When a uniform overall strain €° is applied to the representative volume of a
composite material, the matrix average strain € is found by referring to (3.5.5)
which indicates that Y c,e, = (3¢, T,)e; = &°. Of course, T 1e; = &, since
the partial strain concentration factor of the matrix, 7| = I. Notice the difference
from the dilute approximation result (4.4.3). Therefore, the local strain averages are

n -1 n —1
1= A’ = [cll + ZCSTS:| e e, =A4,"=T, |:c11 + ZcSTS:| &’
s=2

§s=2
(7.2.2)
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Overall stiffness of a multiphase system, r = 1,2, ..., n, is then found as

n n n -1
L=) c¢LA, = [ZC’,LrTr] [chn}
r=1 r=1 s=1
n n -1
= Ll + |:ch‘ (Lr - Ll) Tl] [ZCSTS]
s=1

r=2

(7.2.3)

After some algebra, this form can be converted to (6.3.5),, with both L and P
evaluated in the matrix, Ly = L as shown in (7.2.29).

For a two-phase composite r = 1, 2, with matrix L; of volume fraction c;, and
reinforcements L,, the corresponding expressions are

A = [cll—f-(l—Cl)[I+P(L2_L1)]_1]_1 (7.2.4)

Ay =[0—c)I+e P (L~ L]
L=L +0—c)(La—L)[I+c;P(Ly—Ly)" (7.2.5)

Equation (7.2.26) below shows a more general form of the two-phase composite
stiffness, which admits different shapes and alignments, or different P tensors for
the inhomogeneities of phase L,.

When the composite is subjected to a uniform overall stress ¢, the above
sequence is modified. It starts with the estimate of the average stress in each phase
embedded in a large matrix volume loaded by a uniform stress o |

o, =W,o1 W,=[+0QWM,—M)" (7.2.6)

where 0 = Li(I-PL,) = (M*+ Ml)_1 and again, W;=1. Since
SCaW,)e = a9, the local stress average are

n 1 n
o, =B,0" = Wr[cll + chws} o > eBy =1 (7.2.7)
s=2 s=1

The overall compliance of the composite aggregate follows from (6.3.6) as

n n n -1
M = ZCerBr = |:ZC1~MrWr:| |:ZCSWS:|
s=1

r=1 r=1

(7.2.8)

n n —1
=M+ |:Zcr (M, — M) Wr:| |:ZCSWsi|
s=1

r=2
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For two-phase systems with matrix M of volume fraction c

Bi=[al + (=)l + @ =My Bo=(1 4@ (M5~ M)
(7.2.9)

M=M+(1—-c)(My—=M)[I+c,Q(M;— M) (7.2.10)

If for all r, the difference (L — L,) is positive [or negative] semi-definite, then,
according to the bounding theorems (6.2.16), the method delivers the upper [or
lower] Hashin-Shtrikman bound on the overall L. These and other connections with
the bounds were examined by Norris (1989) and Weng (1990, 1992). In composites
which display a large contrast between constituent moduli, the Mori-Tanaka method
tends to underestimate [or overestimate], even at moderate concentrations, the actual
overall elastic moduli, c. f., Fig. 6.5. However, in applications to two-phase media
containing voids and/or cracks dispersed in a homogeneous matrix, the method
delivers a Hashin-Shtrikman upper bound which, unlike the self-consistent estimate,
approaches zero value only when so does the matrix volume fraction.

7.2.2 Elastic Moduli of Fibrous, Particulate and Layered
Composites

For a two-phase fiber composite, with transversely isotropic fiber and matrix phases,
where phase elastic moduli denoted by k,myand py and k,,m,, and p,,, the
Mori-Tanaka method estimates of the corresponding overall moduli are

_ kaf (km + mm) + kam(kf + mm)
B crllm +mpy) + cmlky +my)

(7.2.11)

. m iy (ki =+ 2mpy) + kpmpy (crmy + cumy,)
ke, + (ki + 2”"lm)(cf””m + Cmmf)

(7.2.12)

2crpy em(py 2
b= fPfPm+ cm(pPypm+ Py) (7.2.13)

2Cfpm + Cm(pf + Pm)

The remaining two moduli follow from the universal connections (3.9.4) as

_ cflf(km + my) + cmlm(kf + my,)
B cf(km + my) + Cm(kf + my)

(lf - lm)

- —CmNym = - _mlm—
n—crny—cuh (—cply—c )(kf—km)

(7.2.14)
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The above axisymmetric moduli &, /, and n, coincide with those of a single
composite cylinder that has a fiber core and matrix shell (Hill 1964), and also with
those of an assemblage of such composite cylinders shown in Fig. 6.1. It can be
verified that the same results are obtained from the Walpole’s formulae (6.3.27)
when the comparison medium moduli are selected there as equal to those of the
matrix, i.e., ko = k;y, mo = my,, po = pm. Estimates of overall elastic moduli of
multi-phase aligned fiber composites can be found in Chen et al. (1992).

Figure 6.5 shows the M-T estimate of the overall transverse shear modulus m
and the transverse Young’s modulus E7, for a glass fiber/epoxy composite. Since
the difference between the fiber and matrix stiffness (L ; — L) is positive definite
and L,, =L, is the comparison medium in this case, the M-T estimates coincide
with the H-S lower bounds m ™ and E (T_) .

For isotropic particulate composites with an isotropic matrix r = 1 containing
isotropic spherical reinforcements r = 2, Benveniste (1987a) found the Mori-
Tanaka method estimates of the bulk and shear moduli as

K — K, . 2
Ky— K1 14c¢(K,— K\ (K, +4G/3)7!
G-G _ e (7.2.15)
G,— G, G1 (9K, +8Gy)\ !
1+¢(Go—G)|Gy + 2L 270
+ (G l)( 'K + 26y )

When G| < G,, K| < K, these expressions are equivalent to the Hashin-
Shtrikman lower bounds and they also follow from Walpole’s formulae (6.3.26) for
Gy = G1, Ky = K;. The ratio G/G, found from (7.2.15) is also equal to G/G,, in
(6.5.13). Upper bounds are obtained by exchanging the phase subscripts in (7.2.15).

In the P100/Cu composite, Fig. 6.2, the Mori-Tanaka estimates coincide with
the upper bounds k), m™) and p(*), and the lower bounds 7~ and EL_). In the
S-glass/epoxy fiber composite considered in Fig. 6.4, the Mori Tanaka estimate of
the overall shear modulus Gy coincides with the H-S lower bound G™. In both
illustrations, the method delivers a fairly accurate prediction of the relevant elastic
modulus.

Another measure of accuracy of the method was presented by Christensen et al.
(1992). They evaluated the percent error in the shear modulus of a particulate
composite, compared to the generalized self-consistent estimate of Sect. 6.5, for
different combinations of phase moduli and particle volume fractions. As expected,
the error was magnified by large contrast between phase moduli, but it turned out to
be less than 10% for ¢; < 0.4 atv; = 1/2, v, = 1/3,and 0.2 < G,/G; < 10.
At higher particle concentrations, the Mori-Tanaka method tends to underestimate
the effective shear modulus obtained from experiments and the generalized self-
consistent method, as illustrated in Fig. 6.5.

Next, we consider a multi-layer composite aggregate consisting of platelets or flat
discsr = 2,3, ..., n, all bonded to a continuous matrix r = 1, and aligned such that
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their normals are parallel to the x;—axis. Since the in-plane size of the discs need not
be limited, this composite is equivalent to flat multilayer plates or solids, without
a distinct matrix, which appear in assorted technological applications, including
layered coatings, soil and rock formations, and sediments. Each layer is regarded
as transversely isotropic, with the x;—axis of rotational symmetry normal to the
layer plane. Transverse isotropy prevails on the overall scale, hence there are five
independent overall elastic moduli (2.3.3), exhibiting the interrelations.

m = ancl'ml‘ n_l = Xn:cr(nr)_l p_l = ancr(pr)_1
r=1 r=1 r=1

) ) (7.2.16)
k=0P/n+Y clky—=12/ny) 1/n="Yc/n,

r=1 r=1

These results agree with the self-consistent estimates found by Laws (1974,
eqns (42)—(46)) and also with those found by Postma (1955) for multilayered
solids.

7.2.3 Elastic Moduli of Solids Containing Randomly Oriented
Reinforcements and Cracks

Here we find an estimate of overall stiffness of a multi-phase and matrix-based
composite, reinforced by randomly oriented but otherwise identical ellipsoidal
inhomogeneities, such that the composite is isotropic on the macroscale. As already
mentioned, this result can be found in terms of averages over all orientations in Sect.
2.2.10, of the orientation dependent terms in the overall stiffness (7.2.3). Those are,
of course, the strain concentration factors (7.2.1) that depend on both P and L,.
Using curly brackets for the averages, the desired overall stiffness is

n n -1
L=L+ |:Zc {(Ls - LI)TS}] |:Zc {TS}:| (7.2.17)
s=1

§s=2

Analytic derivations of the scalars in the orientation average {7 ;}, for different
oblate and prolate spheroidal shapes, including spheres, needles, disks and penny-
shaped cracks, were carried out by Kroner (1958), Wu (1966) and Berryman (1980),
who also shows corrections to earlier solutions, and denotesa = P, b = Q. In
numerical evaluation of the orientation averages, the nonzero coefficients of the
(6 x 6) matrix {Top} = {Taﬁ}T follow from (2.2.30) and (2.2.33) in terms of the
coefficients of Tyg.

Chen et al. (1992) found the orientation averages of the moduli (7.2.17),
for matrix based composites consisting of an isotropic matrix L;, reinforced by
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randomly oriented short fibers, distribution of which is isotropic on the macroscale.
General forms of the averaged moduli are

n n -1
1
K=K+ 5 Zcr 6, — 3Kl()lr)|:cl + Zcrar:|

r=2 r=2
(7.2.18)

n n =1
1
G =G+ E ;Cr (nr - 2Gl,Br) |:C1 + Zcrﬂr:|

r=2

where the parameters «,, 8,,8,, 7, depend on the moduli and geometry of the
phases. K;,G; are the bulk and shear moduli of the matrix, and each fiber
orientation has a different stiffness L,. Berryman (1980) derived expressions for
their evaluation for cracks and other shapes.

When the fibers are modeled by randomly distributed very long prolate spheroids,
made of an isotropic material moduli with K, and G, the effective overall bulk and
shear moduli K and G are

—1
K=K —c(Ky— K1)|:1 - 623(;1(1_?—]{2)1{1_:%]

G =Gy, —ci1(G,—Gy)
(G, — Gy) 2 1 1 -1
x [1 T3BG + K G 520270 ((Gz T TG Gl))]
(7.2.19)

For the isotropic matrix, y; = G1(3K; + G1)/ (3K + 7G)).

Of interest in many applications are composites reinforced by relatively short,
randomly distributed fibers which are transversely isotropic, such as carbon, with
moduli k,, I, m,, n,, and p, in the local coordinates aligned with fiber axis. The
fiber diameter is usually <20 pwm, hence the fiber aspect ratio is very high. For such
short fiber composite, the coefficients in (7.2.18) are

Q= 3(K1 +G1)+kr_lr ,B — l|:4G1 +2kr+lr 4Gl 2(G1+71)]
' 3(Gi + k) 5L 3Gtk G+ p, my +yi
1 (2kr + lr)(?’Kl + 2Gl — lr)]
8;’ =3 21}' r
st Gtk
_1
nr = 5
x |:g(n .y )+ 8Glmr(31<l + 4G1) 8Glpr (4Gl+2lr)(kr - lr)]
37 7 (BK +7G)m, + 3K, + G1)G, G+ p, 3(Gy + k)

(7.2.20)
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In addition to the above results, Chen et al. (1992) provide similar parameters
for composites reinforced by randomly oriented, transversely isotropic platelets or
disks of vanishing thickness. When the disks are isotropic, the overall bulk and shear
moduli are

3(Kr— Ki)]™!
K=K —c(Kr— K)|1—e 22— 20
2 —c1(Ks 1)[ 623K2+4G2}
X (7.2.21)
2 (2(G,—Gy)  Gy—G\]~
G=G,—c1(G,—G)|1—-=c
2 — (G2 1)[ 562(3K2+4G2+ G )}

This M-T result is identical to that predicted by the self-consistent method
(Walpole 1969, eqn. (61)). At a given concentration, the platelets yield higher
overall moduli than do needles or short fibers, as first observed by Wu (1966).
Another analysis of overall elastic moduli of randomly reinforced composites was
developed by Christensen and Waals (1972).

The above results apply only to composites reinforced by a spatially random
distribution of short fibers or other reinforcements. However, preferential fiber
orientations can develop, for example, in systems produced by injection of liquid
polymer and short fiber mixtures into final shape moulds. Actual distributions are
not easily detected, but when they are, they can be related to overall material
symmetry of the composite by certain orientation distribution functions (Ferrari
and Johnson 1989). Actual material symmetry can be deduced, for example, from
directionally dependent velocities of ultrasonic waves (Sayers 1992; Dunn and
Ledbetter 2000).

The Mori-Tanaka method also predicts overall properties of solids containing
a distribution of cavities and cracks. As long as the cavities are approximated
by spherical inhomogeneities with vanishing stiffness, the overall moduli can be
obtained by letting G, = K, = 01in (7.2.15).

Using Berryman’s (1980) results, Benveniste (1987a) found the moduli for a
solid with randomly oriented penny-shaped cracks of radius a as

K _ [1 L 1en(1 - v%)} LG [1 L 30— v)(5 - vl)} ' am)
K, 9(1 —2vy) G, 452 —vy)

where n = Na?/V, and N/V is the number of cracks in a unit volume V. Both
the ‘matrix’ and the cracked medium are isotropic, with elastic moduli K, G, v;
and K, G, respectively. In contrast to the self-consistent prediction of these moduli
by Budiansky and O’Connell (1976), who found zero moduli at (¢) = n — 9/16,
the above expressions predict only a gradual decrease with growing 1. At very low
crack concentrations, for n < 1, there is agreement with the dilute estimate by
Walsh (1965). Of course, crack configurations yielding vanishing elastic moduli
can be constructed or imagined with different values of 7, including those obtained
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by the self-consistent method. However, as shown by (7.1.14), the method also
predicts zero shear modulus of a matrix with 0.5 volume fraction of spherical
cavities.

7.2.4 Restrictions on Constituent Shape and Alignment

In applications to multiphase systems, the diagonally symmetric Mori-Tanaka
estimates of overall stiffness L= LT and compliance M = MT follow from (6.3.5)
and (6.3.6), providing that all inhomogeneities have the same shape and alignment,
described by a single P or Q tensor. Here we show that the said symmetry can also
be established in applications of the method to two-phase composites, consisting
of the matrix phase L; and many perfectly bonded ellipsoidal inhomogeneities
s = 2,3,...,n of phase L,, which may have different shape and/or alignment,
described by P or L. The proof was derived by Benveniste et al. (1991b).
According to (7.2.1), the local strain averages are &, = T & =
[l + P, (L,— Ll)]_lel, where € is the average strain in the matrix r = 1 and
s = 2,3,...,n,while e, = Tey and T| = I. A more convenient form of the
partial concentration factors T, is now derived, by defining a new tensor P7.

Py(L,—L)P,=P,— P, = (L,—L))= (P} — (P~
1 (7.2.23)
P,(L,—L)=Py(P))" —1 P{(L,—Ly)=1-Pj(Py)”"

Since Py=(L* + L;)”'=P,", this shows that P{=[(L, — L) + (P;)~']"!

-1 . . .
= (P})"and also that P} = (L} + L,) . The partial strain concentration factors
can be written in a modified form

(Ty)'=I+P,(Ly—L\)=P,(P})" = T,=P}(P,)"'=I — P} (L, — L))

(7.2.24)

The overall stiffness of a matrix-based two-phase system L, L,, with subvol-

umes s = 1,2,3,...,n that have different shapes and alignment for s > 2, follows
from (7.2.3) as

L=Li+) c(La—L)A,
s=2

n n =1
:Ll_(L2_L1) |:CII_ZCSTS:| |:ZCSTA':|
s=1 s=1

(7.2.25)
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Substitution of the modified 7 yields the overall stiffness in the follow-
ing diagonally symmetric form, which is then adjusted using (7.2.23), to de-
pend only on the P; matrices that describe shape and alignment of different
inhomogeneities L.

n -1
L= LZ_(LZ_LI)CI|:ZCS [1— P} (LZ_LI)]]

s=1

n -1
=L,—c¢ |:Z Cy |:(L2 — Ll)—l _ Pi]:| — L7

s=1

n B -1
= Lz—cl[ 2 {(LZ—LI)—1 [ =L+ Py ﬂ

=1
(7.2.26)

Therefore, two-phase systems with arbitrary phase geometry are admissible
in implementation of the Mori-Tanaka method, as they appear to be in the
self-consistent method. In contrast, applications of either of the two procedures
to multiphase systems require all inhomogeneities to have the same shape and
alignment, or spatial distributions amenable to orientation averaging. As already
indicated in the opening paragraph, the inhomogeneities need not be of the same
size, but they should belong to the same size scale. The shape and alignment
constraints are relaxed by the double-inclusion model CB, in Sect. 7.4.4 and
Fig. 7.7.

In closing this section, we convert (7.2.3) to a diagonally symmetric form,
valid for multiphase composite systems with the same shape and alignment of
the reinforcement, given by one pair of L" and P = (L* + Ll)_1 tensors, both
evaluated in the matrix L. Recall from (7.2.1) that T, = [I + P (L, — Ll)]_l =
(L*+ Lr)_1 (L* + L,). Substitute this into (7.2.3), written as

n n n -1
L=) c¢L A, = |:ZcrLrT,:| [ZC,T,}
r=1 r=1 r=1

(7.2.27)

- [Z e L, (L* + L,.)“] |:2n:c,(L* -+ L,.)_l]_l

r=1 r=1

and use (7.1.3) to find

SeL (L*+ L) =I-L"Y ¢ (L*+L,)" (7.2.28)
r=1

r=1
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Finally, take this into (7.2.27) to get the last equality in (6.3.5)

n -1
L= |:Zcr(L* + Lr)_l] —L*=1L" (7.2.29)

r=1

This confirms that the Mori-Tanaka method yields the stiffness predicted by
(6.3.5), providing that both L" and P are evaluated in the matrix, Ly = L;. Therefore,
either the self-consistent or the Mori-Tanaka predictions of overall stiffness and
compliance can be generated by solving inhomogeneity problems in Figs. 7.1 or
7.2, or by using (6.3.5) and (6.3.6), with Ly =L or Ly =L, respectively. Both
approaches require evaluation of the P tensor, but only in the matrix phase for the M-
T method. Recall that (6.3.5) also yields the H-S bounds, as described in Sect. 6.3.2.

7.2.5 Derivation of Effective Phase Moduli

Experimentally determined overall moduli of a two-phase composite material, and
those of one phase may be used to estimate the effective moduli of the other
phase. For example, mechanical testing of thin fibers and filaments is limited to
simple tension and torsion, which yield the longitudinal Young’s modulus Ej;
and if the fiber is regarded as transversely isotropic according to (2.3.3), the
longitudinal shear modulus p. The remaining elastic moduli of transversely isotropic
fibers, such as carbon or graphite fibers, cannot be found by direct measurement.
However, estimates of effective magnitudes of the unknown moduli can be derived
from experimentally measured overall or macroscopic elastic moduli of two-phase
aligned fiber composites reinforced by such fibers. Matrix moduli and phase
volume fractions also need to be known. Composite test samples used in such tests
should be fabricated in a manner that assures good fiber alignment and statistically
homogeneous distribution of the fibers in the transverse plane, which may not be
found in all standard fibrous plies. The same approach can yield effective moduli of
reinforcements consisting of particles of irregular shape and varied composition.

Loading conditions that provide the overall moduli of fibrous systems are
described in Table 2.4. The measured values are used to generate coefficients of the
compliance and stiffness M and L in (2.3.2) and (2.3.3). Together with the known
moduli of the composite matrix and the matrix volume fraction c;, the overall elastic
moduli k, m, and p included in the coefficients of M and L are substituted into
expressions for self-consistent or Mori-Tanaka estimates of these moduli.

In particular, self-consistent estimates of the fiber moduli k;, m,, and p, can
be found by solving in sequence equations (7.1.6), (7.1.7), (7.1.8). The remaining
moduli ny, I, then follow from the universal connections (3.9.4). Mori-Tanaka
estimates of all five fiber moduli can be found by solving (7.2.11), (7.2.12), (7.2.13)
for k¢, my, and py . For particulate composites, self-consistent estimates of effective
reinforcement moduli, say, K, and G, follow from (7.1.9) and (7.1.10), and the
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Mori-Tanaka estimates from (7.2.15). The pairs of equations in (7.2.19) or (7.2.21)
may also be used to estimate ‘effective’ moduli of randomly oriented fiber or platelet
reinforcements.

The same approach can be used for evaluation of effective moduli of a matrix,
of interest in materials with large specific surface areas, which may promote
realignment of polymer chains or other interfacial reactions leading to moduli
changes. Again, elastic properties of the other phase, and of the aggregate need
to be known together with phase volume fractions.

7.3 The Differential Scheme

This averaging method employs an incremental sequence of dilute approximations
discussed in Sect. 4.4, to find the stiffness or compliance matrix of a composite
made of two or more phases in non-dilute concentrations. In each increment, a
homogeneous matrix or a ‘backbone’ medium L is enriched by inserting a dilute
concentration of inhomogeneities of one or more distinct phases L,, r=1, 2,...,
n, and the mixture is homogenized. This incremental homogenization continues
until it reaches final phase concentrations. The choice of Ly and of the volume
fraction increments Ac, added in each step may yield different estimates of the
final stiffness. However, the sequence of dilute approximations guarantees diagonal
symmetry of the predicted overall stiffness and compliance for any combination of
phase properties, shapes and alignments.

First proposed by Bruggeman (1935) and Roscoe (1952), and later expanded
by Boucher (1974), the method was reviewed by Cleary et al. (1980). McLaughlin
(1977) had shown that stiffness estimates for two-phase dispersion of spheres and
fiber reinforced materials, generated by incremental additions to a unit matrix
volume, lie between the Hashin-Shtrikman bounds. Callegari, et al. (1985), Norris
(1985) and Norris et al. (1985) expanded the basic theory of the method and exam-
ined how such bounds can be realized by two-phase systems. Benveniste (1987b)
suggested creating a two-phase dispersion by adding composite spheres, and had
recovered the Hashin and Shtrikman (1962a, b) composite sphere assemblage
results in the context of heat conduction. Applications of the differential scheme
to materials containing distributions of cracks were explored by Hashin (1988).

Two procedures can be employed to reach an estimate of overall stiffness (Norris
et al. 1985). In the fixed volume process or FVP, the initial ‘backbone’ material
of stiffness Ly resides in a fixed representative volume V. Each addition of phase
volumes Av; + Av, + --- 4+ Av, = Av is preceded by removing from Vj an
equivalent volume Av of the already homogenized material which always includes
certain volume ratio of Ly. After a current increment is homogenized, the phase
volume fractions in the FVP procedure satisfy

v =Ve Y AGM=0 () =v)/V0 Y =1 (73.1)
r=0 r=0

r=0


http://dx.doi.org/10.1007/978-94-007-4101-0_4

196 7 Estimates of Mechanical Properties of Composite Materials

This volume exchange process continues until all phase volume fractions reach
their prescribed magnitudes in Vj. At the end point, some of the backbone material
may be left as one of the actual phases, or it may be entirely replaced by the
gradually added phases r = 1,2,...n. In any event, the final stiffness prediction
depends on L, and on the phase volume ratios added in each step.

Physically more plausible is the alternative variable volume process (VVP),
which builds the same two or multiphase material r =1,2,...n by starting with
volume v, of an actual phase L, usually selected as the matrix material. Volume v
remains constant during homogenization. Dilute reinforcement volumes Av,, r > 2,
are added in certain ratios, until all phase volumes reach their prescribed final
magnitudes vy, vy, ...v,. The mixture is homogenized after each such addition,
hence the current total volume V(7) increases from V(0) = v, as a function of ‘time’
t, until it reaches the final volume V' = X7_,v,. Since all > 1 phase volumes
gradually increase, their volumes and volume fractions are

VY O =V 60 =v0/V0) Y e =1-a0) (132)

r=2 r=2

where ¢ () decreases from 1 to its final magnitude.

Corresponding changes in the overall stiffness can be derived with reference to
(4.4.6), where L, is now replaced by the overall L(¢) found in the previous step. The
stiffness increment caused by addition of small reinforcement volumes in the VVP
sequence is

ALty =L(t+A)—L(t)=)_

r=1

Av,

VoL LOITO (33

where T,(t) = {I+ P,(t)[L, — L(1)]}”" denote the partial strain concentration
factors for each inhomogeneity added to the currently homogenized medium L(¢).
In each step, the P,(¢) needs to be updated as a function of L(¢). This expression
for AL(¢t) provides a recursive formula for numerical evaluation of each next
stiffness increment until the final overall stiffness L is reached at prescribed phase
concentrations.

A differential equation for evaluation of L is obtained by letting Av, — 0 and
V(t) > AV — 0. Then

%V_Vf: 0V =V, VIV =N,V (7.3.4)

The v, can be replaced by ¢,, with the substitution vi/V = ¢; = 1 — ¢, where ¢
follows from (7.3.2)

. cr v, ¢y ¢ v,

=L 1= + ¢ =
vi a  vi (I-¢) (1—¢)> V(—-c)

(7.3.5)
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Substitution into (7.3.3) yields the following system of coupled ordinary differ-
ential equations for evaluation of the overall stiffness

L= Z(L —-L)T, (c,+c,( 'c)) (7.3.6)

r=1

starting at # = 0 with the initial conditions L(0) = L; (Norris 1985). This equation
also governs the removal-replacement or FVP procedure, where L(0) =

Specific applications require a selection of the initial ‘backbone’ medium Ly,
typically chosen as the actual matrix of the composite system, Ly = L;. Then, in a
two-phase system r = 1, 2, where the reinforcements have stiffness L, and are added
by increments Ac;, there is ¢, = ¢ = ¢, and (7.3.6) is reduced to

dL 1
de  (1—c2)

(L= L) T, (7.3.7)

Together with T, = T,(L), this is a coupled system of ordinary differential
equations which can be integrated to yield the final stiffness. McLaughlin (1977)
derived (7.3.7) as his equation (4), and had shown its solutions for both an
isotropic dispersion of spheres and transversely isotropic dispersion of aligned and
similar spheroids. In both cases, the predicted moduli lie between the correspond-
ing Hashin-Shtrikman bounds. However, as shown by Christensen (1990), shear
moduli estimates generated by the differential scheme can be very different from
those predicted by the much more rigorous generalized self-consistent method,
Fig. 6.5.

The matrix L; can function both as a ‘backbone’ and one of the incrementally
added phases. Norris (1985) shows that this enables a wider selection of the path
followed in adding the phase increments. For example, each phase can be added by
a separate sequence while the other phases remain constant or zero, and the order of
these sequences can be varied within certain restrictions. This family of differential
schemes can generate many different overall stiffness estimates of uncertain value,
depending on the choice of the path. Of course, it seems reasonable to add in
each step all reinforcement volumes in proportion to their final densities, as they
might be added in actual fabrication. This happens in the variable volume of VVP
process, which gradually reduces the matrix volume fraction from unity to its final
magnitude. However both FVP and VVP are governed by (7.3.6).

Since each phase r > 1 is recognized only while being added to the mixture, the
differential scheme does not offer a direct insight into phase interactions, as reflected
by the mechanical strain and stress concentration factors. Only in two-phase systems
r = «, B, one can find estimates of concentration factor tensors A,, B,, in
terms of the current or final overall stiffness L and phase stiffnesses L,, Lg, using
(3.5.13). The main advantage of the differential scheme is its freedom from the
restrictions on shape and alignment of the reinforcements, discussed in Sects. 7.1.4
and 7.2.4.
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7.4 The Double Inclusion and Double Inhomogeneity Models

7.4.1 Field Averages in a Double Inhomogeneity

In this class of models of possibly multiphase composite materials, each inhomo-
geneity L, resides in an ellipsoidal subvolume €2,, which is surrounded by a layer
or coating of another material Lg in a volume 2, = £, — ,. All volumes £,
are also ellipsoids, not necessarily coaxial with €2,. Each double inhomogeneity is
then embedded in a large volume 29 D 2, D 2, of a comparison medium Ly. A
uniform overall strain &° is applied at the remote boundary 92, Fig. 7.3. Several
different predictions of overall stiffness of a composite aggregate can be derived
using this model, based on distinct selections of the shapes and orientations of €2,
and €2, and of the stiffnesses L,, L, and Lo. The original form of the equivalent
inclusion method was derived by Hori and Nemat-Nasser (1993), together with an
extension to a configuration with multiple layers surrounding €2,, which can be
useful, for example, in modeling of graded interphases.

All interfaces are assumed to be perfectly bonded, but boundary conditions
at 02, and 092,, and actual local fields in the phases, are not known. However,
strain averages in €2, and 2, can be approximated by referring to the Tanaka-
Mori (1972) theorem in Sect. 4.5.4, which describes those caused in the double
inclusion in a homogeneous medium by uniform eigenstrains applied in €2, and
Q. A homogeneous double inclusion is created in Lo, in parallel with the double
inhomogeneity of the same geometry. The connection between the field averages
in the double inclusion and inhomogeneity is established by a formal application
of the equivalent inclusion method of Sect. 4.3.2, albeit to local fields that are not
necessarily uniform.

Fig. 7.3 Geometry of the double inclusion and the double inhomogeneity models
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To evaluate effective stiffness of a double inhomogeneity, recall from Sect. 4.5.4
the derivation of average strains caused in a homogeneous double inclusion €2 D
Q> D Q, by eigenstrains uj, and u . applied in the subvolumes Q, = Q; —
Q, and ,, respectively, all in Ly. In superposition with a uniform overall strain
€% applied at the remote boundary 92, the total local strain averages, denoted by
top bars are

g8 = &)+ Suum(Q)uf, + ﬁ [Smnkt(22) — Syt ()] (1 — 257
r
[4.5.45]
é:,m = ng + Smnkl(QZ):u“/f] + Smnkl(gzr)(ﬂ;;] - ,u“/é:]) [4546]

In the double inclusion model, the above eigenstrains are regarded as equivalent
eigenstrains, applied in the respective volumes of the homogeneous comparison
medium Ly, to generate average local fields equal to those in the corresponding
double inhomogeneity. The polarization fields (6.2.1) are now generated by two
distinct local eigenstrains, in an admissible L restricted by (6.2.16).

Converting the second and fourth order tensors to contracted tensorial or
engineering matrix notation, and writing them as (6 x 1) and (6 x 6) matrices,
renders the above equations in the form

89 = &% 4 Sopll +y AS ([,Liq - ;L;;f) (7.4.1)
59 =&+ Sopst + S, (wit — ) (7.4.2)

where y = Q,/ (2, —,), and AS = §, — S, is the difference between the
Eshelby tensors of the ellipsoids €2, and €2, in L. The local stress averages are

9 =L, (éi,”) - [Lz,q) 7@ = Ly (9 — p2) (7.4.3)

Average stresses caused inside the double inhomogeneity by the overall applied
strain €” have the form

&g)) = ngg’) o® =L,&" (7.4.4)

The equivalent eigenstrains, and the average strains and stresses in the double
inhomogeneity follow from the equalities implied by the equivalent inclusion
method, expressed in terms of the respective subvolume averages of local fields

= ~(b) = -0 = ~(b) = = (b
ei,”) = ei,) eﬁ“) = e,(,) ai,”) = afg) a,(,“) = 0£ ) (7.4.5)

Notice that in contrast to the fields employed in the original application of the

method in Sect. 4.3.2, the current local fields may not be uniform. Consequences
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appear in (7.4.17). Substitution into (7.4.3) for the strains é;") and éﬁ”) from (7.4.1)
and (7.4.2) and implementation of (7.4.5) yields the equivalent eigenstrains

p =@ pll =6 (7.4.6)

where

1
P, = —[AS + (S, + E) (S, —yAS + E) 7 (S, —y AS + Eg)] (7.4.7)

—1
o, — —[(s, +E)+AS(S, —yAS + E.) ' (S, —yAS + E,.)] (71.4.8)

and E, = (Ly —Lo) Lo, E, = (L, — Lo)"'Lo.

The equivalent eigenstrains (7.4.6) are now used in (7.4.1), (7.4.2), (7.4.3) to
find the local strain and stress averages in the subvolumes €2, and 2, of the double
inhomogeneity.

B = [1+ 820, +yAS (0, 9)]e" } (749
Go=Lo[I—(I—85)®,+yAS (&, — &,)]& -
& =T"e"=(1+ASP,+5,9,)¢"
(7.4.10)
6, =Lo[I +AS®,—(I1-S,)®,]¢°
Corresponding field averages over the entire volume Q, = Q, + €, can be
found in analogy to (3.5.5) as
&= fre, +(1— fr)&, o= f0,+(1—f)o, (7.4.11)
or
Er=(U+8,0,)e" =TV’  Go=Lo[I—(I—S,)®,]e" (7.4.12)
with

S, =f0,+(1-f)®, (7.4.13)

where f, =Q,/Q =y — f), vy =2,/ (2, — Q,). The partial strain concen-
tration factors T and T\ = (I + S,®,) in (7.4.10) and (7.4.12) describe
average strains in the single inhomogeneity L, and double inhomogeneity L,, while
both are present in a dilute concentration in the homogeneous medium Ly which
is remotely loaded by the uniform strain €°. The strain ji, = @,&° is now an
average equivalent eigenstrain in the total volume 2, of the double inclusion in a
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homogeneous medium L. Although the eigenstrains are only piecewise uniform in
2, and 2, the Eshelby tensor S, and the average equivalent eigenstrain jt, provide
the average strain &, suggested by (4.5.47) and the Tanaka-Mori (1972) theorem.

Derivation of the overall stiffness of the double inhomogeneity is completed by
relating the averages (7.4.12) by 6, = L(Zr)éz, where

(r _ —-1] _ —1 -1
LY =L, [1 —@,(I + S,0,) ] — Lo— [(L0¢2) + Pz] (7.4.14)

and P, = S»L, I = P). The superscript (‘) reminds that this tensor depends
on both S, and L,, which may be different within each subvolume €2,. Diagonal
symmetry of L(Zr) requires that (Lo®,) = (Lo®,)".

Once the effective stiffness of the double inhomogeneity is known, it can be
used in modeling of composite aggregates that contain an assemblage of different
inclusion pairs, each within its own outer boundary 02, defined by a single S,,
and perfectly bonded to a common comparison medium Ly. Such applications
are described below. Hori and Nemat-Nasser (1993) give a proof of consistency
M g) = (L g) )~! of the (7.4.14) estimate and of many other features of the double
inhomogeneity model.

7.4.2 Double Inhomogeneity Microstructures

The double inhomogeneity may not represent an element of the actual composite
material, and the traction and displacement fields at the interface with the surround-
ing medium are not known. However, a double inhomogeneity with known effective
stiffness Lg) can be regarded as a single material inhomogeneity embedded in
different concentrations in a large volume of a suitably selected medium Ly, in the
context of one of the average field or AFA approximations of overall stiffness of
an aggregate. For example, the partial strain concentration factor T (Zr) derived in
(7.4.12) can be used in (6.3.2) to develop a corresponding A(z") for substitution into

the overall stiffness formula (6.3.5). Since the stiffness L(Zr) depends on the shape
and orientation of 2, selected for each inhomogeneity L,, and on the stiffness
L,, a composite aggregate ‘reinforced’ by double inhomogeneities of different

stiffnesses L(Zr) is a multi-phase system. This implies that the enclosures €2, need
to have the same shape and alignment, described by S,, to satisfy the restrictions
outlined in Sects. 7.1.3 and 7.2.4. Interpenetration or overlap of the €2, subvolumes
are excluded. Inhomogeneities in the interior of enclosures 2, may have
different shapes, orientations and material properties, subject to the requirement
that LY = (L))"

Different choices of S, impose a spatial distribution on the subvolumes €2, of
the inhomogeneities L, in the entire volume of a composite material. For example,
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Fig. 7.4 Spheroidal inhomogeneities distributed with spheroidal spatial symmetry that promotes
layered texture and isotropy in the transverse plane

in the composite sphere assemblage of Fig. 6.1, the outer surfaces of the shells
surrounding the inhomogeneities impose a spherical distribution, with density ¢, =
Q,/Q0, 0 < ¢ < 1, where 2 is the total volume of all double inhomogeneities
in the representative volume 2o of the composite. However, ¢; < 1 in general,
depending on the selected range of sphere diameters. If all spheres are of the
same size, then their volume fraction may not exceed the upper packing limit,
¢2 < c¢¢p which different methods cited in Sect. 3.3.2 estimate as 0.6 < ¢, <
0.7405.

Spherical distributions with either variable or constant enclosure diameters are
useful in modeling of two-phase or multiphase statistically isotropic aggregates, but
they are not well suited for materials with statistically anisotropic distributions of
reinforcements. Overall transverse isotropy, due to particle alignment or distribution
in a layered texture, can be reproduced by prolate or oblate spheroidal enclosures,
which promote such textures with either enhanced or reduced layer spacing, respec-
tively. Figure 7.4 shows such arrangement, where possibly anisotropic spheroidal
inhomogeneities L, have many different shapes and orientations, and are distributed
with spheroidal symmetry in the representative volume. Prolate spheroids with
parallel symmetry planes depict all enclosures and some inhomogeneities in
this idealized image. All spheroidal enclosures have identical aspect ratios and
alignment.

Each transverse plane intersects the spheroidal enclosures in an assemblage
of circles, hence isotropic distribution of reinforcements is assured in this plane
of the aggregate. In a similar manner, aligned ellipsoidal enclosures may impose
orthotropic overall symmetry, even on aggregates reinforced by particles which have
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P2>p;

Fig. 7.5 Pairs of coaxial oblate and prolate spheroids

the same shape and random alignment. Overall transverse isotropy or orthotropy
could also be imposed by aligned cylindrical enclosures containing ribbons of
ellipsoidal crossections.

While the above mentioned choices of enclosure shapes allow modeling of
different statistically isotropic or anisotropic aggregates, they also impose restric-
tions on the total volume fraction ¢, = €,/ of inhomogeneities that can be
accommodated by the double inclusion model. In particular,

¢ = Q2 /Q0 = frea = (2, /€22)(22/20) (7.4.15)

where f, = Q,/Q, < 1 is the volume fraction of each inhomogeneity inside 2,
and ¢; = Q,/ < 1 is the volume fraction occupied by the double inhomogeneities
in a representative volume of the composite aggregate. While the magnitude of
f; may approach unity when €2, and 2, are of similar orientation and size,
for example, in coated reinforcements, the magnitude of ¢, is often significantly
reduced, even at ¢c; — 1, by a large difference in aspect ratios or orientations of
Q, and Q,.

Of course, actual dimensions or volume magnitudes of either €2, or €2, can not be
enforced in the double inhomogeneity model, or by other AFA models, since they
all admit only volume fraction, shape and alignment information. The two volume
fractions, the aspect ratios of the ellipsoids used in deriving the P, and P, tensors,
and the orientations of these ellipsoids in the coordinates of the representative
volume, are the only parameters that define the geometry of the microstructure.

The effect of aspect ratio differences on the respective volume fractions was
illustrated by Ponte Castaneda and Willis (1995), who considered two double
inhomogeneities, each formed by a pair of coaxial spheroids €2, and 2,, defined
by (4.6.1), Fig. 7.5. Both €2, and €2, share the x; — axis of rotational symmetry.
Individual aspect ratios are p, = a\”/a"” and p, = a\” /a$?, where the length is
| x1| = a; and the diameter | x| = a, = | x3| = az. Volumes of the spheroids
are | Q,| = (4n/3)a§r)(a;r))2, and | Q2,| = (4n/3)a§2)(a£2))2, and their ratio is
fo= 1901/ 19,
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;’) = a;z)’ aY) < aiz), so that a ‘flatter’ 2, is enclosed by

an ‘elongated’ €2,. Next, let p» < p,, so that aﬁr) < aiz) and ag) < aéz); a ‘flatter’

First, let p» > p,,and a

2, surrounds and comes in contact with an ‘elongated’ €2, when al") = aiz) . This
yields volume fraction limits

fr = (%) pr|min = pir pzlmax = pr/fr for py > p,
(7.4.16)

2
P2
5=(2) pls= VT =0T ora <

-

Coefficients of P, for oblate and prolate spheroids in a transversely isotropic solid
can be derived from those of the related Eshelby tensor S, which were determined
by Withers (1989). A simpler form of P, valid for spheroids in an isotropic solid,
is given by Ponte Castaneda and Willis (1995), Sect. 4.6.5. Spherical enclosures
surrounded by an isotropic matrix or an isotropic comparison medium are indicated
in modeling of randomly orientated inhomogeneities or cracks. For the former, the
corresponding P tensor appears in Sect. 4.6.2. Aligned penny-shaped or slit cracks
can be enclosed by flat disks of ribbons, with P tensor described in Sects. 4.6.4
or 4.6.3. The effort involved in finding the required coefficients of the P tensors is
reduced by selecting Lo =L, = L, as suggested in (7.4.25) below. However, any
differences in alignments of €2, call for transforming their coefficients into overall
coordinates attached to the representative volume, as described in Chap. 1.

7.4.3 Connections with the Self-consistent and Mori-Tanaka
Estimates

The double inhomogeneity model may assume several different forms, each deter-
mined by a particular choice of the S, tensors, and the stiffnesses L, and Ly, which
complement the S, and L, characterizing the actual inhomogeneity. One such form,
for a two-phase system with aligned reinforcements of the same shape, postulates
that S, =S, =S, or AS = 0, and it satisfies the diagonal symmetry requirement
LY = (L{")" by selecting the external comparison medium Lo = L] to have the
same stiffness Ly = Lg). This implies that T(Zr) =1,®, =0, and that &, +
y®, = 0in (7.4.13). The double inhomogeneity now behaves as a neutral inho-

mogeneity, however, the average strain in the inhomogeneity L, in €2, follows from
(7.4.10) as

1
g = [1 + T (S, — £85) q),} =T forLoy=L, (7.4.17)
- Jr
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-1
where @, = —[S, + (L, — Lo)_lLo] . The strain concentration factor can be
reduced to the form

TO) — [I +P (L, _L)]—l forLo=L,=L, AS =0 (7.4.18)

where P = SL™'. The same result is provided by the self-consistent method in
(7.1.1).

Although the AS = 0 also holds for the double inhomogeneity used in the
derivation of the generalized self-consistent method of Sect. 6.5, the present model
predicts only the self-consistent result. This is a reminder of the approximation
induced by application of the uniform equivalent eigenstrains (7.4.6) in the double
inclusion, which do not reproduce the nonuniform local fields, derived for spherical
and cylindrical double inhomogeneities by Christensen and Lo (1979). Moreover,
since neither the tractions nor the displacements create homogeneous boundary
conditions on 02, the Hill lemma (3.8.19) does not apply, and the energy of
the double inclusion cannot be exactly evaluated using the phase field averages,
to confirm (7.4.14).

Alternate forms of the double inhomogeneity model, suggested by Hu and Weng
(2000), are based on selections of comparison medium stiffness as Lo # L(z") and
L, = L, the stiffness of the actual matrix surrounding the inhomogeneities L,. To
examine the symmetry condition L ®, = <P§L0 in (7.4.14), we denote

Fi=(L,—Ly) '=EL;'=F] F,=(L,—-Lo)'=EL;"' =F'
Si = PiL() fori = r,1,2

(7.4.19)
Then, (7.4.7), (7.4.8) change to

—1
Lo®, = —[AP + (P, +F)(P,—yAP + F,)" (P, —y AP + Fl)]

(7.4.20)

—1
Lo®, = —[(P, +F,)+AP(P,—yAP +F\)"" (P, —y AP + Fr)]
(7.421)

where againy = f,./(1—f,), fr = Q,/Q. Both above terms need to be diagonally
symmetric to assure that L@, = (P;Lo in (7.4.14), where

&,=f,0,+(1-f)®, [7.4.13]
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One configuration (CA) of this model stipulates that the ellipsoids €2, and €2, are
similar and have identical Eshelby tensors.

CA=(AP=0)= P,=P,, Ly®,=—[P,+ (L —Lo]",
(7.4.22)

Lo®, = —[Py+ (L, — Lo)|”"

Average strains in 2, £, and Q, follow from (7.4.11), (7.4.12), (7.4.13).
According to (7.4.14), effective stiffness of the double inhomogeneity is

(1) = Lo+ ([a[P2+ @20 == 1)

-1

x [P2 Y (L — Lo)—l]_l}_l - Pz) — ((L;”)CA)T

(7.4.23)

Configuration CA represents a double inhomogeneity consisting of a core L,
surrounded by a layer of matrix L;, such that both the core and outer ellipsoidal
surfaces have the same aspect ratio and alignment. The comparison medium can
have a different stiffness L, selected in agreement with (6.2.16) or (6.2.24). Each
inhomogeneity may have a certain stiffness L, and volume fraction f,, both different
inside each double inhomogeneity, yielding different stiffnesses (L g) )CA. However,
the shape and alignment of all €2, outer envelopes is the same, hence overall stiffness
of the aggregate can be derived from a standard AFA procedure. If one identifies the
comparison medium with the matrix Ly=L, then Lo®, — 0 and

(L)) =Les pfw Ly va-pe]” (7.4.24)

which for f, — ¢, = (1 — ¢;) is the Mori-Tanaka estimate (7.2.5) of the
stiffness of a two-phase composite reinforced by aligned inhomogeneities of single
stiffness L,, and of the same shape €2,. Therefore, if the overall stiffness is selected
as L = (Lg))CA, then the double inclusion model provides the Mori-Tanaka
estimate of L. This implies that an entire representative volume would be filled with
double inhomogeneities of the same ellipsoidal shape and different size, arranged in
the spirit of the CSA model, Fig. 7.6. Of course, the double inhomogeneities may
be assigned only certain volume fractions cér) < 1 in the surrounding comparison
medium or matrix Ly =L,. Since the shape of €2, is specified by P, =P,, the
restrictions noted in Sect. 7.2.4 still apply in multi-phase systems. Aggregates
reinforced by randomly orientated inhomogeneities can again be analyzed using
orientation averaging in Sect. 2.2.10.
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g%r o?

Fig. 7.6 The CA configuration of the double inhomogeneity model

7.4.4 Multiphase Composites with Different Constituent
Shapes and Alignments

Another form of the double inhomogeneity model, that extends the capability of
standard AFA models, is offered by the configuration CB, also suggested Hu and
Weng (2000)

CB=(AP#0, Ly=Ly=L))= Lob, —0,
B (7.4.25)
Loy®, = —[Pr + (L, — Lo)]

Each inhomogeneity L, is now embedded in a common matrix L;, and it may
have its own shape and alignment described by a different P,. Since these three
tensors follow from the known properties of a given matrix and reinforcements, one
only needs to select a single P, for all enclosures €2,, which have the same shape
and alignment. This provides relief from making a ‘suitable’ choices of Lo and L,
required by the general double inhomogeneity model in Sect. 7.4.1. However,
all P and L tensors that apply to inhomogeneities of different alignment need to
be transformed into a single coordinate system that is used in the representative
volume.

From (7.4.13) and (7.4.21)

-1
Lo#; = ¢, Lo®, = —¢;[ P+ (L, —L)™'| == (L, —L)T, (7426)
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Fig. 7.7 The CB configuration of the double inhomogeneity model

where ¢, =(1 — ¢;) is the actual volume fraction of inhomogeneities L, in
the matrix material L;. Here, the partial strain concentration factor 7, =
[I + P, (L, —L)]"" is that of a single-material inhomogeneity L, in the matrix
material L, derived in (4.2.14). Average strains in 2, and €2, follow from (7.4.2).
The average strain in the double inhomogeneity is

-1
&) = (1 — P[P+ (L~ L)] ) =T3¢ (7.4.27)

Equation (7.4.14) yields the stiffness of the double inhomogeneity Q;r)

(LQ’))CB =Li+ [ L) + P, — £ P 2]_1 (7.4.28)

=Lt 1 g @ L)1) (L - LT,

T
where f, = Q,/QY). Also, (LY)CB = ((Lg))CB) for any P, and P, that define
shapes of the ellipsoids €2, and €2,.

If all inhomogeneities €2, have the same shape and alignment, then all (L (2r))CB
are identical, and the overall stiffness of the composite aggregate can be selected

as L = (Lg))CB , possibly with f, — ¢, = (1 — ¢1). However, many distinct
(L (2r))CB may be admitted in modeling of matrix-based composites with misaligned
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reinforcements, as long as the shape and alignment of all enclosures Q(Zr) are
described by a single matrix P,. Short or long fibers combined with particles in a
common matrix are among the systems that can be modeled in this manner. Overall
stiffness or compliance can then be evaluated using an AFA procedure, based on
(6.3.3), (6.3.4) and (6.3.5).

For a random distribution of orientations of inhomogeneities L,, the overall
stiffness L of the composite aggregate is obtained in (7.4.29), as an orientation
average of the terms associated with the inhomogeneities r = 2,3, ... n, indicated
by the {} brackets; Sect. 2.2.10. The shape tensor P, and matrix stiffness L; remain
unchanged.

L={L} = Li+ A= enll = (A =e) {(L, = LOT,3 Pol (L, = LT}
(7.4.29)

This stiffness formula was first found by a different procedure, as an estimate of
Hashin-Shtrikman type, by Ponte Castaneda and Willis (1995), with variants valid
for selected two-phase microstructures.

7.4.5 Composites Containing Distributed Voids or Cracks

When some or all reinforcements undergo complete decohesion from the matrix,
they are replaced by cavities €2, that have the original inhomogeneity shape defined
by P, = P.,while L, = L, — 0. In some cases the overall applied strain or stress
may be associated with preferential decohesion of certain orientations and volume
fractions of the originally bonded reinforcements. Then, the composite system
can be modeled as a mixture of double inhomogeneities with solid and vacuous
cores, each with prescribed orientation and volume fraction, possibly embedded in
a common matrix.

In a completely debonded or porous aggregate, the matrix L; is the comparison
medium L§)+) = L,,and L, — 0, which leads to the following substitutions

[p,. + (L, — Ll)_l] P, -M, T, —>(—-P,L)"
(7.4.30)
(L, —L)T, — (P, — M)

Two geometries of porous media are of particular interest. When all cavities
or cracks have the same shape and alignment, with P, = P,, and the entire
representative volume is filled with the double inhomogeneities, overall stiffness is
predicted by the double inhomogeneity model CA in (7.4.24), with f, = Q./Q2,; —
¢. = (1 —cy). That provides an upper Hashin-Shtrikman bound on overall stiffness,
identical with that in (6.3.21)

LY =L +(1—c)(cP-Mp)™ (7.4.31)
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The CB variant yields stiffness of the double inhomogeneity with a vacuous
core as

CB
L = (L;C’) —Li+(—c)[Pe—(1—c)Pr—M,"" (7432

This represents another bound on the overall stiffness of a porous medium with
different cavity shapes and orientations described by P., and spatial distribution
described by P,. For example, the geometry of Fig. 7.7 can be used, with some or
all inhomogeneities replaced by cavities.

For randomly distributed cavities or cracks, orientation averaging in (7.4.29)
provides the upper bound on overall stiffness

LY =L +(1-c) [1 —(—c) {(pc - Ml)—l} pz]—l {(PC — Ml)_l}
(7.4.33)

For both cavities and cracks, the P, tensors are described in Sect. 4.6, together
with the P, tensors for spheres and with references to related publications. Since
the P = (L* + Lo)_1 tensors are positive definite, a comparison of (7.4.31) with
(7.4.32) and (7.4.33) indicates that the latter upper bounds are tighter than the
former, which agrees with the Mori-Tanaka estimate by Benveniste (1987a).

Simple forms of the bounds (7.4.33) for cracked solids have been derived by
Ponte Castaneda and Willis (1995). A medium with a spherical distribution of
randomly oriented cracks generates an isotropic solid with overall bulk and shear
moduli K, G. Matrix moduli are 3K; = 2G(1 + v1)/(1 — 2vy), and the volume
fraction of the enclosures €2, in a representative volume €2 is denoted by ¢, =
Q,/R20 < 1. The upper bound on the two overall moduli is

K | 12¢5(1 —v)
Ki — 9n(1—2v)) + 4es(1 + vy) (7.4.34)
G 120¢5(1 — i) (5 — v1)

- =1
Gy 2257t(2 - Vl) + 16(32(4 - 51)1)(5 — Vl)

Distributions of aligned circular cracks on planes perpendicular to the x; — axis,
in an isotropic matrix with moduli E® = 2(1 + v")GW, create a transversely
isotropic material, where the cracks change only the longitudinal Young’s and shear
moduli Ej; and p = G, = Gy3. The remaining three moduli £y = E33, Gz =
G1;, V3 = vy are not changed by introduction of cracks aligned on parallel x,x3 —
planes. For a spherical distribution

Eﬁ') o 60cy(1 — v?)

(1) _ 2
E 157 + 4c(7— 15v

il 2 v (7.4.35)
p 60c>(1 — vy)

PO T 1572 — i) + 8ca(d — 51p)
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where elastic moduli of the isotropic matrix are E H) = 2pW(1 —v;). Results for a
flat distribution of cracks, where P, is that for flat disks aligned with the cracks, can
be found in Willis (1980).

7.4.6 Predictive Reliability of Micromechanical Methods

As one would expect in linear elasticity, methods described in Chap. 6, and
especially the rigorous evaluations in Sects. 6.4 and 6.5, should deliver reliable
magnitudes of overall properties. The approximate methods in Chap. 7 are useful
in certain applications, as shown in Sect. 7.5. Among those, the Mori-Tanaka
estimate appears to be most reliable when it coincides with the H-S lower bound.
The self-consistent method requires care when there is large contrast between
phase properties. The double inclusion model exhibits greater flexibility of property
choices, and the CB form in Sect. 7.4.4, while allowing for different phase proper-
ties, shapes and alignments, also enjoys theoretical support as a H-S type estimate.

Of course, experimental verification of the different predictions is the ultimate
test of their utility. That can be expected only when the following two conditions
are satisfied:

(i) There is a nearly perfect bond everywhere between matrix and reinforcement
or polycrystal grains, and the representative sample is free of voids or cracks
that may degrade overall stiffness.

(ii) Elastic moduli measured on a large volume specimen of the matrix material
actually prevail in situ, where matrix interlayers between fibers may be just few
microns thick, and may locally disappear when interrupted by fiber contact, as
in the “string of pearls” formations often observed on micrographs.

The first condition (i) should be satisfied in well-made materials, but it is useful
to recall from Sect. 3.2.3 and (3.2.12) that the interface area is rather large in
materials reinforced by small diameter fibers of particles. For example, s(v f) =
crx0.4 m?/1 cm? in commonly used fiber composites reinforced by 10 . diameter
fibers. At the usual ¢, = 0.6 there is about 0.24 m?/1 cm?® of interface area,
which may accommodate localized interface debonds, impurities and other possible
interruptions of perfect bond. The effect may not be significant under sustained
loads, but it may be magnified under cyclic loading.

The second condition (ii) should again be satisfied in a large volume of well-made
composite material, with a high volume fraction ¢,, = 1 — ¢ of matrix. However,
the matrix polymer chains may often align around and along the fiber interface,
yielding somewhat different matrix moduli in situ. Interface reactions producing a
thin but distinct coating-like layer of a different material may also be observed, both
in polymer and metal matrix systems. This may have an effect on actual overall
properties, which can be accounted for by measuring effective moduli of the matrix
in a material with well established fiber moduli.
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Therefore, it is not unusual to find that measured moduli of composite specimens
or plies are somewhat different from the predicted values, or that they may change
from one batch of material to another. Measured strength magnitudes, both in
tension and compression, provided by different sources, are often much larger
than those found in the elastic moduli. Recourse to experimentally determined
magnitudes for plies, laminate and particulate mixtures, such as can be found
tabulated in Herakovich (1998) or Daniel and Ishai (2006) may provide useful
guidance. However, designed properties of each material or part should be verified
in each application.

In analyzing an available experimental result, on a material having a certain range
of volume fractions, one may predict overall moduli as function of average volume
fraction fluctuation by referring to Walpole’s equations (6.3.25), (6.3.26) and
(6.3.27). Those permit computation of the moduli of the underlying comparison
medium from known overall and given phase properties. The expectation is that the
same comparison medium properties prevail at all volume fractions in the selected
range.

7.5 Applications of SCM and M-T to Functionally Graded
Materials

Functionally graded materials (FGM) are particulate composites, with spatially
variable phase volume fractions that gradually change in at least one material
direction. In a typical single gradient two-phase system, r = «, 8, particles of phase
B are added in a selected direction and in increasing concentrations to a continuous
matrix of phase o, until the material is divided by a percolation threshold or by a
transition zone. Beyond that zone, the matrix is a continuous phase 8 that contains
dispersed a—phase particles in diminishing numbers. Such materials may remain
dimensionally stable under the influence of stress or thermal gradients, for example
in thermal barrier coatings. They may also facilitate joining of metal/ceramic
interfaces.

Early developments in modeling of functionally graded materials relied on the
elementary ‘rule of mixtures’ approximation, for example, by Fukui et al. (1994),
Markworth and Saunders (1995), and in stress intensity factor evaluations in graded
materials by Lee and Erdogan (1994, 1995). Giannakopoulos et al. (1995) and
Finot and Suresh (1996) used this approach in elastic-plastic systems. Hirano
et al. (1990) introduced a fuzzy-set estimate based on the Mori-Tanaka method,
with an assumed transition function to account for the effect of changing volume
fractions. The method was also used in modeling of thermoelastic behavior of FGM
microstructures (Tanaka et al. 1993a, b). Reviews with additional references were
written by Markworth et al. (1995) and Williamson et al. (1993).

A detailed description of the actual geometry of graded microstructures is usually
not available, except perhaps for information on direction and magnitude of volume
fraction distribution and approximate shape of the dispersed phase or phases.
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Therefore, evaluation of overall response and local stresses and strains in graded
materials must rely on idealized models. Those may be based on finite element
analysis of selected discrete microstructures, or on estimates of locally homogenized
properties of such microstructures obtained by the self-consistent or Mori-Tanaka
schemes.

The major difference between application of these schemes to statistically
homogeneous or graded materials is in selection of a representative volume, which
has been identified in Sect. 3.3 as sufficiently large to have the properties of any
larger volume. As suggested by Drugan and Willis (1996) and corroborated by
numerical simulations by Gusev (1997), the diameter of the RVE should be equal
to at least twice as large as that of spherical grains reinforcing isotropic matrix-
based mixtures. Such representative volumes are not easily identified in systems
with variable phase volume fractions, which may also be subjected to loading by
nonuniform overall fields. However, application of AFA type methods appears to
be justified by the slow density changes, and by the relatively small ratios of field
gradients to field averages found in most graded systems. This is confirmed by the
good agreement between results obtained using the two material models described
below.

The present exposition is based on the work of Reiter et al. (1997) and Reiter
and Dvorak (1998), designed to determine if the available analytical models can
be applied with reasonable degree of confidence to prediction of homogenized
properties of graded microstructures subjected to mechanical and thermal loads.
To this end, selected two-phase microstructures with single composition gradients
were modeled both by distributions of discrete phase subvolumes, and by a
sequence of parallel homogenized layers with effective properties estimated by
either the self-consistent or Mori-Tanaka methods. Overall response and phase field
averages predicted by these discrete and layered models were compared under both
mechanical loading, thermal changes and steady-state heat conduction. To make
good agreement more difficult to achieve, a C/SiC composite system with large
differences in phase properties and steep composition gradients was used in the
comparisons.

7.5.1 Discrete and Layered Models of Graded Microstructures

Both the discrete and layered graded material models used in the comparative
studies are based on planar arrays of hexagonal inhomogeneities in continuous
matrices, which are more easily implemented in a discrete model.

Figure 7.8 shows the double array used in generating both graded material
models. It is created by two overlapping honeycomb arrays, which have been
separated in the xp,—direction by one half width of one hexagonal cell. A series
of computer generated random distributions of the hexagons in the double array
indicates percolation thresholds at 0.6 < ¢, < 0.73, much higher than the 0.5
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Fig. 7.8 Double and single honeycomb arrays. The double array is subdivided by 24 triangular
elements per hexagonal cell, or by parallel layers that have effective properties estimated by the
M-T or SCM procedures

threshold for the random distribution of uncorrelated hexagons in the adjacent single
honeycomb array.

The composition gradients observed in actual microstructures are usually much
smaller, equivalent to about 0.005-0.0025/row.

The double array is subdivided into thin material layers parallel to the x,—axis.
The thickness of three such layers is equal to that of one row of the hexagons.
Phase volume fractions ¢, (x3) indicate the number of phase parts in each layer. The
finite element Model 3 further subdivides each layer into 320 triangular elements.
Convergence with respect to coarseness of the mesh was established by comparisons
of overall stiffness and field averages with those found using more refined meshes.

The layered model consists of 150 thin material layers, with effective layer
properties evaluated by one of the averaging methods. The fine subdivision of the
mesh and the small thickness of the homogenized layers relative to particle size
cause oscillations in layer volume fractions and in estimated effective properties;
these were reduced by superimposing a three-layer moving average on the computed
results.

Figure 7.9 provides examples of three discrete microstructures, designated as
Model 1.2 with a distinct percolation threshold, Model 2 with a wide skeletal
transition zone, and Model 3 which has both a wide transition region and a threshold.
Each micro-structure has 50 rows of hexagonal cells, with 40 cells per row. Five
rows at both ends are filled with either homogeneous carbon or silicon carbide, then
one hexagonal cell of the other phase is added in each next row, hence each new
cell was added to a sufficiently large volume of constant composition. The resulting
gradient is uniform, equal to 0.025/row, and of the same magnitude in all three
models shown.

The graded microstructures were realized by the C/SiC system (Sasaki and
Hirai 1991). Both phases were regarded as isotropic with the thermo-mechanical
properties in Table 7.1, where E, v are elastic moduli, « is the linear coefficient
of thermal expansion and « denotes heat conductivity. Several combinations of the
SCM and M-T schemes were employed in finding effective property estimates of
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Fig. 7.9 Models of graded materials with the same linear composition gradient in the
x3—direction. (a) Model 1-2. (b) One of computer-generated random micro-structures of Model 2.
(¢) Microstructure used in the finite element analysis as Model 3 and as a layered model COMB3.1

Table 7.1 Phase properties of the carbon/silicon carbide system

E (GPa) v a (1074/°C) x (Wm™'/°C)
Cr=1) 28 0.3 9.3 9.5
SiC (r=2) 320 0.3 42 135

individual layers in the layered models. At both matrix-rich regions at the upper and
lower ends on the graded microstructures in Fig. 7.9, the Mori-Tanaka method was
used in two versions, once with the matrix properties equal to those of phase 1, and
once with those of phase 2; these estimates are labeled as MTM1 and MTM2 in the
figures below. SCS denotes homogenization by the self-consistent method, which
yields gradual property changes with the SiC volume fraction c;.

Models COMB3.1 and COMB3.2 employed different transition functions be-
tween the three methods, to describe effective property changes with changing c;;
these can be found in Reiter and Dvorak (1998). The COMB3.1 model corresponds
to the domain subdivision indicated in the right image of Fig. 7.9, where the self-
consistent estimate is employed in the in the layers that have skeletal microstructures
lacking a distinct matrix. Model COMB3.2 is suitable for materials with a narrow
transition zone and distinct percolation threshold.

Figure 7.10 shows predictions by these models of the transverse Young’s
modulus E3; as a function of ¢, which is the volume fraction of SiC. Similar
predictions for the coefficient of thermal expansion o are shown in Figs. 7.11.
In all three figures, the transitions are centered at ¢; = 0.5 and ¢, = 0.65 for model
COMB3.1, and at ¢c; = 0.66 for COMB3.2. Width of the transitions is equal to
0.05 on the ¢; scale. The modulus E33 = Ej, described in (2.3.5) was estimated
using the Hill’s moduli from Sect. 7.1.3 for the self-consistent method, and from
Sect. 7.2.2 for the Mori-Tanaka method. The CTE is the transverse component of
the eigenstrain in (3.6.18), where either the SCM or M-T estimates of the overall
moduli are used to find M. The phase eigenstrains are found as g, = m, A6, where
for the isotropic case, m, = [o,, &, o, 0, 0, O]T, and «, is the linear coefficient
of thermal expansion of phase » Heat conduction in the transverse direction of a
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Fig. 7.10 Estimates of the overall transverse Young’s modulus E,, = E733 as functions of the SiC
volume fraction ¢,
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Fig. 7.11 Estimates of the overall coefficient of thermal expansion as functions of the SiC volume
fraction ¢,

fiber composite is governed by the same equations as the longitudinal shearing
deformation. This axial shearing-transverse conduction analogy (Hashin 1968,
1972) allows writing down an expression for k7 by exchanging «, for p,(r = 1, 2)
in the self-consistent form of p in (7.1.8), and in the Mori-Tanaka form (7.2.13),
where (r = m, f). Results for particulate composites were derived by Hatta and
Taya (1986), and for coated orthotropic fibers by Benveniste et al. (1990, 1991a).
Models with homogenized layers were also analyzed by Ozisik (1968). Figure 7.12
illustrates the types of boundary conditions applied to both discrete and layered



7.5 Applications of SCM and M-T to Functionally Graded Materials 217

0 0
Oa3| = Oz =0
T3 =c 3=

T| =100 °C

Ta=cC

-0 l
u |w2 o2 [uglc + x3) + u (c -3)]
oT
0 T -0
G. =0
2 |T2 =b o |

T,=b

Fig. 7.12 Boundary conditions applied to the graded material subjected to a temperature gradient.
Similar boundary conditions, with T = 100°C, were applied to impose the uniform change in
temperature

models to simulate heat conduction in the x;—direction, or a constant temperature
change. The solution domain was bounded in the thickness direction by two parallel
planes that allowed a uniform normal strain in the thickness direction; resultants
of the external forces and moments on the bounding planes were equal to zero. In
the finite element Model 3, the thermal and mechanical fields were obtained from a
two-dimensional solution, using ABAQUS generalized plane strain elements.

7.5.2 Selected Comparisons of Discrete and Homogenized
Models

Graded materials are often used in thermal barrier coatings that are subjected to
both uniform changes in temperature and to thermal gradients. Of interest in such
applications are temperature distributions in individual layers, as well as the overall
and phase field averages of strain and stress fields, which may be useful in estimates
of dimensional changes and life expectancy. Here we compare predictions obtained
under the said conditions between the discrete finite element model Model 3 shown
in Fig. 7.9¢, and the layered model COMB3.1, which has layer overall properties
of the kind shown in Figs. 7.10 and 7.11. It turns out that properties of layers with
a distinct matrix phase are closely approximated by one of the two Mori-Tanaka
estimates. The skeletal zone separating the distinct matrix layers is well represented
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Fig. 7.13 Comparisons of average transverse strains £ (x3) caused by a uniform change in
temperature. Phase 0 denotes the effective medium, Phase 1 is carbon, and Phase 2 is silicone
carbide

by the self-consistent estimate and by the transition functions. Narrower transition
zones in model COMB3.2 are indicated for systems with sharper boundaries,
shown for example in Fig. 7.9a. Figure 7.13, shows close agreement between all
phase strain averages computed with the discrete finite element Model 3 and the
homogenized layer model COMB3.1.

Next, the graded layer was subjected to a thermal gradient. Assuming that the
thermal and mechanical responses are not coupled, the steady state temperature
distribution caused by the prescribed heat flow is evaluated first, and then applied
together with the mechanical constraints to the solution domain. Figure 7.14
compares predictions of temperature distribution through the thickness of the graded
layer under an applied temperature gradient. In this case, a close agreement is found
between the finite element Model 3 and COMB3.1, while other layered models show
small deviations.

Figure 7.15 shows the overall and phase transverse strain e;(x3) averages
predicted by the two models. Notice that the overall transverse strain is near
zero through the thickness of the layer, a desirable if fortuitous outcome, albeit
under a small temperature difference. Steeper thermal gradients would generate
overall transverse deformation. Finally, Fig. 7.16 shows the overall and phase
transverse stress o23(x3) averages caused by the thermal gradient. Changes in
material properties through the thickness cause very dissimilar trends in phase
averages of transverse strain and stress, not observed in statistically homogeneous
system.



7.5 Applications of SCM and M-T to Functionally Graded Materials

(°C)

80.0

Temerature

L L 1

C/SiC-FGM-System |

Overall Temperature Gradient

I
.4

T

.8

219

Fig. 7.14 Temperature distributions in the graded layer subjected to different surface tempera-
tures, evaluated using discrete and homogenized layer models
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Fig. 7.15 Comparisons of average transverse strains £,;(x3) caused by a temperature gradient of
100°C. Phase 0 denotes the effective medium, Phase 1 is carbon, and Phase 2 is silicone carbide
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Fig. 7.16 Comparisons of average transverse stresses 0,,(x3) caused by a temperature gradient of
100°C. Phase 0 denotes the effective medium, Phase 1 is carbon, and Phase 2 is silicone carbide

These comparisons indicate the complex nature of strain and stress distributions
in individual phases of the functionally graded materials. In single-gradient systems
considered herein, the combined self-consistent and Mori-Tanaka estimates applied
to layered models of the graded materials, provide fairly accurate predictions of
both overall and phase strain and stress averages in systems subjected to mechanical
and/or thermal changes and gradients.



Chapter 8
Transformation Fields

Together with the stresses caused by mechanical loads, composite materials must
withstand stresses caused by distribution of transformation strains or eigenstrains in
individual phases or subvolumes of each phase. As pointed out in Sect. 3.6.1, the for-
mer term applies here to all physically based deformations not caused by mechanical
loads, including actual phase transformations. Frequent sources of transformation
strains are changes in temperature and/or moisture content, piezoelectric and
magneto-electro-elastic and pyroelectric effects (Benveniste 1992, 1993; Benveniste
and Milton 2003), as well as diffusive and displacive transformations involved in
kinetics of structural change in crystals and polycrystals (Ashby and Jones 1986),
or martensitic phase transformations in steels, and shape memory alloys (Entchev
and Lagudas 2002; Levitas and Javanbakh 2011). Inelastic deformations associated
with plasticity, viscoelasticity and viscoplasticity will join this list in Chap. 12, but
those will be analyzed in an entirely different setting.

As discussed in Sect. 3.6.1, regardless of their physical origin, all eigenstrains are
regarded as deformations that would remain at a material point after instantaneous
elastic unloading of that point to zero stress. Physically motivated eigenstrains are
independent of current mechanical load. Equivalent eigenstrains may depend on
both mechanical loads and physically based eigenstrains, and they vanish together
with their sources. Although the said transformation strains are also present in
polycrystalline metals and ceramics or polymers, their effect in composites and
laminates is greatly magnified by the often high contrast between elastic moduli,
coefficients of thermal expansion, and other physical properties of the constituents.
Internal stresses caused by the eigenstrain fields can reach magnitudes that may
compromise load bearing capacity or integrity of a composite material or structure.
Therefore, they should be followed during fabrication, processing and service, and
accounted for in structural analysis and design.

Results presented in Sect. 8.1 are mostly based on the method of uniform
fields in two-phase heterogeneous media by Dvorak (1983, 1986), as summarized,
rendered in contemporary notation and expanded by Benveniste and Dvorak (1989).

G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 221
and Its Applications 186, DOI 10.1007/978-94-007-4101-0_8,
© Springer Science+Business Media B.V. 2013
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More general, adjustable uniform fields in elastic fiber reinforced system are
described in Sect. 8.1.5. He (1999) extended the uniform field concept to nonlinear
elastic fibrous composites. As the term suggests, uniform fields are independent of
the geometry and material distribution in the microstructure, and therefore exact in
that sense. Of course, the results they provide are in compliance with earlier work
by Eshelby (1957), Levin (1967) and other writers named below.

Many transformation strains are caused by different but coupled field phenomena
that are driven by independent sources at different rates. In multiphase composites
and polycrytals, each transformation is assumed to be piecewise uniform and located
in a particular volume fraction of the active phase. A local eigenstrain present in one
phase or element of the representative volume may transmit a different amount of
strain and stress to each other phase or element. Evaluation of the total local field
average is based here on transformation influence functions or concentration factors,
that monitor interaction between each pair of dissimilar eigenstrains in identical
or different phase volume fractions. Section 8.2 shows their new derivation, for
multiphase systems modeled by an average field approximation method.

Section 8.3 presents analysis of multiphase systems subjected to a uniform
change in temperature. Section 8.4 summarizes different aspects of the overall and
local elastic and transformation fields by inclusion-based averaging methods. It also
mentions specific applications of the transformation field results to piezoelectric,
magnetoelectric and other coupled field phenomena in composite media. Finally,
certain other approaches to composites modeling will be noted.

The transformation influence function formalism will reappear in Chap. 12,
on inelastic composite materials with elastic-plastic, viscoelastic or thermo-
viscoplastic matrices, typical of metal matrix and certain polymer matrix
composites. However, at each point in the matrix phase of such materials, the
inelastic eigenstrains may reach dissimilar magnitudes which change during each
step of an applied loading path. Therefore, the said formalism will be implemented
using a finite element method, with the transformation influence functions derived
for each pair of elements.

8.1 Uniform Change of Temperature in Two-Phase
Composites and Polycrystals

Early efforts to estimate overall thermal expansion coefficients of composite materi-
als, often with emphasis on two-phase systems, were reported by Schapery (1968),
Rosen and Hashin (1970), Laws (1973, 1974). Later work includes contributions by
Craft and Christensen (1981), Mikata and Taya (1986) and Takao and Taya (1985).
Much of this early work used Eshelby’s (1957) equivalent inclusion method and
original Mori and Tanaka (1973) formalism. A general discussion and solutions of
many thermoelastic problems can be found in several classic monographs, such as
Boley and Wiener (1960) and Sneddon (1974).
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Table 8.1 Thermal strain vectors of anisotropic solids

Isotropic or cubic m={o,a,a0,0, O}T
Transversely isotropic, trigonal, tetragonal ~—m={a 4, ar,ar,0,0, O}T
Orthogonal m={u,a,a3,0,0, O}T
Monoclinic (x3 = 0) m={o,, o, 3,0,0, a6}
- T
Triclinic m={a, 0, a3, 0y, s, U}

8.1.1 Thermal Strain Vectors of Anisotropic Solids

Constitutive relations of isotropic solids, subjected to both a uniform deformation
g;; and a uniform change in temperature A = 6 — 0, from a reference temperature
6o, can be written for any phase r in the form

O'irj = (Kr — %Gr) (Sij‘g:nm + 2Gr€;j — 30HKr8,'j A6 (811)
where K,, G, are the phase bulk and shear moduli, and ¢, is the linear coefficient
of thermal expansion.

For all material symmetries, the corresponding relations follow from (3.6.1) and
(3.6.15), with the phase and overall thermal strain vectors denoted by the symbol
m, and m. Local and overall thermal eigenstrains are u, = m, A6 and g = mA6.
Thermal eigenstresses are A, = [,Af and A = IA6. Response of constituent
phases is then described by

o,(x)=L,e,(x)+1,A0 &,(x)=M,0,(x)+m.A0 8.12)
I, =—L.m, m,=-M,lI, o
and of the composite as
o0 =Le+IAN0 e=Mo+mAb
(8.1.3)

These relations hold in temperature intervals which do not cause changes in the
elastic moduli or coefficients of thermal expansion of the phases. Composites with
temperature-dependent material properties can be treated as indicated in Sect. 8.3.2.

Coefficients of the thermal strain vectors are equal to the linear coefficients of
thermal expansion of a phase or composite, and they have the dimension 1/°C. Their
number and position depend on material symmetry, as explained in detail by Nye
(1957, 1985, §5), and summarized in Table 8.1. The o4, a7 denote longitudinal and
transverse expansion coefficients of transversely isotropic, trigonal and tetragonal
solids with x4 = x| axis of rotational symmetry, such as aligned fiber composites.
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In the monoclinic system, o = «j» describes thermal shear deformation in the
x3 = 0, or x;x, —plane of symmetry. Of course, this would be replaced by oy = a3
for symmetry plane selected as x; = 0, The shear coefficients in the monoclinic and
triclinic systems must comply with the contracted tensorial or engineering matrix
notations currently used for mechanical strains, stiffness and compliance.

Notice that the thermal strain vectors of the first six symmetries in Table 8.1,
excluding the monoclinic and triclinic, have only up to three nonzero coefficients of
thermal expansion in the directions of normals to the planes of the particular material
symmetry, and zero shear components. All of them also have only zero-valued
coefficients in the second and third partitions of their stiffness and compliance
matrices, which prevent coupling between normal and shear stress and strain
components. These properties are exploited in evaluation of overall expansion
coefficients of polycrystals and fiber composites.

8.1.2 Composites of Two Isotropic Phases

A representative volume V contains a two-phase composite ¥ = «, f, that has an
arbitrary phase geometry. Both phases are isotropic and their spatial distribution in
V guarantees statistical homogeneity of the aggregate. However, overall material
symmetry can be represented by any of the eight symmetries described in Chap. 2.
Our goal is to find the overall deformation of a representative volume V, caused by a
uniform change in temperature A@. Only reversible elastic deformation is allowed,
possibly superimposed with a previously induced residual field. While the results
follow as a special case from the general expressions (3.6.18) or (3.6.19), they can
be found in a simpler, more transparent form as follows.

With reference to (3.6.9) and (8.1.1), let us create in the aggregate an auxiliary
uniform isotropic stress & = 6y /3 and a uniform isotropic strain & = &4 /3

£ =06/(Ka) + agAb = 6/(3Kp) + ap AB (8.1.4)

where o, and K, denote the linear coefficients of thermal expansion and bulk moduli
of the phases. This yields the auxiliary overall isotropic stress and strain

N 3KaKﬁ N KaOla — K,got,g
= — (0t — AO = —— " " A# 8.1.5
°=x ~K; (ota — ) 3 Ko — K, (8.1.5)
In matrix form, 6 = [6, 6, 6, 0,0, 0]T and & = [& & & 0,0, 0]".

Unloading from & by application of a uniform overall stress —& §;; renders the
aggregate free of surface tractions, leaving the overall strain caused by Af. The
remaining thermal strain is written in subscript and matrix forms as

m,-jAQ :égij —M,‘jkla'Sk[ mAO =& — Mo (8.1.6)
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where m;; is the overall thermal strain tensor, My, is the overall compliance
tensor. The thermal strain vector m and compliance M are (6x1) and (6x6)
matrices, respectively, with nonzero coefficients determined by the overall material
symmetry.

In addition to the overall coefficient of thermal expansion, it is often useful to
determine the averages of phase stresses caused by a uniform change in temperature,
and compare those with relevant strength magnitudes. The results are provided by
the unloading steps

o,=(I—-B,)6 e =(I—-A,)é (8.1.7)

where A,, B, are the mechanical concentration factors, which can be determined,
for example, by one of the methods described in Chap. 7. For the self-consistent
estimate, these factors appear in (7.1.1), and for the Mori-Tanaka method in (7.2.2),
(7.2.7), or in (7.2.4), (7.2.9) for two-phase systems.

When the two-phase aggregate of two isotropic phases is also isotropic on the
macroscale, the linear coefficient of thermal expansion is found by writing (8.1.4)
or (8.1.6) as

@A =& —6/(3K) = 6[1/(3Ka) — 1/BK)] + cta AD

(8.1.8)
611/(3Kg) — 1/BK)] + apAb

where K is the overall bulk modulus, estimated in Sect. 6.4.3, as a function
of the volume fractions ¢, + cg = 1 of the phases. After unloading by —& (Cribb
1968)

1

T K(Ka— Kp)

[Ko(K — K)oty — Kg(K — Ko)atg] (8.1.9)

This simplified form of (8.1.6) provides a connection between the overall
expansion coefficient and the estimated or measured bulk modulus K of a rep-
resentative volume of two-phase isotropic composites with isotropic phases of
any microgeometry. An equivalent result that depends explicitly on phase volume
fractions and on K follows from the Levin formula (Rosen and Hashin 1970)

(g — ) [1 Ca c,g:|
o = Cutty +cpop + — o P e P (8.1.10)
PRP T (1Ke—1/Kp) | K~ Ku Kp

For oy, = ag, both forms yield « = a, = og, indicating that application of a
uniform thermal eigenstrain in the entire volume yields a uniform overall eigenstrain
alf.

Since « is a monotonic function of K, the upper [lower] bound on K provides a
lower [upper] bound on «. In particular, using the bounds (6.3.22) for an arbitrary,
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statistically homogeneous microstructure with well-ordered moduli, Levin (1967)
and Rosen and Hashin (1970) show that the expansion coefficients are bracketed by

Gﬁ o0—a Ga
- > > - (8.1.11)
3KaKﬁ + 4G/3K 4CaC§(Ka — K,g)(ota — Ollg) 3KaK/3 + 4G, K

where @ = cqy + cgog, K = ¢ Ky + cgKpg, and Gy < Gg.

8.1.3 Polycrystals

Connections between overall thermal expansion coefficients and overall elastic
moduli can also be established for certain multiphase aggregates, such as polycrys-
tals consisting of differently orientated grains of the same anisotropic material. As
in Dvorak (1983), the procedure is again based on a uniform strain field, generated
in the entire volume of the polycrystal by simultaneous application of an isotropic
auxiliary stress —p and change in temperature A6, both uniform, such that each
constituent crystal grain undergoes pure dilatation of the same magnitude. This
response is found in either trigonal, tetragonal, transversely isotropic or cubic
crystals which exhibit axisymmetric deformation under the said loads. Auxiliary
strain in each crystal grain can be made isotropic by adjusting the p/ A0 ratio.

As indicated in Tables 2.2 and 2.3, the three material symmetries have similarly
designated coefficients in the first (3x3) partition of their respective stiffness
matrices. The same is true for stiffness coefficients of the cubic crystal, which are
also connected by (2.2.18). All four compliance matrices have the same structure as
the stiffness matrices, with M;; coefficients replacing L;;. Thermal strain vectors in
Table 8.1 are also similar in that they do not include shear terms.

Suppose that each constituent single crystal is separated from the aggregate,
and then subjected to a uniform auxiliary pressure 6xx/3 = —p and to a uniform
temperature change A6. As in the case of transverse isotropy in (2.3.8), both loads
cause longitudinal and transverse strains €4 = €11, &7 = (€22 + €33)/2 in the
principal material coordinates x; = x4_Lxrof each crystal. The auxiliary strain
magnitudes are

~

Ea=-—mp+asA0 Er=—mp+arAb

(8.1.12)
m=Muy+ Mp+ M3z 0= My + My + M

where M;; are coefficients of the compliance matrix of each crystal. For example,
if each crystal exhibits hexagonal, or transversely isotropic material symmetry, the
M,'j are taken from (2.3.2) to yield (9, — n2) = [(1 —vi2)/E11 — (1 — v32)/ Enn).
Isotropic dilatation of each grain is required, and it can be achieved by the
auxiliary pressure
—ar

N ~ N ~ (07
Ea=¢ér = —(m—m)p=—(aa—ar)A0 = p/AO = h
=

(8.1.13)
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Substitution of this value of p in (8.1.12) yields local auxiliary strain in each
grain as

By = by = NI TR 4y (8.1.14)

n—n

Since all crystals undergo identical isotropic deformation while loaded by
the above ratio of isotropic pressure —p and uniform thermal change A6, the
polycrystal can be reassembled as long as — p is applied at its outer boundary, and
the entire aggregate is subjected to Af. The overall auxiliary strain field then is
E=284=ér.

The overall compliance M = L' of the polycrystal is assumed to be known. No
restrictions need to be placed on the overall material symmetry of the polycrystal,
even though the symmetry of individual grains is higher or equal to trigonal. The
overall thermal strain vector m has the nonzero coefficients shown in Table 8.1 for
the overall material symmetry of the polycrystal.

Overall deformation of the polycrystal that is caused by the uniform thermal
change is obtained by subtracting from the auxiliary strain field ¢ the overall strain
caused by the pressure —p

e =88+ pMS =mA0 (8.1.15)

where § = {1,1,1,0,0, O}T. This yields the overall strain vector

oy — o oy —
m:mT 772A8+A T

n—n m—"1n

Ms (8.1.16)

This connection was obtained by Schulgasser (1987), as a generalization of an
earlier result by Hashin (1984), valid for macroscopically isotropic polycrystals; see
also Milton (2002). In an isotropic polycrystal, the overall expansion coefficient o
and bulk modulus K are related by

o= 04 —Oor mar — N0y
(m —n)K nm-—rn

(8.1.17)

Of course, p = 0foray = ar = a.

Benveniste (1996) applied the method of uniform fields to show that the Hashin
and Schulgasser results apply also to polycrystals with imperfect interfaces that
permit grain boundary sliding, providing that the sliding is reflected in the known
overall compliance. He also shows that if the constituent crystals are cubic, then the
polycrystal with grain boundary sliding has the same thermal expansion as the cubic
single crystal.

Notice that the last two relations hold for any shape and orientation of the con-
stituent grains, as long as they all have the same thermoelastic moduli. Applications
of (8.1.16) can be found, for example, in rolled steel or aluminum plates, which have
somewhat different elastic moduli in the rolling, transverse and thickness directions,
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indicating orthotropic overall symmetry of a polycrystal consisting of cubic crystals.
Notice that accuracy of m and @ can be degraded when 1; — 1, is very small.

8.1.4 Aligned Fiber Composites

In a transversely isotropic aligned fiber composite consisting of fwo isotropic
phases, thermal change causes only longitudinal and transverse deformation, both
uniform on the macroscale. The coefficients o4, a7 of the overall thermal strain
vector can be found by utilizing the auxiliary uniform stress and strain fields in
systems with isotropic phases, described by (8.1.4) and by

3Ky K . Ky — Kga
6= P (g —ap)A0 6= 2P pg [8.1.5]
Ko —Kp Ky —Kpg
The elastic unloading to zero overall tractions, mA6 = & — M§, suggested

by (8.1.6), is now based on the reduced (2 x 2) overall compliance matrix for
axisymmetric deformation of a transversely isotropic solid that appears in (2.3.8)¢

|:(XA:|:|:§A/A9:|_ 1 |:k _Zi||:6A/A9i| (8.1.18)
ZO{T 2§T/A9 (k}’l—lz) — n 6T/A9 o

where &4 = €11, &7 = (én+E&33), G4 =011, 67 = (62+0633)/2,andk, n, [
are the overall Hill’s moduli of the transversely isotropic fibrous aggregate in
(2.3.3), associated with axisymmetric deformation. For the fiber composite, k is
bracketed by (6.4.1); when the matrix is the a—phase, and m, < mg, one selects the

lower bound. The moduli n, [ follow from the universal connections (3.9.4). The
overall expansion coefficients of a fibrous composite of two isotropic phases are

k—1

A =8/A0— "L G/N0 ap =8/ — ——
kn — 2

where the 6 and ¢ are given by (8.1.5).
Rosen and Hashin (1970) derived a more compact form using the Levin formula

(e —ap) 3k —=1) cq cp
(l/Ko[—l/K/g)|:kn—l2 Ky K5:|

(e —ap) |: 3(n—1) Ca cp :|

(1/Ka—1/Kp) 2(kn=17) Ko  Kp

o4 = Cqlly + Cpog +

or = CuOly + Ccpap +

They also pointed out that the universal connections (3.9.4) between phase and
overall Hill’s moduli can be used to show that the o4, a7 are monotonic functions
of one of the moduli. Therefore, bounds on the moduli may be substituted into
(8.1.20) in order to obtain bounds on the expansion coefficients.
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Thermal expansion of aligned fiber composites of two transversely isotropic
phases, r = «, B, is also limited to uniform axisymmetric deformation in
the longitudinal and transverse directions. Linear thermal expansion coefficients
a4, ar of the overall thermal strain vector can be found by constructing an auxiliary
stress field that is uniform in the entire aggregate. Equation (8.1.4) is now replaced
by an expanded form of (8.1.18), describing a superposition of applied auxiliary
tractions causing overall stresses 64, 7 with distinct thermal phase eigenstrains
o’y A8, ol A6 in the two phases. The auxiliary uniform strain field is

éA _ 1 ka —la 6A + (XZAQ
28T (kang —12) [ —lo ng or 205 A0

_ 1 [ kg _zﬂ} [&A} N AN

(kﬁnﬁ —l;) —1/3 ng 67‘ 20(173~A9
Similar form can be written if one or both phases have trigonal or tetragonal
material symmetry. Their stiffness matrices will be different, but the thermal strain

vectors are similar. The auxiliary overall stress field components are found by
solving (8.1.21),, as

R (i aﬁ) + 2A (o — a?)]
Oyq = — AB
Kkn— A2
(8.1.22)
R Al — aﬁ) + 2k (o — a’?)
or = — AB
kn— A2
where
Kk =1/E% —1/EP, X =1,/(E%ka) — 1/ (EP kg)
11 11 11 B 1nep (8.1.23)

N = ng/(Elke) —ng/(EDkg)

and E{, = n, —lrz/k,., according to (2.3.5). Notice that 64 # 0, 67 # 0 while o9 #
aﬁ, af # a’?. When the CTEs are equal, the entire volume undergoes uniform
thermal deformation at zero auxiliary tractions.

Unloading to zero overall tractions from the uniform fields (8.1.21), similar to
that in (8.1.18), provides the two linear coefficients of thermal expansion

(oY) _ 1 kr —lr 6'A/A9

2ar | (kenp—12) | =1, n, || 6r/A0
M. k —1[64/A86
20500 | (kn—12) | = n || 67/A8

where r = « or r = f. In contrast to (8.1.20), the expansion coefficients in
(8.1.19) and (8.1.24) depend on phase volume fractions only through the overall

(8.1.24)
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moduli. Both are independent of the geometry of phase crossections, or on their
distribution in the transverse plane. However, the latter may be needed in estimating
the magnitudes of overall moduli £;, k, [ andn, when not available from direct
measurement.

Averages of the strain and stress fields caused in the two phases by the thermal
eigenstrains, in superposition with a uniform overall strain or stress, depend on the
mechanical concentration factors A,, B,, and on the transformation concentration
factors D,, F,, derived for two-phase systems in Sect. 3.6. In particular,

s=p s=p
e, =4+ Dyp, o, =B,0"+ ) Fu, [3.6.5]
s=uo S=o

Drot(x) = (I - Ar(x))(Lot - Lﬂ)_lLa }
[3.6.8]
Dp(x) =—(I — A (x))(Ly —Lp)"'Lyg
Fro(x) = (I — By(x))(My — Mp)™' M, }
[3.6.11]
Fp(x) = —(I — B, (x))(My — Mg)™' M

The A,, B, can be determined by one of the methods described in Chap. 7. For
the self-consistent estimate, they are derived in (7.1.1), and for the Mori-Tanaka
method in (7.2.2), (7.2.7), or in (7.2.4), (7.2.9) for two-phase systems. They also
follow from (6.1.3) to (6.1.4).

8.1.5 Adjustable Uniform Fields in Fiber Composites

Next, recall from Sect. 3.9.2 that a more general uniform field in aligned fiber
composites can be generated by allowing for different longitudinal normal stresses
o1 # 6{3 | 7 G4 in the two phases. This field provides useful connections between
the auxiliary overall and phase stresses that are not revealed by (8.1.18) or (8.1.21).

The composite material consists of two distinct phases r = «, f, that are per-
fectly bonded along interfaces aligned with the x| — axis of the overall coordinates.
Each phase may be at most transversely isotropic, with x; — axis of rotational
symmetry. Arbitrary geometry of the phases can be admitted in the transverse
plane. Representative volume requirements outlined in Sect. 3.3 are assumed to
be satisfied, implying monoclinic or higher effective material symmetry on the
macroscale.

Initially free of both mechanical and residual stresses, the composite material is
transformed by certain uniform phase eigenstrains u, # pg, regarded in general
as 12 independent loading parameters; , = [}, u5, ©s, 2uy, 2uk, 2ug]T, r=
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a, P, written in the engineering matrix notation (1.1.11). For example, a uniform
thermal change A@ applied to a transversely isotropic phase generates there only
three nonzero eigenstrains u| = a4 A0, p) = pf = ar A0, p), = p; = pg =0,
see Table 8.1.

As in Sect. 3.9.2, an axisymmetric pair of auxiliary uniform surface tractions,
denoted by 64 and 67, is applied such that the total strain field, generated by the
eigenstrains and tractions, becomes uniform in the entire volume V. At all interior
points, the total phase strain fields then satisfy

8,(x) =é5(x) =& (8.1.25)

where £ is an as yet unknown auxiliary overall strain. Since all interfaces are aligned
with the x| —axis, traction continuity can be satisfied by piecewise uniform auxiliary
phase stress fields

60 #6076 =y + cpd?
(8.1.26)
6 =69=260 for j =2.3, .6
Constitutive relations of the two phases are again written as &, = M,6, +
i, Together with the requirement &, — ég = 0, they provide the expanded form
of (3.9.7)

6
Myee = MAST + 3" (Mg —ME)G; + pd —pl =0 (8.1.27)
j=2

where i = 1,2,...6. Solution of the six equations for the seven unknown phase
stresses depends on one free parameter, which can be adjusted as needed for
different applications.
The overall auxiliary stress 60 that generates the uniform strain field (8.1.25) in
the transformed aggregate is again uniform, and specified by (3.9.8)
6% =1[64.67.67.0,0,0]"
1 (8.1.28)
64 =061 = ca6¥ + 6] 61 = 562+ 63)

With 67 selected as the free parameter, the solution of (8.1.27) is (Dvorak 1990)

6% = q{(a Al — ng AK)G7 + ko E& [lg Al + kg(Ap + A} (8.1.29)

60 = qlUpAl —ng AK)ST + kg EL [l A + ko(Aph + Apb)]}  (8.1.30)
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6; 3 =67 T m*(Aps — Apj) (8.1.31)

where

m* = —mqmg/(mg —mg) p* = —papp/(Pa — Pp)
G = (lukg —kalg) = 2kukp (V% — 0Py £ 0 (8.1.33)
my 7é mg, Pa 7é pB

Also, An = ny — ng for any quantity 7,, and Au; = u¥ — pf The vi = vy,
are phase longitudinal Poisson’s ratios. A different solution, for (v{ — vﬁ) =0, can
be found in op. cit. For isotropic phases, Hill’s moduli appearing in the above stress
components are replaced by bulk and shear moduli K and G and by Poisson’s ratio
v, according to

2G(1 — 2
1—2v 1—2v [2.3.6]

k=K+G/3 1=K-2G/3 n=K-+4G/3

k+m=n=

It can be verified that the 64, 67 in (8.1.22) follow from (8.1.29) and (8.1.30) as
a special case, by letting 67 = 6| = 64,65 = 6} = 0r.

For any choice of the parameter 67, the uniform strain field & that is caused in
the entire volume by the overall stress 6" = [64. 67, 67, 0, 0, 0]T and by the
phase eigenstrains g, can be evaluated by changing (8.1.18) to

él 1 kr _Zr 6A :U«q :|
A A | = 57 n . . 8.1.34
|:82+53:| (krnr—l,?) |:_lr ny i||:aT:|+|:lu“12+lu“g ( )

where r = «, B. This result also applies to aligned fibrous systems that may not
comply with representative volume requirements.

Overall eigenstrain ju or overall residual strain is found by unloadmg to zero
overall stress from the auxiliary overall strain state; i = & —M&°. For composites
exhibiting overall transverse isotropy, components of the overall eigenstrain follow
from (8.1.34) as

ju & 1 k —zHaA}
= - 8.1.35
[ﬂz-i-ﬁs} [éz—i‘gj (kn —12) [—l n or ( )

where k, [, n are the overall moduli. When the phase eigenstrains are the thermal
strains uj = a4A0, py = pi = arA6, the said unloading leaves the strain
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L = mA6, where m is the overall thermal strain vector. The same result can be
found using the Levin formula (3.8.16), providing that at least one of the mechanical
concentration factors B, is known. Since both auxiliary strain and stress fields
depend on phase moduli, eigenstrains and volume fractions, the last equation can
be expanded into universal connections between phase and overall moduli and
eigenstrains, or coefficients of thermal expansion, analogous to those in Sect. 3.9.

Residual phase strain and stress averages caused by application of the phase
eigenstrains are obtained in the unloading step, as

e, =6—AME"=M,6,+p, o,=6,—B,6°=L,(e,—p,) (8.1.36)

Notice that the above residual phase stresses do not follow by simply letting
67 — 0in (8.1.29-8.1.30), because that still leaves 64 # 0.

The parameter 67 can be selected to generate a certain auxiliary stress state in
the matrix, while the composite is also subjected to prescribed phase eigenstrains.
In particular, the longitudinal and transverse stress components can be related by

6 = p6% = p&% = pér (8.1.37)

The transverse overall stress that supports this stress ratio follows from (8.1.29)
and (8.1.31) as

61 = qha ESyllp A + kp(Apus + Aph)llp — g U Al —n  AR]™ (8.1.38)

The corresponding longitudinal traction is 64 = 61 = ¢ 0} + C,g&lﬂ with the
normal stresses 6] evaluated in (8.1.29-8.1.30) for this particular value of 67.

For p = 1, the stress field in the o — phase is isotropic, although that or both
phases may be transversely isotropic. However, if the o — phase is an isotropic
matrix, and the local eigenstrains uf = u§ = uf, then it undergoes an isotropic
deformation &,. Since the total auxiliary strain field £ is uniform in the entire
aggregate, both phase strains and the overall strain & = &, are also isotropic. Of
course, the stress field in an anisotropic fiber or f — phase need not be isotropic.
This particular solution is used in Chap. 11, in analysis of thermal hardening in
composites with elastic-plastic matrices.

8.1.6 Coated Fiber Composites

Elastic moduli, thermal expansion coefficients and local thermomechanical fields in
matrix-based composites reinforced by coated, cylindrically orthotropic fibers were
derived by Dvorak and Chen (1989), who has used the method of uniform fields
in the three-phase systems. Benveniste et al. (1989, 1991a) and Chen et al. (1990)
have derived complete local thermomechanical fields, overall moduli and thermal
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expansion coefficients of coated fiber composites, for both transversely isotropic
fibers and coatings, and for cylindrically orthotropic fibers of Sect. 2.4. Hatta
and Taya (1986), Mikata and Taya (1986) and many other writers derived related
results.

Here we focus on determination of coefficients of thermal expansion of aligned,
coated fiber composites, which are transversely isotropic on the macroscale. Their
overall response to a uniform change in temperature is isotropic in the transverse
plane and uniform in the longitudinal fiber direction. Their thermal expansion
coefficients can be estimated by introducing replacement fibers, which have the
effective axisymmetric elastic moduli and thermal expansion coefficients of the
coated fibers.

The replacement fiber is a cylindrical composite element, with circular fiber
phase (denoted by r = f') of radius yr, surrounded by a coating layer (r = g)
of uniform thickness y,. Both phases are transversely isotropic, with x; = x4
as the axis of rotational symmetry. Fiber and coating volume fractions are ¢, =
[vs/(vs 4 ve)])* and ¢, = 1 — ¢ ;. The effective elastic moduli of the replacement
fiber then follow form

kp = Prkylky +mg) + oko(ky +my)
Prlkg +mg) + gk y +my)
_ Qrlyplkg +mg) + Pelo(ky + myg)

Irp =
R b7 (kg + mg) + polks + my) (8.1.39)

ey — 1)’
(¢ kg + pok f + my)

NR—Qsny —eng =

Derived by Hill (1964b), these moduli coincide with those of the composite
cylinder assemblage (Hashin and Rosen 1964).

Notice that the effective axisymmetric moduli k; and /; of the possibly multi-
layer core are known from the previous homogenization step, and that all moduli of
the coating layer are among the given values. Therefore, (8.1.39) can be extended
to incorporate additional layers, and thus generate axisymmetric elastic moduli
for replacement fibers containing several layers of different coatings, or with
functionally graded coatings. Recursive formulae for such problems were written
by Hervé and Zaoui (1995). Once all coating layers have been accounted for, the
final replacement fibers are embedded in the actual matrix phase. Careful evaluation
is needed of the volume fractions of the successive replacement fibers and coating
layers, and of the final replacement fiber in the actual matrix.

Thermal expansion coefficients of a composite cylinder element coincide with
those derived for two-phase fibrous solids; in (8.1.18-8.1.24) for transversely
isotropic phases, and in (8.1.10) for isotropic phases. Therefore, the linear thermal
expansion coefficients of the replacement fiber can be written by changing in the
said equations the subscripts « — f, B — g. For example, if both fiber and
coating are isotropic, then according to (8.1.20), the expansion coefficients of the
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replacement fiber are

(af - O‘g) [3(kR —1Ig) ¢f ¢g :|

(1/K;—1/Ky) L kpng— 12 K; K,

(af —a) [ 3(ng —Ig) _ﬁ_&}
(1/K; —1/Kg) | 2Gkznz—12) K, Kg

(8.1.40)

Olﬁ =¢ray + ¢gog +

“g =¢ray + ¢gog +

However, if the fibers and/or coatings are transversely isotropic, then the
replacement coefficient of thermal expansion ozj% and ozg need to be found using
(8.1.22-8.1.24), again with the replacement moduli (8.1.39).

In addition to facilitating bonding between fiber and matrix, certain fiber coatings
can also be employed to improve thermal expansion compatibility between fiber
and matrix, to reduce interfacial thermal stresses. Those depend on both transverse
thermal expansion of the matrix, and on the lateral strain induced in the matrix
by the longitudinal constraint applied to the matrix by the fibers. Both effects may
cooperate in creating either tensile or compressive stresses normal to the interface,
and they can be examined using (8.3.7) below. A coating with a large expansion
coefficient a; would seem suitable, to elevate the transverse a’. of a less expansive
fiber, toward and beyond that of the matrix. However, to stay bonded both to the
fiber and matrix, it has to exhibit radial compression in the temperature interval of
interest. In any event, it is evident from (8.1.40) that for a given fiber, the ozf% and 0517;
may reach certain selected values only by adjustment of the volume fractions ¢, =
1 — ¢, and of the elastic moduli and CTEs of the coating. Therefore, few if any
chemically admissible coatings may be found for significant thermal compatibility
improvement in a given fiber/matrix system.

Strain and stress field averages caused by thermal changes and mechanical
loads in the coating layers and in the fiber also depend on the geometry of the
microstructure. They can be evaluated using the transformation and mechanical
concentration factors, as described above, at the end of Sect. 8.1.4, or in what
follows.

8.2 Transformation Influence Functions and Concentration
Factors

8.2.1 Local and Overall Residual Fields

The representative volume of an elastic heterogeneous material considered consists
of perfectly bonded ellipsoidal inhomogeneities in subvolumes V., each of which
contains a single constituent phase, and is transformed by a possibly different
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eigenstrain f,, uniform in V,. The subscript r = 1,2,...n also designates a
particular subvolume V;, as well as the stiffness L, of the phase residing in V.
Subject to the restrictions on shape and alignment in Sects. 7.1.2 and 7.2.4, each
constituent phase L, may be found in several inhomogeneities that are transformed
by different eigenstrains. The material in each transformed inhomogeneity conforms
to the elastic constitutive relations discussed in Sect. 3.6

o,(x)=L;e,(x)—pn,] &(x)=M0,(x)+p, (8.2.1)

The representative volume of the heterogeneous material is assumed to comply
with the requirements outlined in Sect. 3.3, which specify that it contains all
constituent phases and deforms in a macroscopically uniform manner when loaded
either by a uniform overall stress ¢, or the piecewise uniform distribution of the
eigenstrains w, € V,. Also, when uniformly deformed by an overall strain &°,
and/or by the transformations p, € V., the representative volume responds by a
macroscopically uniform overall stress. The uniform overall strain and stress are
then found by superimposing the effect of applied overall fields with that caused by

the local transformations, using (3.5.7) and the Levin formula (3.8.11)

E=M@"-1)=Mc"+ji=) c[MB,c"+Bp,] (8.2.2)

r=1

and

n
F=LE"—g)=Le’+1=) ¢ [L A+ A[A,] (8.2.3)

r=1

Here, u = —-M A is the overall eigenstrain caused by the distribution of
., and A is the overall eigenstress A = —L jt. The LM = I denote overall
elastic stiffness and compliance, and A4,, B, are the mechanical strain and stress
concentration factors derived by one of the AFA methods described in Sects. 7.1
and 7.2, or computed at integration points in a unit cell. For brevity and dimensional
consistency, the loads applied in (8.2.2) or (8.2.3) will be referred to as load sets
{0, A,}and {€°, u,}, respectively.

To assess the effect of the above loads on the interior fields in the representative
volume, we recall from (4.5.21) that the strain €(x) caused in a homogeneous solid
with stiffness Ly by an eigenstrain u(x’) = —M (A (x”) applied in a subvolume V;
is given by

e(x) = /I"(x —x")Lou(x")dx’ (8.2.4)
v,


http://dx.doi.org/10.1007/978-94-007-4101-0_7
http://dx.doi.org/10.1007/978-94-007-4101-0_7
http://dx.doi.org/10.1007/978-94-007-4101-0_3
http://dx.doi.org/10.1007/978-94-007-4101-0_3
3.5.7
3.8.11
http://dx.doi.org/10.1007/978-94-007-4101-0_7
http://dx.doi.org/10.1007/978-94-007-4101-0_7
4.5.21

8.2 Transformation Influence Functions and Concentration Factors 237
where

1
Donij(x —x') = —E[Gm,-,n,- (x = x") + Gpimj(x —x")] [4.5.22]

and G;;j(x — x’) is the Green’s function in the medium L,. For example, in an
isotropic solid, G;; (x — x’) is given by (4.5.12).

This result can be extended to evaluation of e(x) in a heterogeneous medium
loaded by a superposition of an overall strain and local eigenstrains. As shown in
Sect. 6.2.1, a local stress field o (x) = L,e(x) caused in a heterogeneous solid by
an overall strain € can be reproduced in an identical volume of a homogeneous
comparison medium L, by subjecting it to the same overall strain and to an
eigenstress field A(x) = (L, — Lo)e(x). In superposition with the field caused by
the eigenstrain in (8.2.4), the strain field in a large volume V of the heterogeneous
solid becomes

e(x)=¢e"— / I'(x —x")[(L(x")— Ly)e(x") — L(x")pu(x")]dx’ (8.2.5)
4

for x,x’ € V. Similar forms were used by Levin (1967), Willis (1978, 1981) and
Walker et al. (1990). In actual solutions, the &(x) and p(x) are approximated by
volume averages over subvolumes V, and Vj, respectively. Then, (8.2.5) is replaced
by a system of n linear algebraic equations for the average local strains. As shown in
Sect. 4.5, in the absence of mechanical loading, for &% = 0, the solution of (8.2.5)
provides the Eshelby tensor § = PL, that appears together with phase stiffness
tensors in expression defining concentration factor tensors.

For the piecewise uniform distributions of the eigenstrains in subvolumes V, and
Vs of the representative volume V, the mechanical and residual strain and stress
fields in V, are sought in the form anticipated by (3.6.5)

er(x) = A,(x)e" + > Dy(x)p, 0,(x) =L,[e,(x)—p,] (8.2.6)

s=1

o,(x) = Br(x)o'0 + Z Es(x)As &,(x) =M,[o,(x)—A,] (8.2.7)

s=1

where the transformation stress and strain influence functions D,(x) and F,,(x)
are (6x6) matrices representing fourth-rank tensors with dimensionless coefficients.
They provide the contribution to the residual stress or strain averages in each
subvolume r, caused by a uniform eigenstrain g, or eigenstress A, applied in
any subvolume s, including s = r, while the representative volume is under zero
overall strain €” = 0 or stress ¢° = 0. Both sets include the self-induced terms
D,,(x) and F,,(x) (no summation on r). The D,;(x) matrices must comply with
the contracted tensorial or engineering matrix notations adopted for the strain and
eigenstrain vectors.
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To connect (8.2.6) to the integral equation (8.2.5), the overall strain is set at
€’ = 0, and the strains caused by any eigenstrain field u(x) in a representative
volume of a heterogeneous medium are described by the convolution

e(x)=D(x,x")* p(x’) (8.2.8)

Then, according to (8.2.5)

D(x.x")x p(x') = — / I(x —x)[(L(x") = Lo)D(x',x") = L(x")]p(x")dx’
' (8.2.9)

It is useful to keep in mind that the total local strain or stress fields in V;,
represented by (8.2.6) and (8.2.7), are superpositions of the mechanical load
contributions A,(x)e° or B,(x)o’, with the three components of residual fields
which remain after mechanical unloading to €° = 0 or 6 = 0. The latter consist of
the contributions by g, or A transmitted from Vj, the self-induced contribution to
local residual fields by u, or A, applied in V., and the applied transformation strain
I, or eigenstress A .

In two-phase materials, the transformation influence functions D,(x) and F,s(x)
are related to their mechanical counterparts A, (x), B, (x) by the exact connections
(3.6.8) and (3.6.11). For a dilute concentration of inhomogeneities, the results
appear in Sect. 4.4. In unit cell models analyzed by the finite element method, the
representative volume is subdivided into many subvolumes V,, and the influence
functions in (8.2.6) or (8.2.7) are replaced by transformation concentration factor
tensors D, or F,,, that are averages of the respective functions taken over each
subvolume V. Their evaluation in the context of finite element analysis is described
in Chap. 12.

In materials reinforced by ellipsoidal inhomogeneities the D,, and F,, are con-
nected to the known mechanical concentration factors by closed form expressions,
which are derived next.

8.2.2 Overall Strain &° and Phase Eigenstrains .,
Are Prescribed

Strain averages caused in individual phase subvolumes V, of a representative volume
of a multiphase aggregate by an overall uniform strain €° and by piecewise uniform
phase eigenstrains g, in subvolumes V; follow from (8.2.6) as

er=A,°+ > Dyp,=A,e"= )Y DM, o, =L, (e,—p,) (82.10)

s=1 s=1
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In two-phase composites, the transformation strain concentration factors D,
were derived in (3.6.11), in terms of the mechanical concentration factors A, and
phase stiffnesses L,. That result holds for any phase geometry and distribution.
In multiphase aggregates, D,, are found next, again in terms of A, and L,,
providing that the inhomogeneities r = 2,3,...n, are modeled by ellipsoids.
Each transformed ellipsoidal subvolume V, = €, is first embedded at dilute
concentration in a large volume €2 of a certain homogeneous comparison medium
Ly, which is subjected to an as yet unknown uniform overall strain €%, applied
by linearly varying displacements on the surface 9€2g. A prescribed eigenstrain
I, is applied in the subvolume €2,. Moreover, a certain uniform eigenstrain g,
of unknown magnitude is introduced in 2y, to represent the collective contribution
of all phase eigenstrains u, to the average transformation strain in the comparison
medium Ly. According to (4.3.2), the strain and stress caused by the load set {e?z,
I, I} in a solitary ellipsoidal inhomogeneity €2, embedded in the comparison
medium, are uniform and given by (4.3.2) and (4.3.7)

e =T, e +R,p, +Ropy o,=0L.(e,—p,)
R,=I-T)(L,—Lo)"'L,=T,PL, (8.2.11)
Ryo=—(—T,)(L,—Lo)'Lo=—T,PLy

and T, = [I+P(L,— Lo)]_1 is the partial strain concentration factor
(4.2.13) of a solitary inhomogeneity L,, surrounded by a large volume of L.
Components of the P tensors for different ellipsoidal shapes are given in Sect. 4.6.

Since both the comparison medium and the actual aggregate have to satisfy the
same displacement boundary conditions, which now render €* = 0 on 3V, we
require that e% + o = 0on 9. The unknown eigenstrain y, is thereby eliminated
and the strain average is found to be

&= (T, — Ry0)e, + Ry pe, (8.2.12)
Using
e =) ce, =) cl(Ty— Ryo)eh + Rysp,] =0 (8.2.13)
s=1 s=1
and the Ryo = —T PLy = —T,S in (4.3.7), we evaluate the overall strain in the

comparison medium

n =1 n
&) = —|:ZCSTS(I + S)] [Z cSR”uS] (8.2.14)
s=1

s=1
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The S = PLy matrix represents the Eshelby tensor of a transformed homoge-
neous inclusion €2, in Ly. Substituting this result into (8.2.13) and comparing it with
(8.2.6) at € = 0, we arrive at

-1
e =-T, [2”: cSTS:| [2”: CSRSS;LS] + Ryp, = 2”: D (8.2.15)
s=1 s=1

s=1

Replacement of the leading product by A, according to (6.1.2), and reordering
of the sums to separate the self-induced contributions, shows that

n n
_Ar ZCSRSS’LS + (I - CrAr)Rrr”/r = Z Drsllls + Drrlllr (8216)
sFEr sFEr

Since p,, p, are independent variables, comparison of corresponding terms
provides

D,s = (651 — csA,) Ry (8.2.17)

where §, is the Kronecker symbol, but the summation rule does not apply. The last
term Ry, = T PLg is now converted using P = (L* + Lo)_1 in (4.2.9), and
(4.2.14)

T,=(L*+L,) " (L*+Ly) A, =(L*+L,)""(L*+1L) (8.2.18)
The eigenstrain concentration factors can then be expressed as

Dy =[8I —c(L* + L) "(L* + L)|(L* + Ly) 'L,

(8.2.19)
Dy =(I—A)L, = L)' Gl = ¢,A])L,

This yields the (6 x 6) D,; matrices in terms of the mechanical concentration
factors A,, A;, stiffnesses L,, L, of each pair of interacting phase subvolumes
V. and Vj, of the volume fraction c¢; of the remote phase, and of the overall
stiffness L = Xc,L,A, of the composite aggregate. Implicitly included are the
coefficients of the L, of an admissible comparison medium, which appear in
P=(L*+ Lo)_1 and § = PL,. After substitution into (8.2.6),, the D, tensors
provide the magnitudes of strain averages caused in the subvolumes V,, V; by
uniform eigenstrains w,, i, under e’ = 0.

For systems with low contrast between the phase elastic moduli, when L, — L,
there is T, — I, and from (4.3.7), R,, = R,y — S. Equation (8.2.17) is then
reduced to D,y = (6,5 — ¢s)S.

In applications to two-phase (r = «a, B) statistically homogeneous systems
of any micro-geometry, the above connections are replaced by (3.6.8), expanded
here to
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Doo(x) = [I = Ag(x)](Le = Lp) Lo = —[I — A(x)IM (Mo — Mp)™"

Dop(x) = —[I — Ag(x)|(La —Lg) 'Ly = [I — Ao (x)|IMo(Mo — Mp)~!
(8.2.20)

Note the implied identity (Lo — L) 'Ly = —M g(My — M g)~" which holds
in two-phase systems. The relations (8.2.20) become useful when the A, (x) are
known. It can be verified that for a single uniform eigenstrain u, applied in an
ellipsoidal subvolume V. within a large volume V of a homogeneous medium, where
L, — Lyg, the self-induced term D,, — S, the Eshelby tensor. In that case, the
boundary condition &% = 0 is immaterial, since V, < V and ¢ = 0.

Evaluation of D,, and D,g can be simplified when the phase volume fractions
¢q + cg = 1, and the overall stiffness L are known. Then, the mechanical
concentration factors A,, B, of any two-phase aggregate can be derived from
(3.5.13), in terms of local and overall stiffnesses and compliances, and phase volume
fractions, as

ceAdy = (Lo —Lg) (L —Lg) cpAp=—(Lo—Lg) "(L—L,) (8221)

For two-phase systems with low contrast, where L, — Lg = L, application
of uniform eigenstrains creates phase strain averages &, = cgS (1L, — Rp), €p =
caS (g — pg) under €” = 0. The Eshelby matrix § is evaluated in either one of the
two phases.

8.2.3 Overall Stress ¢° and Phase Eigenstresses A,
Are Applied

Next, consider a representative volume of a heterogeneous aggregate with interact-
ing subvolumes r,s = 1, 2, ... n, loaded by a uniform overall stress % and by a
piecewise uniform distribution of eigenstresses A in subvolumes V; or by the load
set {o°, A,}. The subvolume stress averages caused by this load set are sought in
the form (8.2.7) written as

n n
o, =B,o’ + Z F. Ay =B,6" — Z F.,Lipn, €. =M,0,+p, (8.2.22)

s=1 s=1

where B, are the mechanical stress concentration factor matrices and F,, are
eigenstress concentration factor matrices. Each F,; matrix provides the contribution
to stress average in subvolume V, by a uniform eigenstress A applied in subvolume
Vs, while the representative volume is under zero overall stress 09 = 0. The F,, set
includes the self-induced term Fy; (no summation on s).
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Following a procedure analogous to that leading to the D,, one can find that
Fpo =[50 —c/(M™+ M)" (M* + MOIM™ + M)"' M, (8.2.23)

and

Fo=I-B,)M,—M)" 6 —c;B," )M, (8.2.24)

where M =L~ denote overall compliance and stiffness, and M* is defined in
(4.2.10). This gives the F,; matrices in terms of the subvolume concentration factors,
and phase and comparison medium stiffness matrices. Note that both B, and F,, are
derived using a single comparison medium L that complies with the H-S bounds
(6.2.16), and that the B,, B, are related to M by (3.5.8).

Those results also apply to ftwo-phase systems of any geometry in the represen-
tative volume, which were derived by the uniform fields method in Sect. 3

F.o(x)=U~-B,(x)(M, — Mﬁ)_lMa

[3.6.11]
Fop(x) =—(I =B, (x))(Mo —Mg)"'Mpg

Again, if the phase volume fractions and overall compliance are known, then
(3.5.12) provides ¢y By, = (M, — M)~ (M — Mg), cgBg = —(M, — Mp)~'
(M — M), and the F,; can be found without knowing the shape and alignment of
the two phases.

A connection between D,; and F,,; can be developed by applying to the total
volume V a uniform overall stress ¢, and subvolume eigenstresses A, in V,e V.
Local stresses in V, are connected to &, and A, by (3.6.1), where the &, is now
expressed by (8.2.6) while the overall strain & = Ma". Together with the above
equations, that yields

o,=L,e, + A, = LrArZW(T0 -L, Z [(csArBz + D )M A ]+ A,
s=1

(8.2.25)

forr,s = 1, 2, ... n. Recall from (3.5.11) that L,A,M = B,, and rewrite the
sum (8.2.7) in two parts, for s # r and for s = r. Compare that with (8.2.25) to find
that

Fy = L[] —c;A, B} — DM, (8.2.26)

We note in passing that the D, and F,; in (8.2.19) and (8.2.24) are those first
found by Dvorak and Benveniste (1992), in the context of the self-consistent and
Mori-Tanaka methods. The present derivation is more compact and it admits any
comparison medium L that complies with (6.2.16).
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8.2.4 Properties of the Transformation Influence Functions

We first recall the expressions for local fields caused in a multi-phase heterogeneous
aggregate of any microstructural geometry by application of the load sets {&°, u,}
or {00, Ay}, where both p, and A are piecewise uniform in subvolumes V;

er(x) = A, (x)e’ + > Dp(x)p, 0,(x) =L,[e,(x)—p,] [8.2.6]

s=1

o.(x) = Br(x)ao + Z Fis(x)A; &,(x)=M;[o,(x)—A,] [8.2.7]

s=1

and

Yocer=& Y co,=5 [3.5.5]

with ¥'_ ¢, A, = I and X7_,c, B, = I. The strain and stress averages must be
equal to the prescribed magnitudes, & = €° and ¢ = ¢, while each u, or A, can
be prescribed independently of other transformations. Therefore, the transformation
concentration factors in (8.2.6—8.2.7) must satisfy

deDy=0 Y ¢, Fy=0 (8.2.27)
r=1 r=1
It can also be verified that
/ D, (x)dV =0 / F.(x)dV =0 (8.2.28)
v

14

Next, let a uniform eigenstrain g, be prescribed in a single subvolume V5, while
the entire volume V' of a multiphase aggregate is loaded by a uniform overall stress
o' A piecewise uniform eigenstrain field ., is applied in all V, # V, to create an
auxiliary uniform strain & and stress & = o everywhere in V. This is accomplished
by letting

E=My'+p, =Mo" +p, =>p, =p,— (M, —M,o" (8229

According to (8.2.6), the strain distribution &;(x) generated in a subvolume Vj
by application of overall & and by u, in V; is

es(x) = A,(x)é + Y Dy (x)p, (8.2.30)
r=1
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where the sum is taken over all currently transformed subvolumes V. The & and .,
from (8.2.29) are now modified by letting u, = 0, and substituted in (8.2.30) to
yield the uniform strain field €(x) = & in V. The implication is that

Y Dy ()M, — M, =—[I-A4,(x)]M, (8.2.31)
r=1

Since this must hold for any selected M, and M 4, it follows that

YD (x)M, =0 ) Dy(x)=1-A,x) (8.2.32)
r=1 r=1

A similar derivation yields
Y Fy(x)L, =0 Y Fy(x)=1-B(x) (8.2.33)
r=1 r=1

Finally, let the overall strain applied to V be &° = 0, while a uniform eigenstress
A, is induced in a single subvolume V. Separately, a uniform eigenstress A’y is
applied in a single subvolume V; under &’ = 0. The strain caused by A, = —L, .,
in any subvolume Vj, and the strain caused by A’y = —L . in any subvolume V.,
follow from (8.2.6) as

es(x) = _Dsr(x)MrA'r elr(x) = _Drs(x)MsA,s (8.2.34)
The reciprocal theorem in Sect. 3.7.3, and substitution of the last terms on both

sides of (3.7.23) for the work of the primed on unprimed field, and vice versa, yields
scalar products

1 1
- / Vo Dy (x)M,A,dV = o / A, o Dyy(x)M, A/, dV (8.2.35)
Vs Vr

Integration over V; and V, reflects the fact that A’y and A, are defined only in
those respective volumes. Each side of the above equation is a scalar, equal to its
transpose, and the A, and A’ are independent. Therefore,

MDY =c, DM, c¢,D;M;=c,M, D} (8.2.36)

A similar procedure involving application of uniform eigenstrains u, € V; or
w', € V; under 6° = 0 provides the connections

e&LF) =c¢,FgL, ¢ FyL;=cL,F}, (8.2.37)
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For the self-induced transformation concentration factors, the above relations
become

M,D}, =DM, L,F =FL, (8.2.38)

Notice that no summation is implied by the repeated subscripts.

Of course, the four connections derived in (8.2.27), (8.2.32-8.2.33) and (8.2.36—
8.2.37) are not all independent. Rewrite (8.2.36), as ¢, D,y = c¢;M ,.D;rrLS and
evaluate

> eDy = [Z M,D;fr] L;=0 (8.2.39)

r=1 r=1

where the term in square brackets is a transpose of (8.2.32); and equal to zero.
Therefore, (8.2.27) follows from (8.2.32); and (8.2.36),.

Regardless of the method used in their derivation, the transformation influence
functions and the concentration factors D,, F,, in a multi-phase heterogeneous
medium have the following properties

zn:Dm(x) =1—A4,(x) Zn: F.(x)=1-B,(x) (8.2.40)
s=1 s=1
Zn: D (x)M,; =0 Z F(x)L; =0 (8.2.41)
s=1 s=1
i ¢ Dy =0 Xn:cr F,=0 (8.2.42)
r=1 r=1
DMy =c;M, DY ¢, F L, =c,L,F' (8.2.43)

Equations (8.2.40) and (8.2.42) represent (2 x n) independent relations that
connect the (n x n) influence functions. Therefore, the transformation influence
functions can be exactly related to their mechanical counterparts only in two-
phase media, as shown in (3.6.8) and (3.6.11), or (8.2.20). In multi-phase system
consisting of ellipsoidal inhomogeneities of the same shape and alignment, the
transformation and mechanical concentration factors are connected by (8.2.19) and
(8.2.23-8.2.24).

In systems consisting of three subvolumes, such as two-phase or three-phase
composites loaded by three different eigenstrains, the mechanical and transforma-
tion influence functions can be connected by six relations

Dj(x) My —M;)=D;(x)(M; —M;)—[I —A;(x)|M, (8.2.44)
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For example,
Dp(x) (M2 —M3) = Di(x)(Ms— M) —[I — A (x)|M3 (8.2.45)

where j # k #1; j, k, I =1, 2, 3, and the summation rule does not apply.
Notice that in a homogeneous medium, where 4 ,(x) = I, this equation is reduced
to an identity, and (8.2.40) yields Y i, D,s(x) =0, Y |, F,(x) = 0.

Finally, (8.2.40) and (3.5.8) provide an expression for the overall stiffness in
terms of D,

L = Zn:crLrAr = Z”: |:crLr (I — Zn:Dm):| (8.2.46)
s=1

r=1 r=1

8.3 Uniform Change in Temperature in Multiphase Systems

8.3.1 Overall and Local Field Averages

Recall that the local and overall constitutive relations for multiphase systems are

o,(x)=L,e(x)+1,A0 &,(x)=M,0,(x)+m,A0 (8.1.2]
I, =—-L.m, m,=-M,I, o
and
0 =Le"+IA0 e=Mc"+mAb
[8.1.3]

The phase and overall thermal strain vectors are denoted by the symbol m, and m,
and the thermal stress vectors by [, = —L,m,. Thermal eigenstrains that would be
equal to total strains in a traction-free volume of a phase r = 1, 2, ... n subjected
to a uniform change of temperature Af are u, = m,A0, i = mAf. Thermal
eigenstress vectors are A, = [, Af, A = IA6. Both L, M and I, m must satisfy
admissibility conditions noted in Sect. 6.1, and summarized in Sect. 8.4.

Thermal strain vectors for the eight material symmetries appear in Table 8.1,
in terms of linear coefficients of thermal expansion. Depending on the specific
symmetry, these apply both to the phases and to homogenized aggregates. For
given values of elastic moduli and thermal expansion coefficients of the phases, the
following results provide the overall expansion coefficients that appear in thermal
vectors m and [, as well as estimates of the phase field averages, both in terms of the
mechanical concentration factor tensors and overall stiffness or compliance.
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The overall thermal vectors are represented by (6 x 1) matrices and they follow
from the Levin formula (3.8.11) as

n n
m= Zc,BIm, I = ZC,AII,. (8.3.1)
r=1 r=1

Coefficients of the m vector are linear coefficients of thermal expansion of the
composite aggregate. The vector I = —Lm collects the overall thermal stress
components caused by thermal change in an aggregate that is prevented from
deforming. As its relation to m suggests, it is the stress required to suppress
the overall thermal deformation of an aggregate volume. Only in a homogeneous
medium that undergoes a distribution of thermal deformations m A6 is the overall
strain equal to the volume average of the local strains, because A, = I, B, =
I.m.=m,l, =1.

Local fields are conveniently described by introducing thermal strain and stress
concentration factors, represented here by (6 x 1) column vectors, that determine the
respective thermal contributions. For the load set {e°, AB}, the local field averages
in each subvolume V, are

e, =A,e"+a, A0 o,=L, (e, —m,.AO) (8.3.2)

The a, A6 is the local thermal strain average caused in subvolume r by a uniform
temperature change A6, applied while the aggregate is prevented from deforming,
at ” = 0. For the load set {6°, Af}

o, =B, 6" +b,A0 &, =M,0,+m.A6O (8.3.3)

The b,A0 is the local thermal stress average caused by A6 in subvolume
r, while the aggregate is free of external tractions, at ¢° = 0. Since
YA, =1,%"_¢.B, =1, thea,, b, mustsatisfy

Zr:l cra, =0 Zr:l b, =0 (8.3.4)

Notice that the dimension of the coefficients of both a,, m, and m are 1/ e
and those of b,, I, and I are MPa/ 0C. Of course, the coefficients of A, and B, are
dimensionless. However, the coefficients in the last three rows of the a, vectors must
comply with the contracted tensorial or engineering matrix notations currently used
for the strain vectors. Introduced by Laws (1973) for the self-consistent method, the
present forms also apply to the Mori-Tanaka estimates and to those that follow from
(6.3.5) and (6.3.6).

Additional connections relating @, and b, can be derived by letting &* = m A6,
which implies that & = 0. Then, (8.3.2); and (8.3.3), yield

a—m,=M,b,—A,m b,—1l, =L,a, —B,l (8.3.5)
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Agreement between (8.3.3) and (8.2.6), (8.2.7) requires the thermal concentra-
tion factors to satisfy

a, = Z D,m,; b, = Z Fl, (8.3.6)
s=1 s=1
where
Dy=(I—A)L,— L)' (81 —c;A})L; [8.2.19]
and
Fy=-B)M,—-M)"' (6,1 —c;B,YM, [8.2.24]

As expected, equations (8.3.6) imply that the total thermal strain &,(6) = a, A6
or stress 0 ,(0) = b, A0 are equal to the sum of all contributions transmitted from
inhomogeneities Vs # V, , including the self-induced parts in V; = V. Therefore,
the a, and b, apply only to averages caused in the r-phase by all eigenstrains present
in the system, imparted by the overall thermal and elastic moduli and mechanical
concentration factors. In contrast, the transformation influence functions monitor
interactions between each pair of individual phase subvolumes and their resident
eigenstrains. They also enable replacement of the thermal eigenstrains by any
uniform eigenstrain, using g, = m, A6, A, = I, Af. After substitution in (8.3.6),
and with regard to (8.1.3) and (8.3.1)

a,=T—A)L,—L)'(1,-1)
(8.3.7)
b, =(I—B,)(M,— M) (m, —m)

As long as the thermal concentration factors are related to the transformation
influence functions of Sect. 8.2 by (8.3.6), they are valid for any inclusion based
AFA method, where A, and L or B, and M satisfy the admissibility conditions
already noted for the self-consistent and Mori-Tanaka methods in Chap. 7, and
summarized in Sect. 8.4.

Although the overall thermal vectors can be found from (8.3.1) without prior
knowledge of the thermal concentration factors, it is possible to derive separate
connections that replace the A, or B, with a, or b,. Using the overall constitutive
relations (8.1.3) for the load set {€°, A8} whichis o = Le® 4+ I A0, and (8.3.3),
we write

—IN) =Le" -0 =Le’ ) c0, =Le" =) ¢, (L e, +1,A0)

r=1 r=1

) ) (8.3.8)
=Le’ =) ¢, L (A, +a,A0) =) c1,Af

r=1 r=1
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A similar sequence can be developed for m, and with (3.5.8), it yields

n n
I = Zc,(L,a, +1,) L= ZC,L,A,

r=1 r=1

] ) (8.3.9)
m=> c(Mb,+m,) M=) ¢,MB,

r=1 r=1

These connections confirm that both the local and overall thermal fields can
be derived using either estimates of the overall elastic stiffness/compliance or of
the mechanical concentration factors. They can also serve to verify accuracy of
numerical evaluations of the thermal concentration factors and overall thermal
vectors.

In two-phase systems r = «, B, cy + cg = 1, the overall thermal vectors (8.3.9)
can be cast as (Benveniste et al. 1991a, b)

I=Io+) ¢, =)+ (L, — Lo)a,]
= (8.3.10)

m=my+Y c[m —my)+ (M, — My)b,]
r=2

However, the overall thermal strain and stress vectors also follow by substituting
thermal eigenstrains into the uniform field results (3.6.16), (3.6.17), (3.6.18),
(3.6.19), or into the Levin formula (3.8.11) with the A,, B, from (3.5.13) (Benveniste
and Dvorak 1990). The results are

m=(M—Mg)(M,—Mpg) 'my, — (M —M,) (M, —Mpg) 'myg }
m = comy + cgmp + (M — cuMy — csgMg)(My — M)~ (my, —mp)
(8.3.11)

and

I =(L—Lg)(Ly—Lg) 'ly—(L—Ly)(Ly—Lg) 'Ig
(8.3.12)
I =coly+cplg+ (L —cyLy—cpgLlp)(Lo—Lg) "Iy —1p)

The latter equation was also derived by Laws (1973).

For the degenerate case in which (M, — M ,3)_1 or (L, —L ,3)_1 become
singular, equations (8.3.11-8.3.12); were examined in op. cit, for isotropic
and transversely isotropic constituents. For isotropic phases, their results
indicate that even though (M, — M 5)_1 is singular when the shear moduli
G, = Gpg, the decompositions are well defined, but they fail if K, = Kpg.


3.5.8
3.6.16
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For fiber composites with two transversely isotropic phases, their results show
that the uniform field results hold as long as the Hill’s moduli of the phases satisfy
(ko —kg)(nog —ng) — (lo — Ig)* # 0. Only in an elastically homogeneous medium
loaded by a distribution of thermal strains, the B, = I and the overall thermal strain
can be found as a simple weighed average m = Xc,m,..

8.3.2 Temperature Dependent Phase Properties

Both elastic moduli and coefficients of thermal expansion of many materials
depend on temperature. Often observed are gradual reductions in Young’s moduli
and small elevations of Poisson’s ratios with increasing temperature, as well as
increases in coefficients of thermal expansion. Actual magnitudes can be found in
several on-line databases, such as www.polymersdatabase.com, and www.jahm.com.
Interpretation of published data should exclude any time-dependent and other
inelastic deformations that may have affected property measurements at higher
temperatures, especially in polymers. Applications of temperature-dependent ther-
moelastic moduli are found in analysis of consolidation by hot isostatic pressing and
heat treatment of metal matrix composites (Bahei-El-Din and Dvorak 1997).

As long as a given phase material responds by elastic deformation during
loading and unloading in the temperature interval 8 — 6, considered, changes in
its moduli are reflected by simple monotonic functions L, (6), which may be
different for each coefficient of L, (8). Therefore, the several concentration factors
that depend only on the moduli are also functions of current temperature. However,
the thermally-induced deformation is accumulated incrementally in the said interval,
and it is evaluated along the applied temperature path.

Phase constitutive relations (8.1.3) are modified to account for the deformation
accumulated during a change 6 — 6 from an initial to current temperature

0
e () = M(0)o,(0) + | m,(0)dd

o (8.3.13)

IM ,(6)
36

do - (0)

de,(0) =
&r(0) 29

do,(0) + [M,.(e) + m,.(9):| 0

and

0

0,(0)=L,(0) |:€r(9) - mr(é’)d@]

0o

(%
do,(0) = L © [e,.(e)de - m,.(9)d9:| +L(0) [88,(9) —m,.(9):| do
90 0 90

(8.3.14)
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Local strain averages and their increments at current temperature 6 are

n 9
er(®) = A,0)e0) + [me) [0 ms(e)de}

s=1

n 6
de, () = [A,(9)€0(9)+A,(9)é0(9)] o+ [D,S(e) /9 my(0)d6 + Dmms(e)de}
= (8.315)

Notice that the D,,(6) transmit the contribution of the accumulated thermal strain
in subvolume Vj to the total strain in V., as a function of the current elastic moduli,

hence it is not included in the integrals.
Overall stiffness then undergoes the rate of change

L) = Z ¢ L .(0)A,(0)
= (8.3.16)

n

L= c[L®)4,6) + L 6)4,.0)]
r=1

Analogous derivatives can be found for the other concentration factors and
stiffness estimates in Chap. 7. The Hashin-Shtrikman and other bounds on overall
moduli and coefficients of thermal expansion are subject to similar temperature-

induced changes.
The rate of change of phase stiffness coefficients with temperature, dL,/00 =

L,(@), is reflected in both mechanical and transformation concentration factors,
which depend on the elastic moduli. For a matrix L that has an inverse L™!,

there is
LL ' =TI = LiL '+ LL '=0=1i '=—L'iL"" (8.3.17)

_ The partial strain concentration factor 7 in (4.2.13) and its rate of change

T, =0T,/00 are

T,=[I+P(L,~Ly]"

Ty =~ +P(L;~ Lo '[P(Ly — Lo) + P(L, = L]l + P(L, — Ly)|™"
(8.3.18)

where the coefficients of P /060 = P can be obtained as derivatives of the Pug,
shown for different ellipsoidal shapes in Sect. 4.6 (Suvorov and Dvorak 2002).
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Similar derivatives can be found of the concentration factors utilized in the self-
consistent and Mori-Tanaka estimates. In particular, from (7.2.1) for SCM:

A, =[I + P(L, - Lo)™
Ay =—[I+P(L, — L) '[P(L, — Lo) + P(L, — Lo)|lI + P(L, — Lo)]™"
(8.3.19)
and from (7.3.2) for M-T:
N —1
A, =T, [Z cSTS:|
s=1
N -1 N “1rw N -1
A, = T',[chn} - T,[ZCSTS] [ZCSTS:| [chn}
s=1 s=1 s=1 s=1
(8.3.20)

where the 7', is evaluated using (4.2.14) with Ly = L,, the matrix stiffness.
Derivatives of the transformation strain concentration factors (8.2.14), that apply
to both methods are

D= —A,)L,— L) "8I —c;ADL,
Dy =[-A. (L, ~L)y"'—(I -A,)L,—~L)""(L, - L)L, —L)™"]

% (80 — s, ANLy + (I — A)(L, — L) [ = ey AT Ly + (8,1 — c,AT)L]
(8.3.21)

Numerical evaluation of strain fields caused in composites with temperature
dependent moduli and expansion coefficients by a thermal change 6 — 6, and by
a temperature-dependent overall strain €°(6) can be executed by integration of the
increments in (8.3.20-21). Subdivision of the 6 — 6 interval into parts where the
elastic moduli and loading rates are approximately constant should reduce the effort.

8.4 Capabilities of Bounds and Estimates of Overall
and Local Fields

This is a brief summary of certain aspects of the methods discussed in Chaps. 6,
7 and 8. The AFA or average field approximations for aggregates containing el-
lipsoidal inhomogeneities have the broadest range of applications. Overall stiffness
estimates follow from


7.2.1
7.3.2
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n n n —1
L= ¢LA, =) ¢L[I+P(L ~Lo" [Z e[l + P(Ls — Lo)]_l]
r=1 r=1

s=1

n n -1
=ZCV(L*+Lr)Ar_L* =|:Zcr(L*+Lr)_l] —-L*=L"

r=1 r=1

[6.3.5]

n n n —1
M=) c,MB =) ¢;M][I+QM, — M) [Z e[l + QM — Mo)]_1:|

r=1 r=1 s=1

n n —1
=Y ¢(M*+M,)B,—M" = |:ZC,(M* + M,)_l} —-M*=M"

r=1 r=1

[6.3.6]

These expressions can be applied to either matrix-based or polycrystalline
systems consisting of many different phases which may have different elastic
moduli L, and volume fractions 0 < ¢, < 1. However, proof of consistency
LM =1 and diagonal symmetry in Sect. 6.3 requires all inhomogeneities L,, M,,
r =1, 2, 3, ... ntohave the same shape and alignment described by a single P
matrix. Different P matrices can be selected in a dilutely reinforced system, where
¢, < 1, as shown in (4.4.6) and (4.4.12). In matrix (r = 1) based systems, the
single P is demanded only in r = 2, 3, ... n, according to (6.1.7).

At least three overall property estimates can be found from the above equations
by selecting different stiffness Ly of the comparison medium. The first one is a
pair of Hashin-Shtrikman upper and lower bounds, described in Sect. 6.2, where
the choice of Ly or My is prescribed by (6.2.16) or (6.2.24). Bracketed by the
H-S bounds are the self-consistent and Mori-Tanaka property estimates, which are
obtained from (6.1.5) and (6.1.6) by letting Lo = L and Ly = L,, respectively; Sects.
7.1 and 7.2.

One exception to the same shape and alignment rule has been established in Sect.
7.2.4 for matrix-based two-phase systems, by rewriting the Mori-Tanaka overall
stiffness expression in (7.2.26)

-1
(Ly—L)' =[(L,— L) + (Ps)‘l]‘l} ] (8.4.1)

L :L2—01|:Zn:6’5

s=1

The P, = (L;k + Ll)_l = PI are different forms of P described in Sect. 4.6,
for second-phase inhomogeneities s = 2, 3, ... n. A numerical evaluation of the
self-consistent estimate of a certain three-phase matrix-based system in Sect. 7.1.4
also provided a diagonally symmetric stiffness matrix, but the result may not hold
for other systems.


6.3
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In well-ordered two-phase systems, where the difference (L, — L) is either
positive or negative semi-definite, the Mori-Tanaka estimate of overall stiffness
coincides with the H-S upper or lower bound, which can be established with
reference to (6.2.16) or (6.2.24). Therefore, (7.2.26) also provides the upper and
lower H-S bound in the well-ordered systems. However, no definite conclusion can
be reached about systems which are not well-ordered. Each such case requires a
separate examination.

Another exception to the same shape and alignment rule is offered by the
differential scheme in Sect. 7.3. As in the case of dilute approximation, diagonal
symmetry of the overall stiffness is guaranteed for any combination of shapes and
phase properties. Overall stiffness predicted by the differential scheme depends on
the selected mixing sequence, which may impair its reliability.

Finally, the double inclusion and double inhomogeneity models of Sect. 7.4
enable estimates of overall stiffness and local field averages in system of many
phases, shapes and alignment. This capability is offered by the CB configuration of
the model, described in Fig. 7.7 and in Sect. 7.4.4. Although this approach has not
been explored in the literature to the extent enjoyed by other methods, it may provide
reliable results. For example, a stiffness estimate of the Hashin-Shtrikman type for
randomly distributed reinforcement orientations is given by equation (7.4.29).

The limitations on shape and alignment of the reinforcements. as well as
the diagonal symmetry of the AFA estimates and bounds are also required in
extensions of the methods to problems involving application of eigenstrains in
the phases. Overall response of a representative volume in Sect. 3.3, subjected to
both mechanical and transformation loads follows from the Levin formula (3.8.12),
written as

n
E=M@’—2)=Mc"+ji=>) c[MB,c"+Bp,] (8.2.2]
r=1

and

F=LE"—p)=Le"+1 =) ¢ [LAe" + AA,] [8.2.3]

r=1

These relations hold for any estimate of overall response, and can be readily
converted to thermal response, by letting it = mAf = —MAAG and u, =
m, A0 = —M,A,.A6.

The same results should be reached when the overall strain or stress are
derived by the particular averaging or other procedure employed in the stiffness
or compliance estimate. In the AFA methods, the result follows from (8.3.9)

n n
m=> "c,(Mb, +m,) 1= c(La,+1I,) (8.4.2)
r=1 r=1
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For example, the thermo-elastic version of the Mori-Tanaka method regards each
inhomogeneity as embedded in a large volume of the matrix L; that is subjected to
remotely applied uniform matrix strain €, as indicated by (7.2.1), and to a uniform
temperature change A6. The strain average in an inhomogeneity V, is

e,=T,e,+t,A0 T,=[I+P(L,—L)]" (8.4.3)

The thermal strain concentration factor ¢, can be derived as the sum of the self-
induced strain caused by a uniform eigenstrain u, = m,Af0 = —M, I, A=
—M A, and the strain caused by a similar eigenstrain or eigenstress, applied in

the surrounding matrix. The inhomogeneity L, in V, is now embedded in a large
volume of the matrix L;, hence we appeal to (4.3.2) and (4.3.7) to find

e(0)=Ryp, + Rp, =T, P(Lyp, — Lip,) (83.4.4)
or
t,=-T,P(l, -1, (8.4.5)

with T, = I,¢; = 0. Using Xc, &, = €% and (8.3.2), we also find

n -1 n
a, = —Tr|:ZCSTS:| [Z csts:| +1t, (8.4.6)
s=1 s=2

and

n —1 n
€ = [Z CSTS:| [eo —AB Z csts] (8.4.7)
s=1 s=2

Substitution of a, from (8.4.6) into (8.4.2)? yields after some algebra

I=L |:—chts:| + ) eiLts + 1) (8.4.8)
s=1

s=1

On the other hand, the Levin-type form (8.2.2) is found in terms of the partial
strain concentration factors in the matrix, as

n -1 n
I = [Z cST;F:| [Z cST;FlS] (8.4.9)
s=1 s=1
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Derivation by Benveniste and Dvorak (1992a, b) shows that the two overall
thermal stress vectors are equivalent as long as the all inhomogeneities are of the
same shape and alignment, and the overall properties follow from those derived in
Sect. 7.2.1. The same conclusion is reached with the self-consistent method.

For the Mori-Tanaka method applied to two-phase systems reinforced with
inhomogeneities of different shape, one can write (8.4.5) as

t,=-T, P, —1,)=—Pi(I, —1)) (8.4.10)

where P, = (L} + L)'= Pland P{ = [(L,— L)) + (P,)""7". The overall
thermal stress vector is obtained then as

n -1
I=1-c [ch[(Lz —L) - P‘i]] (Ly=L)7'(2a=1) 841D

s=1

and can be shown to be equivalent to that from (8.4.9).

These observations suggest that correct overall transformations can be obtained
from mechanical stiffness or compliance, local thermal stress vectors and mechan-
ical concentration factors, as long as the latter satisfy their particular diagonal
symmetry, consistency and shape and alignment requirements.

The composite assemblage or CCA/CSA bounds in Sect. 6.4 and the generalized
self-consistent method or GSCM in Sect 6.5 provide the most reliable bounds
and estimates of overall properties, albeit only for two-phase systems reinforced
by spherical particles or aligned circular fibers. Their extension to evaluation of
estimates of local field averages has not been a part of the original derivations.
However, those can be obtained in terms of overall and phase moduli and volume
fractions from (3.5.13). Section 8.1.4 shows that evaluation of coefficients of
thermal expansion and averages of local fields caused by uniform changes in
temperature can be accomplished by substitution of overall and phase moduli and
volume fractions into established expressions. Similar procedure leads to phase field
averages caused by uniform transformations of one or both phases.

8.5 Related Research Activities

This book covers only selected parts of micromechanics of heterogeneous media
that have been investigated since the 1960s. Other areas which deserve attention
include the methods developed in the Russian literature, first exposed by Kunin
(1982, 1983) and in a major recent monograph by Buryachenko (2007). Also the
homogenization method for systematic design of composite materials that exhibit
certain optimal combinations of physical properties and material distribution in
space, based on topology optimization (Bendsoe and Kikuchi 1988, Sigmund
and Torquato 1999, Bendsoe and Sigmund 2004). This method can be used to
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design material combinations and geometries that provide extreme values of overall
thermal expansion, or thermal and electrical conductivity, or optimized piezoelectric
microstructures.

Piezoelectric composites represent an important group of engineering materials,
used in ultrasonic transducers, medical imaging and many other applications. Of
interest are two-phase fiber systems with either arbitrary or aligned cylindrical
fibers arranged at random or in close packed hexagonal or rectangular arrays. Such
systems may have a large number of elastic, dielectric, piezoelectric, piezomagnetic
and pyroelectric constants. By applying the method of uniform fields and related
techniques, Benveniste and Dvorak (1992) have connected certain sets of the
constants by microstructure-independent exact relations for the effective properties
and point-wise fields. As in the elastic case of Sect. 3.9, such relations lead to
a substantial reduction of independent overall properties of the fibrous piezo-
electric systems. This was followed by a wider examination of micromechanics
of piezoelectric composites. Computation of effective properties and local fields
with transformation influence functions, and formulation of consistency conditions
required from different micromechanical models were established by Benveniste
(1993a, b, c). The magneto-electric effect in fibrous composites with piezoelectric
and piezomagnetic phases, studied by Benveniste (1995) is drawing increasing
attention due to the recent activity in magnetoelectric composites (Feibig 2005).


3.9

Chapter 9
Interfaces and Interphases

Several types of bonds may exist at the juncture between adjacent phases in contact.
On the microscale of many composite materials, most desired is a perfect bond
along a sharp spatial boundary S of vanishing thickness. It guarantees that both
traction and displacement vectors remain continuous on S. Contact between phase
surfaces may also involve presence of one or more interphases, thin bonded layers
of additional homogeneous phases introduced, for example, as coatings on particles
or fibers, or as products of an interfacial chemical reaction. During composites
manufacture and/or loading, an interface is expected to transmit certain tractions
between adjacent constituents. When the resolved tensile and/or shear stress reaches
a high magnitude, the interface may become imperfect by allowing partial or
complete decohesion, a displacement jump, possibly accompanied by a distribution
of ‘adhesive’ tractions. In an opposite situation, a high compressive stress may
cause radial cracking in one of the phases in contact, or in the surrounding matrix.
While magnitudes of interface tractions determine material propensity to distributed
damage, the work required by either decohesion or radial cracking must be provided
by release of potential energy, which is proportional to phase volume; Chap. 5.
Therefore, small inhomogeneities are less likely sources of damage than large ones.

At a high resolution, an interface is viewed as a multilayer of interacting atoms
or polymer chains that form a complex bond between the adjacent materials. This
area of current research is of interest in nanocomposites, which have a high specific
surface area, often represented by interfacial zones that occupy a relatively large
volume fraction, and may exercise significant influence on overall response; c.f.
Sect. 3.2.3.

Here we first describe analysis of perfectly bonded planar and curved interfaces
between two anisotropic elastic solids. That is followed by an example of separation
models of imperfect interfaces. Their contribution to overall deformation or stress
relaxation of particulate or fibrous composites is evaluated using damage-equivalent
eigenstrains, similar to that in Sect. 4.3.4. A brief description of interphases and their
models at the microscale and nanoscale completes the chapter.

G.J. Dvorak, Micromechanics of Composite Materials, Solid Mechanics 259
and Its Applications 186, DOI 10.1007/978-94-007-4101-0_9,
© Springer Science+Business Media B.V. 2013
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9.1 Perfectly Bonded Interfaces

Analysis of coherent interfaces was developed primarily by Hill (1972, 1983) and
Laws (1975, 1977). Their results show that a complete strain and stress field at
surface points of, say, exterior or a—side of a perfectly bonded, planar or curved
interface can be found in terms of known elastic stiffness L, and of the stress
and strain components at the interior or f—side that remain continuous across the
interface. As discussed in Chap. 4, the latter are uniform and easily evaluated
in ellipsoidal inhomogeneities, which facilitates implementation of the results;
Sects. 9.1.3,and 9.1.4.

9.1.1 Decomposition of Stress and Strain Tensors Relative
to a Plane

Consider two adjacent elastic phases in contact along a perfectly bonded interface,
where both tractions and displacements are continuous. Let A S be a planar interface
segment separating the two bonded solids, referred to here as the «—phase and the
PB—phase. Local Cartesian coordinates &, i=1, 2, 3, are introduced such that
&LAS, and &, &, are suitably selected in the AS plane.

Both strain, stress and any other second rank tensor 7y can be decomposed into
interior and exterior parts with respect to the &€, — plane, as tjx = (Tj); + (Tir),»
where

1 T2 O 0 0 13
(ti); = |1 ™2 O (T =10 0 13 9.1.1)
0O 0 O 31 T32 133

and the scalar product (zjc); ® (ti), = 0. The decomposition (9.1.1) is implemented
by rearranging the coefficients of the stress and strain vectors as

=l ul" I =[ourn0 06" 9.1.2)

Contracted tensorial notation of Chap. 1, with the stress vector (1.1.9), is
indicated by (9.1.2) and used in Sect. 9.1.

Continuity of displacements at the interface requires the in-plane strains, repre-
sented by the interior part of the strain tensor, to be equal on both sides of AS. The
exterior strain component, normal to the interface, need not be continuous because
by itself it causes no distortion of the interface. Continuity of tractions across
the interface requires equality of the exterior part of the stress tensor. Therefore,
strain and stress components in the o and 8 phases are related by
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=) o # ok
s for jk =11,12,22 for jk =31,32,33 (9.1.3)
O 7 O O = O

In general, along an interface surface S joining two solids, the two parts of the
strain and stress tensors, transformed to the £;—coordinates are (Hill 1961)

(€4.(6); = (48);  (©5(®), = (0h(¥), &€& ©.1.4)

These connections enable evaluation of the discontinuous parts of stress and
strain at one side of the interface, from fields known at the other side. In particular, if
the said fields are known inside or at the surface points S(§)g of an inhomogeneity
r = B, then it is possible to determine all field values at matrix points S (§),, located
across the interface. The elastic constitutive relation of phase «, and connections
(9.1.4) imply that

(69 +0%) = Ly(e? + &%) = (6% + 0F) = L,(" + &%) 9.1.5)

Solution is sought for the unknown ¢¢ and &f, to complete the entire stress
and strain state at points located along the o—side of the interface, in terms of the
known exterior stress o f and interior strain e? components along the S—side of the
interface, and of the a—phase stiffness L,. Constitutive relations of the S—phase
need not be specified, since the coefficients Lg do not appear in (9.1.5) or (9.1.7).

For example, when the a—phase is isotropic,
0k = Aa€iiSik + 2Matl 9.1.6)

The Ay, o are Lamé constants, Sect. 2.2.8, and &3 L AS. Then, components of
o? and €Y at points adjacent to AS can be found by solving (9.1.5) as (Hill 1972)

A
o o B B B B
oy = —la o {033 + 2hq (5“ + 822)} + 21qer,
A
0% = ——— {of3 + 2ty (8{31 + 8§2>} + 2,uas’232
Ao + 20 9.1.7)
o 2 ﬂ 2 o —_ ﬂ 2 o J— /3
Oy = 2[aly Hat13 = 013 Hatr3 = Op3
1
o B B B
€33 = —M ey {‘733 — Aa (511 + 522)}

When both phases are linearly elastic and isotropic, similar relations can be
written for the f—phase components in terms of Ag and pg.

Connections (9.1.7) apply to any interface between two isotropic solids, as long
as all stress and strain components are defined in the local coordinates &;, with &;
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normal to the interface. Since the f—phase components are typically evaluated in
the overall x; system, the connections are useful when the two systems are or are
made coaxial. When this is not the case, the exterior and interior parts are derived
in (9.1.52) and (9.1.53).

Next, when the a—phase is anisotropic, with known material symmetry in the &-
system, the constitutive relation of the a—phase is modified to reflect the continuity
condition (9.1.5), and the rearrangement of the coefficients in (9.1.2) indicated by
the top tildes. The result is written as a partition of 6, = A&,

1 [A%L A% (e
o A% AL L&

where ef = e¥ and of = o are (3 x 1) vectors (9.1.3), and the A matrices are

Ly L Ly Lz Lis Lis |

Aii=|Ly Ly Lyx| Ai=|Ly Ly Lo
Le1 Lex Les | Les Les Les

- - (9.1.9)

L3; L3 L3 L33 L3 Lss

A= |Ly Liun Ly Ace=|Lszs Las Lss
Ls; Lsy Lss | Ls3 Lsy Lss

Equation 9.1.8 is solved for the exterior strain and interior stress components on the
o — side.

o _ A—1_B -1 B
€, = Aee 0, — Aee Aeiei

| 1 5 (9.1.10)
0¢ = AiA'of + (Ai— AieA ' Adi)e;
Laws (1975) writes that using (6 x 1) stress and strain vectors
€qo =Cég+Dog 04=Féeg+Goyg 9.1.11)

where the top tilde indicates rearrangement of the coefficients (9.1.2) and the (6 x 6)
matrices are

0 —A A A O
— ee el D= ee
c=[o ] 2=l 4,
9.1.12)

0 0 I 0
F= =
[0 (Aii — AieAe_elAei)L ¢ |:AieAe_el 01|a

This result does not depend on el and a? which nevertheless appear in €5 and 6 g.
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By writing the constitutive law in the a—phase for the stress and strain vectors in
the modified form (9.1.8), as 6, = A,&4, and by observing that it must hold even
if the interface is located in a homogeneous solid, where 6, = 6, & = &g, one
can verify that (9.1.3) imply the connections

F=A4,C G=A,D C+DA,=A,D+FA, ' =1 (9.1.13)
and
8y —Ep=D(Gpg—Ayép) Go—6Gp=F(@Ep—A,'Gp) (9.1.14)

where D = DT, F = FT. Notice that C, F, G each depend only on DA, =
AyD.

The above results hold at any point of a perfectly bonded planar interface whose
normal is perpendicular to a & &;—plane. As noted above, both the f—phase fields
and the o—phase field and stiffness components have to be specified in the same
coordinate system. Next, results analogous to (9.1.7) and (9.1.14) are derived for
curved interfaces, with variable orientation of the interface normal.

9.1.2 Decomposition of Stress and Strain Tensors
Relative to a Surface

We now consider an interface S that describes a smooth boundary between two
distinct, perfectly bonded media. In certain overall Cartesian coordinates x; (i =1,
2, 3), the interface is no longer planar, but defined by some function ®(x) = 0. At
each point P of the interface, we again define local or intrinsic Cartesian coordinates
&k, such that &5 points toward the a—phase, in the direction normal to the tangential
&1&—plane. A unit normal vector n to S has the components 7; = cos(£3, x;)inan
overall x; system. For example, n = [cos 8, sin0, O]Talong an interface of a matrix
with a circular cylindrical fiber, aligned with the x3;—axis, where 6 is measured
counterclockwise from 8 = 0 at & = x;. The same normal defines points along
the circumference of a sphere or spheroid centered at x; = 0. The goal is to find a
general form of (9.1.4) valid at an interface point with any normal n. The original
derivation by Laws (1975) is replaced here by a later one by Hill (1983).

Decomposition (9.1.1) of the stress or strain tensors into exterior and interior
parts follows from a well known resolution of a surface traction vector f; = ojny,
applied at P, into components normal and tangential to S

tp = (nptin; + (8 — njni)ty (9.1.15)
For a symmetric tensor, this decomposition is (Hill 1972)

tinj = oplgn; + o = t;n; (9.1.16)
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It can be easily verified that in the special case ny = [ny, na, n3]T =10, 0, I]T,
the intrinsic components of this tensor are #;n3 = o0;3 for j = 1, 2, equal to the
two exterior parts of (0j), in (9.1.1). However, f33 = 2(033), which rectified by
subtracting 033 = ngn;oy from (9.1.16). The invariant formula for the exterior part
in (9.1.1) then is

(07), =(ngou)n; + (ngop)n; — (ngniow)n;n

(9.1.17)
=8 +n;dy —ninjng)n;oy
The interior part is the difference 0;; — (07;),, which can be reduced to
(0); = (8 — ning) (G —njni)ou (9.1.18)

The same decomposition is applied to obtain the exterior and interior parts of the
infinitesimal strain tensor.

A more general for of this decomposition was introduced by (Hill 1983) in the
form

(03), = Ejjuon  (05); = Nyjuou (9.1.19)
where
Ejuon = [ni (8 —njni) +n; Ox —ning) +ninjnglnoy (9.1.20)
Njow = B —ning) (8 —njn;) on 9.1.21)
and

1
Eijg + Nijuw = Lijy = E(Sikail + 8dir)

Eju = Ej = Ejix = Exij Nijuw = Njiw = Nijie = Nuij ©.1.22)

EitiNigmn = Nt Etonn = 0 Ejjt Etnn = Eijmn Nkt Nitonn = Nijmn

The Ejj; and Ny have the same symmetries as stiffness and compliance tensors,
and their products show that they are idempotent, similar but not identical to the
projection tensors (1.1.16). In numerical work, they are represented by (6 x 6)
matrices E and N , derived as N and E = I — N. When the tensorial component
notations (1.1.9) and (1.1.10) are used for both strain and stress, the E or N
matrices can be employed in evaluation of exterior or interior components of both
quantities.

By applying the contraction rules (1.1.8), the Ny matrix can be reduced to
a (6 x 6) matrix ]\_/Rg = NSR, R,S = 1,2,...6. In particular, (9.1.21) can be


http://dx.doi.org/10.1007/978-94-007-4101-0_1
http://dx.doi.org/10.1007/978-94-007-4101-0_1
http://dx.doi.org/10.1007/978-94-007-4101-0_1
http://dx.doi.org/10.1007/978-94-007-4101-0_1

9.1 Perfectly Bonded Interfaces 265

written as Njyoy = NgNjow when k = | = 11, 22, 33, and Nyyou =
(Nikle + N,’]Njk)CTkl when k 75 [. For example, N1122 = ]\712, N2223 = 2]\724. The
Ny, Nj are (9 x 1) arrays, evaluated as Ny = (1 — nlz) fori =k, Ny = (1— n?)
for j =/, and Ny = —n;ny = Ny; fori # k, Ny = —n;n; for j # [. Coefficients
of the (6 x 6) matrix N then follow from the above forms for Nik, Nj;, with the first
row and all diagonal terms shown here as examples.

—_ 2 —_ —_
Ny = (1 —n%) Nipp = (ﬂ1n2)2 Niz = (n1n3)2

]\714:2”%”2”3 ]\_]15:—2(1—”%)7!1}’[3 N16=—2(1—n%)n1n2

_ P , - (9.1.23)
Ny = (1-n3)" Ny=(1-n3)" Nu=200n3)’

Nss = 2(n1n3)*  Nes = 2 (1 — n%) (1 — n%)

In the special case wllen n; = [0, 0, I]T, E preserves the components of oy

having index i =3, and N preserves those of oy; lacking index i = 3, which yields
the decomposition (9.1.1). Nonzero components then are Fyy = Ey = Ess = 1
and Nll = sz = ]\766 =1.

In this manner, any second rank tensor oy (x) or £;x(x) at an interface point S can
be decomposed into exterior and interior parts, with respect to a plane. The normal
&; points toward the o—phase, in the direction normal to the tangential & &,— plane
in the intrinsic Cartesian coordinates & at each interface point.

The continuity conditions (9.1.3) are now written for an interface S between two
solids r = «, B, defined by a certain function ®(x) = 0. They apply to the exterior
part of the stress tensor and to the interior part of the strain tensor

E,;ikla,fj(x) = E,;ikla,g(x) N,;iklez,(x) = N,-jkzsfl(x) xesS (9124)

where O'E and e? are known at the f—side of the interface. Together with the elastic
stiffness L, these continuity conditions are sufficient for determination of all o,
and e, components at the e—side of the interface.

Evaluation of complete o, and &, fields proceeds as follows. Suppose that at
a certain point P the interface is not stretched, so that the interior part of the
strain vanishes, Ne, = Neg = 0, while the exterior part of the stress remains
continuous, Eo, = Eog # 0. The top bars on E and N are no longer used. The
complete strain tensor at the o—side, written only in terms of the continuous stress
components, as &, = Do g. This expression must also hold in a homogeneous
medium L, where &, = €g and 0, = 0, in the form eg = DL,eg, and when
€p is unrestricted. Subtracting these two solutions yields connections analogous to
(9.1.14)

ey, —€g =D(og— Lyep) (9.1.25)
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A similar result for the difference o, —0 g is obtained by letting Eo, = Eog =
0 and Ne, = Neg # 0, and by constructing the solution in the form 6, = Fep.
The general solution, where o g is unrestricted, can then be written in the form

Oy —0p :J:(e,g—Maaﬂ) (9.1.26)

Both D and F are fourth rank tensors; D is determined in (9.1.36) and (9.1.37)
below. They provide an evaluation of the interface fields which is different from the
decomposition in (9.1.8), (9.1.9), (9.1.10), (9.1.11), and (9.1.12), but which leads
to similar results. Indeed, the last two equations can be rearranged into the form
similar to (9.1.11), as

e, =Cegp+Dog o0, =Feg+Goyg (9.1.27)
where
¢=1-pL, *=L,I-DL,) G=L,D
(9.1.28)
LD+FM,=1=DL,+ M,F
Therefore

eaZDO'ﬁ—i-MaJ'_elgZD(E(Tﬂ)—i-Maf(Nelg) 9.129)
0y = L,Dog + Fep = LyD(Eos) + F(Nep) o

The last terms indicate that the ., 0, are insensitive to the terms Nog, Eeg
which are not bound by (9.1.25). Hill (1983) and Walpole’s (1981) also derived
algebraic properties of the above idempotent operators. In particular

DN =0=ND FE =0=EF DF =0=FD

} (9.1.30)
DE =D=ED FN=F=NF

This indicates that D [JF] generates exterior [interior] tensors and annihilates
interior [exterior] tensors. Therefore, Do g contributes the exterior part of &, and
Feg to the interior part of 0. The D and F are both orthogonal.

Derivation of the component form of D was first outlined by Hill (1961), and
later by Kunin and Sosnina (1973), Laws (1977) and Hill (1983). We follow here
the two latter procedures. Continuity of the interior strain components in (9.1.3) can
be written as N (&, — &) p = 0, with N from (9.1.21). Then, the jump of the strain
components at the interface is limited to the exterior part

o B _
i /.

(Cinj +¢jni) (9.1.31)

=

This result also follows from Hadamard’s (1903) lemma for discontinuities in
derivatives of continuous functions, or displacements ;, at an interface. The vector
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¢; is determined by invoking continuity of tractions, o{n; = (fiink, which restricts
only the exterior stress components. Together with (9.1.31), it implies that

B _ (B B _
Lg'kz(SZz —egnj = (0 — Lg'kzgkl)"j = Lgszknlnj

Léynin; G = Kyl = (0, — Liyeln; (9.1.32)
=
Ck - Kik (oij _Lg'mnggm)nj
where K;; = Lgklnjnl = Kj; is the acoustic tensor. For real materials, Lg.kl is

symmetric and positive definite, hence Kj is invertible. From (9.1.25), (9.1.31)

Szl — Sfl = é-knl = (Kik)_1(05 — Lijmnsfm) njnl = Dklij (05 — Lijmng,ém)
(9.1.33)

The symmetric form of the D tensor is
1
Dju = Z(n,-K,.;ln, +n; K i+ ni K ng + iK' ng) (9.1.34)

Reduction to a (6 x 6) matrix D is left for an exercise.

These components posses the same symmetries as do L, Eand N. Since all
operators in (9.1.26) and (9.1.28) depend on D and L = L,, this completes
the evaluation of the stresses and strains at the «—side of a general interface S Ln.
We recall that in the intrinsic or local coordinates &;, the normal is aligned with &3,
while in the fixed x; —system, n; = cos(&3, Xx;).

For an arbitrarily anisotropic medium, the acoustic tensor is a complicated
function of the unit normal of the interface and of the «—phase elastic moduli, hence
it is best evaluated numerically. However, simple evaluation of the complete fields
(9.1.27) is possible at selected points where n; = [0, 0, l]T, and where interface
traction maxima or minima are expected. Moreover, the explicit inverse of K can
be derived for isotropic materials, together with the following forms of forms of
D and F (Hill 1983)

A4

Ky = pdu+ A+ wning pKy' = 8u — T Zuni”k (9.1.35)
2uD E A (9.1.36)
ikl — ikl — ———ninijnin .
Lk ijki )H_z’uz,kl
1
Z ikl = Nijkl + m (8,1 —nl}’lj) (8](1 _nkn[) (9137)

where A, u are Lame’s constants, and E, N are defined in (9.1.20) and (9.1.21).
When assembled in (9 x 9) matrices, with rows designated by ij and columns by
ki, all elements of D [F], not involving [involving] index 3 are zero, while others
depend on K™!.
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9.1.3 Interface Fields at Anisotropic Ellipsoidal
Inhomogeneities and Cavities

Application of the above results to a perfectly bonded interface between an ellip-
soidal inhomogeneity and a large volume V of a matrix provides a useful illustration
of their utility. The volume is loaded by surface displacements or tractions on dV'
which create an overall uniform strain €°, or stress a°. The inhomogeneity is the f—
phase, with elastic stiffness L and compliance M g. The matrix is the a—phase,
with properties L,, M ,. Both phases can be anisotropic, each with a different
material symmetry defined in the overall x; system of coordinates. Recall that under
the uniform overall loads, the local strain and stress fields in the inhomogeneity are
both uniform, and given by (4.2.13), now written as

ep=[+P(Lg—L) "' op=[+0Mps—-M)'6" (9.138)

The P and Q@ matrices are defined in (4.2.9), and their forms for selected
ellipsoidal shapes are described in Sect. 4.6. Both P and Q are evaluated in the
matrix, in the a—phase, and are connected by PL, + M,Q = I. Inside the
inhomogeneity,eg = Mgopg andog = Lgeg.

The B—phase fields (9.1.38) are now substituted into (9.1.25) and (9.1.26), to
yield the o—phase fields in terms of the overall loads (Laws 1975).

€o =[I +D(Lg—Ly)|[I + P(Lg—Ly)]"&" (9.1.39)
and
ea=[+FMp—M)I + QMg —M,)] '¢° (9.1.40)

The conjugate fields follow from ¢, = L,e&, and &, = M 4,0, respectively.
Notice that the strain and stress fields at points on the «—side of the interface depend
on the orientation of the normal »; at each point, which is reflected in the (6 x 6)
matrices D and F = L,(L — DL,) that now represent the tensors in (9.1.28)
and (9.1.34). Analytical evaluation is possible for spherical and circular cylindrical
shapes, but only a numerical evaluation appears feasible for other shapes.

Next, suppose that under overall strain &% = 0, the matrix L, is transformed
by a uniform eigenstrain u,, while the ellipsoidal inhomogeneity Lg under-
goes a uniform trans-formation p g. Corresponding eigenstress vectors are A, =
—Lyp, and Ag = —Lgpug. The stress in the inhomogeneityisop = Lg(ep—pp),
hence (9.1.25), (9.1.39) change to

e =11 +D(L§—La)]€/3—DL5[Lﬁ (9.1.41)
Local fields in the inhomogeneity are derived from (4.3.2), in the form

ep = Rpgpp + Rpap, 0p=Lg(ep—pp) (9.1.42)
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where

Rgs =[1+P(Lg—L,) 'PLsy Rg,=—[I +P(Ls—L,)] 'PL,
(9.1.43)

according to (4.3.7), with T, derived from (4.2.14). Therefore, the eigenstrains
Ho, ppat €” = 0 deform points along the matrix or «—side of the interface by

ea = +D(Lg—Lo)|ll +P(Lp~La)]" P(Lpiy—Lap,) —DPLppg
(9.1.44)

The stress generated at the matrix points adjoining the interface is
oo=Ly(eq—p,).

Application of p,. pgat 6 = 0yields ey = Mgop + rg = Mp(opg—Ap),
hence (9.1.26), (9.1.40) change to

oo = +FM,—Mp)log—FMghg (9.1.45)

Local stress caused in the inhomogeneity by A4, Agat ¢° = 0 follows from
(4.3.3) and (4.3.8) as

og=[+0Mps—M,)| ' QMsrs — M,A,) (9.1.46)

After substitution into (9.1.45),

Ou=[I+FMo—MpII + Q(My— M) Q(Mphp — Modo) = FMphg
(9.1.47)

Interface fields caused in the matrix by the complete loading set {&°, p,, p ﬁ}
are the superposition of (9.1.39) with (9.1.44). For the loading set {o°, A, Ag}
one has to superimpose (9.1.40) with (9.1.47).

Finally, we use the above results to derive strain and stress fields at the surface
of a loaded ellipsoidal cavity in the matrix L,. Applied loads include overall strain
€ or stress ¢ at infinity, tractions at cavity surface that are in equilibrium with a
uniform stress 6, = & g, and a uniform eigenstrain g, in the matrix. Under these
loads, local strain &; = € p derived from displacements of the cavity wall is uniform,
and it is connected to the overall fields by (9.1.39), (9.1.40), and (9.1.41), written

now as
e —ep=Plog—Ly(eg—p,)] 0"—0p=0(p—pn,— Myop) (9.1.48)
or as

esg=I—-S8)"[e"—P(op+Lon,)) es=Myo5+Q '(0°—0p)+p,
(9.1.49)
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The strain ¢, and stress o, at the surface of the cavity follow from (9.1.25) and
(9.1.26) as

eo =Dos+ (I —DLyeg 04 = —FMy)op + Fep (9.1.50)

Substitution of each of the distinct forms of &g from (9.1.49) into both expressions
then yields the fields caused along the cavity surface by the load sets {&°, o 8. Mot
or{a’, op, m,} respectively.

9.1.4 Interface Fields at Isotropic Inhomogeneities
and Cavities

Evaluation of complete distributions along an entire interface is seldom needed,
since points of traction maxima or minima can be often identified for typical shapes
of reinforcements and for simple applied stress or strain states and for uniform
phase eigenstrains of interest. As mentioned above, simple evaluation of the fields in
matrix points adjoining an ellipsoidal inhomogeneity is possible at selected points
on the circumference of spheres, spheroids and cylinders with normals aligned with
the direction of principal overall normal stress in the transverse plane.

In particular, the uniform interior strain fields in an isotropic spherical particle
residing in an isotropic matrix have already been evaluated in (4.4.26) with the
concentration factors from (4.4.23) and (4.4.27). In the dilute case, the overall strain
€" can be applied such as to generate overall simple tension stress 51; Corresponding
components of the uniform stress and strain field in the particle are then substituted
as the f—phase components into (9.1.7), to find the complete fields in the matrix at
selected interface points. An illustrative example appears in Sect. 9.1.5.

General forms of the above results for any normal direction at interfaces between
isotropic elastic constituents had been derived by Hill (1972), with a—phase moduli
Aws e in the constitutive relation (9.1.6). Continuity of interface tractions #; =
o1y and of the interior part of the strain are written in general or fixed x;—system,
n; = cos(&s, x;),as

(08 —alyn =0 (i —ning) (S —njn) (e —eb) =0 (9.1.51)

where the second relation follows from (9.1.18), and the continuous parts of o g, €g
are known. The interior part of the stress is found from (9.1.6) into (9.1.18). The total
stress is written according to (9.1.27), as 6, = Fepg + Go g, where

A

m(&'j —nin;) (8 — nk’ll)] 8;61

]:zykzefz =2/q |:(8ik —ning)(&—njn;) +

B o B
ikl0n = | nidx +nidi —ninin ——(6;j —nijnj)ng | njo
gg;kl Xl [ iOjk + 1Ok injng + T +2Ma( ij inj) k] 10y

(9.1.52)

The last term in Gj; belongs to the interior part of o4
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Total strain &, = Ceg + Doy is obtained from

Cijk[gfl = [(&k —ning) (8 —njny) — ninj (8 — nkn/):| efl

Ao + 2

2(Ag + o)
Ao + 2

(9.1.53)

i

B 1
Doy, = — | nidjx + n 8 — ninjng | njoy

2

These results hold at any smooth part of a perfectly bonded interface between
two arbitrarily shaped isotropic solids.

The above operators D;j; and Fj; can also be used in (9.1.40) and (9.1.44) to find
the fields caused by uniform phase eigenstrains and overall mechanical loads. They
are equally useful in evaluation of fields (9.1.50) at the surface of a loaded cavity,
where eg are given by (9.1.49) and o4 is a prescribed cavity stress. Hill (1972)
derived the complete stress state at the surface of both loaded and traction free
cavities. For a traction-free spherical cavity in an isotropic matrix, with Poisson’s
ratio vy, loaded by a uniform stress ¢° applied at infinity, his result is

.15
%= T 5, |:(1 — Vo) (i — ning ) (8 —njng)
1— 5v,
_( 10” 8k1+vankn/) 8 —n,nj)} oY (9.1.54)

This agrees with an earlier but different form found by Eshelby (1957).

For a traction-free circular cylindrical cavity, the surface stresses were found in
terms of overall uniform fields by Laws (1975).In (r, ¢, z) coordinates, where z is
aligned with the cylinder axis, his results are

o, =0,,=0.=0 o, :—U,Or—i—302¢

T v (9.1.55)

— 0 _ 40 0 o _ 0
oy, = 2v4(0y, —0,,) + 0, 0, =20,

The oi? are components of the overall uniform stress applied at infinity.

In the context of steady state conduction, results parallel to the formulation of
elasticity were obtained by Chen (1993a). Also, combining elasticity with con-
duction by constructing appropriate augmented matrices, Chen (1993b) established
systematically interface conditions for coupled electro-elastic piezoelectric solids.

9.1.5 Evaluation of Interface Stresses in a S-Glass/Epoxy
Composite

Significance of the mechanical and thermal contributions to the interface stresses
can be illustrated by evaluating their magnitudes in an S-glass/epoxy fiber composite
with isotropic phases. Phase moduli are (Herakovich 1998)
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E; =87.0GPa,K; = 51.8 GPa, ay = 1.6 x 107°/°C
(9.1.56)
E, = 4.1 GPa, K,, = 4.6 GPa, a,, = 63 x 107¢/°C

Their contrast appears high, but it is quite moderate when the present £, =
87.0 GPais compared to the longitudinal Young’s moduli £ Lf = 124 GPa of Kevlar
49,0rto E { = 235 GPa of the AS4 fiber. However, the latter fibers are anisotropic,
with low transverse moduli of 15 and 7 GPa and longitudinal CTEs of —2.0 and —0.5
x 107%/°C, but with higher transverse CTEs of 60 and 15 x 107%/°C, respectively.

The Mori-Tanaka method of Sect. 7.2 will be used in evaluation of the phase and
overall field averages. According to (7.2.9) and (7.2.10), the fiber and matrix stress
concentration factors B,, r = f, m, and the overall compliance M follow from

By =1 +cu@M;~ M) By = [enl +cll + QM — M7 ]

9.1.57)
M =M, +c;(My—Mp)[I +cnQMy—M,)]™" (9.1.58)
where M, M,, are phase compliance matrices, and ¢y + ¢, = 1 are phase

volume fractions. The Q = L,,(I — PL,,) matrix in (4.2.9) is found with reference
to (4.6.6), which provides coefficients of the P matrix in terms of the stiffness
coefficients LZ?, and the aspect ratio of fiber crossection, selected here as p = 1 fora
circular fiber. Overall stiffness can be found using (7.2.5), or the expressions (7.2.11,
7.2.12,7.2.13, 7.2.14) for the overall Hill’s moduli, which can be substituted into

(2.3.3). However, since (4.6.6) specifies the xj; = X3 as the fiber direction in the

overall coordinate system, the stiffness matrix (2.3.3), written for xi = X1, needs to

be modified by exchange of the 1 <> 3 rows and columns. The consistency condition
ML =1 should always be verified.

The stress and strain components in the fiber are nearly uniform at low and
moderate fiber densities, and approximated as such at higher densities. They follow
from (7.2.7)aso s = Bfao andey = Mo s, where o' is the overall applied stress.
In the present illustrative example, we select the overall stress as simple tension,

applied to the composite aggregate in the x;—direction, perpendicular to the fiber

axis xj; = x3. The overall stress vector is 6° = [1, 0, 0, 0, 0, 0]T, hence all

resulting fiber and matrix stress components indicate stress concentrations under
the single overall unit stress.

Substitution of the fiber fields for the B—phase components in equations (9.1.7),
relabeled using the 3 <> 1 exchange, provide the three stresses in the matrix phase,
at the interface with the fiber. The contact point has the normaln = [1, 0, 0]T aligned
with the overall loading direction, instead of the original interface normal &3 L A S,
orn =10, 0, 1]Tin (9.1.7).
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Table 9.1 Matrix interface and fiber stresses caused by transverse
overall stress o), = 1 in a S-glass/epoxy composite

g ofif=ol of  oi/3 o3 o3}

0.01 2.052 0.9482 1.271 —1.640 —6.078
0.1 1.732 0.8276  1.140 —1.234 —2.303
0.3 1.324 0.6489  0.8918  —0.7405 —0.8545
0.5 1.125 0.5622  0.7643  —0.4576 —0.4387
0.7 1.028 0.5228 0.7017  —0.2557 —0.2219
0.9 0.9952 0.5153  0.6823  —0.08426  —0.06863

Table 9.1 shows numerical values of the normal and tangential matrix interface
(mi) and fiber stress components caused at the contact point by the applied unit
mechanical load. The volume fractions include the very low ¢y = 0.01, relevant in
measurement of interface strength in pull-out and fragmentation tests on single fiber

specimens

The continuous normal stress al’qi = O'lfl, which promotes interface decohesion,

is elevated at low fiber volume fractions, but close to the applied overall stress o7, =
1 at typical ¢y = 0.5 — 0.7 concentrations found in fibrous plies.

The hoop stress 043, which may support radial cracks, is also low. As expected
under overall transverse tension, the fiber supports high axial compression stress,
which is further elevated in systems reinforced with high modulus fibers. Actual
stress magnitudes applied in service are limited by the transverse strength O'L?“ =
50 MPa of typical S-glass/epoxy plies. At that point, localized interface separation
may lead to ply failure.

Thermal stresses and deformations caused by cooling from matrix curing
temperatures and by exposure in service can evaluated using (8.3.7) and (8.3.10) or
(8.3.11). To that end, the matrix and fiber thermal strain vectors m, are assembled,
using the CTEs from (9.1.56) in the isotropic form of the vectors in Table 8.1. The
mechanical stress concentration factors and phase and overall stiffness needed in
(8.3.7) are already available from the earlier calculations. Of course, under a uniform
change of temperature, the fiber stress and strain are both uniform and complying
with the constitutive relation (8.1.1). Therefore, thermally induced radial, hoop and
axial stresses in the matrix layer next to the fiber interface are also uniform along a
circular fiber circumference.

Table 9.2 shows the fiber stress and strain components caused at the above contact
point by A6 = +1°C, together with the linear overall coefficients of thermal
expansion. Overall transverse isotropy of the composite promotes rapid reduction
of the longitudinal or axial coefficient a4 with increasing fiber volume fraction.
Similar, but much weaker effect is recorded by the values of the transverse overall
coefficient a7, which is actually higher than that of the matrix (e, = 63x107°/°C)
even at ¢y = 0.3, due to the constraint imposed by the fiber on longitudinal
expansion.
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Table 9.2 Fiber thermal stress (kPa/°C) and strain (107°/°C) and

overall CTEs in a S-glass/fepoxy composite; A6 = +1°C
n=1[1,0,0]"

¢ oh=ofi of el = o or
0.01 —410.8 4199 —12.70 51.94 66.47
0.1 —412.8 1333 —5.473 19.02 74.08
0.3 —365.2 283.0 —2.389 6.700 68.00
0.5 —296.4 36.42 —1.149 3.517 55.97
0.7 —204.9 —36.63 —0.144 2.215 39.35
0.9 —80.42 —28.16 0.951 1.681 16.45

Table 9.3 Matrix thermal stress (kPa/°C) and strain (107¢/°C)

at fiber interface in S-glass/epoxy composite; A = +1°C
n=1[1,0,0]"

G on ol o3
0.01 —195.6 —45.1 —201.9 —83.56
0.1 —216.7 —142.3 —257.3 —70.02
0.3 —196.9 —169.2 —243.8 —57.82
0.5 —159.2 —145.0 —200.2 —46.31
0.7 —107.4 —100.2 —137.5 —32.25
0.9 —-36.11 —33.89 —50.14 —13.64

Of course, magnitudes of overall CTEs depend on those of the constituents. The
oy = 1.6 x 107%/°C for S-glass in (9.1.56) is on the low side of reported values,
which are as high as @y = 5.6 x 107°/°C (Daniel and Ishai 2006). However,
in systems reinforced by high-modulus fibers, such as Kevlar 49 and AS4, which
also have small negative longitudinal expansion coefficients, the effect of axial
compression on transverse expansion will dominate overall response, while the
mismatch in lateral expansion will be reduced.

Thermal stresses in the fiber and at the matrix interface are listed in the first
column of Table 9.2, where crlfl = crl”i" , and in Table 9.3, which includes the
remaining matrix interface stresses at the contact point and the discontinuous
strain component &”t'. The computed values indicate that temperature changes
may generate significant stress magnitudes. In particular, cooling from typical
curing temperatures of 120-175°C to room temperature of 20°C causes interface
tension stress O'lfl = ol =29.64 — 37.05 MPa at ¢, =0.5. The matrix hoop
stress at the interface is 15.9-19.8 MPa, and the isotropic tension stress there is
20-25 MPa. Those values are well below the nominal epoxy matrix strength of 70—
90 MPa, but they may substantially reduce the strength reserve available to support
mechanical loads. The above temperature intervals are magnified in aerospace
structural composites exposed to low temperatures.

In service, the thermal tension stress may be superimposed with local interface
tension caused by overall transverse mechanical stress. Under 03“ = 50 MPa, the

interface stress at ¢y = 0.5 is Ui}; = o/t = 1.125x 50 = 56.25 MPa, Table 9.1.
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After superposition with the above interfacial thermal stresses of 29.64-37.05 MPa,
the combined mechanical and thermal stresses may exceed strength of the interface.

At allowed mechanical load levels, well below ofl ,» the thermal contribution may
dominate interface stress magnitudes. Part of the thermal stress may be relieved
by viscous deformation under slow cooling rate from curing temperature. In any
case, interface and phase stresses may be very different but still of concern in other
composite systems, hence their magnitudes should be examined in each application.

The fiber volume fraction may fluctuate in actual composite systems, where
fiber and matrix rich regions often coexist in individual plies. However, the overall
stiffness, compliance and the thermal strain and stress vectors depend on the average
volume fractions, not on their local fluctuations. Since each fiber is embedded in a
certain sense in an effective medium that has the said overall properties, changes of
the interface stresses with local density changes should be rather subdued, limited
to nearest neighbor interactions.

9.2 Imperfectly Bonded Inhomogeneities and Cavities

Under increasing overall loads and/or phase eigenstrains, an inhomogeneity may
experience gradual or complete separation from its neighbors or from the surround-
ing matrix. This may involve extension of a sharp crack, or a gradual decohesion of
bonds between the two surfaces, still connected by certain ligaments that transmit
tractions dependent on the magnitude and direction of displacement differences or
jumps between pairs of originally bonded points on the two sides of the interface.
The latter contribute to overall deformation of a progressively damaged aggregate.
Interface tractions remain continuous, but they undergo changes that are reflected in
the overall stress supported by the aggregate at a given overall strain; Sect. 9.2.2.

Several imperfect interface models have been proposed to relate local tractions
to the displacement jumps along the interface or a thin interphase layer. The simple
spring-layer model postulates that interface tractions increase in proportion to
the magnitude of the displacement jumps (Hashin 1990, 1991), and an improved
version allows for direct contact under compression and prevents interpenetration
(Achenbach and Zhu 1989). Modeling of imperfect interfaces by thin elastic
interphases was described by Hashin (2002). Several other interface conditions
were proposed and analyzed in the technical literature, for example, by Jasiuk
et al. (1993), Jasiuk and Kouider (1993) and Qu (1993). More advanced models
of the interfacial traction-displacement relations have been inspired by interatomic
potentials; they allow for an initial increase of the interfacial tractions up to a
certain maximum, followed by gradual softening until complete separation. Two
such models appear in Sect. 9.2.2. Overall response of an aggregate damaged by
interfacial decohesion is described in Sect. 9.2.3.
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9.2.1 Interface Tractions and Displacements

Suppose that a prescribed program of both mechanical loads and phase trans-
formations is applied to the total volume V of a heterogeneous aggregate, such
that an inhomogeneity r of stiffness L, undergoes gradual decohesion from the
surrounding ‘matrix’ L. Small displacements are assumed, hence the volumes
of the inhomogeneity and the surrounding cavity are approximately equal, V, =
Vi, but each may accommodate a different average strain. The surface of the
inhomogeneity and its area are denoted by 0V, and those of the cavity wall by dV..
Relative stretching is neglected, hence the surface areas dV, = dV/..

Interface displacement jumps are differences in displacements of each pair of
points that were originally in contact.

(wi] = u/¢ —u 9.2.1)
where u}¢, u{d are displacements of the cavity wall and of the debonded inhomo-
geneity surface, respectively, constrained such that interpenetration is prohibited.
Average strain increment (3.4.5) caused by the displacement jumps (9.2.1) inside
the cavity volume V,.. is equal to the difference between the total strain averages in
the cavity and partially debonded inhomogeneity.

L src =T 1

WVre

Where n; denotes a unit normal to the cavity wall, pointing into the matrix L.

Traction continuity across dV, = 0dV,. is preserved, hence average stresses
in both inhomogeneity and cavity are equal and follow from (3.4.2), applied to
interface tractions t,.d (&), & € dV,, taken as forces per unit reference area. They are
also connected to the cavity average elastic strain (é;‘l" — jty,) in the inhomogeneity,
where fu; is a uniform, physically motivated local eigenstrain that is a part of the
applied loads.

~rc 1 r = r
i =0 =5y / (t,-déj + tj‘?éi)dS = Lijkl(sk‘f — ) (9.2.3)
WVre
Total strain average in the partially debonded inhomogeneity is é{;’ =M .’Ifkl(f,’j +

4

Mij-
jEvaluation of the average strain & of the loaded cavity generally follows from
(9.2.2) applied to the displacements of the cavity wall. The contribution of the
displacement jumps to the average strain in the cavity volume can then be found
in terms of surface integrals of both tractions and displacements on the cavity
wall.
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AEY = ,’,‘—‘"’)—— [@ny + wfng) — Myl + 16 [as —
avn'
(9.2.4)

However, for cavities of ellipsoidal shape, one can appeal to

& =(I-S)" (e} —Sny) —M*G¢
[4.3.27]

=(I—S)" [e% — S (ro + Mo5¢)]

where S = PL, is the Eshelby tensor determined by cavity shape, with P taken from
Sect. 4.6, and L selected as an effective stiffness of the medium surrounding the
cavity. For example, when the aggregate is modeled by the Mori-Tanaka method
of Sect. 7.2, one selects Ly = L,,My = M, the stiffness and compliance of
the matrix. Also, (¢% — Sp,) = (¢ — Sp,). Similar selections can be made in
the context of the self—consistent and other methods. The modified form of (4.3.27)
connects ¢, or a’d = 0; to & or &;, which yields 5 = Uklakl + pj;- Then,
evaluation of elther dlsplacements or tractions on each cavity wall provides the

magnitude of the average displacement jump at V, = V...

9.2.2 Needleman’s Imperfect Interface Models

Specific descriptions of traction-displacement relations along an imperfect bi-
material interface, e.g., between an inhomogeneity and surrounding matrix, can
be derived from atomistic calculations (Rose et al. 1981; Ferrante et al. 1982),
reconstructed at the continuum scale by one of two cohesive zone models by
Needleman (1987, 1990), as described next.

By being independent of the constitutive relations of the originally bonded
materials, such relations introduce additional material parameters. To reduce their
number, the cohesive zone models assume that the tractions may not exceed a certain
maximum oy, in normal separation at any point along the interface, and that the
total work of separation 7/ per unit interface area is path and model independent.
This admits existence of a potential, chosen either as a power-law or exponential
function of normal and shear displacement differences between each pair of points
in contact prior to separation Dimensional considerations imply existence of a
characteristic length § ~ W), /Omax, Which is related to maximum displacement
jump [u],,, at separation. Actual values of § are provided below.

For brevity, the components of the displacement difference in (9.2.1) are de-
scribed by dimensionless variables v; = [1;]/8, i = n, t, b, in local coordinates
& = (&, &, &) atany point of the interface. The &, points from the inhomogeneity
as normal to the interface, and &;, &, are in the tangential plane. A proportionality
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factor «, the ratio of shear to normal stiffness of the interface is also introduced.
The power-law potential is selected as

[u]* Tk

0 70 (9.2.5)

27 4 1
:§omax8 |:U3 (1 — gun + Ev,f) + o (vt2 + v}f) (11— Un)2i|

Interface tractions are obtained as t; = —dW/0d[u;], for [u,] < [u;] = &, where
[u}] is the maximum displacement difference in normal separation.

27
t, = —= Omax [v,,(l —u)’ —a (v +vp) (1= vn)]

9.2.6)
27 27
S _To—max [ov, (1 —vy)] 1 = _To—max [y (1 —vp)]
Tractions #; = 0 for [u,] >§. Work of separation is evaluated as W), =

(9/16)0maxd, and by assumption, it is independent if the separation path.
The exponential potential is selected in the form

W(lun], [ue]. [us]) = %amaxrﬁ [1 — (1 + U, — %azzv,z) exp (—zv,,):| 9.2.7)

where z = 16¢/9, e = exp(l), and ¥/(0,0,0) = 0, W — Wp . as [u,] — oo.
This form yields the same total work of separation %5, as the power-law potential,
but it does not predict a finite displacement at complete separation. Interface

tractions are again found as derivatives t; = —dW/d[u;]

1
l, = —Omax® (zv,, — EaZZUf) exp (—zv,) 9.2.8)

t; = —Omaxe (@zv;) exp (—zv,) ty = —0omaxe (azup) exp (—zuy)

Figure 9.1 shows interface tractions as functions of normalized displacement
difference. Following the onset of separation, interface tractions increase with
the displacement up to a certain maximum and then decrease to zero value at
complete separation. Normal traction maximum #, = O,y is reached at u, = §/3
for the power law form, and at u, = 9§/(16¢) & 0.2076 for the exponential form.
A finite separation distance, at [u,]/6 = 1, is predicted by the power law, but both
forms predict the work of separation per unit area as %), = (9/16)0maxd. In the
exponential potential, about 0.95 %/ is reached at [u,]/§ = 1.

This and similar imperfect interface models are useful in finite element analysis

of elastic or inelastic heterogeneous media, both at small and finite strains. They
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Fig. 9.1 Needleman’s (1990) traction-displacement models of interface separation (Reproduced
with permission)

are usually implemented in a unit cell model, which may imply synchronized
decohesion of groups or of all inhomogeneities in a representative volume. That
may not occur in real materials, where interface properties fluctuate both along and
among different interfaces

However, the two constitutive relations for an imperfect interface provide a
useful tool for studies of void nucleation from precipitates, inclusions and other
inhomogeneities in metallic or polymeric matrices characterized by either elastic
or inelastic constitutive relations at both small and finite strains. Tvergaard (1991,
2003) used this approach in finite element studies of decohesion of stiff particles
from an elastic-plastic metal matrix. They can also be used in simulations of
deformation and failure adhesive bonds and interlayers. Information about actual
values of the parameters omax and %> ., required in an implementation of the
models in specific material systems, are not generally available, and are often
introduced as educated estimates. Levy (2001, 2003) had found that the models may
predict unstable decohesion of an inhomogeneity, related to different bifurcation
mechanisms. That implies the possibility of spontaneous and essentially complete
separation of inhomogeneities from the now cavity-filled matrix.

Another class of imperfect interfaces is found in granular materials bonded at
certain contact points under overall pressure. Those are also of interest in powder
metallurgy where growth of the contact points under elevated temperature and
pressure leads to formation of perfectly bonded interfaces between polycrystal
grains. Elastic modeling of such cohesive aggregates was described, for example,
by Jefferson et al. (2002).
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9.2.3 Opverall Response

Evaluation of the influence of the local displacement jumps and local stress changes
on overall response is difficult because the magnitude and direction of the jump
vectors may change under continued loading, and both are hidden from direct
observation. As long as the evolution of local displacements and tractions on all
cavity walls can be predicted by selected models, an incremental analysis can
be formulated to compute current overall strain or stress, along a loading path
prescribed by tractions or displacements on the surface of the aggregate. Solutions
of this problem have been examined in numerous investigations. Among the first
influential papers on the subject are those by Horii and Nemat-Nasser (1983) and
Benveniste (1985). The approach followed by these and many other authors attempts
to find an instantaneous effective overall stiffness L; of the damaged aggregate,
which exhibits load or damage induced anisotropy. That is well illustrated by the
energy approach to evaluation of overall stiffness in op. cit., where the total strain
energy of an aggregate volume V, subjected to a prescribed overall strain &° follows
from the results of Sect. 5.1.1, as

W = %(eO)TLdeOV = %(eO)TLeO(V —Ve) + %/ (1 — 1%u;) dS (9.2.9)

Sc

The total aggregate volume V is divided into the volume V¢ of all cavities
filled by the partially or fully debonded inhomogeneities, and the part V — V¢
of the homogenized, undamaged aggregate, which retains its original stiffness L.
The last integral is the Eshelby formula (5.1.8) for interaction energy between the
homogenized aggregate and the filled cavities. The #; and u; are the actual tractions
and displacements at individual points of total surface S¢ which includes all surfaces
of cavities that contain the imperfectly bonded inhomogeneities, while the 70, u?
are evaluated along the same surface S¢, drawn in a homogeneous medium L. All
terms in the surface integral depend upon and change along the applied loading
path. An equation similar to (9.2.9) can be written for the total potential energy
and overall compliance M, of the damaged aggregate, following the derivations in
Sect. 5.1.2. In any case, evaluation of the overall instantaneous stiffness along the
loading path requires possibly laborious monitoring of the evolution of tractions and
displacements #; and u; on cavity walls S¢, and of their counterparts on S¢ drawn in
a homogeneous medium L, subjected to the current magnitude of overall strain.

In both the direct and energy approaches to evaluation of overall stiffness, the
opening, closing and sliding of the imperfect interfaces under variable overall
loads may imperil the physically expected consistency M ,; = L;l of the overall
properties. Therefore, it is often preferable to estimate overall response of damaged
aggregates by simulating the effect of displacement jumps by application of
damage-equivalent eigenstrains ;L,'.iq to the fully bonded aggregate, as outlined for
dilute approximation of overall properties in Sect. 4.3.4, and for other heterogeneous
aggregates by Dvorak and Zhang (2001).


http://dx.doi.org/10.1007/978-94-007-4101-0_5
http://dx.doi.org/10.1007/978-94-007-4101-0_5
http://dx.doi.org/10.1007/978-94-007-4101-0_5
http://dx.doi.org/10.1007/978-94-007-4101-0_4

9.2 Imperfectly Bonded Inhomogeneities and Cavities 281

In this approach, a uniform eigenstrain qu = Aéfjd (9.2.2), (9.2.4) is applied
to those inhomogeneities in a perfectly bonded aggregate which undergo partial or
complete decohesion in the damaged aggregate. The ;L,'.iq is equal to the average
strain generated by the displacement jump along each partially debonded interface,
and p, is a physically induced eigenstrain in the inhomogeneity. Addition of this
eigenstrain to the load-induced strain in a bonded inhomogeneity generates there
the strain average &¢ of the surrounding cavity.

& =& =M, 5 +p, +pl (9.2.10)

Evaluation of the damage-equivalent eigenstrain requires computation of the
&¢ and 6¢ or of e = M,¢¢ during evolution of the damage. That should be
simpler than finding the interaction energy integral in (9.2.9). Moreover, analysis
of ellipsoidal inhomogeneities can take advantage of (4.3.27), which connects the
stress and stain averages.

Introduction of the damage-equivalent eigenstrains does not change the original
overall material symmetry or stiffness of the fully bonded aggregate. Instead, overall
response is evaluated using the expressions (8.2.2) or (8.2.3). Under applied overall
stress 0 and uniform phase eigenstrains w, + [L,'.iq, the overall strain follows as

E=M(o"-2)=Mo"+p=> ¢ [MB,o"+ B (n+p,)] 9211

r=1

Under uniform overall strain € and A, + Af‘f =—L,(u, + ;L',iq), the overall
stress is

n
G=L("—ji)=Le"+X=) c[L A"+ AT(A, +219)] (9.2.12)

r=1

The concentration factors A,, B, are evaluated in the undamaged aggregate. The
overall eigenstrain g can be decomposed into the physically motivated contribution
due to u, and the damage-induced addition to the overall strain.

The effect of damage on stress and strain averages caused in the phase r by
damage and physically motivated eigenstrains in inhomogeneities of phase s, is then
found from (8.2.6) and (8.2.7)

er=A4,8"+) Dy (n,+nl) o, =L, (e, —p,—plt)  (9.2.13)

s=1

or

o, =B,0"+) F. (A +A{) & =M, (o,—A —A)  (92.14)

s=1
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Complete interface separation is represented by the value of ;qu which makes
o, —> 0.

The damage-equivalent eigenstrain approach to modeling of overall response of
composites undergoing interface decohesion relies on standard results derived for
phase transformation problems in Chap. 8. The ;qu = Aé{]fi in (9.2.4) depends
only on surface integrals of tractions and displacements on the cavity wall, which
follow from selected decohesion rules implemented in unit cell models subjected to
a prescribed overall loading path.

Another approach to modeling of damage by a distribution of eigenstrains was
described by Hatami-Marbini and Picu (2009), for a random location of defects in a
regular fiber network.

9.3 Interphases

This designation refers to a wide range of contact configurations between two solids,
which are not perfect bonds or well-defined imperfect bonds. In general, interphases
are either inserted as coatings or interlayers of one or more distinct phases, or
generated by physical and/or chemical interactions between the two surfaces in
contact. In both cases, material composition and properties are affected within some
distance from the ideal interface. As long as this distance is small relative to the
size or diameter of a typical phase or constituent, it is often possible to reproduce
the interface properties by prescribing certain jump conditions at a thin interface.
On the other hand, when the affected distance is comparable in size to that of the
constituents, typically encountered at the nanoscale, it is necessary to consider in
detail the mutual interactions and their effect on overall properties of the mixture.
Here we describe some typical models of interphases at both ratios of their thickness
to particle or fiber size.

9.3.1 Thin Interphases with Assigned Properties

Analysis of a contact configuration between two surfaces, joined by an interlayer
which is of very thin relative to the size of the joined parts, is often simplified by
expressing its effect on the adjoining constituents by appropriate interface condi-
tions. That enables solutions for strain, stress, temperature and other fields inside the
joined phases, without the need to solve inside the interlayer. A comprehensive study
of such conditions for elastic contact in two and three dimensions was conducted by
Benvensite and Miloh (2001) and Benveniste and Berdichevsky (2010).

In two dimensions, a thin curved isotropic layer of constant radial thickness is
placed between two elastic solids under plane strain conditions. Properties of this
layer are allowed to change in the tangential direction, and are classified as soft or
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stiff, depending on the magnitude of Lamé surface moduli (Ay, u,). For example,
when in-plane orthogonal coordinates in a surface are denoted by «, B the stress
and strain tensor components in a thin interphase are connected by Hooke’s law

Ouq Z(As + 2,U«S)8aa + Asgﬂﬂ
opp =(A; + zﬂs)gﬂﬂ + Asaa 9.3.1)
Oup =2,U«s5aﬂ

The surface moduli Ay, iy have the dimensions of N/m, different from the
standard Lame constants (N/m?). Their magnitudes can be used to classify several
distinct interfaces at the microscale. For example, Benveniste and Miloh (2001)
identified seven types of interfaces, two of the ‘soft’ type which preserve only
traction continuity, and ‘stiffer’ interfaces which allow traction discontinuity when
represented by an extensible or inextensible membrane, inextensible shell, or
rigid contact. The latter are useful in certain elasticity and conductivity problems.
A perfectly bonded interface of Sect. 9.1 separates the two types.

The membrane-type interface with assigned surface moduli has found applica-
tions in continuum modeling of nanocomposites, where it supports a surface stress
caused by interaction of the joined surfaces. The concept of surface stress dates
back to two centuries ago, when it was introduced by the Young-Laplace equation
in fluids (Young 1805; Laplace 1806). This equation states that the hydrostatic
pressure across a spherical surface is proportional to the surface tension and the
mean curvature. Surface tension in fluids is defined as a force per unit length along
the perimeter of the interface. The concept of surface stress in solids, first introduced
by Gibbs (1928), is defined through the change in excess free energy of deformation
of the interface at constant referential area. It is associated with the differences in
configuration of atoms at the surface and in the bulk. In contrast to fluids, surface
stress in solids is generally non-hydrostatic and may depend on the crystallographic
directions of the solids joined at the interface.

The surface stress in mechanics correlates with the electron distribution in
quantum mechanics. Electrons redistribute on surfaces, leading to bond saturation
and thereby elastic stiffening Zhou and Huang (2004). For some solids particularly
covalent solids, surface reconstruction takes places, accompanying the electron
redistribution Shim et al. (2005). The surface stress or electron redistribution on
surfaces also trigger non-linear elastic deformation under the surface Liang et al.
(2005). In ceramic or metal systems with large specific surface at the nanometer
scale, the interphases at grain boundaries are usually amorphous, containing
uncoordinated atoms. Their thickness is equal to two or three lattice sizes from both
faces, or approximately 1.5-2nm, and it may increase with temperature. Material
symmetry and other properties of both free surfaces and interphases have been
estimated by several atomistic and continuum simulations (Wolf 1991; Shenoy and
Freund 2002; Freund and Suresh 2003; Sun and Zhang 2003; Diao et al. 2004; Park
et al. 2006). It remains an area of active research, outside the present scope.
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Theoretical framework for analysis of interface stresses between two different
solids was established by Gurtin and Murdoch (1975) within the classical theory
of membranes (see also Gurtin et al. 1998; Povstenko 1993; Landau and Lifshitz
1987; Benveniste 2006). More recently, the subject has attracted attention of
an interdisciplinary community of materials, physical chemistry, and continuum
mechanics researchers (Nix and Gao 1998; Cammarata et al. 2000a; Miller and
Shenoy 2000; Spaepen 2000; Duan et al. 2005a).

Applications have been identified in following of stress evolution during thin
film deposition (Freund and Suresh 2003), and also in modeling of overall behavior
of nanocomposites. For example, Sharma et al. (2003) derived solutions for the
elastic state of transformed spherical inhomogeneities with surface effects using
a variational approach. Yang (2004) found effective bulk and shear moduli of
composites containing spherical nanosized cavities at dilute concentrations, in
which the surface behavior is modeled by a constant residual tension. Sharma
and Ganti (2004) constructed closed-form expressions for the Eshelby’s tensor for
spherical and cylindrical inclusions. Duan et al. (2005a, b) derived the interior
and exterior field solutions for a spherical inhomogeneity with an interface stress
and eigenstress effect, subjected to a uniform eigenstrain in the inclusion and/or
to a remote uniform stress. All such studies indicate that the strain energy of a
heterogeneous nano-structure can be dramatically influenced by surface effects,
which alter both its local response and macroscopic properties.

Chen et al. (2006, 2007a) derived a generalized Young-Laplace equation for
solids, for an in-plane interface stress acting in the tangent plane of a curved surface,
and for traction vectors on the top and bottom of this surface that are in equilibrium
with stresses in the three-dimensional bulk neighborhood. This equation was applied
to analysis of overall elastic behavior of solids containing spherical inclusions with
interface stress effects, and also to composites with aligned cylindrical inclusions
(Chen et al. 2007b). In both applications, effective elastic moduli were derived
in closed form, and the transverse shear moduli by the generalized self-consistent
method of Sect. 6.5.

In a fiber system with surface effects, the results satisfy universal connections
between the overall and local axisymmetric moduli and phase volume fractions
of unidirectional two-phase composites, similar to those in Sect. 3.9. One can
also find a uniform strain field created by application of a certain combination
of external isotropic strain and uniform change in temperature, or by piecewise
uniform eigenstrains in the phases. Mechanical unloading to zero overall strain then
reveals the existence of exact size-dependent connections that provide the effective
thermal expansion coefficient as a function of the phase and overall moduli, in
agreement with a modified Levin’s formula.

Modeling of an interphase by a thin interface with surface effects allows
closed form solutions of surface interactions in particle and fiber nanocomposites.
However, evaluation of the surface moduli and of their connection to actual
interphase properties is often uncertain. Applications are usually limited to the effect
of surface stress in small cavities, where surface effects become significant when
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cavity diameter is 5-10 nm. In contrast, as shown below, observed thickness of
actual interphases often approaches or exceed this size especially in polymer matrix
systems.

9.3.2 Interphase Regimes in Polymer Nanocomposites

In such systems, matrix polymer chains are preferentially aligned in parallel with
the surface of a stiff filler, such that they surround each inclusion with a graded
and possibly anisotropic interfacial layer (Ozmusul and Picu 2002). Overall elastic
moduli of the composite can be derived with regard to the geometry and linearly
varying properties of the layer, elastic moduli and volume fraction of the filler, and
strength of the filler/matrix bond. Finite element evaluations of effective layer and
filler properties can be used to determine a larger equivalent diameter of the filler, to
enable application of standard homogenization methods to the converted geometry
of the two-phase system having original or bulk phase moduli.

A subsequent study by Picu and Ozmusul (2003) examined in more detail by
lattice Monte Carlo simulations the bond—scale and chain-scale structure of linear
polymers in the interfacial layer between impenetrable, closely spaced spherical
walls. For evaluation of overall elastic moduli, the effective size of the equivalent
filler was determined for various types of interactions (entropic, cohesive in the
bulk polymer, attraction to filler surface) and chain length, density and wall
curvature. Viscoelasticity of such systems was investigated by Sarvestani and Picu
(2005), who considered the effect of dynamic mobility of polymer melts and
concentrated solutions in nanocomposites with low filler volume fraction. In their
model, the strain rate sensitivity was associated with the thermal motion of chains,
with entanglement constraints, and with polymer/filler attachment or detachment
process. Picu et al. (2004) modeled the effect of confinement by fillers on chain
conformations along interfaces by an atomistic model of the polymer material.
An extensive overview of these and related results by Dionne et al. (2005, 2006),
Ozmusul et al. (2005) and others was presented by Picu (2009).

Another method to quantify the mechanical properties of the polymer interphase
layer near surfaces was proposed by Watcharotone et al. (2011). Using a model
system to represent the interaction between embedded nanoparticle surfaces and
polymer, ultra-thin polymer films supported on substrates were probed by nanoin-
dentation. A coupled finite element analysis removed the effect of the substrate on
the force-displacement data to reveal the elastic property changes of the polymer
in the 100 nm regime near an attractive interface. Results demonstrated modulus
increases by a factor of two due to the combined effect of geometric confinement
and chemical interaction.

Different interphase regimes exist in polymer nanocomposites reinforced by
carbon nanotubes or graphitic nanofiller, which allow interpenetration of polymer
chains. As shown by L. C. Brinson and her co-workers, both elastic moduli and
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the glass transition temperature of polymer nanocomposites can change much more
than the theoretical prediction of potential property changes due to inclusion of
small reinforcement loadings; <1 wt% or less (Ramanathan et al. 2005, 2008). The
hypothesis is that there is an extensive regime of altered polymer, the interphase, in
the vicinity of the nanoparticles which arises due to a combination of geometric
and chemical interactions between the molecular network and the nanoparticle
surfaces. For smaller polymer-particle interactions, the interphase can be discrete,
leading to a broadening of the relaxation spectra of the material and modest property
improvements. However, for appropriately tuned polymer-particle interactions, the
interphase can extend for 100’s of nanometers from the nanoparticles to form, even
at very low loadings of particles, a percolated interphase zone. The ability to tune
the surface chemistry and morphology to adjust the interphase extent is supported
by studies on ultrathin polymer films on interphase/altered polymer formation, and
it may offer significant property improvements for focused applications.

The subject is of course much broader than can be described here. The references
cited offer an insight into some current developments in this active research area.



Chapter 10
Symmetric Laminates

Laminated plates and shells are made by laying up and co-curing unidirectionally
reinforced fibrous composite plies or laminae, which have different in-plane orien-
tation and are ordered in a certain stacking sequence. Ply thicknesses are material
system specific and their final magnitudes may depend on the fabrication procedure.
Most polymer matrix composites are made using pre-impregnated or prepreg tapes
or sheets, reinforced by tows consisting of many small diameter (<20 pum) fibers,
which typically form ~0.127 mm (0.005 in.) thick plies. Metal matrix laminates are
often reinforced by monolayers of large diameter (150 pm) filaments, which yield
ply thicknesses of ~0.200 mm (0.008 in.). Therefore, many plies are required to
build up section thicknesses required in larger structures.

In most applications, all layers are made of the same material and in the same
thickness. However, hybrid laminates that contain two or more different material
systems, perhaps one with high stiffness and another possessing high elongation
and strength are also used. So are laminates reinforced by fabrics of various weaves.

Applied loads may include membrane forces, bending and twisting moments,
and through-the-thickness shear forces, as well as thermal and other eigenstrains in
individual plies. In analysis of the overall response and interior fields in laminated
structures, each ply is regarded as a homogenized anisotropic layer. Both traction
and displacement continuity are enforced at all ply interfaces. However, this only
assures continuity of the exterior stress and the interior strain components in
adjacent anisotropic layers of different orientations, while the remaining stress and
strain components may assume different magnitudes. Therefore, complex interior
stress and deformation states may exist in multilayer laminates.

Different laminated plate and shell theories have been proposed to predict
overall deflections, buckling loads and frequencies. Accuracy of predicted stress
and strain distributions in individual plies is often reduced by simplifying as-
sumptions about overall or local deformation. For example, often promoted and
used, is the ‘classical’ laminated plate theory, based on the Kirchhoff hypothesis
for homogeneous plates, which stipulates that transverse normals remain straight,
inextensible, and perpendicular to the midsurface during deformation that is limited
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to small strains. However, as shown early on by Pagano (1969) the classical theory
provides erroneous predictions of interior fields even in a simple three-layer cross-
ply plate under cylindrical bending. More reliable higher-order theories that rely on
fewer restrictions are described, for example, by Lekhnitskii (1968), Ambartsumyan
(1970), Librescu (1975), Panc (1975), Whitney (1987), Noor and Burton (1989),
Kovarik (1989), Ochoa and Reddy (1992), Reddy (1997), and in numerous technical
papers. Vel and Batra (1999, 2000a, 2001a) derived an analytical solution in the
form of infinite series for cylindrical bending of elastic laminated plates subjected
to different (clamped, simply supported or traction free) boundary conditions at
individual edges of each ply. The approach has been extended to hybrid laminates
with one or more plies made of a piezoelectric material, and to thermo-mechanical
deformation (Vel and Batra 2000b, 2001b, Vel et al. 2004). They reduced the three-
dimensional problem to plane strain, and obtained its solution by Eshelby et al.
(1953) and Stroh (1958) formalism described, for example, by Ting (1996), Chap. 5.

Here we focus on an important class of laminates that have a plane of symmetry
and are loaded by uniformly distributed in-plane forces and by thermal and other
eigenstrains that cause only uniform, in-plane overall strains. Symmetric laminates
are widely used in composite structures, to support membrane forces in plates
or shells. They are also preferred in experimental characterization of laminate
moduli, ductility, endurance and strength. Their analysis is not encumbered by the
assumptions and restrictions employed by different laminated plate theories, and is
closely related to micromechanics. It is both simple and accurate, yielding interior
and overall fields in closed form. In the present context, symmetric laminates will be
used to illustrate interactions between constituent, ply and laminate response under
different loading conditions, and in the presence of thermal and other physically
based eigenstrains in the fiber and matrix phases. That enables applications of
such laminates in creating dimensionally stable plates and auxetic materials, and in
reducing free edge stresses. Moreover, laminates with optimized fiber prestress and
laminates damaged by transverse cracking will be described in Sects. 9.9 and 10.10.

10.1 Constitutive Relations of Fibrous Plies

The laminates considered here have a midplane, or plane of symmetry, such that
each layer on one side of this plane is paired with an identical layer on the other
side. Both layers have the same orientation, elastic moduli, thickness and distance
from the midplane, and each is regarded as a homogenized transversely isotropic
layer of constant thickness. The derivations that follow apply to a representative
element of a laminated plate removed from free edges and supports, where both
the plate and each individual ply experience the state of plane stress, generated by
uniform overall normal and shear in-plane tractions. Uniform stress or strain normal
to the outer plane surfaces can be also applied, together with distributions of uniform
thermal strains and other eigenstrains in each symmetric pair of plies. The results
can be extended to representative elements of shells with low thickness/radius ratios.


http://dx.doi.org/10.1007/978-94-007-4101-0_5
http://dx.doi.org/10.1007/978-94-007-4101-0_9

10.1 Constitutive Relations of Fibrous Plies 289
10.1.1 Plane Stress Stiffness and Compliance

Stiffness and compliance matrices of individual ply pairs are derived in a form
corresponding to the state of plane stress, where 033 = 033 = 03 = 0, and
£33 = const., €31 = €3 = 0. Engineering strains (1.1.11) are used in this chapter.
They are denoted here by boldface Roman letters. In particular, in each ply of pair
(i), the (6 x 6) stiffness matrix L; of the fibrous composite material of the ply is
reduced to the (3 x 3) matrix L;, and the compliance M; to M; = Li_l. That is
consistent with our adopted notation, but it differs from that accepted in much of the
literature on laminates, where L; = Q; and M; = S;. The indexes (i) and (j) are
reserved for ply identification.

The (3 x 1) plane stress and strain vectors are denoted by ¢; and &;, and elastic
constitutive relations of each ply (i) are written in analogy to (3.4.9) as

o :Li(-:,' € :M,‘O',' (1011)

In component form, similar to (2.3.2)—(2.3.3), this reads as

A7 UL 0 ([0 [0 [u w0 ([l

e | I e R R VN

o 0 0 Ly |[e eg) 0 0 MY |[a
(10.1.2)

where eg) = 28?2), and the stiffness coefficients are expressed as functions of overall
moduli of the ply material

LY = (EQkD + mOn®y/k® + mDy = EV /(1 —vDul))

LY = 200m® /(D +m®) = v ER /(1 = vivy)) 1013
LY = 4kOm® /KD 4 m®) = EQ /(1 =) ;
LE) = o = G = 1/M

The compliance matrix M; is obtained by deleting third to fifth rows and columns
from (2.3.2), while the remaining coefficients are preserved.

MY =1/E) =L /A MY =) /EY = ) /E[) = -LY)/A
My =1/EY =L{)/A M =1/G1) A =L{LY - {))
(10.1.4)
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The first three terms in the above stiffness matrix L; were derived from (2.3.3)
by writing the stress components as

or=ne; +1l(es+e3) on=le;+ (k+m)ey+ (k—m)es (10.15)
o3 =le;+ (k—m)es+ (k +m)es =0 06 = peg o

then solving for &3, and noting that n = E;; + [?/k. The remaining terms follow
from (2.3.4) and (2.3.5).

Specific magnitudes of the ply moduli can be estimated by one of the methods
described in Chaps. 6 and 7, in terms of fiber and matrix moduli and their volume
fractions, or obtained from experimental measurements in Table 2.4. Typical values
for widely used material systems can be found in several references, such as Daniel
and Ishaii (2006) and Herakovich (1998). Actual ply moduli magnitudes depend
on those of both phases and their interfaces, and on fabrication and processing
conditions. Different magnitudes can be found even in testing of specimens cut from
a single large sheet of ply material.

10.1.2 Thermal and Eigenstrain Ply Vectors

Together with mechanical loading, each ply pair may be transformed by a different,
physically based eigenstrain. One source is a change in temperature A6 = 6 — 6,
from a reference to the current value 6, applied over a certain time period, until
it becomes uniform in the entire representative element of the laminate. In-plane
response of each ply is described by a thermal strain vector m; or a stress vector
1;, which are reduced forms of m and [ in (8.3.1). Linear coefficients of thermal
expansion of a unidirectional fiber composite have the transversely isotropic form
in Table 8.1. The thermal vectors now are

m, = {a¥. o 0T =M L= 0 O = —Lm; (10.1.6)

Another source are piecewise uniform eigenstrains in individual ply pairs,
applied symmetrically with respect to the midplane. They may represent moisture
or temperature gradients that are symmetric about the midplane, or inelastic
deformation of certain ply pairs. In each case, they are derived in terms of the local
eigenstrains in the fiber and matrix, using the Levin formula (3.8.11), and reduced to
the form { p,(l’l), p,gz) 2;1(1’2) T A p,g’; component may also be admitted, as indicated
in (10.1.10) below.

A transverse normal compressive stress —o33, which is often encountered in
clamped joints, is not a part of the stress state applied in (10.1.2). Of course,
continuity of normal stress components at the planar interfaces guarantees that each
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ply supports the same magnitude of —o33 = —033) If free from in-plane constraints
and tractions, the stress 033 would deform each ply according to (2.3.2)

&) =~/ EWyoss &) =~ JED)Vo3s €Y = (1/ES))oss  (10.1.7)

Since they are not caused by one of the stresses in (10.1.2), these components
can be regarded in the present context as stress-free strains, or ply eigenstrain
components that simulate in each ply the effect of uniform transverse normal stress
applied to the laminate.

Superposition of the last two sources provides the total eigenstrain in symmetric

ply pairs

. ‘ T
I, {[H(lll) (Vgl)/Eélz))Uw], [M( —(V(Z)/E(l))an] (Z)} =—-M;A;
(10.1.8)

where the thermal parts of the eigenstrains are ,u(lil) aX)AG, vaz) = Mg’; =
ay) AB, and g = 2412 can be added as a part of a physically motivated eigenstrain.

10.1.3 Ply Load Sets

Constitutive relations for in-plane deformation of each ply pair include both
mechanical loads, uniform thermal change and distinct eigenstrains in individual ply
pairs. These can be arranged in dimensionally consistent load sets {o;, 1; A8, A;}
or {&;, m; A, w,}, corresponding to either traction or displacement boundary
conditions applied to the plies and laminate. Of course, the thermal and eigen-
strain terms are independent of mechanical loads, and are interrelated by (10.1.6)
and (10.1.8).
The two load sets are related by

€, = M,‘(O’,‘ —l,'Ae —A‘,‘) o, = L,‘(Ei —miAQ — |Ll-) (1019)

Each ply also undergoes a through-the-thickness normal strain, caused by the
above loads. With reference to (2.3.2), the total out-of-plane normal strain is

8(3[3) — _( (')/E(l))o_(') _ (V(’)/E(’))O_(l) + (1/E(’))O'33 + Olgi)Ae + ILL(KIS)
(10.1.10)
Notice that for El(ll) > Eé’z) and vé'; > V12’ the transverse stress 0 ) has a

major influence on the magnitude of 833. Laminates that exhibit large contrast in
ply moduli and may have auxetic properties are described in Sect. 10.7.
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10.2 Coordinate Systems and Transformations

Two systems of coordinates are required in laminate analysis. A local or material
system (xi'), xg) , xél) ) in each lamina or ply (i), utilized in Sect. 10.1, where xil)

coincides with the fiber direction and x; = x_f,') with the normal to the plane of
a flat lamina, or to a tangential plane. A global or laminate coordinate system
(X1, X2, X3), where the x| X, — plane is parallel to but not necessarily aligned with
the xi’)xg) — plane, and X3 || x3; Fig. 10.1.

The angle 6;, measured counter-clockwise from the global x; — direction to the
local xgi)—direction, defines orientation of each ply pair. A shorthand notation is
used to describe the stacking sequence. Starting typically from the top or outer
surface of the plate or shell, each ply (i) is designated, in turn, by its 0; angle relative
to the global x; — axis. Numerical subscripts at the angle value indicate the number
of adjacent plies of a given orientation and the (.)s subscript indicates presence of a
plane of symmetry.

For example, the sequence (02/ + 45/ — 45/90)¢ or (0,/ &+ 45/90)¢ describes
a symmetric laminate that has n = 2 or two 0—degree plies with x = xil) at each
surface, followed toward the interior by one pair of +45° and one pair of —45° plies,
and by a symmetry plane or midplane between a pair 90° plies.

A number of different laminate configurations, both symmetric and asym-
metric can be described in this manner. They include cross-ply (0,/90,)g or
(+45,/—45,) 5, angle-ply (+6,/—06,) 5, and balanced laminates with equal numbers
(n) of +0 and —6 plies. Quasi-isotropic laminates have at least three N = 3
planes of reflection symmetry separated by equal angles ¥/N, N > 3, which
guarantee that the overall laminate moduli do not depend on in-plane orientation,
c. f., Sect. 2.2.6. For example, a (0/ & 60)s with N = 3, is quasi-isotropic, and so is
a (0/£45/90) laminate, N = 4.

R2
23 = Middle
Surface

e 133 P

Fig. 10.1 Geometry of a symmetric laminated plate
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Counterclockwise rotations by 6; about the x3 = X;—axis, from the global
(X1, X», X3) to the local (xi'), xé’), x§’) ) coordinates, will be described by two

matrices, with coefficients that depend on m = cos 6;, n = sin9;.

m?> n?>  2mn m?> n?> —2mn
X; = n? m?* —2mn Y, = | n? m? 2mn (10.2.1)
—mn mn (m* —n?) mn —mn (m?> — n?)

Notice that X; = Yi_l is a reduced form of the (6 x 6) X matrix in (1.1.32),
and that it conforms with the transformation (1.1.33), which applies to both stress
and strain tensor coefficients. Recall from Chap. 1 that the transformations can be
written as O'i/j = a;xa;0x oras ¢’ = ac a”, and in the same form for the strain
tensor. However, while the contracted stress vector follows from ¢’ = X o as in (1.
1.27), the contracted engineering strain vector transforms as e’E ¢ = (X_l)Te EG,
according to (1.1.29).

Strain and stress vectors as well as stiffness and compliance matrices, defined
in the global or laminate coordinate system (X;, X,, X3), are denoted by fop
bars, which no longer indicate volume averages. Ply strains and stresses caused
by in-plane mechanical loads applied to the laminate are first evaluated in the
global coordinates, where we denote them by &; = {5(1’1), é;’z), é(llz)}T and 6; =

6, 5\, GUAT, and then they are transformed to €;, o, in the local system. In
contrast, the thermal strain or stress vectors m; = —M; 1, and the eigenstrains
i; = —M; A; originate in the local or material system and are then transformed
intom; = —M;1; and R, = —M; A ; in the global system. Rules for stress and
engineering strain transformations between the ply and overall coordinate systems
are

e =Y/ & o, =X;0;, MmAO+j;, =X (mA0+p,;)
. _ (10.2.2)
1,00+, = Y,(1,A0 + 4;)

Response of a ply to each of the dimensionally consistent applied load sets
{oi, 1, A0, A;}or{e;, m;Af, @;}is now written as in (10.1.9)

& =MG; —1;A0 —2;) o, =L —mAl—ji;) (10.2.3)

where the stiffness and compliance matrices in the global coordinates follow from
(10.2.2) as

It is often convenient to have expressions for the coefficients of the ply stiffness

and compliance matrices in the global coordinates, written in terms of the local
stiffness and compliance coefficients, with m = cos;, n = sin6;.
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L= L11m4 + 2L, + 2L6(,)m2n2 + L22n4
Li» = (L + Lo — 4Lge)m*n* + Lip(m* + n*)
Ly = Lin* + 2(Lyy + 2Lgg)m*n? 4 Lyym*
_ 3 3 (10.2.5)
Lis = (L1t — Li2 — 2Lgg)m n + (Li2 — Loz + 2Lgg)mn-

Lys = (Li1 — Lia — 2Lgg)mn’ + (Li2 — Loy + 2Lgs)m’n

Les = (Li1 + La» — 2L1» — 2Lgg)m*n* + Les(m* + n*)

and

M]l = M11m4 —+ (2M12 —+ M66)m2n2 + M22n4

Mi> = (M1 + My — Meg)m*n* + Myp(m* + n*)

Mz = Myn* + 2Mis + Mgg)m?*n* + Myym®*
_ 3 3 (10.2.6)
Mis = QM1 — 2M13 — Meg)m™n + (2M 1 — 2M3y + Mgg)mn
Mas = 2M11 — 2M12 — Mgg)mn® + (2M1y — 2Mx + Mgg)m’n

Mgs = 4(M1; — 2M 5 + Ma)m?n® + Mgg(m® — n*)*

Notice that the same numerical subscripts indicate distinct directions when
attached to either global or local stiffness or compliance coefficients. The local
coefficients Ly; and My, in terms of the (i)—ply moduli, are given by (10.1.3)
and (10.1.4), respectively.

Following the rotation (10.2.4), a ply that is transversely isotropic in the
material system may be left with only one plane of symmetry, parallel to the
X1X,—midplane in the global system. Therefore, it exhibits monoclinic symmetry
in the global (X}, X,, X3) coordinates, which is reflected in the form of I:i and l\_/l,-
matrices. In contrast to (10.1.2), both matrices now have nonzero coupling terms at
kl = 16, 26. For example, I:(l'g and i(zig generate contributions to in-plane normal

stresses 61(? , 62(;) by a shear strain ég) = 25(1';.

10.3 Overall Response and Ply Stresses in Symmetric
Laminates

Expressions for the overall properties of laminated plates need to be derived in
terms of their counterparts in each ply. Force equilibrium is satisfied if all in-
plane forces N;, supported by each symmetric ply pair, have the same resultant
N = {Ni, Na, ]\76}T as in-plane tractions applied to the laminate. Continuity of
displacements across the ply interfaces applies to the interior components of the
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strain tensor, hence all plies must undergo the same in-plane deformation. Both
conditions are satisfied by

n n
€ =¢; &ZZC,‘(_)',' ZZCiNi/ti Ci =l,'/t (10.3.1)
i=1

i=1

where € and ¢ denote the overall deformation and stress of the laminate in global
coordinates (X, X, X3). Their components are

€ ={f1.82,8) & =1{61.62.66}" =N/(21) (10.3.2)

Thei =1, 2, ... n denote the number of symmetric pairs of plies. Each ply in
a given pair has a thickness #; /2, hence the pair volume fraction ¢; has the value
indicated, and X7_,¢; = 1; 21 is the total thickness of the plate.

The macroscopic or overall constitutive relations of a symmetric laminate have
the same form as the ply relations (10.2.3). For the overall load sets {5, 1A6, A} or
{&, mAfH, p}, those are

E=M@—-1A0—-1) & =L(E-—mAf—{) (10.3.3)
where L and M = L~! denote the (3 x 3) laminate plane stress stiffness and
compliance matrices, and m = L1 = {ay, as, 6{6}T is the laminate thermal

strain vector. The &y are in-plane linear coefficients of thermal expansion of a
laminate; of course, @ = 2&j> = 0 in orthotropic or quasi-isotropic laminates.
The overall eigenstress A = (A1, s, Ag)Tisrelated to the overall eigenstrain j. by
A=-L IL; it is equal to the overall in-plane stress caused by p. at € = 0.

In-plane stiffness, compliance, and the thermal strain and stress vectors of the
laminate are found by reducing (10.2.3), to 6; = I:,-E + i,- A6, and by substituting
for 6; into (10.3.1),. Since 6 and A6 are independent, the results are

I_J = ZC,‘L,’ M = I:_l i: Zc’iii = _Zci]_-liﬁli m= —I:_li (1034)

i=1 i=1 i=1

Of course, the first equation is analogous to (3.5.7);, while the third equation
agrees with the Levin formula (3.8.11-3.8.12), with A, =1, implied by the con-
straint € = ¢€;. Relations between the overall and ply eigenstrains follow from
a modified version of the Levin formula, which requires information about stress
distribution among ply pairs.

Stress distribution factors H; and h; are (3 x 3) and (3 x 1) matrices which
evaluate in-plane ply stresses 6; caused by application of mechanical loads (10.3.1)
and a uniform thermal change A6.

G, = H;6 +hAd (10.3.5)
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Referring to (10.3.3), and letting b = 0, we findat 6 # 0, Af = 0:

=M;6; = &; =M 'Mo =L; Mo (10.3.6)

Qi

E=¢ =M
Andato =0, A6 # 0O:
E=¢& = mMAI=M5;, +mA0 = & =M; ' (m—-m;)A0 (10.3.7)

Therefore
n n (10.3.8)

All are expressed as functions of the quantities given in (10.3.4). According to
(10.3.1)1, the strain distribution factor is a unit matrix.

Eigenstress distribution factors determine ply stresses caused in laminates by
eigenstrains p; = —M;A; in (10.1.8), applied in symmetric pairs of plies. They
may represent inelastic, moisture-induced, and other ply eigenstrains that do not
depend on a single parameter, such as Af. According to (10.2.2), they transform
into global coordinates as

=X'w,=-M, A=Y =-Lj (10.3.9)

The contribution made by each eigenstrain to residual stresses in all plies of a
laminate free of in-plane tractions is sought in the form

5= Fid (10.3.10)

J=1

where F; ; is the eigenstress distribution factor that provides the stress ¢; in ply (i)
caused by an eigenstress A ; in ply (j) while the overall stress ¢ = 0. Self-induced
contributions are included through F;;.

To find Fij, let us apply an eigenstrain ; in ply pair (j), while keeping the
laminate at ¢ = €; = 0 by an external constraint. In plies i = j, this eigenstrain
generates ply stresses ¢'; = A ;= -L j I, and zero stresses 6’; = 0 in plies
i # j. Total stress supported by the external constraint is 6’ = ¢; A ;- Upon
removal of the constraint, the laminate must return to traction-free state, which
requires application of an auxiliary overall stress 6”7 = —c¢; A ;- In superposition
with the ply stresses present under constraint, the ply stresses caused by application
of ju; are

6;=—c;HiA; fori#j &;=0—c;H;)A; fori=j (103.11)
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Comparing that with (10.3.10), we find the eigenstress distribution factor
Fij =8;1—c; H; (10.3.12)

where §;; is the Kronecker symbol, but the summation rule does not apply. Using
(10.3.10), (10.3.11) and (10.3.5), one can confirm the derivation of the vector l_li in
(10.3.8) from the above expression for F; ;-

Ply stresses generated by the load set {&, 1;A#, A;} are obtained from the
above as

6’,‘:I:Ii(_)'—i‘l_l,‘Ae—Z(SijI—Cjﬁi)Xj (10313)

J=1

Finally, the overall in-plane strain, caused by an eigenstrain j; applied in ply
pairs (i), is made equal to the deformation that the laminate undergoes during
relaxation of the_initial in-plane constraint, while the overall stress is reduced from
the eigenstress A to 6 = 0. The resulting forms of the in-plane eigenstress and
eigenstrain introduced by the above load set are

l_l, = —E_IX = —I:_l Zciii = ZC,‘]:_II:,‘ |_Ll- = ZC,I:I;F _i (10314)
i i i=1

This is another form of the Levin formula (3.8.11), where the stress distribution
factor H ; has been substituted for the stress concentration factor B,. Of course, the
strain concentration factor would be replaced here by a unit tensor, as required by
(10.3.1);.

Together with (10.3.4), eqns. (10.3.14) enable writing (10.3.3) in terms of the
i —th ply pair contributions described in Sect. 10.2.

E=M@G—-1A0—-1) 6 =LE-mAO—) [10.3.3]

n —1 n n
é:|:Zcii,,-:| =Y ¢;0;A0+2)) | &=) cL(E—mAl—j,)

ji=1 i=1

(10.3.15)

The latter are the laminate constitutive relations for the load sets {o, 1,A0, ii}
or {&, m; A0, p;}, where ¢; = t;/t is the ply pair volume fraction, L, is the
stiffness matrix and m; = —1_,,-_11 ; 1s the thermal strain vector of the plies in ply
pair (i); p; = —I_Ji_l A; is the uniform eigenstrain vector applied in this ply pair.
Connections of the load set components to ply properties and eigenstrains in the
local material system are shown in (10.2.2).
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10.4 Ply and Constituent Stress and Strain Averages
10.4.1 Load Set {5, 1; A0, A;)Is Applied

In-plane ply stresses caused in the laminate by the load set that represents
independent loads ¢ = N/2¢ in (10.3.1), A6, and i, in (10.1.8) are obtained
by transforming (10.3.13) from the global to local coordinates. The in-plane ply
stresses in the material system of each ply pair are

n
o; =X;6; =X; |[Hig +hA0—) (§;1—c;H)A, (10.4.1)
j=1

Useful connections derived in (10.2.4);, (10.3.4) and (10.3.8) are
H =LL"! h = Li(m—mi) =—Hl1+1;
]::ZCI'L‘ L = Y,L;Y] i: cli 1, =Yl; ==Y, Lim

(10.4.2)

Material property information, the stiffness L; and the ply thermal strain vector
m, = {a¥, o, 07T, are specified in (10.1.2), (10.1.3) and (10.1.6). Other
physically induced eigenstrains appear in (10.1.8). If preferred, the thermal strains
can be included in p ;.

The in-plane laminate strain & = &; caused by {&, 1;Af, A;} is given by
(10.3.15). After transformation into local coordinates, the ply strains are

n
e =Ye=Y/L"|6-) ¢;(;A0+1)) (10.4.3)
j=1
The through-the-thickness strain €33 is the sum of the transverse ply strains

generated by the in-plane stresses, and of any applied eigenstrain components, as
shown in (10.1.10). The overall average is found as

f13 = chggz; — Z e [ (z)/E(z))a(t) _ (U(z)/E(z))a(t)
i=1 i=1 (10.4.4)

+033/E§i2) + ot(l)AQ + u(l)]
Ply stresses crl({), az(é) in local material coordinates are derived from the o; in
(10.4.1), where they depend on both overall stress and in-plane ply eigenstrains.
The remaining contributions to (10.4.4) are independent of o;.
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Strain and stress averages in the fiber and matrix phases of individual plies are
found by regarding the in-plane stresses o; in (10.4.1), and the uniform transverse
normal stress 03; = 033, as macroscopic or overall stress components applied to
each ply pair. Since the o; are (3 x 1) vectors, they need to be augmented, together
with 03(2) , to (6 x 1) vectors, that in the previous Chapters were denoted by ¢°. With
r,s = f, m denoting the two phases, we write the phase stress and strain field
averages in individual plies (7)

o) =BY (Uo; +03)+bA0+ ) FIAY (10.4.5)
s=f
where
100000
U'=[010000]| o3=1{0 0, 03,0, 0 0}T (10.4.6)
000001

and o; is given by (10.4.1). The B, F") and b\") are the mechanical, thermal and
transformation stress concentration factors for the fiber composite material of the
ply. In the two-phase fiber-matrix system of a ply, they appear in (3.5.4), (3.6.5) and
(8.3.3), and are adjusted here to

cmBm =M, —M;)""(M -Ms) c;Bf=—(M,,—M;)"' (M —M,)
by = Fusly + Frmln by = Fyply + Fyrly

Fn,f=—I~-B,) (M, —M;)'‘M; F,,=-B,)(M,,—M;'M,
(10.4.7)

where the volume fractions ¢ s 4+c¢, = 1. M and M, are (6 x 6) overall compliances
of the ply and phase materials, respectively. The overall compliance M can be
bounded or estimated by one of the methods in Chaps. 6 or 7. The (6 x 1) phase
thermal stress vectoris I, = —L,m,, and m, is the thermal strain vector of linear
coefficients of thermal expansion of the fiber and matrix phases, Table 8.1. L,
denotes stiffness matrix of each phase.

Final form of the phase stress and strain averages caused in each ply by the load
set{o, 1;A0, A;}is

n
0,](‘1') = B,(,i)UX,' I:I,6 +B’A9_Z(8U I—Cj I:Ii)ij
j=1

+BYo3+ 5N+ )Y FOALY (10.4.8)
s=f
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and
(l) M(l) (l) + m(l)AQ 4 I'L (10.4.9)

This shows the distinct contributions of the mechanical loads, thermal changes
and other phase and ply eigenstrains to the fiber and matrix field averages in
each ply.

As expected, the overall stress ¢ is first allocated to individual plies by the
ply stress distribution factors I:Ii in (10.3.5) and (10.4.2). Then, both ¢; and o3,
contribute to each of the two phase stress averages through the local concentration
factors B ﬁi); r = f, m. The deformation and stress fields generated by a uniform
change in temperature Af and by phase eigenstrains ;Lﬁi) in the fiber and matrix,
contribute both to the local phase stresses 0'( D through ply stresses o;, in the form
of and ply thermal terms h; A6, and to ply eigenstrains ;- The latter follow from
the Levin formula, applied to phase eigenstrains in each ply pair (). They also make
a direct or self-induced contribution to the phase field averages in each transformed
ply by the last two terms in (10.4.8). Ply strains (10.4.3) are derived from the stress
and eigenstrain fields, and so are the phase strains in (10.4.9).

10.4.2 Load Set {8, m; A9, ji;}Is Applied

According to (10.3.1)y, all plies experience the same in-plane deformation &; = .
In the local material coordinates of each ply, the in-plane strain and stress then
follow from (10.1.9) and (10.2.2) as

e =Ye o, =Li(e; —mAl—p,) (10.4.10)

1

where m; A0 + p; = Y/ (m; A6 + u;). Moreover, each ply deforms by the uniform

(@)

amount &35 in (10.1.10). In evaluation of strain averages in the fiber and matrix

constituents, sgg can be regarded as an overall strain component applied to each

ply (7). Total overall strain vector &; applied to the ply consists of the in-plane
contribution augmented by the matrix U in (10.4.6), and a new vector eg’)

e =Us+¢e &) =10, 0 ¢, 0, 0 07 (10.4.11)
where the 633, given by (10.1.10), now depends on the in-plane strains

8(;3) = _Vflx)gll — V23 &2 + 0'33/E£’2) + (XT)AQ + ,LL (10412)
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The strain and stress averages in the fiber and matrix of each ply (i) are
written with additional terms caused by a change in temperature A and phase

eigenstrains M§”

s=m
e = ADWe; +6) +aPA0 + 3 DO
s=f (10.4.13)
6 =L;i(e"—mPDA)—uD)
where r, s = f, m; a) and D,(,’:Y) are the thermal strain and eigenstrain con-

centration factors that evaluate the fiber and matrix strains under &;, defined in
Sect. 3.6.2.

Of course, for a given set of loads, (10.4.8), (10.4.9) or (10.4.12) yield the same
phase field averages. However, evaluation relying on the latter appears to be simpler,
because in contrast to the different in-plane ply stresses, the in-plane ply strains are
all equal to overall laminate strains in the global coordinate system.

10.5 Design of Laminates for Cylindrical Pressure Vessels

Symmetric laminates can be designed to respond to proportional in-plane loads by
a selected deformation path. For example, a thin-walled cylindrical pressure vessel
can be made to undergo isotropic in-plane deformation in its wall when loaded by
normal stresses prescribed in a certain ratio g, such that

qo11 =0n q=1 &1=£&n &2=0 (10.5.1)

where the x| —axis is aligned with the cylinder axis of symmetry, and the X, —axis is
tangential to the hoop direction. Application of either internal or external hydrostatic
pressure makes the ratio of the hoop to longitudinal normal stress g = 2. A different
q value can be caused by additional axisymmetric mechanical loads. In any case,
as long as the laminate responds by isotropic in-plane deformation (10.5.1), then
regardless of the particular layup, each ply is subjected to the same deformation and
stress states in its material system, and all fibers support the same stress. An optimal
design criterion may incorporate this property.

Candidate laminate layups should be orthotropic, with constitutive relation for
in-plane response having the same form as that for a single ply in (10.1.2)

01 I;n ];12 0 &1
C_Tz == L12 L22 0 6_‘2 (1052)
6 0 0 L &6


http://dx.doi.org/10.1007/978-94-007-4101-0_3
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where the top bars denote laminate stiffness, stress and strain coefficients in the
global coordinate system. It can be shown that the conditions (10.5.1) are satisfied
when

gLi—(1—q)Lip—Ly=0 (10.5.3)

This condition can be satisfied by several laminate layups, with appropriate
orientation and volume fractions of the ply pairs. The latter are denoted by cy,
where 0 is the angle between ply fiber direction and the 0° or X;—axis in the global
coordinate system.

First, let us consider a crossply (0co/90cq), laminate, made using the same
fibrous composite material in all plies. The stiffness matrix of the laminate is
obtained from (10.1.2) as

LitLp 0 LY LY o LY LY 0
LipLy 0 |=co|LYLY 0 |+co|LYLY 0 (10.5.4)
0 0 L 0 0 LY 0 0 LY

where ¢y + c99 = 1 and Ll(.;)) are stiffness coefficients of each composite ply in

the local system. Notice the Lﬁ) <~ L(zg) exchange in the 90° stiffness matrix.
Substitution into (10.6.3) provides ply volume fractions

-1
co=(-c) =LY =LY + 1 —gLY] [0 + o) L] (1055

In terms of ply moduli in (10.1.3)

—1
co = EX = ERlg 1+ vi) — vl | [+ ) (EY — ED)] (1056

subject to 0 < ¢o < 1. This condition limits the stress ratio ¢ that can admitted for
each specific choice of the ply composite material. Useful values of g are provided
by fiber-dominated composite plies where E 1((1)) / E;g) > 1.

As an example, we select a carbon/epoxy (AS4/3501-6) material with elastic

moduli

E\) = 142.0 GPa, EY = 10.3 GPa, EY = 7.2 GPa, v\J = 0.28, v = 0.02
(10.5.7)

For the stress ratio ¢ = 2, (10.5.6) yields volume fractions ¢y = 0.3, c9p = 0.7.
Therefore, if this material were selected for building a thin-walled pressure vessel,
one would use 70 plies in the 90° hoop direction and 30 plies in the longitudinal
direction in each 100 plies of wall thickness. This ratio is too biased and would
result in thicker 90° plies, susceptible to transverse cracking.
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Fig. 10.2 Stiffness coefficients I:[j of (0co/ & 60¢c60/90c00), laminates as functions of ply
volume fraction of the +60—degree plies. All such laminates respond by an isotropic in-plane
deformation &;; = &,; to biaxial in-plane normal stress 207; = 05, (Dvorak et al. 1999)

A better distribution of ply orientations is obtained by adding £45° or £60° to
the 0° and 90° plies (Dvorak et al. 1999). This requires expansion of (10.5.3) in
agreement with (10.3.4); to

L = ¢oL? + (ce0/2)[LH 4+ LEO] 4 oo (10.5.8)

where cg is the volume fraction of the £60° ply pairs. A similar expression can
be written for +45° plies. After substitution of the coefficients of L required in
(10.5.3), at ¢ = 2, the ply pair volume fractions are connected by

277.95¢0 — 19.95¢60 — 119.25¢c90 =0 co + ceo +c90 =1 (10.5.9)

Specific volume fractions and laminate stiffness coefficients can be selected as
functions of a parameter, such as cgp.

Figure 10.2 shows the changes in ply volume fractions on the left vertical
axis, and coefficients of the laminate stiffness on the right vertical axis. For
each value of cgp, the diagram indicates the volume fractions ¢y and c9p and the
laminate longitudinal Ly, hoop L, and shear stiffness coefficients that appear in the
expanded form of L on the left hand side of equation (10.5.4). A suitable selection
for most applications appears to be csp = c99o = 0.4, ¢o = 0.2, arranged, for
example, in multiple layers of (0/90/460/90/—60), layups. Of course, this applies
only to the prismatic, cylindrical part of the vessel. End caps can be made using
the continuing 0 and +60—degree plies, which can form an isotropic laminate.
However, a separate analysis is needed to determine if the applied pressure and
selected cap shape may require additional reinforcement.
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10.6 Dimensionally Stable Laminates

Symmetric laminates can be designed to undergo small or zero in-plane defor-
mations when subjected to a uniform change in temperature. At first glance, this
appears to be enabled by the axial thermal contraction of certain carbon and aramid
fibers. However, it turns out that other factors, such as longitudinal ply stiffness and
reduced thermal expansion in ply transverse direction also play a significant role.

Consider a single fibrous ply (i), with known linear longitudinal and transverse
coefficients of thermal expansion arranged as in (10.1.6), in the vector m; =
{ag) , a;f) , 0}T. Transformation from local to global coordinates of the ply thermal
vector is shown in (10.2.2). A substitution for the coordinate transformation matrix
X; in (10.2.1), yields this vector in the form

mzoz(' + nzozg)

m; =X'm; = | a2 + m2al) (10.6.1)
Zmn(ax) (l))

where m = cosb;, n = sinf;, and the angle 6, indicates orientation of ply pair (i),
Fig. 10.1.
Overall thermal strain vector of a symmetric laminate follows from (10.3.4) as

n
m=L"Y ¢Lm = {a, &, &)" (10.6.2)
i=1

where the o denote linear coefficients of thermal expansion in the indicated
directions of global coordinates.

Of interest in applications are balanced angle-ply laminates of the ( &£ ),
layup, where ply volume fractions ¢(y¢) = c¢(—p = 0.5. Many interdispersed ply
pairs should be used to minimize the small torsion moment caused by different
pair separation distances. For laminates of this kind, nonzero coefficients of the
overall stiffness L in (10.3.4), are equal to the L") L% LY L% coefficients of the
constituent plies, because those do not change signs with 8 in (10.2.5). The vector
m can then be written in a more transparent form, using (10.1.4), as

— i)+ (@ i i)\ —
{4+ (5L — Ly Log)mg /A
m(£0) = | 50 4 (OO O 508 (10.6.3)
0

where A = I:(lil)llgg - (I:(liz))z, and rﬁ(ﬁi) = Zmn((xfj) (’)) from (10.6.1). The
stiffness coefficients (10.1.3) of each ply transform to global coordinates according
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to (10.2.5), where Il(llg and Il(zib) change signs with the sign of 6; and the same is true

for ﬁlg ). Therefore, the magnitude of m depends only on the absolute value of the
angle 0.

Local stresses caused in individual plies of the laminate by a uniform temperature
change A6, are from (10.4.1)

o; =X;0; = X;h; A0 = X;L;(m — m;) A6 (10.6.4)

where m; = X 'my; is given by (10.6.1).

Two types of dimensionally stable laminates can be constructed. One type is
the (£ 6,), layup that displays zero thermal expansion in one, say, longitudinal
direction X,. The required angle 6 is found by solving the equation

" + (LHL - LHLY ) i /A = 0 (10.6.5)

Solutions can be obtained in systems with stiff fibers that have low or negative
CTE. For example, Bahei-El-Din et al. (1992) found that in the elastic deformation
range, a ( £ 0), P100 graphite/aluminum laminate had zero thermal expansion in
the X;-direction at = 12° and 8 = 38°. Herakovich (1998) reports this property
fora (£ 6 = 42°), T300/5208 carbon/epoxy laminate.

Another type of dimensionally stable laminates are ( £ 45), or crossply layups
that have zero or very low thermal expansion coefficients in both x;, X,—directions.
As an example, consider a Kevlar/epoxy (¢ y = 0.55), and a T300/5208 (¢ y = 0.62)
carbon epoxy, with material properties in Table 10.1 (Herakovich 1998).

The first two coefficients of the overall thermal strain vector m( & 45)¢ of
the laminate in (10.6.3) are equal. The terms ﬁl(ll) = rh(zl ) are the ply CTEs
transformed into global coordinates. For 6 = +£45 there is 2 sinfcos® = 1, hence
ﬁlg) = (a4 — o). The through-the-thickness coefficient of thermal expansion &33
is found using (10.1.10), where the ply stresses in material coordinates are given by
(10.6.4).

Figure 10.3 shows the longitudinal and transverse coefficients of thermal
expansion of the Kevlar-epoxy laminate that has ply properties listed in Table 10.1.
Response of the T300/5208 laminate is similar.

Table 10.2 presents the magnitudes of ﬁl(ll) = ﬁl(zl) and of the overall in-plane
coefficients of thermal expansion &;; = &, defined by (10.6.2), and the out-of-
plane CTE &33. Also shown are thermal stress magnitudes caused by A8 = +1°C,
in 107°GPa. The small positive magnitudes of &;; = &, shown in the table can
be reduced further by making small adjustments in the tabulated properties. For
example, increasing the longitudinal ply modulus of Kevlar/epoxy plies by 10%, to
1.1 Ey; yields &;; = @ = 0.8. Reductions in both axial and transverse CTEs
of the plies causes similar effects. Such property changes may be induced in a
hybrid system with added stiffer and/or less expansive fibers or matrices. It should
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Fig. 10.3 Longitudinal and transverse linear coefficients of thermal expansion of the (£ 0)g
Kevlar/epoxy laminate

Table 10.1 Thermoelastic moduli of fibrous plies

Ey  Exn G Gy vip o or
Kevlar/epoxy  76.8 55 207 14 034 —4 57
T300/5208 132 10.8 5.65 338 024 —0.77 25
E11, Ex, Gia, Ga3 are shown in GPa; as, a7 in 1076/°C
Table 10.2 Thermoelastic response of (£45), laminates

ﬁl(ll) = Iflg) ap = a3 011 = —022
Kevlar/epoxy 26.5 1.22 72.6 299.5
T300/5208 12.1 1.56 38.3 248.3

my and g are shown in 107°/°C and o4 in Pa/°C

be noted that small variations in ply moduli and CTEs are frequently reported
in commonly used composite material systems, hence each particular application
requires a separate evaluation.

Under a thermal change A6 > 0, all plies of a ( £ 45)¢ laminate support the

same in-plane stresses 0;; = —07, tensile in the fiber direction and compressive
in the transverse direction. However, the signs change when A8 < 0, potentially
exposing the plies to transverse tension that may cause matrix cracks and related
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changes in ply thermoelastic moduli. For the nominal transverse tensile strength of
Kevlar/epoxy of 27.6 MPa, transverse cracks may appear at A6 < —92°C from
processing temperature. In the T300/5208 system, the transverse strength is equal
to 43.4 MPa, allowing for A < —175°C.

10.7 Auxetic Laminates

As discussed in Sect. 2.6, auxetic materials have at least one negative Poisson’s
ratio. This property is displayed by certain balanced angle-ply laminates, which
undergo through-the-thickness expansion when loaded by a tensile in-plane nor-
mal stress. Moreover, at two magnitudes of the 46 angles, the laminates ex-
hibit zero through-the-thickness deformation under uniaxial in-plane tension or
compression.

Consider again a ( =+ 0,), laminate loaded by the uniform in-plane overall normal
stresses 07 and 07 defined in (10.3.1). Since all symmetric ply pairs have the same
volume fraction in the +6 and — 6 orientations, one can selectn = 2, ¢; = 0.5.
The normal strains in the directions of the global coordinate system follow from
(10.3.3), (10.4.4), with M = L™ from (10.1.4).

= [(9o1—LUa)/A & = (-LD5 +L§’;’az>/i\ .
5=~/ ENe® — 08 /ED)ol

where A = L‘;’figg (L(’))
We note for future reference that the ply stress vector in the global coordinates,

derived from (10.3.5) to (10.3.8), is

=169, 69, 60T 60 —5, 59=5 &9=@Q"s"+a3" 59)/A

(10.7.2)
where
N () l 1 l N l l 1 l
Q) = [LyuLy —LHLY). QY = @)Ly —LHLY) (10.7.3)
In the local or material coordinates, the stress o; = {0}, 0%, o(2}" in each

ply pair (i) is expressed in (10.2.2) and (10.3.5), or (10.6.4). Its components are

o m? 4 2mnQ, /A n% +2mnQ,/A
o;=X,L,L7'6 = n>=2mnQi/A |G+ mP=2mnQy/A |5
—mn + (m*> —n?)Q,/A mn + (m> —n?)Q,/A

(10.7.4)
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Fig. 10.4 Poisson’s ratios vy3 of Kevlar/epoxy and T300/5208 (%6)s laminates

Table 10.3 Poisson’s ratios of auxetic (30) laminates

9 (Vi3 =0) 9 (V13 = min.) 0 (v =max.) v vy V23
Kevlar/epoxy 16.715° 40.541° 27.016° (—0.164) 26.017° (+1.545) 0.34 0.0244 0.37
T300/5208 12.278° 39.970° 25.180° (—0.279) 26.995° (+1.265) 0.24 0.0196 0.59

where m = cos 9, n = sin 0. Together with (10.6.4), this provides component form
of thermomechanical ply stresses in ( & 0,), laminates. Poisson’s ratios of interest
are V13 = —&3/&; and v, = —&,/&, where the strains are caused by 07>0 at
0, =0. Figures 10.4 and 10.5 show the results for the two laminates introduced in
Table 10.1. In Fig. 10.4, the v,3 = 0.96 was derived from E;; and G,3 in Table 10.1
and (2.3.5), while vy3 = 0.37 was reported by Herakovich (1998) (Fig. 10.5). See
also Table 2.4.

Table 10.3 shows the 6—angles where V13 = 0 and where it reaches a minimum,
and where v, reaches a maximum. The negative V3 have small absolute values,
but the maxima of V|, > 1, as anticipated in Sect. 2.5. Magnitudes of reported ply
Poisson’s ratios are listed in the last three columns. 4 4

The ;3 = min. coincides with a minimum value of 63 &~ —0.15;, while o} ~
1.05 6,. However, since the coefficients (v&)/Efll)) < (U&)/Egz)) in (10.7.1),, both
laminates exhibit auxetic response. Such response may not be obtained in laminates
with lower contrast in ply moduli.


2.3.5
2.4
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Fig. 10.5 Poisson’s ratios vy, of Kevlar/epoxy and T300/5208 ( & 6) ¢ laminates

The v, =max. is associated with a sharp rise in & and delayed rise in ¢;.
Although both Vj; = max. and ;3 = min. are observed at similar values of 0, they
may not be attributed to the same source.

10.8 Laminates with Reduced Free Edge Stresses

Itis well known that under applied loads, laminated plates and shells can experience
high, concentrated interlaminar stresses at and a small distance from free edges.
The source of these stresses are image tractions #y = —0;n; at a free edge with unit
normal n;, that remove those that would be generated in the absence of the free edge,
inside the plate, by the in-plane ply stresses 0y;. Of course, the latter do not cause
iterlaminar stresses. For example, let the laminate shown in Fig. 10.1 represent a
part of a prismatic specimen of width —d < X, < +4d, which is loaded by an
overall stress 6, and by a uniform change in temperature A6. Ply stresses created
by these loads in the interior of the laminate are limited to the in-plane intralaminar
components derived in (10.3.5)—(10.3.8), as

=H;6 +hA0 = {5, 60, 69" & =1{511,0, 0}7 (10.8.1)
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The lateral surfaces are made traction free by superposition of ¢; with image
tractions t; = {0, — 62(12) , —61('2) y" applied to each ply at ¥, = +d. Displacement
continuity at ply interfaces under loading by t; is enforced by shear and normal
stresses 013, 0»3 and 033 that need to be continuous across each interface and ply
thickness, but may be variable through the thickness. Since each ply is regarded
as an anisotropic layer with different orientation of principal planes in the global
coordinate system, the interlaminar stress components near ply interfaces may reach
very high magnitudes at X, = +d.

Analysis of free edge stresses had been developed by several researchers since the
1960s, starting with Hayashi (1967), Pagano and Pipes (1970), Pagano (1978a, b),
Wang and Choi (1982), Yen (1990). The variational approach developed by Pagano
was based on Reissner’s (1950) principle. It satisfies traction and displacement
continuity conditions at interfaces between adjacent layers, and stress equilibrium
in the sense of vanishing resultant forces and moments in each layer of the laminate.
More recent work has employed the minimum complementary energy principle by
using admissible fields that satisfy equilibrium and traction continuity pointwise,
but not displacement continuity at ply interfaces. They were developed for uniaxial
tension and cylindrical bending by Kassapoglou and Lagace (1986), Rose and
Herakovich (1993), Yin (1994a, b), Flanagan (1994), Kim and Atluri (1995a, b)
and Wang and Choi (1982). An extensive list of references on the subject can be
found, for example, in Herakovich (1998) and in Suvorov and Dvorak (2001).

Reductions of free edge stresses in laminates can be achieved by selecting certain
ply stacking sequences or layups (Herakovich 1998; Christensen and DeTeresa
1992). Kim and Atluri (1995b) found that interlaminar stresses caused by uniaxial
tension can be minimized by applying a through-the-thickness thermal gradient.
Use of optimized fiber prestress for reduction of free edge stresses caused by
mechanical and thermal loads was examined by Suvorov and Dvorak (2001),
with Yin’s (1994a, b) analysis. The objective function was selected to minimize
the differences between ply surface tractions caused by fiber prestress, and by
the thermomechanical loads. Results had shown that free edge stresses caused
by selected tensile and thermal loads can be nearly eliminated by application of
optimized fiber prestress to suitably chosen ply stacking sequences.

Here we make contact with the work of Christensen and DeTeresa (1992), which
is related to the discussion of auxetic laminates in Sect. 10.7. Their results have
shown that very low interlaminar stresses exist at the X, = =+d free edges in
(0n/ £ Om)g laminates that are made of identical plies and are loaded by simple
tension or compression o, in the 0—degree direction, providing that

6 =tan™" (v;"?) (10.8.2)

where vy, is the longitudinal Poisson’s ratio of a lamina.

Two distinct conditions need to be satisfied for this result to hold. One assures
that both 0—degree and the ( & 0)¢ laminates, when not in contact, undergo the
same lateral deformation under €; applied to the entire (0,/ = 01)¢ laminate. The
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Fig. 10.6 Difference (Vi — v1) in the laminate and ply Poisson’s ratios, and the shear stress o,
(GPa) in the £60° plies of (0/ = 6) ¢ laminates loaded by simple tension in the 0°—direction

longitudinal and transverse strains of both laminates are identical when they have
the same longitudinal Poisson’s ratios. This condition can be written as

Vi2 = —en/en = —€2/8 = V2 (10.8.3)

where —e5,/¢11 is the strain ratio in the 0° ply. An examination of Fig. 10.6, which
has similar appearance for other laminates, indicates that v;, = vj, when 6 >~ 60°.

The second condition applies to the shear stress 67, in each of the +6 and — 6
plies, where absence of unloading shear tractions at the free lateral surfaces requires
the ply shear stresses in (10.7.2) to comply with

—l(;'e) — 5_1(2 0) (Q(l) —(l) (’) —(’))/A =0 (1084)

Both conditions can be satisfied by appealing to simplified constitutive relations
of fibrous plies, based on distinct contributions of fiber dominated (E;; =
E4, vio = vy) and matrix dominated (E», = Er, Gia, Gy3) elastic moduli
to ply response (Christensen 1998; Christensen and Zywicz 1990). All comply with
the connections between the engineering and Hill’s moduli derived in Sect. 2.3.

This theory makes no attempt to relate ply to phase properties and volume
fractions. Instead, it treats the ply as an isotropic solid, with generalized moduli,
that deforms in parallel with an elastic spring aligned in the x4 = x;—direction of
the fiber. Such ply response appears to prevail in certain quasi-isotropic laminates
made of identical plies, and loaded by overall normal in-plane tractions.

When all n ply pairs (i) have the same moduli and thickness, the response of the
laminate to uniform in-plane deformation is assumed to be

— 1= ~_ 1 - - i i i
Ojk = A8qqljk + 218 jk + ;(Eu —E) qu )q,(()q( )qy(,i)t?lm (10.8.5)

i=1
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where A and W are the generalized moduli
[qg)] = [cos 6;,sin6;, 0] (10.8.6)

and the range of free subscriptsis 1,2, ... 6.

The generalized elastic ply moduli, denoted by (~), are defined in terms of the
actual ply moduli as

~ 1 3(1—vp)E
= - [ ( . DE2 G+ ng} (10.8.7)
6 L2(1 —vi,Exn/En)
and
-~ 2])12 —~ ~ —~
A= m =2(1+vi2)p (10.8.8)
1— 21)12

The form of 1 is suggested by the relative contributions of matrix-dominated moduli
to the strain energy of an idealized transversely isotropic ply that has vi, = vy3 = 0.
The moduli ratio is (E2/2) :2G12: Gpz3 o 3:2:1, which is reflected inside the
bracket in (10.8.7). Apart from the coefficient L,;, the ply stiffness matrix is similar
to that for an isotropic solid in (2.2.21). Indeed, if one selects

1 —vp)E
Gy = Gy = — 1Y) (10.8.9)
2(1 =viExn/En)

the generalized stiffness coefficients L ;k #* Ll | regain their ‘exact’ connections
between isotropic elastic moduli.

The constitutive relation (10.8.5) can be used either in its original 3D form, or
reduced to plane stress form. In the latter case, the plane stress stiffness coefficients
for each ply (7) in (10.1.2); are

LO—LO _ED _EO  LO Z L0 Z 30— 20/A0 4 210

L(z) 2H(l) + /\(’)[1 _/\(l)/(/\(l) + zu(l))] iéfg — ﬁ(i)
(10.8.10)

Agreement well within the experimental error range of ply properties was
reported by Christensen and Zywicz (1990), in comparisons of laminate moduli
predicted by the approximate form (10.8.5) and by standard lamination theory,
both applied to quasi-isotropic (0/ £ 60), glass/epoxy and carbon/epoxy laminates.
As expected, the largest discrepancies (6 — 16%) between the laminate moduli
predictions were found in E33, vip and viz = vo3.
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Applications of (10.8.5) should be limited to quasi-isotropic laminates. To derive
ply stresses in the +6 or —0 plies of the (0,/ £ 6in)¢ laminate, each ply is
considered separated from the laminate and subjected to strains

é(ie) - _ &0 _ 2E0) _ é(ie) =0

—(+6 —(£6
g7V =1 &5 =3 vy 830 =0 =&Y = (10.8.11)

11 -

After substitution into (10.8.5), the ply stresses of interest are

52(zie) = (Ey; — E) sin0 (cos®0 — vy, sin®0)

(10.8.12)
61(2i9) =(Ey — E) sinf cos6 (cos?0 — v, sin’0)
It is seen that both 62(2i O = 61(2i % = 0 when 6 = tan~" (v12)""/2, as anticipated

by (10.8.2). Since the strains applied in (10.8.11) are also consistent with those
experienced by the 8 = 0° plies, the entire laminate should not exhibit any free
edge stresses at X, = +d.

Comparisons of the approximate theory with accurate evaluation (10.8.4) of the
ply shear stress are shown in Fig. 10.6, which presents combined plots of actual
(V12 — v12) and shear stress c‘rl(éc ® (in units of GPa) in a perfectly bonded six-ply
(0/ £ 0)¢ Kevlar/epoxy and T300/5208 laminates described in Table 10.1. In both
systems, (Vo — vp) — 0 is found fairly close to 6-values predicted by (10.8.2).
Those are 6 = 59.75 for vi, = 0.34, and 6 = 63.90 for vj», = 0.24, where the
shear stresses c'rl(zjE % have very low values.

In conclusion, (10.8.2) offers simple and fairly accurate predictions of the 6 —
angle for (0/ & 0)¢ laminates which exhibit vanishing free edge stresses at X, =
+d, while loaded by simple tension or compression in the 0 — degree direction. As
long as this favorable layup is obtained at 6 ~ 60°, low interlaminar stresses can
also be expected to exist at free edges aligned with +60° or —60° loading directions
(Alberski 2000).

10.9 Laminates with Fiber Prestress

Prestressing of structural components for improvement of internal stress distribu-
tions and overall deflections is widely used in concrete structures, and to a lesser
degree in steel structures. Typically, high-strength steel cables are inserted during
construction and then anchored in the finished structure while subjected to tension
forces which generate desirable residual stresses in those parts of the structure
which may have a relatively low strength reserve under applied service loads. In
concrete structures, the residual field, in superposition with stresses from service
loads, is designed to distribute the total field between the concrete ‘matrix’ and steel
reinforcement according to their respective strength.

Fiber prestress in composite plies and laminates offers similar advantages when
it is designed for reaching a particular goal, such as protecting the matrix from
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Table 10.4 Forces that generate 1,000 MPa tension stress in a fiber tow

Fiber Diam., pm  Filaments/tow  Force, N (Ibs)  Fiber strength, MPa
S-2 glass 14 2,000 308 (69) 4,600
Kevlar 49 12 1,000 113 (25) 3,600
Carbon AS4 8 12,000 603 (135) 3,600
Graphite P100S 10 2,000 157 (35) 2,200

damage, or reducing fiber waviness to enhance compressive strength, or equalizing
total fiber stress in cylindrical pressure vessels. Such applications will be briefly
described.

In fabrication of prestressed composite parts, certain tensile stress is applied
to pre-impregnated fiber tows and released after matrix consolidation. That can
be accomplished, for example, by widely used fiber placement operations with
in-situ matrix cure, adjusted for application of variable force magnitudes. Forces
corresponding to 1,000 MPa prestress in commonly used fiber tows are shown in
Table 10.4.

10.9.1 Prestressed Laminated Plates

First, we evaluate the effect of fiber prestress on ply and phase stress distributions,
and on position of damage envelopes in symmetric laminated plates. Uniform in-
plane tractions and temperature changes are applied to each or all ply pairs, such that
the laminate undergoes only in-plane and through-the-thickness deformation. As
long as the already deposited plies remain elastic during prestress removal and cool-
ing from the matrix curing temperature, application and removal of prestress, and
matrix cure and cooling, can be assumed to take place simultaneously in all plies.

At the begmmng of the process, prior to matrix consolidation, a certain tensile
prestress (O’lfl)( is applied to the fiber tows which will reinforce plies (7). The fibers
are assumed to be at most transversely isotropic, as in Sect. 8.1.4. A thermal strain
m A6, caused by heating the fibers to matrix curing temperature, is superimposed
with the mechanical strain caused by the prestress.

Total ply stress and fiber strain fields in each ply (i) before consolidation are

» @ (- r\? R ROFSANS T, o
0, =Cy <oll)p ,0,0 o;=Y; cr ((f“)p ,0,0 o —Zc,-ai
i=1
P (i) (i)
(e1) = {[Mgp( 0+ ahaa] [ (o) + af o]

T
(i)
[Mgp (g{;) +af A@} 0,0, o§

(10.9.1)
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where the rotation matrix Y; of the ply is given by (10.2.1), and 67 is the resultant
of all in-plane ply prestresses, to be removed after matrix consolidation.

Next, the matrix is cured at a certain temperature, while the ply fibers support
the prestress (crlfl)g). The matrix is assumed to be free of stress after cure, while

the fibers are deformed by (eif )?. Overall strain of the laminate is set to zero. The
temperature of the new laminate is then reduced by —A# to ambient or to another
desired magnitude, where the fiber prestress is removed. The uniform thermal
change —A@ and unloading by the in-plane overall stress —a” in (10.9.1) cause
laminate and ply strains and stresses in global and ply coordinates

™I

=g =—(L""6" +mAl) & =Y"§
- _ (10.9.2)
iz—(Hi(_)'p+hiA9) 0','=X6’l‘

Qi

Those are evaluated according to (10.3.3-5). The L and m matrices denote
respectively the overall in-plane stiffness matrix and thermal strain vector of the
elastic laminate, and I:Ii, l_l,' are the mechanical and thermal ply stress distribution
factors in (10.3.8).

The laminate is free of mechanical tractions after prestress release. However, the
latter applies normal and shear tractions —&f in (10.9.1) to the free edges of each
homogenized ply in the global or laminate coordinate system. The residual stress
averages that are left in the plies and phases follow from (10.4.1) and (10.4.8), for
loading of the laminate by the overall stress in (10.9.2). Fiber strain is equal to the
difference between (s;-f )p from the original prestress at +A#, and the unloading
strain due to —6” and — A6, while the fibers reside in the already consolidated plies.
This difference is expected to be very small relative to fiber strength. However,
release of fiber prestress generates a possibly significant compressive stress state
in the matrix, due to the overall unloading by ¢; in (10.9.2). Evaluation of all
field averages in both constituents and plies follows the procedure described in
Sect. 10.4.2.

10.9.2 Damage Envelopes of Prestressed Laminated Plates

A generic damage envelope of a laminate is determined by the strength
magnitudes of each ply in longitudinal and transverse tension or compression
(aii”, oééT) , o{ic) , aééc)), and in longitudinal shear (o},). When plotted in a
selected global stress plane of the laminate, each strength value traces a straight
line Dvorak and Sejnoha (1995, 1996). The example shown in Fig. 10.7 shows
these lines for a nine ply [(0/ 90),/ 6]5 S-glass/epoxy laminate, in the plane of
biaxial normal overall in-plane tractions S;;, S». The respective ply strength values
were selected as 1,280 MPa and 690 MPa in longitudinal tension and compression,

49 MPa and 158 MPa in transverse tension and compression of a single ply, and
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Fig. 10.7 Initial damage envelope of a S-glass/epoxy [(0 /90),/ (_)]S laminate. The effect of cooling
from curing temperature is neglected (Dvorak and Suvorov 2000)

69 MPa in longitudinal shear. It should be noted that the transverse compression
strength of plies embedded in a laminated plate may be higher than that measured on
an unconstrained ply. Ply and phase properties, details of the analysis and damage
envelopes for other laminate layups can be found in Dvorak and Suvorov (2000).
The damage envelope in Fig. 10.7 surrounds the damage-free interior part of
the Si;, Sy laminate stress plane, which contains the origin, where the laminate
is traction-free. The effect of cooling from curing temperature is neglected in this
figure. Most of the envelope’s lower and left edges correspond to the longitu-

dinal compression branches of the 0-degree and 90-degree plies, designated by
0(C) _90(C)

(o oy

(05)2((?)’ 0293 © ) of the two plies. As expected, the upper and right edges are traces

of the transverse tensile strengths (GSZ(T),O%) (T)) of the two plies. The envelope

contains the laminate stress origin S;; = Sy, = 0, but the tension range is small.
More elaborate envelopes with similar features may be constructed by utilizing

the same strength magnitudes in different theoretical strength criteria. Examples of

the latter can be found on R.M. Christensen’s website www.FailureCriteria.com.

), with a minor contribution by the transverse compression branches
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Fig. 10.8 Damage envelopes of a prestressed S-glass/epoxy [(O/ 90),/ (_)], laminate. The effect of

s

cooling from curing temperature is included (Dvorak and Suvorov 2000)

The effect of fiber prestress and cooling by A = —150°C from matrix curing
temperature on the position of the damage envelopes is illustrated in Fig. 10.8. The
initial damage envelope has shifted somewhat due to the thermal change, and is
now formed only by the four dominant branches shown in Fig. 10.7. Then, prestress
is applied to both 0 and 90-degree plies, at 750 MPa or at 1,500 MPa. Damage
envelopes of the prestressed laminate consist only of the transverse tension and
compression branches of the plies.

As expected, application of the biaxial prestress translates the damage envelope
in the S;; = Sy, in-plane laminate stress direction, away from the origin, and thus
provides a larger tensile stress range where the laminate should remain free of
damage. However, the envelopes do not expand as a result of prestress, hence the
range allowed for transverse compression is smaller.

Figure 10.9 illustrates the effect of prestress on fiber failure envelopes, con-
structed from ply strength values in longitudinal tension and compression. Solid
lines denote the envelope before application of prestress, the left and bottom
branches indicate possible failure in compression, as they did in Fig. 10.8. The
two tension branches at the top and at right suggest onset of tensile failure of
the respective plies. Prestress translates the fiber damage envelopes in the direction
opposite to that of the matrix damage envelopes, but at a much lower rate. For the
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Fig. 10.9 Fiber failure envelopes of a prestressed S-glass/epoxy [(O/ 90),/ (_)] , laminate (Dvorak
and Suvorov 2000)

selected prestress magnitudes, the matrix damage envelopes are contained within
their fiber failure counterparts.

Ply strengths o? I(C) , 019 :)(C) in longitudinal compression and the resulting posi-
tions of the compression branches of the envelopes depend on fiber alignment in
the ply. Even seemingly minor fiber misalignment of few degrees from the longitu-
dinal axis facilitates fiber microbuckling, kinking and related failure mechanisms,
which significantly reduce compressive strength (Budiansky and Fleck 1993, 1994;
Kyriakides et al. 1995; Fleck 1997). For example, Christensen and DeTeresa (1997)
suggest that the ratio of longitudinal compressive strength to the longitudinal shear
modulus p in a carbon/epoxy composite may decrease from crlcl /p = 045 at 1
degree misalignment to crlcl /p = 0.15 at 4 degrees; still a respectable magnitude.
Since fiber prestress improves fiber alignment, it should also elevate ply compressive
strength and thus lead to expansion of the compression branches of the damage and
fiber failure envelopes in Fig. 10.9. However, this effect will not be reflected in
the damage envelopes of the pretressed plies in Fig. 10.8, which are surrounded by
transverse strength branches.

The above examples demonstrate the effect of simple biaxial fiber prestress
on the position and translation of the damage and fiber failure envelopes of
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elastic laminated plates. Some composite matrices may become viscoelastic and
undergo time-dependent deformation that relaxes a part of the prestress-induced
matrix stress; such situations were analyzed by Suvorov and Dvorak (2002). Other
applications of prestressing of elastic laminates can be directed to reduction of free-
edge stresses in laminates, as discussed next.

10.9.3 Fiber Prestress for Suppression of Free Edge Stress
Concentrations

External loads and temperature changes in fabrication and service may cause stress
concentrations between adjacent homogenized plies at free edges of laminated
plates. In Sect. 10.8, we had shown that certain ply layups reduce those concentra-
tions, at least under uniaxial loading of the laminate. Here we describe how similar
reductions can be produced under more general loading conditions by applying fiber
prestress.

Consider a laminated plate of any layup that has been subjected to fiber prestress
in certain plies before matrix consolidation, then cured and brought by —A6 to
a lower service temperature. Each ply is regarded as homogenized thin plate, not
necessarily bonded to the other plies, with effective thermoelastic moduli of the
aligned fiber composite. The latter are assumed to be identical in all plies. Thermal
expansion of the isotropic matrix is assumed to exceed that of the fibers, hence
cooling of a free ply causes larger contraction in the direction transverse to the
fibers. Then, in superposition with the thermal change, prestress release can create
an isotropic in-plane strain state of the same magnitude in all plies of the finished
laminate. In the absence of differential deformation, the homogenized plies do not
experience interfacial stress concentrations at free ends. However, localized stresses
due to prestress release are left at the fiber-matrix interfaces, within a small distance
of about two fiber diameters from their ends.

Let us now determine fiber prestress (crlfl)(])

that creates an isotropic in-plane

strain after application of —A# to a traction- free laminate (Dvorak 2001, Suvorov
and Dvorak 2001a). During and immediately after matrix cure, each ply is subjected

to longitudinal stress ¢ ¢ (0“) by the fiber prestress, as in (10.9.1). The fibers

are deformed by ( lf ) , but the newly formed plies are regarded as free of strain.
An isotropic strain state in each consolidated ply will be created by the prestress
magnitude that satisfies

. NG ()
@) (@) (i) f (l) _ (i) f (l)
g1 = &y = —Mjjcy (all)p Al = —My, Cf( )p Af

(t) 1 . .
o - : (oD —aD) A6 =0
11 (@) (@) A T
r cr (M21 _Mn)

(10.9.3)
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The MYl and M(zil) = Mg’g are the local in-plane compliances of ply (i) from
(10.1.2), and ozx), agf) are the linear thermal expansion coefficients in (10.1.6). In
a typical ply, there is (M3, —M{)) = —(1 +v9)/E\) from (10.1.4), and @'}’
aT , hence the inequality should be satisfied.

After prestress release and cooling by —A6, each ply exhibits the following

uniform isotropic in-plane deformation s(lll) = 5(212) , relative to the strain-free state

at matrix curing temperature + A6 and prestress c s (crlf1 )( D,

. . -\ —1
oy = {0 | (v - m8) (o o) |02}

. . -\ —1 . .
o = | (v - w8) (o )|+ 0} 0

The laminate is now traction-free, and all plies exhibit the same isotropic in-
plane strain relative to the strain-free state at matrix consolidation. That precludes
development of stress concentrations between the homogenized plies at laminate
free edges.

In simple (0/90)g or crossply laminates, the prestress may be adjusted to
generate an isotropic in-plane strain when the finished laminate is loaded by uniform
mechanical tractions that cause constant biaxial in-plane normal strains. Of course,
that is possible only if, after incorporating those strains in (10.9.3), the prestress
magnitude that yields the same isotropic deformation in all plies is positive, similar
to that in (10.9.4). Free edge stress concentrations between homogenized adjacent
plies could thus be eliminated while the laminate is subjected to selected service
loads.

More elaborate applications of fiber prestress for reduction of free edge stresses
in symmetric laminated plates were described by Suvorov and Dvorak (2001a).
Using polynomial approximations stress functions by Yin (1994a, b), they had
developed an optimization procedure for evaluation of fiber prestress in individual
plies which keep the stresses in both laminate interior and at free edges within
allowable limits, while the applied mechanical load may change within a certain
interval or inside a damage envelope. Mechanical loading by both in-plane tractions
and bending or twisting moments was considered, together with thermal and general
ply eigenstrains.

The prestress magnitudes released at a free edge were required to minimize the
objective function

(10.9.4)

n

I = Z Z (O,szq Zlq) + Z (awq lz q) —> min.

i=l1 g=p,m,0 g=p,m,0

(10.9.5)
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where i is the ply number, the cr;ly’q and a;fv‘q are the normal and shear tractions
caused at the lateral surface or the free edge of each homogenized ply (i) by either
prestress (¢ =p), or by mechanical loads (g =m), or by ply thermal eigenstrains
(g = 0). The components Uf v and on are computed using the laminated plate
theory of Sect. 10.3, on interior planes removed from but parallel to the free edge.
The prestress release is thus designed to minimize the difference between applied
surface and resulting interior tractions, both resolved on parallel surfaces. Objective
functions designed to directly minimize the interfacial stress concentrations at free
edges were found to be less useful. Interlaminate stress limits were included in the
constraints, to assure that prescribed strength criteria were not violated anywhere
in the laminate. Since ply stresses undergo large changes within a certain small
distance from the free edge, the computed distributions need to be sampled within
that distance, to capture the interfacial stress maxima. Examples were presented
for crossply and (0/ 4+ 45/ —45/90/0)¢ S-glass epoxy laminates, to show that
interlaminar stresses caused at free edges by thermal or mechanical loads can be
reduced to near zero by release of optimized fiber prestress.

10.9.4 Prestressed Laminates for Cylindrical Pressure Vessels

Multilayered laminates are often used in construction of cylindrical pressure vessels
or submersibles, loaded by internal or external pressure. They are manufactured
by winding layers j=2, 3, ... N of a prepreg fiber tape on a fixed elastic
mandrel j=1, such that the tape is cured at contact with already consolidated
layers, Fig. 10.10. In this process, the fibers are subjected to a certain tensile force
P;, to reduce fiber waviness. Moreover, the force can be designed for optimized
fiber prestress, that eliminates or improves fabrication related residual stresses in
the cylinder wall. That is of particular value in submerged structures under external
pressure, which rely on high compressive strength of the laminate. In such appli-
cations, preference should be given to symmetric laminates described in Sect. 10.5,
which respond by uniform isotropic in-plane deformation to loading by a uniform
biaxial overall in-plane stress 20,, = 644, for example, the (0co/ £ 60c60/90c90);
layup of Fig. 10.2.

The laminated cylinder exhibits overall cylindrical orthotropy described in Sect.
2.4. Ply elastic constants can be derived by identifying the cylinder wall with a
laminated plate of the same layup. Overall moduli are evaluated using the classical
laminated plate theory of Sect. 10.3, and then transformed into cylindrical coordi-
nates, as suggested by Sun and Li (1988) and Luo and Sun (1991). Applications to
submersibles exposed to both external and axial pressure need to consider exposure
to buckling, described for example by Kardomateas and Philobox (1995).

Analysis of prestressed cylinders, developed by Dvorak and Prochazka (1996),
Dvorak et al. (1999) and by Srinivas et al. (1999), is now briefly reviewed. The
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Fig. 10.10 Winding of a laminated cylinder on a fixed elastic mandrel

(r, ¢, z) overall coordinate system is attached to the cylinder, to denote radial,
hoop and longitudinal components. Fiber prestress is induced by forces P;, applied
to the fibers of each layer j before matrix cure, c.f., (10.9.1). The forces may change
from layer to layer, in both prescribed magnitude and direction on the tangential
plane to the cylinder wall. Together with ply orientation, each P; contains an angle
Y; with the longitudinal z-axis of the cylinder. Ply magnitudes P; are collected in a
((N —1) x 1) vector P. Notice that the P, § and T symbols used in this section are
not related to similar symbols used earlier for the Eshelby and Hill tensors.

Figure 10.10 shows the loads that generate the following three types k =
a, B, § of stress vectors ¢ in each ply during buildup of the cylinder. They
are resolved into hoop and longitudinal components oy, o7, all represented by
((N —1) x 1) vectors. Their coefficients ultimately depend on the longitudinal
and hoop components of P. An in-plane self-stress ¢ is caused, in part, by the
prestress and by thermal stresses, both left in the ply after the + A6 heating and
cooling cycle to cure the matrix. Winding of a prestressed ply on the layers of the
partially completed cylinder causes an exterior pressure oz, which induces an in-
plane relaxation stresses o in each of the already placed ply. An interior pressure
oy 1s supported by the mandrel and eventually removed, leaving an in-plane stress
o’ in each ply.

The three stress types can be written as

o5, =S45,P"+ 85 P° of =S5 P+ SEP

“ (10.9.6)
PJ‘?’ = Pjsiny;  Pi = Pjcosy; k=a,p,8

where the S matrices are ((N — 1) x (N — 1)) influence functions that evaluate the
corresponding stresses caused in each ply by the P}p and P; components of the
applied force P; of unit magnitude. Evaluation of the influence functions and their
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constraints was described in detail by Srinivas et al. (1999). The force components
are related to the vector P of ply prestress forces P; by diagonal matrices

P’=TyP P'=T.,P
T 4 = diag(sinyn, sinyss, ...siny/y) (10.9.7)
T . = diag(cosyr, cosys, ...cosyry)

Total residual stresses in the plies then are

Opp = S¢¢P¢ + 8y P = (S¢¢T¢ +S¢sz)P =S84P

0,.=8Sy4P’+ S P = (S4Ty+S..T)P=S.P
o B ) o B § (1098)

When they are resolved on a radial plane, their resultants must vanish.

Final magnitudes of residual ply stresses o ¢4 and o .. in the completed cylindrical
laminate can be found either directly, for a prescribed distribution of prestress
magnitudes in individual plies, or by optimization. For example, application of
a constant prestress force often generates compressive residual stresses in the
interior plies and tensile stresses at the exterior plies. A more favorable, optimized
distribution of the P; magnitudes requires that ply stresses satisfy a certain objective
function I and related constraints. The goal can be to minimize only the residual
stresses due to fabrication, by demanding that

N

1=y [(a;¢)2 n (ag;)z} > min. (10.9.9)

=2

Constraints imposed on the solution admit only tensile forces P; > 0, and they
may include limits imposed on the final residual stresses by a selected ply strength
criterion.

In certain cases, the analysis leading to (10.9.9) can be augmented by superpo-
sition of the fabrication and load-induced stresses. Prestress force distribution may
then be found that minimizes total stresses generated in the cylinder wall by both
sources.

It should be noted that effective mandrel stiffness has a significant influence on
the final state of residual stress, caused either by constant or optimized prestress
forces. Under constant prestress, very stiff mandrels reduce residual stress gradients
across wall thickness, while under optimized prestress they reduce analogous
prestress force gradients. Relatively compliant mandrels, which may be more
common in fabrication of large structures, produce opposite effects. After constant
prestress, they leave residual stress gradients, which may reduce or eliminate the
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Fig. 10.11 Optimal prestress distribution in a 100 ply wall of a cylindrical pressure vessel
(Srinivas et al. 1999)

compressive strength advantage gained by improved fiber alignment. That is not
of concern when residual stress magnitudes are controlled by optimized prestress
which accounts for mandrel stiffness.

A numerical solution to the optimization problem, based on the active set method
of quadratic programming, described by Gill et al. (1981, 1984), was outlined and
implemented by Srinivas et al. (1999). The (0/90/ 4+ 60/90/ — 60)¢ ply layup was
designed according to (10.5.8-9) for a carbon/epoxy (AS4/3501-6) material with
elastic moduli listed in (10.5.7).

Figure 10.11 shows magnitudes of optimized prestress that were found in the
0.25 m thick wall of a cylindrical pressure vessel with external diameter of 10.0 m,
built on rather compliant 0.05 m thick steel mandrel. They drop from the inner to

outer plies, in the range 1000 MPa > (oﬁ)g) > 300 MPa, however, when mandrel
f )(j )

thickness changed to 1.0 m, the drop range was only 1000 MPa > (Uil »
730 MPa. Remarkably, the optimized solution provides a sequence of fiber prestress
in the differently oriented plies, which renders the completed cylinder essentially
free of residual stresses.

Vanishing prestress magnitudes are present in the zero-degree or longitudinal
plies. However, their coupling with the dominant 60° and 90° or hoop plies is
weak, hence prestress elevation in longitudinal plies does not have an appreciable
effect on stresses in the adjacent plies. The difference of prestress between the
60° and 90° plies is small, and when neglected, the prestress distribution may
follow a nearly parabolic curve through wall thickness. The implication is that

>
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Fig. 10.12 Element of a ceramic plate encapsulated by prestressed Kevlar/epoxy laminate

several direct evaluations of residual stresses caused by slowly or rapidly decreasing
parabolic prestress distributions may uncover a satisfactory distribution of final
residual stresses, without the need to find an optimized distribution.

10.9.5 Prestress of Ceramic Armor Plates

Fiber prestress may also be used to induce a significant magnitude of biaxial in-
plane compression and confinement to armor grade ceramic tiles and plates. In this
application, the fiber tows or tapes are wound over opposite edges of a rectangular
plate in a 0/90 layup, such that the laminate layers eventually encapsulate the plate.
An element of such plate appears on Fig. 10.12. The residual stress in already
deposited layers is reduced somewhat by prestress of subsequent layers, and also
by matrix creep, hence the prestress forces should be optimized, as described by
Suvorov and Dvorak (2001b).

Force equilibrium in the two in-plane directions provides a simple connection
between fiber and plate stresses, and of total fiber area required to support a certain
biaxial compressive stress in the plate.

The ratio of the plate compression to average tension in each fiber direction of
the 0/90 laminate is o, l(c) / af I(T) = t¢/t,, the ratio of each laminate face thickness
to total thickness of the plate. In the example shown for Kevlar/epoxy laminate in
Fig. 10.12, the fiber volume fraction is ¢y = 0.6, the average stress in each ply
direction is o) = —1.20%\“), hence 1,/2 = 1.2¢,/2 and 2, = 1.7t,. Total
thickness of the assembly is 7, + 2t, = 2.7¢,. Area density is found to rise by about
60% above that of the alumina plate. Such increases in bulk and weight could be
accommodated in vehicle and equipment armor design.
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The ceramic/laminate assembly combines several elements of armor design
described, for example, in recent reviews by Gooch (2010) and Chen et al. (2007).
It provides for highly pressurized confinement of the ceramic and strong laminate
backing, analogous to, among others, the heat-shrunk metal/ceramic tiles assembly
described by Hauver et al. (2005) and Malaise et al. (2000) for defeating a long
rod penetrator. Moreover, the front plate keeps cracked and shattered parts inside, to
suppress crack growth and reduce ejection of pulverized debris which accelerate
erosion of projectiles during penetration. That was documented for membrane
confinement by Sarva et al. (2007). Finally, the in-plane pressure should provide
a significant improvement of dynamic compression and shear strengths of the
ceramic. For example, an increase of the former from about 0.4 GPa at no lateral
confinement to 1.4 GPa at 230 MPa confinement pressure was observed on Macor
by in Hopkinson bar experiments. Similar results were obtained on aluminum
nitride, where the maximum shear strength increases linearly until reaches about
3.3 GPa at ~3.0 GPa of pressure. (Chen and Ravichandran 1996, 1997, 2000).
However, viscoelastic prestress release may render the Kevlar/epoxy laminate
confinement less effective then that provided by the heat shrunk metal/ceramic
constraint.

10.10 Laminates with Transverse Cracks

10.10.1 Cracks in Polymer and Metal Matrix Plies

Slit or tunneling cracks frequently extend on planes aligned with the longitudinal
fiber directions and perpendicular to the interfaces of unidirectional composite plies
embedded in laminates, as well as in surface plies. Figure 10.13 shows micrograph
of a crossection of such cracks in a crossply glass-epoxy composite; it also reveals
several dark dry spots between imperfectly bonded fibers in the longitudinal plies,
which may serve as initial flaws. Crack extension into adjacent plies is prevented
or hindered by the differently oriented fiber walls, resulting in systems of parallel
cracks, commonly called transverse cracks, although they extend primarily in the
longitudinal fiber direction.

Transverse cracking in polymer matrix plies can be attributed to the generally
lower magnitude of the ultimate transverse tensile strain in comparison with the
ultimate longitudinal tensile strain, and to the equality of in-plane strains in (10.3.1).
Also, to the availability of a free crack path through the matrix, and to the
mechanical extension that compensates for the relatively larger transverse thermal
contraction of each ply during cooling of the laminate from matrix cure.

In laminates with ductile metal matrices, transverse cracking can be induced
by low cycle fatigue of the matrix, and it may be prevented or arrested in certain
systems by shakedown to elastic state (Dvorak and Johnson 1980; Dvorak et al.
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Fig. 10.14 Transverse fatigue cracks in the 90-degree ply of a B/Al laminate (Dvorak and Johnson
1980)

1994). Figure 10.14 presents a system of such low cycle fatigue cracks in a
90-degree ply of a boron/aluminum laminate, revealed by etching away most of
the 0-degree fibers of the surface ply.

Transverse cracks usually grow and multiply in suitably orientated plies, under
increasing overall strain applied to the laminate, and/or its duration. A schematic
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Fig. 10.15 Simulated evolution of transverse crack density in a composite ply

illustration of a damaged ply appears in Fig. 10.15, where the crack lines have been
randomly generated at different average crack densities 8 = 2a/d, the ratio of
ply thickness 2a to average distance d between cracks. As long as the individual
cracks do not interact at low and medium average densities, § < 0.5, new cracks
may appear when the overall laminate strain, resolved on transverse plane of each
ply, becomes sufficiently large to activate additional pre-existing flaws. Availability
of such flaws may become exhausted at higher densities, where the strain energy
available to drive new cracks through the remaining ligaments is also reduced, by
the increasing proximity of existing cracks. That is evident in the figure at 8 = 0.5.
A certain saturation density is then reached, where no new cracks may appear,
and the ply carries near vanishing magnitudes of normal and shear stresses on the
transverse plane.

Experimental observation and modeling of cracked plies has attracted interest
of many investigators. Bailey et al. (1979), Crossman and Wang (1982), and
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Wang (1984), visualized transverse cracks in both glass/epoxy and carbon or
graphite/epoxy systems, and were thus able to determine transverse crack densities
as functions of applied load.

Modeling of local fields and stiffness changes caused by different crack densities
were often focused on (0/90)¢ crossply laminates (Garrett and Bailey 1977,
Highsmith and Reifsnider 1982; Hashin 1985; Praveen and Reddy 1998; McCartney
and Schoeppner 2002; Nairn 2006). Cracks in arbitrary laminate layups have been
modeled by Laws et al. (1983), Dvorak et al. (1985) and Dvorak and Laws (1987),
who had identified thermoelastic properties of cracked plies with those estimated
by the self-consistent method for an infinite transversely isotropic fibrous medium.
Gudmundson and Zhang (1993), utilized existing analytical solutions for a row of
cracks in an infinite homogeneous isotropic medium. Many numerical studies of
transverse cracking have been completed in recent years, as discussed for example
by Zhang et al. (2007).

Although theoretical predictions of crack densities as functions of applied strain
involve a rich selection of interesting problems, their utility in applications is limited
by their dependence on several uncertain parameters. Transverse cracks typically
initiate at preexisting flaws, which may have a different distribution of strength
magnitudes in each material system. In the absence of direct observation, the
strength distribution needs to be assumed, which makes the prediction unreliable.
Also required is the distribution of longitudinal ply toughness, which can be
measured only once on a single ply. However, actual crack opening displacements,
and strain energy released inside a laminate are not generally known. While stiff
fiber walls may reduce the crack opening displacement and released energy, they
may under different circumstances deflect the crack edge along ply interfaces,
form an H crack, and elevate energy release (Cook and Erdogan 1972; Delale and
Erdogan 1979; Lu and Erdogan 1983; Gupta et al. 1992; Dvorak and Suvorov 2006).

Moreover, as long as the fibers are not damaged, longitudinal strength and
stiffness of a ply are not substantially reduced by transverse cracking, especially in
polymer matrix laminates, where matrix contribution to ply and overall properties
is relatively small. Therefore, in a conservative approach, the effect of unknown
parameters can be circumvented by assuming that each cracked ply may reach
a maximum or saturation crack density, and estimate the crack-induced stiffness
changes accordingly. Finally, it is well known that transverse cracking can be
entirely suppressed by reducing ply thickness such that the tunneling crack cannot
release enough strain energy to overcome ply toughness (Dvorak et al. 1985; Dvorak
and Laws 1987; Ho and Suo 1993).

Next, we discuss a simple approach to determination of asymptotic limits on ply
stiffness when the crack density f — oo, and separately, the effect of ply thickness
on the said release of strain energy.
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Fig. 10.16 An infinite medium and a fiber ply with aligned slit cracks (Dvorak et al. 1985)

10.10.2 Ply Stiffness at Large Crack Density

An approximate model of a cracked ply was developed by Laws et al. (1983), based
on identification of the ply elastic properties with those of an infinite orthotropic
medium that contains a certain density of aligned slit cracks of constant width,
Fig. 10.16. The latter were estimated by the self-consistent method.

In particular, the self-consistent estimate of overall stiffness and compliance of a
two-phase medium of a certain volume V, consisting of a distribution of aligned slit
cracks of identical size in a transversely isotropic fibrous matrix Ly was derived by
Laws et al. (1983), using the potential and interaction energies of a single crack in
an orthotropic medium.

1 1
% = —E(O'O)TM()O'OV v = —Enazn(ao)TAaoV [5.4.8]
For the medium containing a certain crack density §, the total potential energy is

—%(GO)TM(,B)GOV = —%(GO)TMOGOV - %nazn(ao)TA(ﬁ)aoV (10.10.1)

Overall compliance M is then inverted using the identities ML = ML, = I, to
yield the overall stiffness

M=My+BA L=Ly—BLAL (10.10.2)
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As in (5.4.2), B = 7/4, and the crack density B = 4na® = 2a/d, the ratio of
ply thickness 2a to average distance d = 2a/f between cracks.
Nonzero coefficients of A are

L11 (O{i/z +O{;/2) 1

A22 = A44 = —
LiLy—L2 LasLss)"/?
12 (LaaLss) (5.4.6]
(L11L22)1/2 (“11/2 T O[;/2)
Aeo = 5
LyLy— L7,
where oy, a, are roots of
LiLest> — (L11La — L7, —2L1aLes) @ + LanLgg = 0 [4.6.8]

These results imply that the overall material symmetry of the cracked medium
is that of an orthotropic solid with nine stiffness and compliance coefficients,
Table 2.1. In particular, the compliance M in (10.10.1) is changed by the crack
density only in M»;, Ms4 and Meg, in three of the nine components, while the six
other compliance coefficients retain their original or undamaged magnitudes Mi(}
of the fibrous matrix. The nonzero coefficients of A are recast in terms of the
compliances M,-(])-, and the three variable coefficients of M are found as

My = M3, + B [M22M303 - (Mzo3)2] (“f/z + 0‘21/2) /M3
My = M3, + /35(1‘4'441‘4'505)1/2

_ 1/2 1/2
Mes = Mgy + 5[M22M303 - (M203)2] I:MIOIM3O3 - (M103)2] (0‘11/2 + 0‘;”) /M3y
(10.10.3)

Notice that the nonzero coefficient of A now appear as second terms, in
agreement with M in (10.10.2, 10.10.3). An analytical form of M44 can be found,
and a numerical solution of M, and M,¢ was described together with the thermal
and mechanical field averages by Dvorak et al. (1985).

The M™* now denotes the overall compliance of the cracked medium at large
values of crack density. It is evaluated from the self-consistent solution for § — oo,
which yields

My, Mjy, Mg — oo (10.10.4)

The corresponding overall stiffness is a singular matrix, found at the same
limit of .
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2
Ly = M303/V = L(l)l - (L(l)z) /L(z)z L, =L5=L5=0

L = _M103/V = L(1)3 - L(I)ZL(2)3/L32 Ly =Lg=0
2. . (10.10.5)
Ly = Mlol/V = L(3)3 - (L%) /Ly L35 = Lss

2
Yy = M101M303 - (M103)

These relations provide fairly accurate estimates of ply stiffnesses L;;; i, j =
1, 2, 3, at medium and higher crack concentrations.

Local strain field averages in the cracked ply can be divided between those
contributed by the cracks and by the fibrous matrix, with the latter possibly
containing a thermal strain component. Since the stress field is continuous, the
matrix average is equal to the overall average. The self-consistent prediction of
the crack accommodation strain is found from the instantaneous compliance M in
(10.10.2) under overall applied stress and from (10.3.3), where L is replaced by L

é. = BAL(Z —mA#b) (10.10.6)

where ¢ is the overall strain average and m is the overall thermal vector of the fibrous
‘matrix’, which is not changed by presence of empty or closed cracks. However,
the thermal stress vector I = —Lm depends on the variable stiffness of the cracked
medium.

In applications of the above results to the ply constitutive relations in (10.1.2—4),
it is necessary to change the coordinate system with x3 = x4 shown in Fig. 10.16
to that used in Sect. 10.1, which identifies the fiber axis with x; = x4. The x,—axis
is not affected. The said change is accomplished by taking the above stiffness

coefficient L to stand for (L%)" in (10.1.2). Also, L%, = L3, = 0 for (L3)",

(L’l"z)(') ,and L}, for (L’gé)(') . Coefficients LY, and L, are not included in the plane
stress constitutive relation of a ply. In the relations for the global coordinate system,
those changes carry over to (10.2.5). Similar changes need to be implemented in the
crack accommodation strain (10.10.6).

10.10.3 Effect of Ply Thickness on Energy Release
by Transverse Cracks

Evolution of an initial flaw into a crack, which then extends by tunneling along
the fiber direction through a ply, is shown schematically in Fig. 10.17. Transverse
cracking is the result of accumulation of many stage (3) tunneling cracks in a ply.
Of course, those cracks can propagate only if they release enough strain energy
to overcome the longitudinal fracture toughness of the ply. Therefore, the energy
released per unit length of crack extension depends on ply thickness 2a, and on
stiffnesses of the adjacent plies which may either reduce or enlarge the crack
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Fig. 10.17 Evolution of an initial flaw (1) into ply crack (2) and tunneling crack (3). (Dvorak and
Laws 1987)

opening displacement. Evaluation of the released energy has been the subject of
numerous model simulation in the references cited above, which most often favored
crossply laminates.

Simplified procedures neglect the effect of adjacent plies, which may be reduced
by crack deflection along ply interfaces. In particular, in the model of Fig. 10.16,
the focus is on a certain volume fraction of aligned slit cracks in the fibrous matrix.
Under overall applied stress a*, the potential energy per unit thickness |x3| = 1 of
the cracked medium was found in Sect. 5.4 as ¥ = U + V)

1 1
t=—50")" M’V ¥ =—2xa’n(0") AcV [5.:4.8]

and after substitution for A;; from (5.4.6), and with n = B/4a> = B/(wa?), the
interaction energy released by tunneling crack of unit length |x3| = 1 is expressed
in terms of the ply stress averages 0, = 02,04 = 03,06 = 0Op] as

1-
vi=3p [Azz(ff?z)2 + Aw(0%) + Aﬁé(ofz)z] % [5.4.9]

The interaction energy depends on the second powers of applied ply stress
components that activate the three crack opening modes, and on B = mwa’n, where n
is the average number of cracks of length 2a in a square of side 2a. However, actual
crack nucleation, multiplication or extension of existing cracks may be observed
only in Mode I, and usually not in the other two modes due to surface roughness.

Similar results were found by Ho and Suo (1993) who had also considered
periodic and kinked, tunnels and thermal cracking in laminates with isotropic glass
or ceramic plies.

Experimental confirmation of the effect of ply thickness on onset of transverse
cracking, or first ply failure, was provided by several early experiments by Bailey
et al. (1979), Crossman and Wang (1982) and Wang (1984). The results are
displayed in Fig. 10.18, where the experimental points at low ply thicknesses were
approximated by continuous curves corresponding to constant toughness or energy
release values Gi. = 9. The dashed lines approximate the experimental points at
high thickness values, and are apparently equal to the transverse strength of single
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Fig. 10.18 Stress at first ply failure as a function of ply thickness in an E-glass/epoxy crossply
laminate (Dvorak and Laws 1987)

0.3

0.25r

0.2

0.15

0.1

0.05

G

lc

T300/934

o (+25/90 )

* (0/90 /0)

0 (25,25 ,/90,)

(L)=220 J/im?

o Crossman, Wang (1982)
* Wang (1984)

04 0.8 1.2 1.6 2
Inner 90° ply thickness 2a [mm]
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plies. Intersection of the solid and dashed lines separates thin and thick plies. In
the two systems shown, very thin 0.1-0.2 mm thick plies are resistant to transverse
cracking. Actual ply thickness that offers similar resistance in a particular composite
systems should be confirmed by experiments (Fig. 10.19).

Our unpublished tension and torsion experiments were obtained on glass-epoxy
laminated tubes with (0,/90/0,), ¢ = 1.0, 2.0, 4.0 layups, all 4.0 in. in diameter.
Transverse cracks appeared prior to fiber failure in tension only in tubes containing
two and four inner plies, where they reduced only the E;’z) and ng) modulus and
stiffness. The longitudinal and transverse shear moduli were not affected, since the
crack surfaces meandered among the intact fibers, which resisted the crack opening
displacement of the two faces in both longitudinal and transverse modes. For the
same reason, torsion loads did not produce or extend existing transverse cracks at
zero tension, but they eventually caused extensive interface delamination. However,
no cracks were observed in tubes containing only single 90-degree plies, at ¢ =
1.0. Those had experienced only fiber failure in the 0-degree plies, without any
transverse cracks or visible ply delamination.



Chapter 11
Elastic — Plastic Solids

This chapter provides a short introduction to constitutive relations for materials that
exhibit incremental elastic-plastic deformation in response to an applied loading
path which extends beyond their initial yield surface. In a certain sense, it is
analogous to Chap. 2 on Anisotropic Elastic Solids, with which it shares the results
pertaining to isotropic elasticity. Moreover, the instantaneous tangential stiffness or
compliance matrices may have as many as 21 nonzero coefficients, as in triclinic
elastic materials. In preparation for Chap. 12, attention is focused on those parts of
incremental plasticity theory that are useful in modeling of metal matrix composites.

All derivations are executed in tensorial component notation. Final results are
converted into matrix notation suitable for numerical evaluations. More complete
expositions of the subject appear in one of many books on phenomenological theo-
ries of plasticity, for example, in Hill (1950), who also describes early development
of the field, or in Drucker (1967) and Lubliner (1990). A comprehensive treatment of
modern plasticity appears in the monograph by Jirasek and Bazant (2002). Research
efforts that connect overall response to microstructural deformation mechanisms
are described by Dawson (2000), Hutchinson (2000) and McDowell (2000), and in
many later publications.

11.1 Yield and Loading Surfaces, Normality and Convexity

A material point or a certain volume of a homogeneous, isotropic elastic material
is initially free of stress and any strain. When subjected to a uniform stress oy,
this material may exhibit elastic and plastic deformation that both evolve along a
prescribed loading path. The elastic part of the deformation is always governed by
the constitutive relations described in Sect. 2.2.8 and its magnitude is proportional to
0jj. Plastic deformation is described by entirely different rules, that can be divided
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into three groups. (a) Initial yield and subsequent loading surfaces that surround
the part of the applied stress space where the material deforms only elastically. (b)
Convexity and normality conditions that indicate the shape of the loading surface
and the direction of the plastic strain increment vector, caused by application of
a stress increment directed toward the exterior of the current loading surface. (c)
Hardening and flow rules that govern evolution of size, shape and position of the
loading surfaces, and of plastic strain increment magnitudes during active plastic
loading. Supported by the early experiments by Bridgman (1952) and by many
later results, the theories discussed below neglect the contribution, if any, of the
isotropic plastic strain component, &;, = 0, hencee = e/, the plastic strain
deviator. However, elastic dilatation continues as part of the elastic deformation that
accompanies plastic flow, and during unloading into the interior of the current yield
surface from the most recent loading point.

In contrast to elastic behavior, which is well defined by constant moduli, plastic
deformation is described by phenomenological theories which may include assumed
or hidden variables, and utilize material parameters whose values depend on the
applied loading path. Material characterization is limited to experiments in uniaxial
or biaxial tension and/or compression, which may be augmented by torsion of
pressurized thin-walled tubes. In most applications the actual loading path is more
complex than that used in the characterization, hence agreement between theoretical
predictions and observed behavior is often far from perfect.

11.1.1 Mises Yield and Loading Surfaces

Plastic deformation is caused by a state of stress that reaches an initial yield surface
or a subsequent loading surface in the six-dimensional stress space oj;, or in the
deviatoric stress space s;; = 0;;—(1/3)0% ;. In particular, the Mises loading surface
frequently adopted for metals is

1 1
f sy, ay. Y(eh,.0)) = E(sij —ay) (s — az) — §y2(85q,9) <0 (11.1.1)

where the first term is the second invariant J, = 5;38;/2 of the deviatoric stress
tensor §;; = (s — a;j), the s;; is the current loading point, a;; describes the position
of the current center of the surface, and Y (¢, 0)/ V3 = 1o( &by, 0) are the current
yield stresses in simple tension, and shear. Both a;; and Y or 7j have certain initial
magnitudes at the onset of first plastic deformation. Those usually change during
plastic flow, according to different hardening rules.

Among the several definitions of the yield stress in frequent use, we adopt
the stress magnitude which causes first deviation from linearly elastic response,
determined by back extrapolation to zero plastic strain, Fig. 12.7. The material
may have been exposed to previous periods of plastic straining, possibly followed
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by elastic unloading. The yield stress may depend on temperature 6, and on the
invariant of accumulated equivalent plastic strain &.,, defined in (11.1.3). In addition
to those appearing in (11.1.1), the loading surface may also depend on certain
internal variables, which represent various processes that may be observed on the
microscale, but are beyond the scope of direct measurement or modeling on the
macroscale.

Convenient forms of J, and its derivatives are

1 1
J = ES[jS[jZE(Slzl + 53, + 533 + 2533 + 253, + 257,)

1
Jr = 6[(0“ —00) + (0 — 033)* + (033 — 011)] + 0% + 0% + b

aJ: aJ:
2o 2o [S11, S22, 33, 2523, 2831, 2s12]"
80,7 as,-j
dJ,
sz = Edsjj = s,;jds,-j

(11.1.2)

Similar expressions describing yield and loading surfaces can be written in
principal stress components, which are normal stresses on principal planes of oy,
where shear stresses vanish. Under isotropic stress, 0;; = 011 = 023 = 033, J, = 0,
hence the Mises yield criterion does not depend on the isotropic part of the stress
tensor. This feature offers a simple image of the Mises surface, as a circular cylinder
of radius py = (M) Y, with the hydrostatic axis in the principal stress space. In
simple tension o1y, J, = 0121/3, and dJ, = (2/3)oy1doy; = (2J3/011)doy;.

The Mises yield criterion is often interpreted in terms of a critical magnitude of
the octahedral shear stress t2, = 2.J,/3, resolved on planes which form a regular
octahedron in the 3D principal stress space, with normals n = (3)'(£e,, %e;,
+ej3). While the 7, remains constant at all points of the yield or loading surface, the
principal stress directions and the said normals change from point to point along the
surface contour. Therefore, if 7, activates a certain slip system related to the current
alignment of the principal stress axes, then each point on the yield surface should
be associated with a different slip system. This association may prove useful in
selecting a suitable hardening rule. A less insightful or scalar interpretation of the
Mises yield condition is based on a critical magnitude of the distortional part of the
strain energy (2.1.5), which is equal to Wp = s;e;;/2 = 55,/ (4G) = J»/(2G).

As long as the time rate of plastic deformation is sufficiently slow, with typical
dwell periods of few minutes, material response appears not to depend on the
loading rate. Under such circumstances assumed here, time derivatives of stress
and strain indicated by top dots (*), can be used to denote their increments along a
loading path.

The equivalent or effective plastic strain sfq in (11.1.1) s an integral of invariant

plastic strain increments 85 = ég, accumulated during the total ‘time’ 0 <7 < T
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of possibly intermittent plastic deformation that starts at a certain reference state.
The equivalent stress o, is defined by the applied stress deviator components s;;

T T

) y 2., 1/2 3 1/2

Eog = | EodT = 3% dr 0, = 5 SiSi (11.1.3)
0 0

Under both uniaxial and multiaxial stress states, these two evolving invariants
trace an equivalent stress/plastic strain curve for a given material subjected to a
prescribed loading path. The numerical factors are selected such that in simple
tension, sfq = sf , and 0., = o071, indicating logarithmic strain and true stress,
which approximately coincide with engineering strain components (1.1.11) at the
small deformations assumed herein.

Any incremental change in plastic strain yields a positive increment éfq > 0,
regardless of the actual strain sign, hence sfq is a measure of a cumulative plastic
strain. The o, is also positive under similar circumstances. However, the loading
path in stress space may include unloading excursions into the interior of the current
loading surface, followed by loading periods, as in cyclic loading. The equivalent
stress is equal to the current yield stress at temperature 6 only during each plastic
loading period, 0., = Y(efqﬁ). Therefore, the equivalent stress/plastic strain curve
is effectively generated under sfq strain control. When thermal changes are applied
as secondary loads, the equivalent stress/plastic strain relation becomes a function
of the current temperature 6, measured from a certain reference value 6.

The time derivative of the equivalent stress/plastic strain curve defines the plastic
tangent modulus

H(e8,.0) = [60g — (0Y/00)6] /27, (11.1.4)
which provides the slope of a tangent to this curve at the current o,y = Y (e2,0). In
the above formula, the yield stress is assumed to decrease, dY /06 < 0 with 0 > 0,
causing a contraction of the yield surface and amplification of the effective stress
increment. Notice that H (¢,,0) is distinct from the plastic secant modulus Hs =
0eq/ €y that connects the total equivalent quantities in certain plasticity theories, but
is not used in the incremental theory described here.

Apart from the elastic moduli, the Y(efq,é) and H (8fq,9) are among very few
measurable parameters that represent material response under inelastic deformation.
In most applications, H (8fq,9) is derived from a tension or compression test, where
0Ocq = 011 and 856, = 8f 1» oritis assumed to follow a certain form, e.g., a power-law.
Whenever possible the plastic tangent modulus should be evaluated with regard to
the expected loading regime. Among the several different theories that have been
proposed to adaptively estimate H (el,;,0) under combined multiaxial loading, a
suitable choice is offered by the Dafalias and Popov (1976) two-surface model,
described briefly in Sect. (11.2.4) below.
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The sign of plastic tangent modulus is often used to classify three different types
of inelastic material response. H = 0 describes perfectly plastic or non-hardening
materials. Linear work hardening is implied by a constant H > 0, and the more
common nonlinear work hardening by H = H (8fq,9) > 0. Strain softening, often
caused by local cavitation or other distributed damage in the material, is indicated
by H = H(gl;,0) < 0. Other symbols, such as EZ, or h have also been used to
denote H in technical papers on plasticity.

11.1.2 Normality and Convexity of the Loading Surface

Application of stress increments 6;; or 5; along a loading path directed to the
exterior of the initial or current yield surface is possible in materials where the
current yield stress is elevated during plastic deformation. The initial yield surface
evolves into a loading surface which may change shape and/or position, such that
it always contains the current loading point. Loading points located outside the
current loading surface can not be reached in time-independent plasticity, but they
are admitted in viscoplasticity theories for time-dependent inelastic deformations,
applied to metals at elevated temperatures. Such theories have been described,
for example, by Chaboche (1989), Freed et al. (1991), Freed and Walker (1993),
Lemaitre and Chaboche (1990) and Krempl (2000).

Finding the loading point on a current loading surface is assured by satisfying
the consistency condition where

A . . 2.
fZESU—WYZSijSU—g)]YfO

‘ (11.1.5)
) ., [ay ., . av,
Sij = S —ajj = gfq&‘eqﬁ- EG

Since Y = o,, during plastic loading, the expression for Y above and in (11.1.4)
suggest that 3Y /del, = H (el,, 0).

Material responses described above by the plastic tangent modulus H are
reflected in the following criteria defining plastic loading, neutral loading and
unloading with respect to the current loading surface.

¢ #0 ifandonlyif f =0, f>0
. _ (11.1.6)
éf;:O if f<0and f <0, orif f=0and f =0

These criteria are sometimes interpreted as the Kuhn and Tucker (1951) condi-
tions associated with the solution of a convex linear programming problem.

Notice that unloading and reloading to the current loading surface, at f < 0
and f < 0, elicits only an elastic response. The same is formally true during
neutral loading, when f = Oand f = 0, and the loading vector coincides with
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a tangent to the loading surface. However, experiments often show that under such
circumstances, the loading surface tends to translate away from a neutral loading
point, to reposition the loading vector to a nearby regular loading point.

As long as the total strain is of infinitesimal magnitude, it can be additively
decomposed into elastic and inelastic or plastic parts. The total strain is then
evaluated as the integral of the increments & = &° + & + &7 taken along a thermo-
mechanical loading path, as shown in (11.1.11) below. The elastic and thermal strain
increments é¢ = Lo, ¢’ = m0 are derived using the stiffness and thermal strain
vector or expansion coefficient of an isofropic material in Table 8.1. Coefficients of
the plastic strain increment vector & follow from one of the flow rules described
below. They are constrained by the plastic incompressibility assumption é]fk =0,
hence they contribute only to the deviatoric components the total strain increment.

The direction of the plastic strain increment during loading follows from
the Drucker postulate (1950, 1951). Consider an elastic loading/unloading cy-
cle applied to a material point, or a small volume of material, by a certain
device that creates there a uniform state of stress o¢*. This stress is inside
the current loading surface so that f < 0. Additional stress (60 — 0*) is
applied by the device inside the elastic domain, until o reaches a point on
the current loading surface, f = 0, while other variables in (11.1.1) are held
constant. Next, an ‘external agency’, not connected to the loading device, is
called upon to apply and then remove a small stress increment £Ag directed
to the exterior of the current loading surface, such that f = 0, f > 0.
This generates both an elastic strain increment, which disappears upon removal of
the stress increment, Ae® = +Ae® — Ae® = 0, and a plastic strain increment Age?,
that remains as a total strain increment, Ae = Ae?. The elastic part of the loading
cycle is completed when the loading device returns the stress state back to o*, not
necessarily along the same path.

The Drucker postulate requires the total work performed by the loading device
and by the ‘external agency’ along the closed path 0 < t < T to be positive

T
W W WP — / [03(2) — 0 + Acylles(t) + Aegldr =0 (11.17)
0

\Afgf()e the equality holds only when 85 = 0. Since 0;;(0) = 03(T) and £3;(0) =
gt
ij

T
W = / [0j(v) — 0 + Aoy]lef(r) + AgfldT =0
0

(11.1.8)

ij

T
w=wP = / [oi(7) —O’J]A&‘Rdt =0
0
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where Aoy < (0j — cri;’-‘) is neglected. For Ad — &, Ae? — &7, the above
equations provide the following work inequalities
oy (&5 + ) >0 aU =20 (05—o0; )SU =0 (11.1.9)

Materials that satisfy (11.1.9) are stable in Drucker’s sense.

The last inequality also follows from the maximum dissipation postulate, first
proposed by von Mises (1928), which plays an important role in plasticity theory. In
particular, when regarded as a scalar product (6 — o *) e é” = 0 of the stress vector
inside the yield surface and the plastic strain increment, the inequality suggests
that the yield surface must be convex, and that the direction of the plastic strain
increment coincides with a normal to the yield surface. This property is typical
of an associative flow rule, or associative plasticity, exhibited by most but not all
materials or plasticity theories. It applies only at a material point or in a uniformly
deformed homogeneous material volume.

Definition of the direction of the plastic strain increment vector &7 implies a
superposition of a six-dimensional engineering strain space on the coaxial deviatoric
stress space. It states that the unit normal n;; to the yield surface in the stress space
coincides with the direction of the é”. In the tensorial component notation, the
direction of n; is interpreted as the derivative dJ,/d0;; = 0J,/0s; = s;; of J, with
respect to the nine-dimensional vector with components s;;. After scaling to unity

8]2/3&,- Sij
ni- = =
/ /SijSij \/2./2

The normality and convexity conditions are also satisfied at singular loading
points or corners of the loading surface, created by several intersecting branches
that represent uniformly deforming subvolumes. At such points, the plastic strain
increment vector is the resultant of the several subvolume contributions, and it is
confined inside a cone of normals to the intersecting branches (Hill 1967). For
example, as will be shown in Chap. 12, such branches appear in the overall stress
space of composite materials with elastic-plastic matrices, as projections of many
local yield surfaces at different points of a subdivided nonuniform deformation field.

Constitutive relations for elastic-plastic deformation described by the Mises or
J, theory, also called the Prandtl-Reuss equations, are usually written as

ngng = 1 (11.1.10)

Ej = &+ & + & = My + mg + A s;
o RIRRI
6 = Liju(én — &4 — é) = Lia(éu — mub — A s0)

where Ly and My, are elastic stiffness and compliance tensors, which satisfy
LijuMiimn = Iijmn, and my; is the thermal strain tensor, all for an isotropic solid.

The normality condition is satisfied by the coaxiality of n;; and s; = (2J5) 12

The scalar multiplier A s proportional to the magnitude of |8 ,and 6 is a
temperature increment. Specific forms of eij = Asij related to different hardening

rules are described next.


http://dx.doi.org/10.1007/978-94-007-4101-0_12

344 11 Elastic — Plastic Solids
11.2 Hardening and Flow Rules

During plastic loading (11.1.6);, the consistency condition (11.1.5) is satisfied by
changes in the shape and/or position of the loading surface according to certain
isotropic and/or kinematic hardening rules. Any current loading point o;; + &;; or
s;+ 8;; on the prescribed loading path must lie on the loading surface, and unloading
from the last loading point takes place along a path that lies entirely within the cur-
rent loading surface, where material response is determined by the original elastic
moduli. Reloading to the last or to any other point on the current loading surface also
causes only elastic strains. A loading path that extends beyond the current loading
surface must be accompanied by expansion and/or translation of the surface such
that it contains the loading point. This accommodation process is directed by several
hardening rules, with associated definitions of the magnitudes and directions of the
plastic strain increments at each loading point of a prescribed stress path.

11.2.1 Isotropic Hardening and Flow Rules

Isotropic hardening implies expansion of the initial yield surface, in which its
original shape is retained but the yield stress is allowed to increase as a certain
function of accumulated equivalent plastic strain &2, or of the total work dissipated
by plastic deformation. Both criteria yield similar predictions of material response.
The center of the loading surface does not translate, hence a; = 0 and the loading
surface can only expand, according to (11.1.1)

f(s3.Y(e8,.0)) = %s,,»s,,» - %Yz(ggq, 6) <0 (11.2.1)
The plastic strain increment 85 = Aslj in (11.1.11) is derived as a vector normal
to this yield surface, such that its invariant éfq, defined in (11.1.3) satisfies (11.1.4),
while 0., = Y (¢4, 0). The current value of the plastic tangent modulus H (&, 0)
determines the rate of change of the yield stress, or of the expansion of the yield
surface, at the current loading point.
The scalar multiplier A can be evaluated by several procedures. A very simple
one employs definitions of £, and Ocq in (11.1.3), written as

) 2. \"* /2 2 g,
€y = (g&:f&:f) = l(gsijsij) = gkoeq (11.2.2)
According to (11.1.4), H (¢£,.0)éh, = 6., — (0Y/30)0, hence
3 Y .
= | Oeq — 550 11.2.3
2H (el 0)02, [a T } (11.2.3)
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Moreover, whether found under simple or combined, monotonic or cyclic
loading, the tangent plastic modulus H (l,, ) also describes material response
under simple tension, where

o1 #0= 511 =2011/3, sn=s3=-011/3 Jo=0}/3
_ (11.2.4)
011 = O¢q 8{71 = éfq o) = H(qu,e)éfl + (8Y/89)9
Then
. 2. 1 ay .
P = A, = —A, = - 3 — —9
R A A ["“ 96 }
(11.2.5)

Ny} 3 s g
= —-—— O’e —_— —
2H (g, 0)oe, | 1 00

This derivation of A for isotropic hardening can be extended to any loading path,
with the same result written in terms of the equivalent variables. Of course, different
H (g0, 0) values may be encountered during loading along dissimilar loading paths
applied to a given elastic-plastic material. )

Frequently used but more laborious way to find A relies on the consistency
equation for the isotropic hardening yield function (11.1.12), which follows from
(11.1.5) with ajj = 0, Sij = 5,:,'.

af . of . ) Y .
=8 — ¥ =88 — 3Y b+ ==01=<0
asy 0 ay T STy [agffeﬁ 30 }

f (11.2.6)

Here we only need to show that the J derived above satisfies this equation. Using
again éby = (2/3)A0,,, and H (¢4y,0) = [6., — (9Y/30)0]/éb, = (3Y /dely) from
(11.1.4), we find after some algebra that for f — 0

A

9(sii5:1)/ (20eg) — 3(3Y /36)0 3 ) &
= yoy q}? ( / ) = 5 Geg — —] (11.2.7)
2H (€eq, 0)0eq 2H (e, 0)0eq a0

where according to (11.1.12), 0.y = Y = +/3J>, and 6.4 = /3/(4J>2) s;;; during
plastic loading. This provides another form of the consistency equation

: 2
S =S — gaeqc'req <0 (11.2.8)

A substitution for s;§; into (11.2.7) then confirms the last equality there, which
reproduces (11.2.3) and (11.2.5).

A convenient form of the plastic strain increment can be found using the above
expressions for A, 0., and 6,4, and the unit normal to the yield surface. As shown
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in (11.1.10), the unit normal is written in the tensorial component notation as n;; =
5;i/ «/2J5. The plastic strain increment is

éP_jH.._; SuS _\/§B_Yg g.._; nus _\/?B_Yg Hii
ii Sij 4H(8£q,0)‘]2 KISkl 390 Sij 2H(qu,9) kISkl 396 ij

where $y; is the applied deviatoric stress increment and 6 is the rate of temperature
change.
An inverse relation that evaluates the plastic part of an applied total strain

increment €;; is obtained using $; = 2G (é;; — ég. - éf;), where é;; = &; — (éxk/3)d;;.

ép_; WS \/?a_Yg N
i T oHED.0) | T Ve |1

(11.2.10)
3G @ . \/’
= ——nyle —¢ ni —
Hely,0) M~ TN D H (el 6) ae
It can be shown from the definition of nj; that n;d; = 0, hence njeyny =
nijeun and nySyn; = nyoyun;. Also, nklsflnlj = 5”, since n;; and é,fl are coaxial.
That finally yields
o 3 _ \/E o
& =————— | nyow — /==—0 | nj;
YT oH@EL.0) | T V3ae |
(11.2.11)
1 1 8Y
&l = ni (e — €4
T+ Hiel 0)/(B3G)] [ N TR

where 0y, and &y are the applied stress and total strain increments, and é,fl =m klé,
my = ady for an isotropic material, Table 8.1.

Different, often more elaborate but equivalent forms of ¢ 5 can be found in books
and papers on plasticity. The results presented here, in terms of the normals to the
current yield surface, are convenient in numerical work, as shown in Sect. 11.3.

11.2.2 Kinematic Hardening and Flow Rules

Kinematic hardening retains the shape and size of the initial yield surface (11.1.1),
but it allows its translation in the six-dimensional stress or deviatoric stress spaces.
The loading surface is described by

f((S,:j — a,'j), Y(e)) = %(S,j — a,;j)(s,;j — a,:,') — %YZ(Q) < 0 (11212)
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where a;; indicates position of the current center of the loading surface in the
deviatoric stress space; it is often regarded as a back stress, which is examined
in Sect. 12.1.4. The actual yield stress is again derived from an equivalent
stress/temperature/plastic strain relation, hence it increases with accumulated 856,
and it changes with 6. In kinematic hardening, this increase is accommodated by
the translation vector a;;, while Y (6) determines the constant size or ‘diameter’ of
the yield surface. The translation vector a;;is derived from one of the following
hardening rules.

The Prager-Ziegler hardening rule (Ziegler 1959) postulates that application of
a deviatoric stress increment §;; at a current loading point s; causes translation of
the loading surface in the direction of the current stress vector (s;; — a;)

a; = 1(sy — ay) (11.2.13)
where the scalar multiplier

7= (Spg — apq)

= a6, s b~ 0Y/36)0] (112.14)

is found at the current stress s; such that the translated yield surface meets the
stress increment at the new loading point s;; + §;;. This is guaranteed by projecting
the stress increment onto the translation vector via the scalar product appearing in
the numerator. In the original version of this rule, proposed by Prager (1956), the
direction of both the translation ¢;; and the plastic strain increment ¢;; were assumed
to coincide with that of the normal n;;. That led to certain inconsistencies that were
discovered and resolved by Shield and Ziegler (1958).

The Phillips hardening rule (Phillips et al. 1972, 1974; Phillips 1986) specifies
that the translation is equal to the stress increment itself

ag = ps; (11.2.15)

where p shows the effect of a temperature change. From the consistency condition
(11.1.5), p is found as

2_0Y . 2Y Y.

Extensive experimental investigations on aluminum by Phillips and coworkers,
as well as by Dvorak et al. (1988) and Nigam et al. (1994) on metal matrix
composites, and by Ellyin (1989) on titanium, show that this rule provides a good
qualitative prediction of observed locations of yield and loading surfaces, which
are often entirely different from those predicted by the Prager-Ziegler rule. The
said experiments detected the yield surfaces at very small deviations from elastic
strains, at several points of a combined normal and shear stress loading/unloading
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path that generated plastic strains of moderate magnitude. However, actual shapes
and sizes of so detected loading surfaces undergo changes during continuing plastic
deformation, that are at best only approximated by the Phillips kinematic hardening
rule.

Notice that during application of any stress increment, the Phillips rule retains
the original position of the loading point on the translated loading surface, together
with the magnitude and principal directions of the stress (s; — a;j). Preservation
of the principal stress directions by this hardening rule suggests that the current
slip system may continue to operate during active plastic loading. This appears to
be physically more appealing, at least at very small plastic strains, than the sudden
changes in loading point position, principal stress directions and possible slip system
orientations, implied by the isotropic and Prager-Ziegler hardening rules under non-
proportional loading.

In materials undergoing kinematic hardening, the current yield stress Y (6) no
longer appears as a function of the plastic strain rate é2,. To reintroduce this rate
into the yield function and in the consistency equation, Ziegler (1959) proposed to
make its magnitude proportional to a;;

Of _ o0 _ 5080

1 = cil 2L 11.2.17
@i aSij Y BSU ¢ aSij BSU ( )

That modifies the consistency equation (11.1.5) and it yields the A multiplier

2_0Y .

(s = ap)lsy — ¢ Asj —ap] = ¥ 550 <0
. 2_0dY. (11.2.18)
_ (Sij — aij)sij — gYa—ee
¢ (S — aw) (s — an)
together with
. : 1 . 20Y -
&y = Alsy —ay) = - |:nk1sk1 - \/;EQ] ni (11.2.19)

according to the connections n; = (s;j —a;)/~/2J> from (11.1.10),and Y = /3,
from (11.1.1).

The proportionality constant ¢ is derived again with reference to deformation
under simple tension. With o3 # 0 = s1; = 2011/3, s = s33 = —o011/3,
J = 0121/3, equations (11.2.19) and (11.1.4) provide

2 Y 2 Yy ] 2
P . orf N P _2 )
& 3¢ [011 %0 9i| = 3éf1 |:011 29 9i| 3H(seq,Q) (11.2.20)
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The plastic strain increment (11.2.19) has the final form

3 20Y
= i — 26 | ny 11.2.21
i T 2H (D, ) ["“s"’ 390 ]"’ ( )

which is the same result as that obtained with isotropic hardening. Therefore,
application of a stress increment oy, or a total strain increment &y, generate the
plastic strain rates

&r 3 10 \/jayé nii
P aH@ED 0y | T V3ae |

&l = ! |:n (é —ée)——l B—Ye}n
T+ HER /GO e ae |

[11.2.11]

where é,‘fl = myB, my = ady in an isotropic material, Table 8.1.

11.2.3 Mixed Isotropic and Kinematic Hardening Rules

This type of hardening is often observed under cyclic loading, where the yield
surface may expand with the number of cycles, while exhibiting translations within
each cycle. Models of mixed hardening modify the kinematic hardening rules by
either retarding the translation a;; of the yield surface center, or by expanding the
surface, both as functions of the accumulated equivalent plastic strain efq. The first
choice is illustrated by the Armstrong and Frederick (1966) rule, which specifies
evolution of the back stress by the differential equation

aj = %H(efq, G)ég + gég’qaij (11.2.22)
where g is a material parameter. The first term evolves a;; as implied by (11.2.17)
and the second part is the retardation term.

The second choice, examined below, involves enhancement of the yield stress
in the kinematic hardening rule (11.2.12), by adding an isotropic internal stress
0 (9, efq), with the loading surface assuming the form

1 1
f(sjay. Y(elh,.0)) = E(s,-j —ay) (s — ag) — 5[Ym(e, el) <0 (11.2.23)

where the modified yield stress is Y, (0, &%) = [Y (6) + Q (0, &%,)]. Evolution of
0O (0.¢l;) was studied by Chan et al. (1988), Lindholm et al. (1984). Chaboche
(1989) and Zaverl and Lee (1978), who suggested the differential form

0(0. ) = q(0)[Qa(0) — O], (11.2.24)
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with initial conditions Q = 0 at sfq = 0. That can be integrated to yield

Q0. £2) = Qu(O)[1 —exp (—gq(8) £2))] (11.2.25)

The Q rises with plastic strain until it reaches an asymptotic value Q,(8), at a
rate indicated by ¢(6). Both Q,(6) and ¢(6) can be evaluated by monitoring yield
stress changes in cyclic tests at different constant temperatures 6.

The consistency condition (11.1.5) and (11.2.2), together with (11.2.24), now
yield

P 2 Y, . aY,, -
J =585 = 3 ¥m [@gfq + 3—99}

5 5 3y (11.2.26)
:~i'Li'__Ym —q(6 a — A e _me =
5% 3T [ 300)(Q0 = O, + 50| <0
Recall that §; = (s;; — a;), 35;55/2 = Geqv/3J2 and Y = /3.3, and write the
final form of A as

3. Y, -
3 |:—SijSij - meé} ~ 3 [& B %9} (11227,
C2Yug(0)(Qu— Q)oeg  2q(0)(Qu— Q)G L 1 30 .

Proceeding as in (11.2.10) and (11.2.11), we find the plastic strain increments
caused by applied deviatoric stress or by total strain increment

é?:; ns —\/2%0 ni
P 2q0)( Q. —0) | T V3 |

&l = : [Vlkl(ékz — &) — ;%9} njj
Y {1+ 1q(0)(Qa — 0)]/(3G)} ¥ J6G 96 Y
(11.2.28)

where as in (11.2.11), nySyn; = nyuoun;. Notice that these results are similar
to those in (11.2.11), where the H(sfqﬁ) tangent modulus (11.1.4) has now been
replaced by Q (0, €%,)/ &b, = q(6)[Q4(0) — Q] from (11.2.24).

To incorporate the Armstrong-Frederick back stress retardation term in this
result, one can rewrite (11.2.22) as

2.
aij = FALH (egy. 0)sij + 80egat] (11.2.29)

and substitute that into EU = (8§ — a;j). The expression in square brackets will then
appear in the denominators of (11.2.28).



11.2  Hardening and Flow Rules 351

11.2.4 The Dafalias-Popov Model for Adaptive Estimate
of the Tangent Modulus

Originally invented for applications to cyclic loading (Dafalias and Popov 1976),
this model was found to be useful in interpretation of combined loading experiments
on fibrous metal matrix composites. Several other models of this kind prefer to
employ additional loading surfaces and hidden variables, which may be open to
subjective interpretation.

Under simple tension cycles, applied stress o and plastic strain ¢” are connected
as indicated in Fig. 11.1. The yield stress increases from an initial value at a very
small plastic strain, to a bounding value indicated by a linear or nonlinear function of
larger plastic strain. The difference §(g”), between the current and bounding values
of the applied stress at points s and §, changes from an initial maximum &;, at the
onset of yielding to §(¢”) — 0 when a bound is reached. In particular, H (¢”) — oo
at §(e?) — i, and H (¢”) — Hy at §(e”) — 0.

The uniaxial model describes the plastic tangent modulus H (¢”) by a function

of §(e?)
H(e?, 0) = Ho(0) + h(0) 8(e?)/[6in — 8()] (11.2.30)

where / is added as a material parameter to those designated by &;, and Hy. The
initial stress distance 8;, may have a different value in the loading and unloading
branches of the stress-plastic strain curve, and also in subsequent load cycles. Of
course, after § — 0, the H(&”) can be described by another function of plastic
strain that admits nonlinear hardening at larger strains.

In the six-dimensional stress space, the diagram in Fig. 11.1 is represented by
a pair of loading surfaces shown in Fig. 11.2, which may again be described by
functions of deviatoric stress, with two constant yield stresses in simple tension.

S Gy =ap). YO) = 355~ ay) sy —a) ~ 37°(@) <0
: 1 (11.2.31)
F((55—by). Y(0)) = E(Eij — bij) (5i — by) — 51_’2(9) <0

The top bar now denotes quantities associated with the bounding surface F. The
interior yield surface f always surrounds the present elastic deformation region in
stress space. As long as the current loading point, denoted by s at 0y, resides on the
yield surface f, plastic strain is determined by the flow rule associated with f. The
exterior bounding surface F indicates onset of larger plastic strains, along the bound
lines in the uniaxial diagram. Once the loading point s approaches and merges with
5 at o;; on the bounding surface, the plastic strain increment is derived from the
flow rule associated with F. The bounding surface retains this role while the two
surfaces are in contact. Experimental evidence of the bounding surface can be found
in Phillips and Lee (1979).
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BOUND

]

o

Fig. 11.1 Schematic representation of the quantities 8, 8i,, H, Hp in a uniaxial test

Before inelastic deformation, the bounding surface F is usually defined as an
isotropic expansion of the yield surface

(55 — byj) = §(sij — ay) (11.2.32)

where £ > 1 is a similarity ratio. While the centers of the two surfaces coincide,
this expansion carries the point at s on the yield surface to its position s on the
bounding surface, hence the normals to the two surfaces at points s and § have the
same direction. The distance § between points s and § corresponds to that from §;,
in the uniaxial test in Fig. 11.1.

During plastic loading, both surfaces undergo coupled simultaneous translations
in stress space, and possible shape or size changes if mixed hardening is considered.
They approach each other along a vector 7n;; directed from s toward §. The yield
surface translates by a;; derived from a selected kinematic or mixed hardening rule,
while the center of the bounding surface translates according to

by =a;—Cny nyny =1 (11.2.33)

The scalar factor C follows from the hardening and flow rules that apply to the
two surfaces in stress space, and from possible shape or size changes in mixed
hardening. As long as the loading point s # 5, the translating bounding surface
serves only as a carrier of the point §. Current distance § between the two points is

§ = [(s5 — s3) (55 — si]'/? (11.2.34)

This distance, together with Hy and §;,, found prior to any plastic deformation as
8 = &in, yields the instantaneous value of the plastic tangent modulus

H (e, 0) = Ho(0) + h8(e7)/ [ — 5()] [11.2.30]
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yield
surface

bounding surface

o1
Fig. 11.2 Yield and bounding surfaces during plastic flow
which is then used to relate current G, éfq and 6 by
H(el,.0) = [6., — (3Y/36)6] /¢, [11.1.4]

Once the two surfaces come into contact at points s — § with the same normal,
they translate together as long as plastic loading continues, while the flow rule
associated with the bounding surface determines the plastic strain increment. Upon
unloading, followed by reverse loading at another point on the yield surface, the two
surfaces may separate and translate again toward possible contact at another pair of
points with aligned normals.

In particular, when the Phillips kinematic hardening rule (11.2.10) is adopted for
both surfaces, and the translation rates are described by the first term in (11.2.22),
the Dafalias and Popov model stipulates that

) 2 P 2 ) : 2 )
ayni = S H (el 0)(Efe))'* = \E H(ely 0060, byny = \/; Ho(9)ég,

. _ . . 2 Ho(0) . :
byny = ayny — Cngng = Cngny = \/;(1 - m) (6eg — (3Y/06)6)
eq»

. 2( Ho(0) )[éreq—(BY/a@)é]
C=4=(1-
H(ely, 0) NNk

3
(11.2.35)
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The hardening rule for the bounding surface finally is

. . 2 Ho(0 5eg — (3 /306
bij = a; — Cny = §; — V_(l_ Ofg ; )[Uq lis ]’7:'1' (11.2.36)
‘ ‘ ‘ 3 H (g¢q,0) Nkt ki ‘

where §;; is the applied deviatoric stress increment that also evaluates 0.

The distance between any two loading points can also be written as 6n; =
0;j — 0y The derivation utilizes n;n; = 1, n;m; = 0 and equations that follow
(11.2.32), and it yields

877;“ = (35' —Gy)ny = §(0y — ay)ny + (,3; — Gy N
ij ij i) i ij ] ij i) (11.2.37)

= (§ — 1)(65 — d;)ny — Cny

Since £ > 1, the first term can change signs according to the direction of
0;;. However, C > 0 in the second term, making this term with the minus sign
always negative. This result indicates the rate of approach or separation of the
surfaces during loading and unloading, and the corresponding rate of change of
the H (¢£,, 0) according to (11.2.30).

The two surface model can be easily modified for applications to systems where
the bounding surface F' undergoes mixed or purely isotropic hardening during those
loading periods when the two surfaces are in contact. In the latter case, b; = 0
in (11.2.35),, which is replaced by the isotropic form (11.1.12) with the associated
flow rule. The yield surface f may translate in purely kinematic mode inside the
bounding surface, which remains stationary during separation and approach periods
but may expand when it acquires the loading point. Such behavior was implied by
experiments on aluminum in plane stress, conducted by Phillips and co-workers.
However, experimental support for this or other models describing the evolution of
H (¢l,, 0) under general loading conditions does not appear to be available.

11.3 Matrix Form and Consistency of the Instantaneous
Tangent Stiffness

The results found in the preceding sections show that expressions evaluating the
plastic strain rate 85 associated with the Mises yield and loading surfaces are not
dependent on the distinctions between isotropic, kinematic or mixed hardening,
except for the separate plastic tangent modulus specified in (11.2.24). However, the
different hardening rules determine changes in size or position that the surfaces
experience in response to loading. This implies changes in the direction of the
current normal n;;, which is coaxial with the plastic strain rate in superimposed
engineering strain coordinates, and is a function of the current value of the applied
deviatoric stress during plastic loading. The magnitude of elpl depends on the current
values of the stress increment §;;, and on the plastic tangent modulus H (sfq, 0) or
q(0)[Q4(8) — Q]. When caused by an applied strain increment é;, it also depends
on the elastic shear modulus G.
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Numerical evaluations of the elastic and plastic strain increments generated in
each loading step are facilitated by using a matrix form of the constitutive relations
derived for different hardening rules in (11.2.10-11.2.11), (11.2.19) and (11.2.28).
The tensorial component notation and its contracted form of Sect. 2.1 are used,
instead of the engineering matrix notation.

First, recall from (11.1.10) that n;; = s;/ /5555 = 8;i/~/2J>. The nynj; which
appears in the said constitutive relations, represents a fourth-order projector tensor,
denoted here by E, with the following properties that assure consistency of the
relations

Eju = — = 4% _ 11.3.1
i = Mgl = nghyy = ——— = Ey; (11.3.1)
PaSpq
§ii§k1 §k1§Pq (§kl§kl)§ij§r'q §ii§P‘1
E:E = (nyny) (nunpg) = =— ——— = ————5 = -— = E (11.3.2)
SrsSrs SrsSrs (Srssrs) SrsSrs

where §; = s;; — a;; can is used when needed in a particular hardening rule. The
idempotent matrix that satisfies these requirements and reproduces the tensorial
component result in contracted tensorial notation is

52515 5153 S84 5155 515

. - 52 5535 554 585 525

~~T ~ ~ ~ ~ o~~~

ss - S5 8384 S$3855 538
E=_—_—=() & 300 T (11.3.3)

s s a1 \n 54855 S456

~2 ~ o~

53 85556

L sym. 's%
The leading denominator 1/(5,3,) assures compliance with EE = E, which

parallels (11.3.2). In some technical papers on plasticity, this denominator is
replaced by 1/ (2J,) or by a yield stress equivalent of 1/ (2J5), with J, from (11.1.2).
Since § = 2Ge, the above matrix can also be evaluated as originally suggested by
Ponte Castaneda (1996); E = (ee”)/(eTe). The n; in (11.1.10) is transcribed as

5/ \/ﬁ , hence carrying this result into (11.3.1) should yield the correct form of E.

The plastic strain increments associated with Mises or J, yield surfaces that
undergo either isotropic or kinematic hardening were derived under applied overall
rates of stress or strain and temperature change as

o 3 5 _\/§3Y9- )
i T 2H@EL, o) | T Vaae |

gl = ! |:n (é —é")——l 3—Y€:|n
T U+ HEL,0) /G LT T eg a0 ]!

[11.1.22]

Under traction boundary conditions, the total strain increment & = &+l 1ér,
caused by application of a stress increment 6 and thermal change 6, follows from
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the standard thermoelastic relations (11.1.11). Both elastic and plastic strains are
generated by the independent loads ¢ and 6. The thermomechanical elastic-plastic
constitutive relations are written in the tensorial component and contracted tensorial
notations.

. . : . 3
&j = Myuou +my0 My = Mg, + T)nijnkl = Mui
eqa
(11.3.4)
. [3 @v/ae)
my = mg — ———ny
H(seq, 0)

o 3 3 0v/00) [ 3
Mo mb M=M 4 E m—m
§=Mé+m Twme e "™ TNIHE, 0) <\/§T§)
(113.5)

where M = M°® + MP” and m = m® + m? are the (6 x 6) instantaneous elastic-
plastic compliance matrix and the (6 x 1) thermal strain vector. M ¢ is the elastic
compliance matrix and &, = my6, m¢, = &y, is the thermal strain vector for
isotropic materials, m® = [«, o, «, 0, 0, 0]T, Table 8.1.

Under displacement boundary conditions, the stress increment caused by an
applied total strain increment, which includes thermal and plastic parts, is

G = L (6 — £ — &) (11.3.6)

where L, is the elastic stiffness of an isotropic material, and ¢, is the total applied
strain. The plastic strain increment caused by an applied total strain increment

is given by (11.2.11),. Since the tensor &, has zero isotropic part, é]’:k = 0,
its contribution to the isotropic stress is oxx = 3K e',fk = 0, and the product
Lf]klé,d = 2Gé{; . Therefore, the stress rate can be expressed as

. . . 2G nin;
0y =L + [0 = [Lfﬂd d

[1 + H(elg,0)/(3G)]

+[—Lf ¢+ 26 ( P aY) }é
A N TE Ve ALV TR T
(11.3.7)

In matrix form, with £ = L + L?, [ =1 + (7

2G

6=Lé+[0 L=L"— > E
[1+ H(eeq, )/ (3G)]

[=—L°m + 2G Emey L V[ 5
- (1 + H(eky. 0)/(3G)] V6G 90\ \[5T5
(11.3.8)
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where £ = L + £? = L" denotes the (6 x 6) instantaneous elastic-plastic tangent
stiffness, and [ = I + [? the related (6 x 1) thermal stress vector.

Coefficients of the E matrix depend on the current deviatoric stresses at the
loading point, with many or all of the six coefficients 5, possibly assuming values
different from zero. Therefore, during plastic loading, the instantaneous tangent
stiffness and compliance matrices may have few if any zero valued coefficients
among the 21, as in triclinic materials. However, isotropic material symmetry
prevails in definition of the elastic stiffness matrix during loading, and upon elastic
unloading. As long as the position of the loading point and thus the direction
of the normal to the loading surface remain fixed during continuing loading, the
coefficients of both the instantaneous tangential stiffness £ and thermal stress vector
[ retain their magnitudes. Therefore, such loading can be regarded as proportional
loading. That type of loading is implied by Phillips-type kinematic hardening.

Consistency of the elastic-plastic constitutive relations requires the instantaneous
tangential stiffness and compliance tensors and thermal vectors to comply with

LigiMiimn = Ly myj = =Ml Lj = —Lijumpy (11.3.9)

Proving these relations is facilitated by the projector tensors described in (1.1.16),
and by the projector tensor E.

1 1
Jij = §8ij8kl K = 5(5,'1(5;1 +8i81) — S = Ly — Ty Eijuw = nygnp
(11.3.10)

The elastic plastic constitutive relations (11.3.5) and (11.3.8) can be written as

26 ! ! 3
Y M=—J4t_ Kk+—-F
rranet MT3x? Tkt am

(11.3.11)

L =3KJ+2GK -

where the J and K matrices are evaluated in (1.1.19). The two leading terms on the
right hand sides represent the isotropic elastic stiffness L¢ and compliance M ¢ of
the elastic-plastic material. The projector tensors and matrices have the properties
shown in (2.2.28) augmented here to include those of the E tensor (Ponte Castaneda
1996).

JJ=J KK=K KJ=0 J+K=1 K-E=F
FF=F EF=0 EJ=0 FJ=0 (11.3.12)
KE =EK=EE=E
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Proof of consistency follows from

LM =]J]+KK+[6G/2H)|KE — [1 + H/(3G)] 'EK
—[3G/H][1 + H/(3G)|"'EE (11.3.13)
=J+K=1

In the contracted tensorial notation of Sect. 2.1, the Kronecker symbol is § =
[1, 1, 1, 0, 0, 0]", the projection matrices J = 88T/3 and K = I — J are
both diagonally symmetric and idempotent, and together with E in (11.3.3), they
satisfy the connections implied by (11.3.12). Therefore, the above proof applies in
both tensorial component and in contracted tensorial notation. Since the E matrix
typically has nonzero off-diagonal coefficients, connections between the contracted
tensorial matrices £ and their engineering forms no longer follow from (1.1.22).
However, similar connections can be established by modification of the stiffness
matrix.

Separation of the elastic and plastic parts of the instantaneous tangential stiffness
and compliance tensors, £ = L + L?, M = M* + M?, shows that

2G 3 _ 3G/H
_1+(H/3G)E M? =gt M= [l + (H/3G)]

(11.3.14)

LP =

That confirms that only the elastic and total instantaneous stiffness and com-
pliance are consistent, while the plastic parts by themselves are not. The last two
connections between the thermal vectors in (11.3.9) are verified by multiplying the
respective tensors, while using the relation ijkl"kl = 2Gnj;.

Equations (11.3.11) provide the instantaneous elastic-plastic tangent stiffness
and compliance derived by differentiation of the constitutive relation. Evaluation
of plastic strain increments in each next loading step requires application of a
selected stress and temperature increments, of the yield condition, hardening rule
and loading/unloading criteria, followed by construction of the current E projection
matrix. Different incremental iterative solution procedures can be used in finding a
numerical solution. To preserve the quadratic rate of convergence of the Newton-
Raphson equilibrium iteration, it is preferable to replace the tangent stiffness by
an algorithmic stiffness obtained by differentiation of the numerical algorithm
used in stress evaluation. This consistent linearization technique was developed
by Hughes and Pister (1978), Hughes and Taylor (1978) and Simo and Hughes
(1998). A flowchart for equilibrium solution using the secant Newton method with
algorithmic moduli can be found in Box 6.6, Sect. 6.4.7 in Belytschko et al. (2000).
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Chapter 12
Inelastic Composite Materials

Initial applications of elastic—plastic and other inelastic constitutive relations in
predicting overall response of heterogeneous materials had focused on polycrys-
talline metals, modeled as a multiphase system of randomly orientated single
crystal grains which were assigned certain yield conditions and slip mechanisms.
Early work includes the slip theory of Batdorf and Budiansky (1949), the rigid-
plastic single crystal system of Bishop and Hill (1951), the elastic—plastic K.B.W.
model of Kroner (1961) and the self-consistent approximation by Hershey (1954)
and by Budiansky and Wu (1962). Further developed by Hill (1965c¢, 1967) and
implemented by Hutchinson (1970), the SCM approximation extended the elasticity
form of the method to polycrystals and two-phase composites. That and numerous
other extensions of elastic micromechanical methods to inelastic systems provide an
interface with the latter. However, they often assume uniform elastic and inelastic
deformation in each grain, or in the entire matrix of a particulate or fibrous
composite, according to a specified constitutive relation. Since local deformation
is not uniform, the overall response predicted by such theories is not supported by
experiments, as shown in Sect. 12.2.2. Nonuniform local deformation was examined
on composite cylinders under axisymmetric and thermal loads, and in shakedown
state, by Dvorak and Rao (19764, b), Tarn, et al. (1975). General loading effects
were investigated with models which constrained only longitudinal deformation
by elastic fibers (Dvorak and Bahei-El-Din 1979, 1980, 1982). More recent work,
supported by numerical methods, has focused on realistic aspects of deformation
mechanisms of polycrystals and composites, as reviewed by Dawson, Hutchinson,
Torquato and others in a report on research trends in solid mechanics (Dvorak 1999).

An alternative early approach by Mulhern et al. (1967, 1969) and Spencer (1972,
1987) focused on macroscopic behavior of unidirectional ‘ideal fiber reinforced
materials’ at finite inelastic strain. In that regime, the material was subjected to
kinematic constraints of fiber inextensibility and overall incompressibility, inspired
by modeling of large deformations of elastic materials such as rubber reinforced by
inextensible cords, which was proposed in the 1950s by Adkins and Rivlin and
summarized by Green and Adkins (1960). Yield conditions and associated flow
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rules were written as functions overall invariants of transverse isotropy (2.2.15),
analogous to those in Hill’s (1948) anisotropic plasticity theory. The methodology
was extended to laminates by Smith and Spencer (1970) and by other investigators.
The implied independence of overall shear deformation on the longitudinal normal
stress component was later confirmed, but only at small strains, by experimental
results of Dvorak et al. (1988), shown later in Figs. 12.9 and 12.10, and examined
by Spencer (1992).

Plastic deformations of fiber composite structures are typically restricted in the
longitudinal direction by the elastic fibers, with maximum strain of 1-2%. Large
strains can be present in unidirectional materials, on planes aligned with the fibers,
especially at notch or crack tips. Those instances were analyzed and confirmed by
experiments on unidirectional laminates by Dvorak et al. (1988), Bahei-El-Din et al.
(1989), and Farez and Dvorak (1989, 1993). Large plastic deformations are also
found in polycrystals and other situations, as reviewed by Nemat-Nasser (1992,
2004). Damage and plasticity of fibrous composites was studied by Kattan and
Voyijadis (1993), Fish et al. (1999) among many others. More recent application of
numerical methods, especially those based the fast Fourier transform by Moulinec
and Suquet (1994) identified localized slip bands on planes aligned with stiff fibers
in metal matrices with low hardening, at small overall strain.

A different research direction has been pursued on nonlinear composite materi-
als, where the inelastic matrix phase is assumed to follow a power law with a single
material parameter, such as the instantaneous shear modulus in deformation theory
of plasticity. This class of materials was investigated by Talbot and Willis (1985,
1992, 1997), Willis (1991), Ponte-Castaneda (1991, 1996), Ponte-Castaneda and
Willis (1995), deBotton and Ponte-Castaneda (1993). Review of this work, which
attracted large attention in numerous papers, can be found in Ponte-Castaneda and
Suquet (1998).

This chapter focuses on modeling of fibrous metal matrix composites at small
elastic—plastic strains. The actual materials have an aluminum matrix and they are
reinforced by relatively large, ~150 wm diameter fibers, or particles of similar
size. Matrix local deformation is not assumed to be uniform, since the actual local
fields depend on the deformation history of each material point, as described in
Chap. 11. Elastic—plastic deformation is treated by numerical methods based on
unit cell models discretized by finite elements. In particular, local and overall
inelastic deformation is analyzed here by the transformation field analysis method in
Sect. 12.1. In Sect. 12.2 we review the bimodal plasticity theory and experimental
evidence that illustrates the capability of different modeling techniques to predict
at least certain parts of actual response. Section 12.3 examines translations of
yield and loading surface clusters due to thermal hardening, caused by temperature
induced changes in local stress states. Utility and limitations of different modeling
techniques are summarized in a closing section.
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12.1 Transformation Field Analysis (TFA) of Inelastic
Deformation

This method is based on a particular interpretation of the well-known elastic—plastic
response of a material point or small volume V;, to a loading step applied by a
uniform stress increment d],; from a current stress state 0’,; to a new state a’,‘]“ =

0’; + (7];. According to (11.3.5), the total strain caused in V;, by the loading step is
ekt =gk + Mich = ek 4 &1 &7

1 1 3 (12.1.1)
ke __ ko skp _ k -k
6‘” _|:3_K,7J+2_G,]K:|0” EUP_EEUO.U

The instantaneous compliance M’,‘] is derived from (11.3.11), where the de-

viatoric components of a’f] provide coefficients of the E ]; matrix in (11.3.3).
Application of a selected yield condition and hardening rule during the loading
step assures that the a’f]“ is located on the new loading surface. Instantaneous
elastic unloading of V,, to o, — 0 would reveal the total plastic strain &; which
has accumulated in V,, along the loading path leading to the new stress state 0’,; +1

From this perspective, an elastic—plastic solid in a volume V, consisting of
many subvolumes V;, responds to plastic loading by accommodating an interacting
distribution of variable plastic strains or eigenstrains &}, in the original elastic
material. The accommodation is facilitated by elastic transformation influence
functions, evaluated in preprocessing as (6 x 6) matrices for each pair of Gauss
points or uniform strain elements subdividing the solution domain. These functions
provide the strain or stress caused in each element by application of a unit
eigenstrain or eigenstress in the other element of the pair. They depend only on
elastic moduli, geometry, and refinement of the subdivision of both elastic and
inelastic phases. Their derivation appears in Sect. 12.1.3.

For two-phase and multiphase systems such functions were derived in
Sects. 3.6.2 and 8.2, where they only monitor interactions between individual
phases, or their volume fractions. Here they are replaced by a different set
of influence functions, for evaluation of the effect of nonuniform eigenstrain
distributions in the phases.

Total strain fields caused in V at any point of the loading path are derived by
superimposing the current eigenstrain €} and elastic strain fields. The latter include
those generated by mechanical loads, and the residual fields that enforce compat-
ibility of total strain fields in the presence of usually incompatible eigenstrains.
Although certain eigenstrains may result from processes that depend on past or
current inelastic deformation and on time, at the end of each loading step their
interactions and local and overall effects are determined by the elastic response of
the host material or structure to both applied and eigenstrain loads, c. f. Sect. 3.6.1.
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The transformation field analysis is implemented in a finite element program, as
described by Dvorak (1993), Dvorak et al. (1994) and Dvorak and Bahei-El-Din
(2000). The overall and local eigenstrains are found by an iterative computation
which assures compliance with local constitutive relations, equilibrium and com-
patibility, at each Gauss point and in each step of the loading path. Response
to applied loads is then determined using a selected homogenization approach,
outlined here for the instantaneous overall tangent stiffness and for the underlying
local fields. A specific strategy for equilibrium solution using the secant Newton
method with algorithmic moduli, presented at the end of Chap. 11, can be adopted
for computation of the overall algorithmic stiffness and local fields. The TFA
method provides the same simulation of inelastic behavior of a unit cell as does
a standard finite element program for elastic—plastic or other inelastic materials,
usually at much less expense.

Oskay and Fish (2007) and other authors emphasize the large savings in com-
putational cost in comparison with standard finite element programs for inelastic
analysis. As an illustration, they consider a square composite panel with a centered
elastic fiber and a blunt notch at the panel edge. Four reduced order models with
different numbers of interface and phase partitions were compared with the direct
homogenization. The computational cost of one of the four models that showed 85%
accuracy in crack growth rates was found to be roughly 3,000 times lower than that
of direct homogenization. The saving is realized by retaining the mechanical and
transformation concentration factor magnitudes in each step, and without regard to
the number of times that the inelastic unit cell problem has to be solved.

Numerous applications and modifications of the method have appeared since its
1992—-1994 debut, available on Google search for “transformation field analysis.”
Papers that illustrate applications of the method are, among others, by Prochazka
(1997) on slope optimization, by Baweja et al. (1998) for creep of concrete,
by Benveniste (1987a, b) and Dvorak and Benveniste (1997) on piezoelectric
composites, by Dvorak (2001) on damage modeling, by Franciosi and Berberinni
(2007) on polycrystal plasticity, by Sacco (2009) on periodic masonry, and by
Bahei-El-Din (2009) and Bahei-El-Din et al. (2010) on electromechanical coupling
in woven composites exhibiting damage, and on multiscale damage mechanics.

12.1.1 Periodic Unit Cell Models

Materials with random distributions of aligned fibers in the transverse plane had
been modeled by unit cells containing several dozen fibers, for example, by
Brockenbrough et al. (1991) and by others. Overall response, as illustrated by
computed stress—strain diagrams, depends primarily on the fiber volume fractions
when a unit cell is loaded by normal stress in the longitudinal direction. However,
when the fiber volume fraction grows beyond ¢ > 0.20, and a given unit cell
is loaded by transverse tension or shear, inelastic response depends on both fiber
distribution in the transverse plane and on fiber shape, and also on the direction of
applied stress. In particular, rotation of a given cell by a different angle around
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Fig. 12.1 High contrast micrograph of a transverse crosssection B/Al composite, ¢ ; = 0.45, and
its representation by the periodic hexagonal array model

the longitudinal axis, with respect to a fixed transverse stress state, generates
very distinct stress—strain diagrams in the inelastic range. Such behavior can be
attributed to the particular local slip mechanisms created in the apparently random
microstructures by the different loading directions. It implies that even large unit
cells containing many fibers may not be regarded as representative volumes.

This deficiency is often remedied by modeling of inelastic heterogeneous
materials as microstructures with a periodic distribution of particulate or fiber
reinforcements. Actual fiber distributions of this kind are found in metal matrix
composites fabricated using directed fiber layup on a matrix foil, followed by
consolidation under transverse pressure at elevated temperature. Examples of
periodic models for fiber composites can be found in Accorsi and Nemat-Nasser
(1986), Suquet (1987, 1997), Wu et al. (1989) Teply and Reddy (1990), Aboudi
(1991), Teply et al. (1992), Walker (1993), Nemat-Nasser and Hori (1999), Fish
et al. (1997). They offer a good approximation of the microgeometry of fibrous
materials with periodic, transversely isotropic distributions of aligned fibers in the
transverse plane.

A micrograph of such composite and of its representation by the periodic hexag-
onal array (PHA) model are shown in Fig. 12.1 (Dvorak and Teply 1985, Teply and
Dvorak 1987, 1988). The material volume is subdivided into similar unit cells, each
containing only one or fractions of a single fiber. Inelastic response depends again
on the fiber shape and on the loading direction, but not on the spatial distribution of
the fibers, only on their volume fraction. Since all unit cells undergo the same defor-
mation under given load, each cell can be regarded as a representative volume. The
transverse plane of the model is divided into shaded and clear triangular cells, with
vertices in the fiber centers. Figure 12.2 shows such cell with supports and loads.

The dimensions imply that the size of each triangle area is equal to unity, and
¢ denotes the fiber volume fraction. Model geometry can be adjusted to represent
periodic distributions of aligned ribbons of polygonal crossections, or composites
reinforced by aligned short fibers or particles.
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Fig. 12.2 Geometry, constraints and loading, and an example of subdivision of the unit cell of the
periodic hexagonal array model

Displacement boundary conditions applied to the unit cell include six constraints
to eliminate rigid body motion, multipoint constraints at the triangular boundary
derived from the assumed periodic geometry of the microstructure, and generalized
plane strain boundary conditions. Vertices and midpoints of the sides of the top
and bottom triangles of the prismatic cell undergo relative displacements that would
generate the same uniform strain field €” in a homogeneous solid. This guarantees
that the deformation fields in the clear triangles are the same as those in the
shaded triangles, rotated by —m. Analysis of a single triangular prismatic unit cell
then provides the periodic fields in the entire volume. Derivation of the periodic
displacement boundary conditions is described in detail by Teply and Dvorak
(1988).

The unit cell of volume V is divided into subvolumes represented by finite
elements, V,, n, p = 1, 2,..., M, interconnected at nodes i, j = 1, 2,..., R,
such that each subvolume belongs either to the matrix or to the fiber. Assuming a
linear displacement field in an equivalent macroscopically homogeneous volume,
the method of virtual work can be used to compute the nodal forces, Py, k=
1,2,..., 6, applied as shown in Fig. 12.2, from the overall stresses (Bahei-El-Din
and Dvorak 2000). The mesh refinement shown provides a detailed description of
the local fields, but close estimate of overall response can be obtained from unit cells
with lower mesh density.
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12.1.2 Mechanical and Transformation Influence Functions

Local strain or stress fields generated by application of uniform overall strain °

=€
or overall uniform stress 6° = &, and a by distribution of inelastic strains in the
subelements of a unit cell, are described by equations similar to those used in (3.6.5)
and in analysis of thermal fields. In the present application, they are written for the

two distinct boundary conditions as

M
e, = Ay&+ Z D,, (e;” + ef))
=1
g (12.12)
M

o,=B,0 + ZFW’ (a;e +af,)
p=1

Prior to proceeding with solution of the above equations, we outline evaluation
of the two pairs of mechanical and transformation influence functions A, D, and
B,, F,,. Theseinfluence functions and their connections with the Green’s function
were described in Sect. 8.2.1. In the present context, they are derived for use in
a unit cell, subdivided by three-dimensional constant strain elements V,, n,p =
1,2,..., M, interconnected at nodes i, j = 1,2,..., R.

Coefficients of the (6 x 6) mechanical stress and strain concentration factor
matrices A, and B, are computed by solving in turn six elastic problems. Solutions
are sought in a unit cell that is free of any initial stresses or eigenstrains. Load
applied in each solution of the six problems is limited to one (6 x 1) overall uniform
strain or stress vector &; = tTk, oro; = {k, 1 < k < 6, where tTk is the k-th

k = k

column of the identity matrix I. The six local strain &) = A, i\ or stress 0 =

B, ik components found in each of the M elements V,, in response to application
of i, comprise the k-th column of the A, or B, matrix. For example, application
of the load vector &4 = [0, 0, 0, 1, O, O]T to the unit cell generates (6 x 1) strain
vectors in each element V,, which are equal to the fourth columns of 4, or B,,.
The elastic mechanical concentration factors remain in effect during any loading
program that may involve inelastic deformation, but preserves the magnitude of the
original elastic moduli.

Coefficient of the transformation concentration factors are generated in a similar
manner. The eigenstrain concentration factor is a (6 x 6) matrix D,,, which
evaluates the contribution to the strain in all elements V, by a uniform eigenstrain
applied in element V, at & = 0. During evaluation of the eigenstrain influence
functions, the unit cell undergoes only elastic deformation, under displacement
boundary conditions that guarantee zero overall strain. The goal is to construct
individual columns d lfm of (6 x 6) matrices D,,, which are local strains &, =
Dpp, in all elements V, caused by one of six unit-valued eigenstrain vectors

R, = i/’,‘, applied in turn in each single V,, while all other elements are free of any
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transformations. Columns of the self-induced D, matrices are obtained in response
top, =1 /f] Again, the transformation concentration factors remain constant as long
as the original elastic moduli of each element are preserved. Construction of D,
for all M elements requires solving 6 M elasticity problems, which may become
time-consuming in large or densely subdivided unit cells. This effort can be reduced
in cells with one or more planes of symmetry.

In the following derivation of the columns d /f] o> top tildes (~) are used to distin-
guish FEM terms from similarly denoted micromechanics terms. The strain vector
in each element is related to the vector nodal displacements &, = [o/', of,...]" by

e, = Su,=SN,&, = B,&, (12.1.3)

where § is the kinematic linear differential operator, u, is the displacement field,
N n = [N 7, N ;(, ...]T are prescribed shape functions, linear in the Cartesian
coordinates for a uniform strain field in each element, and l§,7 is a matrix with
constant coefficients.

Local stress o, in each element that has been transformed by an eigenstrain x,,
and the tractions on the element surface are reproduced by subjecting the element to
the nodal force ¢, = 4. q Z ...]T, statically equivalent to the boundary tractions
causing element stress, and derived from virtual work.

~ ~T
o,=L,(e,—n,) q,= /Bnondﬂ,, (12.1.4)
QU

where L y is the element stiffness matrix. Nodal forces ¢, at each node i of element
V;, are a sum of stresses contributed by the total strain and eigenstrain vectors.

L ~ ~ ~ ~\ T ~ ~ ~p\ T
il =Y K&+ f KZ:/(B,’?) L,B’dQ, f?:—/(B?) L, de,
J=l QU QU
(12.1.5)

where P is the total number of element nodes, K Z
element stiffness matrix, and f 7 are nodal forces caused at node i by the uniform
eigenstrains g . Since the unit eigenstrains g, are columns iy, k =1, 2,..., 6
of the identity matrix I, such that, for example, iy = [0, 0, 0, 1, O, O]T, the

load vector in (12.1.5) generated by each such eigenstrain component is f 7 =
T - -
—(B?) I}, where I} is the k-th column of L.

In the absence of external loads, the sum of forces contributed by all M elements
to an interconnecting node must vanish.

is the ij-partition of the
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M M P
Yg=>|> K@l +f|=0 (12.1.6)
=1 j=1

n=1

These matrix equations, for all nodes R of the M elements, can be augmented and
written as

M M
Ka=f K;=) K! fi==Y f] (12.1.7)

n=1 n=1
where K = K ! is the overall stiffness matrix of the domain, which is symmetric
and can be decomposed into upper and lower triangular factors Ky = KT,
using Cholesky’s method. The overall load vector is denoted by f ,and & =
[y, ar,..., & R]T is the vector of as yet unknown nodal displacements. Those

follow from forward and backward solutions of the equations

- T ~(1) () ~(6M)7T
KL[y(l)s y(Z)s---s y(6M)] :I:f ’ f R f :I
(12.1.8)

~ - - - T T
KU[a(n’ a?. ... a(oM)] =[y®, y@, ..., y©D]

Finally, the element nodal displacements &, are extracted from the solutions for

& and substituted in (12.1.3), yielding the components &, of the strain caused in
the element €2, by a unit component i ﬁ of the eigenstrain p ,. This strain is the k-th

column d ],; , of the eigenstrain concentration factor matrix D ,. It can be written
symbolically as

~ o~ o~—] ~

d\,=B,P,a" =B,P,K f (12.1.9)

where 1?,7 is the matrix in (12.1.3) and &, = I;n&(i) are the nodal displacements
of element 1 caused by the overall displacements. The overall load vector f in
(12.1.5) is a function of the unit-valued eigenstrain components applied in turn in
each element of the unit cell. Therefore, the D, matrix has constant coefficients
that depend only on the geometry and subdivision of the unit cell, and on stiffness
coefficients of the phases.

Derivation of the stress transformation factor matrices F,, follows a similar
procedure, but under load vectors derived from 6 M unit eigenstress vectors A, =
—Lyp, =i, k=1 2,...,6

As already mentioned, evaluation of the concentration factor matrices can
be simplified in unit cell that have one or more planes of symmetry. For example,
the cell shown in Fig. 12.2 can be divided into six identical triangles. Therefore, the
A, and D, or B, and F,, found in the entire domain during application of the unit
eigenstrains i ; in one of the six triangles can serve in determination of the complete
set of concentration factors for all M elements. The required transformations of the
single triangle results are described in detail by Dvorak et al. (1994).
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As expected, the strength of interaction decreases when element V), is far
removed from element V, where the eigenstrain p, is applied. That does not
indicate that computation of the D, or F,, should be reduced to certain areas,
because even weak interaction may transmit a significant contribution to &, by
a large eigenstrain p,. However, those products Dy,p, or F,,A, which make
only negligible contributions to the total local strain or stress in (11.3.1) may be
discarded. In elements V;,, where no eigenstrains R, are to be generated, such as
those in an elastic fiber held at constant temperature, it is only necessary to find the
D, or FpA, transmitted by any p, from elements V), .

Influence functions similar to those above are also used in the boundary
element method, to develop a fundamental solution which describes the effect of a
concentrated force applied at an interior point, on displacements at boundary points.
In contrast, the present ‘fundamental solution” applies to eigenstrain interactions in
each pair of elements of a discretized domain, including those on the boundary.

12.1.3 Local and Overall Yield Surfaces

During elastic deformation or after complete unloading of a unit cell, any local
uniform stress vector (cr; — oc;’»), contained within the local yield surface of each
element V;, is related to a uniform overall stress vector (0x — @) by the stress
concentration factor ngl that depends on elastic moduli, geometry and volume
fractions of the phases. By substituting the element stress into the yield condition
(11.1.1), one can derive the yield surface of each element in both local and overall
stress space. These relations are

(C’z‘;Z - 0‘3‘) = ngz (5/<l - 5‘/?1)
gn(0] — o) = Ja(s)) — ¥ (e64.0) = 0 (12.1.10)

G,(o; — 073-) =gy [B;kl (Ou — O_‘/Z)] =0

The cri']? is current stress in V,, and ag. is the position of the center of the yield
surface in the local 0,-']7 —space. The second equation applies when the local stress

satisfies the element yield condition g, = 0, where fz is the second invariant
of the deviatoric stress, written as a function of sg, according to (11.1.1), and
Y, is the current yield stress of the material element in the matrix phase. The
third equation evaluates the yield surface G, of element V;, centered at O_lg- in the
overall stress space. Since the concentration factor ngl is different in each element,
overall yield surfaces G, are branches of a cluster of element yield surfaces in
the overall stress space. An example of such clusters of element yield surfaces in
the overall stress space is shown later in Fig. 12.15. In a unit cell that is in unloaded
state, or has not yet experienced inelastic deformation, the interior envelope of the
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cluster represents a current loading or yield surface, of the aggregate. As long as the
overall stress path is contained within this interior envelope, the cluster of the unit
cell remains in elastic state and the G, yield surfaces remains fixed in the 6;; —space.

Ifa unit cell is free of thermal or other residual stresses, then both translation
vectors a and a are equal to zero. Next, suppose that a uniform overall stress
1ncrement Aoy = Acrlj has been applied to cause inelastic deformation in some or
all elements of the aggregate. As indicated in Sect. 11.2, the elements that yield
under Acr follow their own hardening and flow rules. Guided by experimental
results descrlbed in Sect. 12.2.2, we follow here the Phillips rule that requires local
yield surface center translation (11.2.15). According to (12.1.10); both local and
overall element loading surfaces translate by

(h) o\ _

(Aa;;) = Aol = (Aaf]’.) = AGY (12.1.11)
for any stress increment A&g that causes plastic loading in elements V), = Vpp . The
superscript (h) indicates that this translation is required by the adopted hardening
rule. Kinematic hardening of the local element yield surfaces implies that both the
local surfaces and the corresponding branches of the overall surface in (12.1.10) do
not change shape or size during plastic loading. Evaluation of the Acrif is deferred
to Sect. 12.1.4.

At the end of the loading step Aoy = A&g , all elements V, = V,/ which had
experienced inelastic straining contain new plastic increments (Asf.;)p . Those are
considered as element eigenstrains (Asg)p =A ,uf; According to (3.6.1), they are
related to element eigenstresses by AAZ. = yklA ,ul This distribution of residual
eigenstresses is a load separate from but superlmposed with stresses caused by the
applied Ac'ri(} in elements V, = Vpp .

As in (12.1.2), the superposition takes place in an elastic unit cell, where the
effect of element eigenstrains on total local field is described by the eigenstress
influence function F, ;’k‘;, which transmit eigenstress contributions from elements Vpp

toall V;, n =1, 2,..., M. The resulting local stress increment is
M
Aol = Bl AG[ + > FlAM, (12.1.12)
p=1

The Fp; include the self-induced Fy; which is activated when the element V,
also yields, and (Ae:’i)p = Auj.

The overall stress increment can now be reversed by applying an overall
unloading step Ad;; = —Aa directed inside the current cluster of overall yield
surfaces, such that the unit cell undergoes only elastic deformation. That eliminates
the overall stress contribution to the local stress and it leaves a permanent or back
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stress change in all elements. The latter is reflected by translations of current centers
of element yield surfaces, from their original positions ag. preceding application of

:I:Ac'ri(])., to oz; + (Aa;)(k), where

(s0i) " = () - (a0)) = L gast, 2110
p=1

The (Aag.)(l) is the residual or back stress contribution to the total translation of
all element yield surfaces caused by the eigenstress field AL}, distributed in V, =
|78

’ Since (12.1.10); connects any pair of local and overall stress vectors in an elastic
unit cell, local changes in element yield surface centers can be projected into the
overall stress space. All braches of the overall yield surface cluster G, (d; — 6{3.),
including those which remain elastic under Ac'ri(])., are translated due to the back stress
changes (12.1.13), by the increments

_ M
AG) = (A&;’.)(M - (B;j.pq) 121 F A, (12.1.14)
po

Moreover, those branches of the overall surface that correspond to the plastically

deforming elements V,” are all translated by (A&;)(h) = A(}i‘} in compliance
with the hardening rule (12.1.11). Their local and overall stress vectors reside on
their respective loading surfaces, hence they are connected by (Aof — Aaj) =

Bf,,(AG) — Aayp). Total translation vectors in the overall stress space then are

Q) @) 1 M
aaf = (aa)) " + (aaf)” = a6)+ (Bl,,) D Fm A, (2115
p=1

The respective increments serve to update positions of stress points and yield
surface centers in the yield conditions (12.1.10) during plastic loading. In ap-
plications, which are illustrated in Sect. 12.2, the (A&f]’.)(h) = Ac'ri(} provide the
major contribution to translations of the affected overall branches. The back stress
contributes to cluster rearrangement during plastic loading, which is more evident
among the overall surfaces belonging to the plastically deforming elements and to
their possibly elastic neighbors. Those far removed should experience only minor
loading surface translations due to the weaker eigenstress interactions. That is seen
in the numerical simulation of yield surface clusters in Fig. 12.15. Additional results
of that simulation appear in Dvorak et al. (1991) and Shah (1991).
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12.1.4 Thermoplastic Deformation of Unit Cell Models

The transformation field analysis method is illustrated in the context of elastic—
plastic and thermal deformation in the subelements of a unit cell. Two distinct load
rate sets are applied, denoted by {éo, 6} or {('70, 6}. Total local strain or stress
field increments generated by such applications are described by equations similar
to those used in analysis of thermal fields. However, in the present application, the
eigenstrains include both inelastic and total thermal strains, p — é" + &% The
eigenstresses consist of relaxation and thermal stresses A — ¢”¢ 4 o?. In each
subvolume where the eigenstrains are locally uniform, total increments are

M

&y =48+ Y D,y (&) +¢))
=1
g [12.1.2]

M
Gy =BG+ Y Fy (o) +67)
p=1

According to Sect. 12.1.1, the A, and B, are the elastic strain and stress
concentration factors of elements V,, computed by applying, in turn, six unit
values of the overall stain or stress vector to the unit cell. The L, and M, are
elastic stiffness and compliance matrices of the phase material residing in V.
The eigenstrain concentration factor matrices D,, are assembled from the six
columns d ],;p derived in (12.1.9). A similar derivation provides the eigenstress
concentration factors F,,. Both follow from a series of elastic solutions for unit
applied eigenstrains or eigenstresses in elements V,, and are evaluated only once, in
the preprocessing stage.

Next, the eigenstrain and eigenstress contributions, caused at each material point
by either one of the applied load sets, are expressed as functions of total strain
and stress, respectively. Using the local instantaneous compliances and stiffnesses
defined in (11.3.5) and (11.3.8), the total increments are decomposed into elastic,
inelastic and thermal parts

o= MG, +my = (Ml + MD)G, +m,0 =& + &' + & (12.1.16)
&) + é‘ﬁ =MP6,+my0
and
Gp=Lobo+ 0= (Ly+ L) é,+ 40 =65+ 67 +0) (12.1.17)
6+ 6" = Lré + 0,0 -
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The eigenstrains include inelastic and total thermal strains, and they are related
to the relaxation and total thermal stress or eigenstress by the general connections
(3.6.1).

. .0 . .0 . A
6, +6,=-L, (e;” + ep) =-L, (Mgap +mp9)
(12.1.18)

&+ &) =M, (o +60) =M, (Lhé + £6)

Substitution into (12.1.2) provides one system of equations for each of the two
loading sets {éo, 9} or {(70, 9} that can be solved for the respective rates of local
strain &, or local stress 6.

M M
éy— > Dy M,LFé,=A,8"+) D ,M,L0 (12.1.19)
p=1 p=1
M M .
Gy— Y FoL,M26,=B,6°+ ) FyLm,0 (12.1.20)
p=1 p=1

In numerical solutions, under uniform overall rate of applied strain and tempera-
.0 Mk o . .
ture, or the load set {30,9} , the array of strain increments in elements V), is

-1

M M
(6} = |diag () + Y DM, Ll | 14,6+ 3 DM, L6 (12.1.21)
p=1 p=1

Accuracy of the solution depends on the size of applied overall increments, which
needs to be adjusted to satisfy a selected tolerance criterion. A series of solutions
for different overall increments is usually used to identify the acceptable load rate
values. An iteration procedure that may be employed to find the local strain rates
in agreement with instantaneous constitutive relations and yield conditions of the
elements is described in Dvorak et al. (1994).

For element rate &, extracted for each V;, the corresponding stress and plastic
strain rates are

. . A . -in -0
6,=Lye;+40=L, [en —¢, —en]

& =M, (L,—L,)é, (12.1.22)

0 =—M, 40
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Local strain rate can be expressed by instantaneous mechanical and thermal
concentration factors of elements V, (6 x 6) and (6 x 1) matrices

M M
by =A8" +a,0 D cpAy=1 ) ca,=0 (12.1.23)
n=1 n=1

Overall instantaneous stress rate and tangent stiffness are then

. . . . M .
G=L"+00=L( i) =3 cB](& +¢))
= (12.1.24)

Mz

M
L= LA [=) cylcy
n=1

1

n

The overall eigenstrain rate [L follows from the Levin formula. Integration of
the respective rates along the loading path of overall strain and temperature change
provides the current local and overall strain and stress.

For the load set {(70, 9}, similar sequence of equations yields

-1
M M
{6,) = |diag(D) + > FL,M2 | {Bu6°+ Y F Lm0y (12.1.25)

p=1 p=1

In terms of instantaneous mechanical and thermal concentration factors of V,
Gy =B+ 60 & =M, (¢,-6) ~5})=M,B,0°

M M (12.1.26)
> By =1 > Cyby =10
n=1

Overall instantaneous strain rate and tangent compliance for the load set {do, 9}
are

. . - - M
E=M+mb=M(6"-1) 2=13 cd] (¢} +3))

=1
M w ! (12.1.27)
M= e MB, m=3Y ¢,Bm,

n=1 n=1

For completeness, we repeat here expressions for the instantaneous overall
stiffness, compliance and thermal vectors of individual elements V,, that are needed
above.
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j 2G
. =L . [9 L =L°¢— P E
Op p€p T b P P [1+Hp(s£q,9) /(3Gp)] P
26 1 9y, | 5
[, =—L°m° d E,m P
b pmp+[1+H(eeq,9)/( G,)] fG 96 w5,
[11.3.8]
and
. . : . 3
€, =My0,+m,b MpszerEp
eq»

3 (0Y,/06) 5, 1.3:3]

p 2 Hp (85,1,9) 5;1;5,)

m, =m

12.1.5 Viscoelastic Deformation of Unit Cell Models

Composite materials with viscoelastic, viscoplastic and other time and tempera-
ture dependent inelastic constituents can be analyzed in a similar manner. The
concentration factors and influence functions are still derived from an elasticity
solution, but the phase constitutive relations (11.3.5) and (11.3.8) are replaced by
those describing the response under consideration.

First investigations of composites with linear viscoelastic matrices were carried
out by Hashin (1970), Christensen (1969), Schapery (1974), and many other
authors. Those relied primarily on AFA elasticity solutions described in Chaps.
6 and 7, their Laplace or Fourier transforms, and inversions. The transformation
field analysis of such time-dependent problems is not limited to linear constitutive
theories, which seldom capture all aspects of actual material behavior. In its finite
element implementation, the method follows the different deformation histories of
all matrix and reinforcement elements, which contribute to overall response but are
not accessible to inclusion based averaging methods.

Material response to a stress-time path o, (7) applied in each element V;, starting
at o, (0) = 0, can be described by the constitutive equation.

do (r)

e, (t) =M,0,(7) +/ gt —1) (12.1.28)

0
The creep compliance function Jjy; is a fourth rank tensor, assumed to have the

symmetries as the elastic compliance M ,,. Therefore, it can be represented by a
diagonally symmetric (6 x 6) matrix J, = J UT, with at most 21 independent
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coefficients. Instantaneous elastic response may also be present, with J,, (0) = M ,,.
Specific forms of creep compliance can be found, for example, in Findley et al.
(1976), Knauss and Emri (1981), Schapery (1997), Christensen (1998, 2003) and
Brinson and Brinson (2008). Experimental verification of the selected form within
the time and stress range of interest may be required for reliable evaluation of overall
response.

Application of a strain-time path &, (7) in each element V, starting at &, (0) = 0,
is described by

dz-:,7 (‘C)

o,(t) =L,sy, (r)—l—/Gn(I— 7) (12.1.29)

where the local relaxation function G, (t — v) has the same symmetries as does the
above creep compliance, hence it can be represented by a (6 x 6) matrix G, =
G ,". Instantaneous elastic response is governed by G, (0) = L, the local elastic
stiffness matrix.

The total local strain rate is obtained by taking the time derivative of (12.1.28)

1

(1) = M6 ,(t) + J ) (0) 0 (1) + / J,(t—1)0,(r)dr (12.1.30)
0+

Local stress rate follows from (12.1.29) as

t

6,() = L,,é,,(t)+Gn(0)en(t)+/G,,(t—r)e,,(r)dr (12.1.31)
o+

Next, the elastic contribution is separated from the viscous part, which is now
regarded as a local eigenstrain, applied in each element V), of the subdivided
representative volume. After addition of the thermal eigenstrains the total local
strain and stress rates are found as

M t
éy(t) = A1) =Y DM, | G,(0)e,(t) + / G (1 — 1) é,(0)dr + L,0(1)
p=1 +

(12.1.32)

6,(1) = B,6°(t) — ZFWL J, (O)Gp(t)+/j(t—t)6p(t)dt+mpé(t)
p=1 o+
(12.1.33)
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Solution of either equation involves updating of the J(r) or G(f) functions and
their derivatives after each loading step, according to the constitutive relation of
each element. The elastic terms, which include the mechanical and transformation
influence functions and elastic moduli, remain constant. Again, a series of solutions
for different time steps that determine the magnitude of load increments is used to
satisfy a selected error criterion.

Composite materials with matrices or phases that exhibit viscoplastic response
under elevated temperature can be analyzed in the same manner, after identification
of the inelastic transformation components of the phase constitutive relations. Those
can be found in the work of Krempl (1985, 2000), Chaboche (1989), Freed and
Walker (1993) and many others. An example of the analysis can be found in Bahei-
El-Din (1996).

12.1.6 Modified Transformation Field Analysis Methods

Here we briefly describe two improvements and extensions of the TFA, as proposed
in an analytical procedure by Chaboche et al. (Chaboche et al. 1998, 2001, 2005),
Kanoute et al. (2009) and in the numerical nonuniform transformation field analysis
method, or NTFA, by Michel and Suquet (2003, 2004).

In the original two-phase form of TFA, the matrix plastic strain was assumed
to be uniform, and the equivalent eigenstrain, introduced there to reduce average
matrix stress, elevated the fiber and total stress, as shown in Sect. 4.3.3. That made
overall response too stiff (Dvorak 1992). To rectify this, Chaboche adjusted the
stress by embedding the fiber in a homogeneous inelastic matrix that has a varying
instantaneous tangent stiffness £, as originally suggested by Hill (1965c).

A representative volume V of a two-phase composite is considered, consisting of
a homogeneous matrix (r = 1) that has the elastic stiffness L, and a homogeneous,
elastic reinforcement phase (r = 2), with stiffness L,. The two phases are present
in known volume fractions ¢, = V, /V, X,c¢, = 1; their compliance matrices are
denoted by M, = L,™". Individual reinforcement fibers or particles are perfectly
bonded to the matrix along their interfaces, and spatially distributed such as to assure
statistical homogeneity of the aggregate. Application of surface displacements
derived from a uniform overall strain rate &° generates on the surface of the RVE
certain surface tractions that are in equilibrium with a uniform overall stress rate
. Moreover, a distribution of piecewise uniform inelastic eigenstrain rates éf," in
the phases of a traction-free representative volume is assumed to produce a uniform

overall inelastic strain rate & . If the representative volume was prevented from
deforming by a rigid constraint imposed on its boundary, the inelastic strain rates

would generate an overall inelastic eigenstress "' =—-L&".

Phase averages of total local strain rates in the phases are related to the applied
total average strain rates in the phases by &, = A, &°, where the instantaneous strain
concentration factors A,, X,c, A, = I, are functions of the tangential moduli of
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the inelastic matrix phase. Since accurate evaluation of the inelastic concentration
factors is difficult under most circumstances, the improved version of TFA adopts
the suggestion of Hill (1965c¢). Specifically, an approximate value of A, is found in
analogy with the elastic A,, by embedding an ellipsoidal inhomogeneity of L, in
a homogeneous but plastically anisotropic matrix that has an instantaneous tangent
stiffness £, derived from the averages of the matrix stress and strain rates.

The Mori-Tanaka method is preferred to Hill’s choice of the self-consistent
method. As in Sect. 7.2.1, the strain rate average in the elastic phase is determined
by the instantaneous partial strain concentration factor 7, such that

e2=Trer To=[I+PL—L)]" (12.1.34)
where P is computed for the selected ellipsoidal shape in the instantaneous matrix

stiffness £, and 7, = I. Instantaneous values of the total strain concentration
factors and of the overall stiffness are

—1
A= [ClI +027'2]—1 _ {Cll +C2[I +P(L2_£l)]—l}
Ay =[I+cP(Ly—L)]! (12.1.35)
L=Li+c(Ly—L)[I +eP(Ly— L)

Local and overall strain and stress rates are then approximated as

G1=8 18 =4 = (L)'5 61 =L (a-¢4")

™.
N
Il

. 1 . B =
Aé’ = 5 (I —c1Ay)&° 02 = L& (12.1.36)

. 2 .
0= c0,=[L+cr(Ly— L)) A" = L&°
r=1

Different auxiliary solutions have been proposed for evaluation of A, both for
the self-consistent estimate or the Mori-Tanaka method. As indicated in (11.3.3), £,
may have low material symmetry, not necessarily included in the analytical solutions
listed in Sect. 4.6. Instead, the instantaneous Eshelby and/or P tensor would need to
be computed after each loading step, using the procedures of Ghahremani (1977) or
Gavazzi and Lagoudas (1990). That may require much effort, however, simplified
evaluations of P can be found when £, assumes a constant asymptotic magnitude.
Chaboche, et al. (2001, 2005) suggested this approach for certain applications, such
as monotonic transverse shear deformation of a unidirectional fibrous composite
tube under internal pressure. They reduce the asymptotic stiffness to an isotropic
form, similar to that adopted by deformation theory of plasticity. By adding
as(K—E) to (11.3.11); and letting oy = —2G /(1 + H /3Gy ) to eliminate E, one
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recovers (2.2.29); with a different shear modulus 2y, = 2GH /(3G + H). The
instantaneous matrix tangent stiffness is then described by an isotropic medium with
variable tangent modulus H

26 H
L =3KJ+—"_K 12.1.37
! ! (3G, + H) ( )

where the projection matrices J and K were evaluated in (1.1.19).

This approximations of the instantaneous matrix stiffness £; and of the instan-
taneous concentration factor A, is utilized to modify the original two-phase form
of the transformation field analysis. Chaboche et al. (2001, 2005) proposed to write
the local strain rate averages as

= .0 s in ) = .0 s in )
e, =A,"+D; N&g, =Aé &= A" + D)yN &y = Ayé

D Ni&'" =(4,—A)&" =D, N, (c! —Ll_l)ﬁl-AléO

—1=

"= (e = (L = L) L1 A

(12.1.38)

where N is a correction matrix that changes the average eigenstrain in the matrix

phase to st; = N 1e;iln. The reinforcement phase is elastic, ft, = 0. Since D; =
(I —A,)(L, — L,)""'L, the correction matrix

Ni=(I-ML)(I-A7) (A7 A7) T =M, L)~ (12.1.39)
Overall and local stress rates are
G=1L (éo _ e‘i”) 6,=1L, (él _ el) Gy=Loé,  (12.1.40)
Moreover

Lém = Léo —6’ = (LA + CszAz)éO —616’1 —623'2

= (e1L1A1 + c2L2A42) 6" —c1L1Aé° — ClLlDllNlélin
=in .0 - in (12141)
+C1L1€1 —cLy,A26" — LoDy N &

i

Lé" = C1L1€;lln —(c1L Dy + e, LyDy) N &,

According to (3.5.11),(3.6.12)and (3.6.14) L, A, = B, L and Zf=1 ¢ L, D, =
Cy (I — A;F) L. The overall inelastic strain rate is then found as

" = ClBTNlE;iln +oL7'Ly (I - Nl)e;iln (12.1.42)
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first term corresponds to Levin’s prediction (3.8.16). The second term is caused by
the assumptions in (12.1.36). Agreement with Levin’s formula can be reached by

accepting N 16”1" as the corrected matrix eigenstrain, and by disregarding the last
term in (12.1.42). However, comparisons with finite element computations show
good agreement with the improved TFA, at least under monotonic transverse stress.

The Nonlinear Transformation Field Analysis or NTFA, proposed by Michel
and Suquet (2003, 2004), extends the finite element version of TFA to large
structural problems. A more accurate description of the method may emphasize its
macroscopic character, as in MTFA.

The original implementation of TFA in Sect. 12.1.1 yields a distribution of
inelastic strains in the phases within a unit cell that serves as representative volume
of a periodic composite material. Accurate evaluation of local fields requires a
fine subdivision. Therefore, direct extension of the method to many unit cells that
subdivide a larger composite structure would multiply the number of unknown
inelastic strains and magnify computational cost. Approaches to extension of TFA
to large solution domains subjected to nonuniform overall boundary conditions
prefer to reduce the local subdivision to the matrix and fiber phases within each
unit cell, and accept uniform plastic and total strains in each of the two phases. For
example, Fish et al. (1997) developed a two-point homogenization scheme and Fish
and Shek (1999) proposed decomposition of the plastic strain into several shape
functions. Such approaches may not provide satisfactory response predictions in
every application, hence there is a need for more accurate computational schemes
that can be implemented at reasonable cost.

A promising strategy for solution of large scale heterogeneous material problems
is offered by the NTFA. Two length scales are utilized, one within a unit cell and
another on a structure, with coordinates x and X. A standard elasticity solution of
the finely subdivided cell is performed, yielding an overall stiffness L and strain
plus eigenstrain influence functions A4, D,,, as described in Sect. 12.1.3. Next,
elastic—plastic solutions of the unit cell are obtained under several k = 1, 2,..., K
overall stress state components, each applied monotonically in a single direction up
to a level where a well developed plastic strain field is found. Any suitable method
that provides plastic strains at integration points of the selected subdivision can be
used in this task. The fast Fourier transform (FFT) method of Moulinec and Suquet
(1994) and Michel et al. (1999) was used in the original presentation, but the finite
element or the TFA method with a single set of precomputed influence functions for
all plastic modes could be used as well.

For example, in preparation for a structure scale generalized plane strain problem
in the X, X3 —plane, one may find the plastic mode fields by applying, in turn, four
overall normal components GJ|, 05,, 0%, 05;. Each application generates a plastic

mode uﬁk) (x), a nonuniform strain field that becomes a part of the superposition

K
el (x.0) =) e (Hn® (x) (12.1.43)
k=1


http://dx.doi.org/10.1007/978-94-007-4101-0_3

380 12 Inelastic Composite Materials

where &/ (x, 1) is the inelastic strain at point x and time ¢ in each inelastic phase r,

typically the matrix. In reference to crystal plasticity, the [L(k) (x) would represent
a specific slip system and ;" the magnitude of slip on that system, the latter
dependent on a certain scalar magmtude 7¢ of a resolved shear stress. Each plastic
mode is limited to the volume of the particular inelastic phase r, and it conforms to
the constitutive relation of that phase. In particular, it must be purely deviatoric and

incompressible, tr(uﬁk)) = 0 Any two modes k = p, g present in each single phase

r are orthogonal, ([l,ip )) ;1, ' = 0 when p # g. Finally, the equivalent magnitude

(11.1.3) of each plastic mode function is normalized over inelastic phase volume V.

1
(@g)) 7 /ugi;) (x)dV =1 (12.1.44)
v,

Modified constitutive relations of each phase volume V, are introduced for each
mode, by the following scalar products of respective (6 x 6) stress, strain and mode
eigenstrain vectors, averaged over V.

—(6Th®) o = (eTn®) e;{n:((ei")T,uk)> (12.1.45)

Local fields in each phase, originally computed as a nonuniform distribution, are
now replaced by phase volume averages for each mode.

e =aje +ZD;¥ gl (12.1.46)
=1

where
r={A@)u®) DY = < ) ZD ;N>> (12.1.47)

The A(x) is the elastic mechanical influence function, derived together with D,,
for finite elements in the phases, Sect. 12.1.2. The sum in the last term yields
the contributions of eigenstrains ug) (x) generated in each single {— mode in all
elements V), to the total strain in V;, After volume averaging (12.1.44) of the local
scalar products, one obtains the D ]Z, a scalar multiplier that brings in the respective
contributions of all &;" mode eigenstrains to the scaled total strain e, in the inelastic
phase.. The superscript N identifies D,?Q with NTFA. The a; and D,?Q are new
mechanical and transformation concentration factors of each phase.

The current value of the resolved shear stress t,i"), that drives inelastic defor-
mation in elastically isotropic phase r, is evaluated as t,ir) = 2G, (e]((r) — (e,({r) )im)
where G, is shear elastic modulus. The inelastic strain in each element for each
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mode evolves according to (12.1.47). A mode coupling assumption that affects all
above variables can also be introduced.

On the structural level, local fields in each phase of the composite material are
again uniform, represented by the quantities (12.1.46) for each mode. The standard
two-phase TFA solution is enhanced by inclusion of k = 1, 2,..., K plastic
modes, which the above reduction of variables (12.1.45) converts to K scalars in
each phase. Details of the finite element implementation of the NTFA method can
be found together with examples in Michel and Suquet (2003). They considered
overall response of a square block of unidirectional fiber composite transversely
compressed by attached, rigid dies, and found both NTFA and TFA two-point
solutions. The former was more compliant, but comparisons based on other schemes
may yield different results.

The method is an extension and enhancement of TFA. Response of a structure
under non-proportional or cyclic loading may require participation of several sets
of plastic mode functions, each for a different part of the applied loading path.
Even under monotonic loading of a structure, computing of the plastic modes for
NTFA may require substantial effort. An alternative approach may be developed, for
example, by decomposing the structure into periodic hexagonal array or other unit
cells, with minimal subdivision that allows enough degrees of freedom needed for
inelastic deformation of each cell (Teply and Dvorak 1988). The subdivisions may
be adjusted in locations where large deformation gradients are expected to develop
in the structure.

12.2 Experimental Support of Theoretical Predictions

Published analytical or computational models of inelastic behavior of composite
materials are seldom supported by experimental evidence. Attempts to verify model
results are usually limited to tension tests of unidirectional or symmetric laminate
specimens, which produce simple stress—strain curves that can be easily matched by
several different predictions. More extensive comparisons of predictions with actual
behavior of metal or other inelastic composites subjected to multiaxial loading are
rare. To partially remedy this situation, we present here a part of experimental
investigations undertaken by Dvorak et al. (1988) and Nigam et al. (1994). The
observed behavior is interpreted both with analytical and unit cell models. The
former is based on the bimodal plasticity theory for fiber composites by Dvorak and
Bahei-El-Din (1987), which was inspired by the earlier experimental results. The
unit cell model is the periodic hexagonal array or PHA model of Sect. 12.1.1. Both
models provide good approximation of the shape and position of loading surfaces
detected in experiments. Along the entire loading path, the observed plastic strain
increment directions and magnitudes compare reasonably well with those computed
using the PHA model. The bimodal theory predictions may agree only along several
initial loading segments. Complete results of the comparative studies can be found
in Dvorak (1990) and Shah (1991).
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12.2.1 Bimodal Plasticity of Fiber Composites

As is well known, deformation of an unreinforced metal matrix layer may admit
several slip systems of different orientation. In contrast, reinforcement by aligned
fibers may limit the available slip systems in a ply to planes that are parallel to the
direction of the fiber axis. Frequently used boron or silicon carbide fibers have high
longitudinal and transverse stiffness that promotes their bending resistance. Under
certain loads applied to the fibrous ply, they channel plastic slip into planes aligned
with the fiber axis. That gives rise to the matrix-dominated or MDM deformation
mode. However, both fibers and matrix participate in overall deformation under
loads which cause high normal stress in the direction close to that of the fiber axis,
and thus favor the fiber-dominated or FDM mode. In both modes, the composite is
regarded as homogenized elastic continuum, with overall moduli and local stresses
estimated by the self-consistent, Mori-Tanaka or other averaging method. Two yield
conditions are prescribed to generate branches of the overall yield surface.

The FDM yield condition is derived from an estimate of average matrix stress
and the Mises criterion (11.1.1). For convenience in subsequent applications, total
stress is used in place of the deviatoric components. In the elastic deformation range,
within the overall yield surface, the matrix stress vector is related to the overall
vector by (12.1.10), written as

(Gm—0ty) = B, (6 — @) (12.2.1)

where B,, is a stress concentration factor of the matrix and the top bars denote
current overall stress average. Positions of the centers of the matrix and overall
loading surfaces are denoted by «,, and &. The overall branch of the FDM mode
follows from the matrix yield condition (11.2.12), and is translated here by the
Phillips rule as.

f=6-&)'B,0B,G—-&)—Y(0)=0
da = do (12.2.2)

Nonzero coefficients of the (6 x 6) symmetric matrix Q are: Q3 = Q»n =
O =1, 01 =013 =0xn=-1/2, Qu = Q0s5s = Q¢ = 3; Y (0) is
the matrix yield stress, which may depend on temperature. The stress concentration
factor B,, makes the size of the FDM branch dependent on the elastic moduli and
volume fractions of the fiber and matrix constituents. It can be evaluated by an
averaging method of Chap. 7, or derived from known overall and phase compliances
and volume fractions, as shown in (3.5.13).

The FDM yield condition can be applied to any general deformation mode of
the composite, as it has been in numerous plasticity studies based on extensions
of standard averaging methods. However, it is restricted in certain systems by the
MDM yield condition.
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X3

Fig. 12.3 Geometry of conjugate slip systems in the matrix-dominated deformation mode (Dvorak
and Bahei-El-Din 1987)

The MDM branch reduces the elastic deformation region of the composite by
allowing inelastic deformation on two conjugate slip systems k = 1, 2, aligned with
the fiber direction, Fig. 12.3. The scalar magnitude of the resolved shear stress on
the k system is derived from the Schmid law for crystalline slip

o) = n 5510 (12.2.3)

The ngk) is the normal to the slip plane, s;k) is the slip direction, and 0j; is the
same overall stress applied to the ply as that in (12.2.1). The initial yield condition
on the k- plane compares the maximum resolved shear stress to matrix yield stress
in simple shear, 72 = Y2 /3.

2
£ (z®) = (maxt®) =72 () = 0 (12.2.4)

Overall plane stress deformation is assumed to occur in the x;x; —plane, where
02, 033 are the transverse normal stresses and 0 is the longitudinal shear stress

applied to the ply. Using the slip system angles in Fig. 12.3, one can find the shear
stress resolved on the slip planes (1) and (2)

1
r,fi) = EsinZ,B sin 6 (07, — 033) + cos Bcos b a7 = —tﬁ) (12.2.5)
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Derivatives 81,5? /0B =0 and 8t,§§) /06 = 0 eventually yield (max c,§’§’) as

1 _ _ _
max 7y = 3 (1—¢?) (622 — G33) + &2 = —max iy for |g| <1

max 7\ = 62 = —max 7.2 for |g| > 1 (12.2.6)
q=071 /(022—033) for 03 # 033

Substitution into the yield condition (12.2.4) provides two parts of the MDM
branch.

- 1 _ _ _ _

fa (@ — @) = ~[(62 — @) — (633 — @33)]* (1 + qz)z -,

4
_ _ - - 2 - N
= ([(022 82) = (O )] 1) + (—02‘ “21) —1=0 forlg| <1
Tm Tm
(12.2.7)
and

fr (@ —a@) =G — @)’ —12 =0 forlg| > 1 (12.2.8)

Kinematic hardening causes translation of the loading surface branches, which
follows the Phillips rule on the FDM branch, and on the semi-circular segments
of the MDM branch. The flat segments of MDM branches, respond only to the
component 0 that is perpendicular to the segments. With reference to the two
loading conditions, the hardening rules are

da,; = doyy doyy, = dosn for fa =0, |q| <1
(12.2.9)
da,; = doyy day — 0 for fb =0, |q| >1

Plastic strain increments can be easily formulated but not reliably predicted
by the bimodal theory or by another averaging method. That is documented in
the discussion of computed and experimentally observed increments that follows
Figs. 12.15 and 12.16.

Figure 12.4 shows the semicircular and flat parts of the initial MDM yield
surface. Each point on the surface corresponds to a particular orientation of the slip
system normals and directions. Varying stress magnitudes in the plane of the ply
could promote or suppress the matrix or fiber deformation mode in different parts of
the ply. However, changes in fiber orientation within ply or other composite volume
are not allowed, because they would lead to interactions between misaligned pairs
of slip systems, which are not considered by the bimodal plasticity theory.

Size of both FDM and MDM branches depends on the magnitude of the matrix
shear yield stress t,, in (12.2.7, 12.2.8), but size of the FDM branch also depends
on the elastic moduli and volume fraction of the fiber and matrix, through the
stress concentration factor B, in (12.2.1, 12.2.2). Therefore, different composite
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Fig. 12.4 Crossection of the MDM branch of the overall yield surface (Dvorak and Bahei-El-Din
1987)

material systems have FDM branches which may either cap the MDM cylinder, or
be surrounded by it, Fig. 12.5. At a given t,,, the deciding factor are the magnitudes
of transverse and longitudinal shear moduli of the fiber. High moduli magnitudes are
found in nearly isotropic boron and silicon carbide (SCS-2) fibers manufactured by
chemical vapor deposition or CVD. In contrast, the anisotropic carbon and graphite
fibers have high longitudinal Young’s modulus, but low transverse moduli. Com-
posites reinforced by such fibers have FDM plane stress yield surface represented
by elongated spheroids contained inside the MDM cylinder.

Both branches of the overall surface are superimposed in Fig. 12.5. The left
image is typical for metal composites reinforced by stiff, inflexible fibers. In that
case, the FDM ellipsoid provides end caps on the MDM cylinder. The right image
in Fig. 12.5 is typical for metal composites reinforced by flexible fibers, with a
high Young’s modulus. The circumferential diameter but not the longitudinal size
of the FDM cylinder becomes smaller than the distance between the two MDM
planes in Fig. 12.4. The interior elastic region of the composite is surrounded by
those branches of the overall yield surface which are closest to the stress-free state
at the origin. The FDM and MDM branches do not translate relative to each other
or separate during plastic deformation, hence they do not represent independent
material models of fibrous material deformation.
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MDM MDM

Fig. 12.5 Superimposed FDM and MDM branches of the bimodal yield surface. The MDM
branch trims the FDM branch in the left image. In the right image, the FDM branch precludes
the matrix mode of plastic deformation

Moulinec and Suquet (1994) performed a numerical analysis of plastic slip
in a large samples of a unidirectional aluminum matrix composite reinforced by
a moderate volume fraction of unidirectional fibers, randomly distributed in the
transverse plane. The sample was loaded by transverse tension. In systems with
a low yield stress and tangent modulus of the matrix, the load generated a dense
distribution of discrete, narrow slip bands on planes aligned with the fibers axis,
as anticipated in the MDM deformation mode. In a system with a higher tangent
modulus, the bands were still visible but somewhat diffused.

12.2.2 Comparison of Experimental Results with Predictions

Figure 12.6 shows one of several thin-walled cylindrical specimens used in evalua-
tion of actual elastic—plastic response of a metal matrix composite. A micrograph of
the cylinder wall, made with unidirectional boron fiber in a 6061 aluminum matrix,
appears in Fig. 12.1. Fiber diameter is 142 pum. Both constituents were isotropic,
with thermoelastic moduli E; = 400 GPa, Gy = 167 GPa, oy = 4.7 x 1079/°C,
E, = 72.5 GPa, G,, = 27.3 GPa, «,, = 24 x 1079/°C. Initial yielding of the
annealed matrix was detected at Y,, = 36 MPa. The instantaneous plastic tangent
modulus H(e”) was determined from experiments, shown for example in Fig. 12.8,
and from the Dafalias-Popov model in Sect. 11.2.4.

Each specimen tube was manufactured by diffusion bonding of fiber monolayers,
mechanically deposited on matrix foils, in process similar to that used for the tubular
frame truss of space shuttle orbiter (Miller et al. 1973). The monolayer was wrapped
several times on a cylindrical mandrel and then subjected to external pressure of
30 MPa at 500°C for 40 min. The same procedure was used in manufacture of
aluminum material specimens, tested to yield matrix yield and loading surfaces
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Fig. 12.6 Loads and dimensions of the composite and matrix test specimens (Bahei-El-Din and
Dvorak 2000)

and plastic strains. For partial relief of residual stresses, both the composite and
matrix specimens were annealed at 500°C for 2 h., then cooled at the rate of
10°C/h to 260°C and finally air cooled. A computer-controlled MTS multi-axial test
system was used in the experiments under combined tension, torsion and internal
pressure loads. Complete information about manufacture, specimen instrumentation
and experimental techniques and results can be found in Dvorak et al. (1988), Liu
(1988) and Nigam et al. (1994).

Individual yield points on the initial and subsequent loading surfaces were
determined by incremental loading from certain starting points within the elastic
region. A sample of actual recordings appears in Fig. 12.7. Small stress increments
of 1-2 MPa were applied in sequence at the rate of 3—4 MPa/min. Strain magni-
tudes were recorded after a 30s. waiting period, and detected with the accuracy
of approximately 2 x 107® Measured elastic strains were closely matched by
self-consistent predictions. Onset of plastic deformation was determined by back-
extrapolation of a linear interpolation of 3—4 plastic strain measurements.

Small excursion into the plastic region caused minor distortions of the current
loading surface, which were minimized by selecting load directions symmetric to
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Fig. 12.7 Examples of actual stress—strain records used in detection of the yield points (Dvorak
et al. 1988)

the anticipated position of the principal axes of the loading surface. In contrast, a
more recent study by Lissenden (2010) shows that shape and size of loading surfaces
may depend on the particular loading sequence when the yield points are defined by
permanent strain magnitude of 20 x 107°,

Figure 12.8 shows the initial and subsequent loading surfaces of the matrix
material. Pronounced kinematic hardening of the Phillips type in (11.2.15) is
evident, together with some elongation of the initial circular shape drawn at the
origin, also observed and analyzed by Phillips and Weng (1975). Although not
in perfect agreement with standard plasticity theory predictions, these and similar
experiments provide good confirmation of the hardening rule, as close as one may
expect to find along a non-proportional loading path.

Figure 12.9 shows two sections of the first yield surface detected on the
annealed composite specimen, under transverse tension 0,/tp, combined either
with longitudinal tension o1/, or with longitudinal shear 05/t and longitudinal
compression that compensates for the internal pressure. Experimental yield points
were found along the interior loading path indicated by their numerical sequence.
Related theoretical predictions include the bimodal surface branches, and surfaces
predicted by the unit cell PHA model of Sect. 12.1.1.

The (UB) and (LB) labels refer to uniform strain and uniform stress boundary
conditions, originally applied in finding upper and lower bounds on the instanta-
neous stiffness (Teply and Dvorak 1988). Computed yield points were found at first
deviation from linearity of stress—strain curves generated by the PHA model along
the same loading directions, and joined by the respective surface contours.
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Fig. 12.8 Initial and subsequent loading surfaces of the annealed 6061 aluminum matrix (Dvorak
et al. 1988)

As expected, the normalizing shear stress t(y was gradually elevated by the
small plastic strains generated in the detection process. After adjustment, the
experimental yield points are on or very close to the predicted surfaces. Both figures
are dominated by the MDM branch; the FDM branch appears only as an end cap.
Residual thermal stresses after annealing caused the center of the FDM branch to
be located at o11/79 = —0.53, and the axis of the MDM cylinder at small value of
o 22/ 0.

Hardening of the composite was examined for both MDM and FDM branches
under many loading sequences, as described in the references by Dvorak et al. (1988,
1991), Shah (1991) and in Nigam et al. (1994). A sequence is presented in Fig. 12.10
and continued in Fig. 12.11. First loading surface was detected at the end of the
loading path 1-4. No axial compression was applied to compensate for longitudinal
normal stress 011 = 02,/2 caused in the specimen wall by internal pressure, hence
the magnitude of the resulting normal stress in the wall is equal to (+/5 /2)02, as
indicated on the horizontal axis.

After application of the next cycle 4-C-D-E-A-B, the loading surface was found
to nearly coincide with the first one. The experimentally detected yield points are
denoted by empty or black circles. Loading surfaces and plastic strain increment
directions detected by experiment appear at the end of the loading segments C-D
and D-E-A, Fig. 12.11. Both PHA and MDM predictions of the loading surfaces are
included, and help to complete the upper left surface which extends into 022/7¢ < 0
or external pressure range, not applied in this experiment.
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Fig. 12.9 First FDM and MDM yield surfaces of the composite under longitudinal (;0) or
transverse (,0) tension and longitudinal shear (;,0) loading

Response in the fiber-dominates mode is similar. Figure 12.12 shows four
surfaces obtained along a loading path in the 07,07 —plane. The first two surfaces
are confirmed experimentally only for the FDM caps on the tension or right end.
More reliable are surfaces III and I'V, where both FDM caps were confirmed. The last
surface I'V has a cap supported by several yield points at longitudinal compression.
Detection of the caps is often aided by combining normal and shear stresses, since
the slope of the stress—strain record under purely longitudinal inelastic deformation
is less distinct than those shown in Fig. 12.7.

Figures 12.9 to 12.12, show excellent agreement of the bimodal plasticity
theory with experimentally detected shape and translation of both FDM and MDM
branches of initial and subsequent loading surfaces. Kinematic hardening of the
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Fig. 12.11 Plastic strain increment directions and yield surfaces detected during a load cycle.
Comparison with predicted MDM and PHA branches (Shah 1991)

Phillips type is evident in both modes, consistent with matrix hardening in Fig. 12.8.
The Prager-Ziegler rule fails to predict the results. However, measured plastic strain
increments often show significant deviation from normality to the MDM branches,
and from bimodal theory predictions of their magnitudes. This is not unexpected in
the results that follow.
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Finally, we describe some of the comparisons of experimentally detected loading
surfaces and plastic strains with their predictions, conducted along the loading paths
shown in Fig. 12.13 (Dvorak et al. 1991). This study included both experiments and
computational modeling of the clusters of loading surface branches of individual
elements of the subdivided unit cell of the PHA model, Figure 12.14 shows the
cluster in the elastic state, derived from (12.1.10). Each element branch indicates the
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overall stress magnitude that would cause onset of local plastic deformation. The
initial MDM branch is shown together with several experimentally detected yield
points in the top figure. Penetration of the cluster surfaces inside the MDM surface
branch is not surprising; it indicates possible microscale yielding in the matrix which
has not yet generated the overall 1 — 2 x 107% magnitude of plastic strain available
to detection.

In the bottom image, the cluster had been rearranged by local stress changes
caused, in part, by plastic strains accumulated along the path 1-5. A yield point
#5 is detected on loading from an elastic region. All branches of the cluster pass
through the corner point in the overall stress plane, which indicates that plastic
yielding is present in all elements of the unit cell. The bimodal surface fitted to
other loading points is pierced by the loading path, which is not unusual. A cone
of normals to the exterior branches of the cluster forms at the corner point. Local
plastic strain increments at each point of the loading path were computed using
Dafalias-Popov model of Sect. 11.2.4, and the experimental equivalent plastic strain
and stress record of the matrix test specimen. Their resultant appears as one of the
two arrows inside the cone. Fairly good agreement in both magnitude and direction
of the computed and measured plastic strains was observed at all points of the path
shown in Fig. 12.13. Elastic moduli of each specimen were repeatedly verified in
small unloading steps for detection of their deterioration due to possible damage to
the fiber/matrix interfaces generated during the loading program.

Observed deviation from normality to estimated overall loading surfaces is to
be expected in plasticity of heterogeneous media, which only limits the overall
increment vectors to cones of normals. Local normality remains valid for all
branches corresponding to homogeneous material elements, and it is enforced in
computations. Therefore, attempts to predict overall plastic strains by averaging, by
normality to detected or modeled smooth yield surfaces, or by other methods that
do not reproduce the distribution in direction and magnitude of local plastic strains
in the matrix, are misguided.

That is illustrated in Fig.12.15, which collects several predictions and a measure-
ment of overall plastic strains along the general path of Fig. 12.13. The Mori-Tanaka
estimates shown in the figure are typical of those provided by other averaging
approaches, and are very different from the magnitudes detected even in the early
segments of the path. On the other hand, overall plastic strains &5, computed with the
PHA unit cell show good agreement with those measured in the transverse direction.
Larger than predicted overall plastic strain &5, was detected in the longitudinal shear
direction. However, the agreement between the computed and measured loading
surfaces and plastic strains is very good, considering the long and variable loading
path and the phenomenological character of the plasticity theory used in modeling
of matrix response. That may be attributed to the simplifying effect of stiff isotropic
boron fibers on plastic deformation of the matrix, that is embodied in the bimodal
theory.


11.2.4

12.3  Thermal Hardening 395

X3
B-Al, ¢;=0.45
X
0.20 - 6,7.9,10 2
r,ke
Path 0 - 11 / X

. [RL 1

32 ) I

-2 I PHA Model (Refined Mesh) |
ad 0.5 —PHA Model (Coarse Mesh) |

& == Mori-Tanaka I 67910

- ===-Experimental !

£ H

g

D o0

3]

(V]

<

]

O

®» 050

o

o

0.00 .
0.00 0.50 0.10 0.15 0.20

Plastic Normal Strain, €5 (10?)

Fig. 12.15 Plastic strains along the general loading path, detected and predicted by different
methods (Dvorak et al. 1991)

12.3 Thermal Hardening

Application of a uniform temperature change to a traction-free polycrystalline
metallic material generates a macroscopically uniform thermal strain or eigenstrain,
and it may also reduce or elevate the yield stress. A similar situation prevails in
all perfectly bonded heterogeneous materials, but differential thermal expansion of
the phases produces a distribution of piecewise uniform eigenstrains, and residual
thermal stresses. The latter cause changes in shape and position of both phase and
overall yield surface branches in their respective stress spaces. Not observed in nom-
inally homogeneous materials, this type of hardening is called thermal hardening, or
elastic thermal hardening. It is a form of constraint hardening caused by interactions
of the phases, independent of phase hardening because it need not involve plastic
deformation. In two-phase systems, thermal hardening of a unidirectional fiber
composite was first identified by finite element modeling of overall yield surfaces at
different temperatures (Dvorak et al. 1973, 1974). Analytical understanding follows
from the uniform fields discussed in Chap. 3 (Dvorak 1997). Transformation fields
described in Sect. 8.2 can be used for multiphase systems.
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12.3.1 Thermal Hardening in Composites of Two Isotropic
Phases

Thermoelastic constitutive relations of an isotropic phase are written as
r 2 r r 0
o; =\ K — §G’ 8ij€rm + 2G, & — 3, K, é;A0 [8.1.1]

where K,, G, are the phase bulk and shear moduli, af is the linear coefficient of

thermal expansion, ¢; is a uniform applied strain, and A = 6 — 6 is a uniform
change in temperature from a reference value 6. Phase property magnitudes of K,
G, and o/ are assumed to be independent of A6.

First, we consider a representative volume V of a two-phase composite that
consists of two perfectly bonded isotropic phases of arbitrary geometry, distributed
such that the aggregate is statistically homogeneous on the macroscale. The
aggregate is traction free, but a uniform thermal change A6 is applied in V,
creating a nonuniform distribution of purely elastic strains in the phases. Details
of this distribution may not be easily determined, since they depend on the specific
geometry and thermoelastic moduli of the phases. However, the effect of A6 on
the position of the element branches of the overall yield surface can be found by
elementary means. In particular, as shown in Sect. 8.1.2, a superposition of the
interior stress field caused by the uniform thermal change Af, with that generated
by application of a certain overall isotropic auxiliary strain or stress to the aggregate,
provides interior stress and strain fields that are uniform and isotropic in the entire
representative volume. These uniform fields may coexist with an initial stress and
strain state present in the aggregate.

In a composite of two isotropic phases with arbitrary geometry of the microstruc-
ture, the auxiliary uniform isotropic stress 6 = 0k, /3 and a uniform isotropic strain
& = & /3 were found from

§=06/(BKy) +aa A0 =6/(3Kp) + agAb [8.1.4]

where o, and K, denote the linear coefficient of thermal expansion and bulk modulus
of the phases. The auxiliary overall stress and strain are

3K, Kp

etk _ Katta = Ry
K, — Kp

Ko — Kp

™m>

6= (0w —p) A [8.1.5]

Unloading from & by application of a uniform overall stress —¢ §; renders the
aggregate free of surface tractions, leaving the overall strain caused by Af. The
remaining thermal strain is written in subscript and matrix forms as

m,;iAQ = §8,;,~ — szjkla-akl mAQ =& — Mo [816]
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where m;; is the overall thermal strain tensor. In matrix form, 6 = [6, 6, 6, 0,
0, O]T, e§=1& & & 0,0, O]T, and the overall compliance M of the composite is
a known (6 x 6) matrix evaluated as described in Chaps. 6 or 7.

Since the superimposed local fields due to 6 and A6 are uniform and isotropic,
they have no effect on the position or size of the initial or current yield surfaces
of the elements subdividing the inelastic phase in local stress space, or on the
corresponding branches of the overall yield surface. Therefore, the yield surface
cluster that was in existence before application of Af remains undisturbed while
the aggregate is subjected to both A9 and 6.

The auxiliary stress 6 is now removed by applying a uniform overall stress 6;; =
—68;; to the representative volume, while A6 is preserved In each subelement this
unloading step causes the local stress change AU = ”,d(f 8- As long as this
unloading step does not cause any plastic deformatlon its effect on the overall strain
is described by (8.1.6). Before application of temperature change, and after elastic
unloading the clusters of element yield surfaces are described by (12.1.10) and by

Gy (Uu u) =& [Bi];kl (Ukl “kz)] 0 (123.1)
Gy (Uij —68; —a; ) = &y [qul (Ukl — 68k — “kl)] 0

Each G, function describes the n-branch of the cluster of element yield branches
while the aggregate is subjected to Af. The overall unloading step has the same
effect on all branches of the cluster in the overall stress space. Therefore, application
of Af causes a rigid body translation of the original cluster by —68;;, in the direction
of the overall hydrostatic stress. Rigid body translation is also observed in all two-
phase system where the uniform auxiliary stress field 6 can be found such that
its superposition with the thermal stresses generates an isotropic stress field in the
matrix phase. Anisotropic fields can also be found; the uniform fields in (8.1.22)
for aligned fiber composite of two transversely isotropic phases, and in (8.1.14) for
polycrystals, are not necessarily isotropic.

As an illustration of thermal hardening, Fig. 12.16 shows a subdivided unit cell
designed to model the response of an aluminum matrix composite reinforced by
periodically distributed silicone carbide particles. This cell is similar to the PHA
model in Fig. 12.1. Displacement boundary conditions allow uniform deformation
of the cell under the applied uniform thermal change, with zero force resultants on
each face. The left image in Fig. 12.17 shows a section of the cluster of element
yield surfaces in the axisymmetric overall stress plane, in a stress-free state, with
no external tractions or thermal changes applied. Scales on the coordinate axes are
given by the stress invariants /1 = o1y, I, = (022 + 033) /2. The element branches
of the overall yield surface cluster in the 7, /, —plane are found from (12.3.1). The
interior envelope of the cluster is the initial yield surface of the composite. The right
image shows the same cluster after application of a uniform thermal change A6 =
+24.95°C, which brings the interior envelope of the cluster into contact with the
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Fig. 12.16 Geometry and finite element subdivision of a unit cell in the PHA model of a
particulate composite (Dvorak et al. 1991)
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Fig. 12.17 Translation of yield surface clusters in the axisymmetric overall stress plane caused by
thermal hardening of a particulate SiC/Al composite (Dvorak 1991)

origin, the current mechanical loading point at I; = I, = 0. A similar effect was
first observed by Dvorak et al. (1974) and in current form by Dvorak et al. (1991),
Dvorak (1992).

Further increase in temperature would cause local inelastic deformation in
the elements whose yield surface branches come into contact with the origin.
A distribution of inelastic strains in the affected elements would augment the local
thermal eigenstrain field in each element. The cluster would become rearranged
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by the changing total local stress field, as it proceeds to move toward the origin.
When the temperature change causes yielding in all elements, the rearranged cluster
forms a corner at the stationary origin, where all the translated and deformed loading
surface branches come into contact or intersect.

A numerical simulation of yield surface clusters and plastic strains that develop
during complex loading of a particle reinforced composite, modeled by the unit cell
in Fig. 12.16, can be found in Dvorak et al. (1991).

12.3.2 Thermal Hardening in Two-Phase Aligned
Fiber Composites

The systems considered here have an elastically isotropic matrix, which is re-
inforced by aligned, transversely isotropic fibers. Analysis of thermal hardening
follows in the steps outlined in the preceding paragraph, but the isotropic uniform
field in the aggregate is no longer given by (8.1.4). Instead, we refer to the more
general, uniform fields in Sect. 8.1.5, which can be adjusted to create an isotropic
uniform strain field in a fiber systems with transversely isotropic phases.

A uniform change in temperature A is applied to the composite aggregate to-
gether with an overall auxiliary stress 6, which is axisymmetric with respect to the
fiber direction x4 = X1, and has the longitudinal or axial and transverse components

6° = [64, 67, 67, 0,0, 0"
. gL [8.1.28]
04 = 61 = co0f + g0y or = 3 (02 + 03)

The temperature change generates thermal strains or eigenstrains u,, which are
also axisymmetric, and are given by

p,=mA0  m,=[d), o, o), 0,0, 0] (12.3.2)

where m, is the thermal strain vector of phases r = «, f, c. f., Table 8.1.

Our objective is to find the components 64, 67 of the auxiliary overall stress
6 such that application of the load set {6°, m AB} creates a uniform and isotropic
stress field in the r = o phase, which is selected to represent the metal matrix.
The interior strain field is also uniform in the entire volume, &, (x) =&g (x) =é.
Since the a-phase is isotropic, an isotropic stress state may exist there only if the
uniform strain field is isotropic in the entire volume. The thermal strain my, A6
already satisfies this requirement in the isotropic «-phase.

A general solution of this problem was derived in Sect. 8.1.5. The transverse
stress 67 is uniform in the entire volume and it serves as a free parameter in the
solution. The longitudinal normal stresses (8.1.29, 8.1.30) are written in the present
application as
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61 = q[(laAl —ngAk) 67 + ko ET) (IgAc)y + 2kgAay) AD] (12.3.3)

6f = a[ (sl =np k) 61 + kg Efy (I Aty + 2kaAay) A9 (12.34)
where
-1 _ _ o B
g7 = (lukp — kalg) = 2kaky (v —v]) £ 0 (12.3.5)

Also, Ak = ko —kg. Al = Iy — g and Adj = o —af, j = A, T.
The k., ., n, are Hill’s elastic moduli of the phases defined in Sect. 2.3.1, and
v; = vy, are phase longitudinal Poisson’s ratios.

The auxiliary overall stress components 64 and &7 that create a selected axisym-
metric stress state in phase «, are found from the following condition and then
substituted into (12.3.4).

oy =065 =065 =or (12.3.6)

That yields the transverse overall stress components that supports the isotropic

stress field, in superposition with the thermal stresses due to A6.

6r = [1—q (oAl —ng AR {gko EY [(IpAy + 2kgAcy) AO]}  (12.3.7)

The corresponding longitudinal traction is 64 = 61 = co0f + C,g&lﬂ , where
the normal stress 6{3 evaluated from (12.3.4) for this particular value of 67. The
stress field in an anisotropic fiber or f-phase need not be isotropic. The transverse
and longitudinal normal stress components create the auxiliary overall stress 6" =
[64, 67, 67, 0, 0, O]T, that in superposition with the thermal stresses creates and
isotropic stress in the matrix » = «.

Next, we retrace the steps leading to the rigid body translation of the cluster of
initial yield surface branches of a fibrous ply, similar to that shown in Fig. 12.17
for a particulate composite made of isotropic phases. The total volume of the
composite is represented by a single unit cell subjected to displacement boundary
conditions that allow uniform deformation of the cell. The cell is subdivided into
n, p =1, 2,..., M finite elements, where the local stress vectors and yield
conditions comply with

(Ui? - 0‘3‘) = Bi]/?‘kl (5“ —a)
gn(o] —all) = Jao(s]) — Y2 (e£,.0) =0 [12.1.10]

G,(o; — &Z) = gn[BiZkz((_’kl —&))]=0
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The a;i’ is current stress in V,, and O(Z. is the position of the center of the yield

surface in the local cri']? —space, jz (s;’.) is the second invariant of the deviatoric stress,
and Y, is the current yield stress of the matrix material in V.

In the overall 6;; —space of the ply, the element yield surface branches form a
cluster, similar to that in Fig. 12.14. This cluster remains undisturbed when the
composite is subjected to the load set {&(9), mAG}, because 67 now adjusts the
thermal stress to an isotropic stress state in the matrix phase » = «. Unloading by
application of an overall stress —6?) = —[64, 67, 6. 0, 0, 0]" leaves only the
thermal stress distribution, and it translates the cluster in the overall stress space to

Gy (55 -6 —a)) = g Bl (5u =63 —af) | = 0 (12.3.8)

The 67 comes from (12.3.7) and 64 = 61 = c¢.67 + Cﬂfrf, with the two
longitudinal normal stresses from (12.3.3, 12.3.4, 12.3.5) for the said 7. Of course,
when the fiber is also isotropic, phase elastic moduli change according to (2.3.6)
and the translation vector coincides with —56;;.

12.3.3 Thermal Hardening in Laminated Plates

The auxiliary stress components (12.3.3, 12.3.4, 12.3.5, 12.3.6, 12.3.7) can be
utilized in analysis of thermal hardening of laminated plates consisting of unidirec-
tional fibrous plies made of the same two-phase composite material. Ply thickness
and layup sequence can be selected at will, with or without a defined midplane.
Initially separated from the plate, each planar ply is loaded by a uniform change in
temperature A6 and by the auxiliary stress & = [64., 67, &7] . In all plies, the 67
is applied on all four ply surface planes aligned with the fiber direction, together with
the corresponding stress 64 applied on the two surfaces perpendicular to the fiber.
Since all plies now undergo the same isotropic deformation, and the tractions on
their lateral surfaces are known, the laminate can be reassembled, provided that 64
and 67 remain applied to the external edges of each ply, and that 67 is also applied
as normal stress 033 to both exterior in-plane surfaces of the laminated plate. Recall
from (10.1.8) that the latter part of 67 can be represented by an in-plane eigenstrain
and thus incorporated into the constitutive relation (10.1.9) of each ply.

After reassembly, the 64 and 67 are transformed by (10.2.2), from the local
coordinates x;') of each ply, into ply tractions 61, 02 and a shear 05 in the
global or laminate system of coordinates X;, j = 1, 2, 3. The transformed ply
tractions are then substituted into (10.3.1, 10.3.2), to yield their global resultant
o= > [3f’), c:rz(l) , c:rél) ]T. The contribution of a thermal change A6 to the stress
state in each ply is now denoted by &l(_e)’ which is the in-plane stress remaining in
each ply (i) after unloading of the laminate by in-plane stress —6 and transverse
stress 033 = —67. The unloading step follows from (10.1.10) and (10.3.13).
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(12.3.11)
b —-orl- () (8 /52). of

The transverse stress 033 vanishes in the unloading step. Corresponding stress
averages in the fiber and matrix phases r = f, m are, from (10.4.5)

e =BOUG" +b,10 (12.3.12)

Onset of global yielding in each ply can be determined by one or more yield
surfaces that may be assigned to the ply. The bimodal surfaces described in
Sect. 12.2.1 are a convenient choice. However, they now need to be derived directly
from the matrix yield condition and from the matrix stress average (12. 3 12). The
latter causes their rigid body translation, because both contributions to o © depend
on Af. In the first term, A6 is introduced through 67. Translation of ply yield
surfaces in the global coordinates is not necessarily limited to in-plane directions,
because a ) also depends on the 633 = —67 applied to laminate surfaces. Initial
and translated loading surfaces of each ply need to be converted from ply to global
coordinate systems. Implementation and results of the outlined procedure, with yield
surfaces of each ply represented by the bimodal plasticity theory of Sect. 12.2, were
described by Bahei-El-Din (1992).

Here we show selected results of the said procedure, obtained for a (0 /£45)
laminated plate, made of a silicon carbide (SCS6) fiber, ¢, = 0.35, in a titanium
aluminate (Ti3Al) matrix. Matrix yield stress increases linearly from 200 MPa at
the fabrication temperature of 920 °C, where the laminate was assumed to be stress-
free, to 624 MPa at room temperature. Branches of the bimodal yield surface were
constructed in the global system for each ply of the laminate. The initial cluster
of ply branches of the stress-free laminate at fabrication temperature is symmetric
about the origin, which is the center of all branches. The top image in Fig. 12.18
shows a section of the cluster in the global coordinate plane 61102;.

Cooling of the laminate from the fabrication to room temperature has not caused
plastic deformation, since the matrix yield stress had increased at a faster rate than
the temperature-induced translations of the branches. The elastic thermal hardening
of the laminate causes large size expansion and rearrangement of the branches.
Bottom part of Fig. 12.18 shows the cluster at 21 °C, in the global stress coordinates
01102,. Since both the fiber and matrix constituents are isotropic, one part of the
rigid body translation of the branches proceeds in the isotropic stress direction of
each ply, as in Fig. 12.17. Another part is induced by ply stress changes caused by
the global unloading (12.3.11). Both are projected into global stress space of the
laminate and superimposed. The magnitude of translation due to thermal hardening
in the global stress space is proportional to A6. The direction is not in the ply stress
plane.
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Interior envelopes of the clusters surround the elastic deformation region of
the plate. They are subdivided into FDM and MDM segments, and shown at the
fabrication and room temperatures in Fig. 12.19. Similar initial and translated
surfaces were found in the 0;;0,;—plane. Both figures appear in the same stress
scale, and the interior envelopes coincide on the o;;—axis. The initial surfaces are
of the MDM mode, while FDM branches, projected from the local caps in certain
plies, form sections the interior envelopes at room temperature.

These examples show the large effect that a change from processing to room
temperature may have on the size and position of the branches of ply and overall
loading surfaces. Activation of either fiber or matrix dominated mode on the interior
surface also indicates where to expect either more compliant or stiffer response.

12.3.4 Thermal Hardening in Polycrystals
and Multiphase Systems

Uniform strain and stress fields which were used to find simple thermal hardening
rules in two-phase systems and multilayer laminates of identical two-phase fiber
plies, are also available in polycrystals consisting of randomly orientated grains with
identical elastic properties, described in Sect. 8.1.3. Each grain may have trigonal,
tetragonal. hexagonal or cubic material symmetry. Mechanical stress averages 0;7,
caused in each grain r = 5 by a uniform overall stress 6;; can be determined as
cr; = B;klc_rij, where the local stress concentration factors B;kl can be determined,
for example, by the self-consistent method using (7.1.1).

A uniform thermal change A9 = 6 — 6 applied to a polycrystal will cause
thermal stresses in individual grains. However, superposition of A9 with an applied
overall stress 6; = pd;; from (8.1.13), creates an auxiliary isotropic uniform overall
strain &y (8.1.14) in the entire aggregate. Local stress average in each n-grain
is 61:7 = L?jkl (§k1 — mZZAQ), where L?jkl is the local stiffness and mZz the local
thermal strain vector, found for each material symmetry of the grains from Table 8.1.
Unloading by the overall stress ; = — pd;; returns the polycrystal to traction-free
state, and it changes the local stress to

al;.] = &; — B;klﬁé’kl (12.3.13)

Onset of plastic deformation in each grain should be defined by a certain
yield function g,(0;] — o)) of local invariants of o], consistent with the particular
material symmetry of the grains. Branches of the yield surfaces of individual grains
in the overall stress space 0y; can be generated by describing each branch by

Gy (05— &) = gy [ 67 — Bl (p8u —af) | = 0 (12.3.14)
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where 6; = L?jkl (8w —m},A8) and p brings in the effect of temperature change.
The d;’j denote again current positions of the centers of the individual branches, as
indicated by the specific form of the local yield function.

Multi-phase aggregates do not lend themselves to evaluation of local thermal
stress fields by a uniform field method. Instead, these fields need to be found using
(8.2.22), as

ol = Bllou + Xn: FJALY, mf A0 (123.15)
p=1
or from (8.3.3)
0 = Bjj0u + bjj A0 (12.3.16)
The A, = I[;A0 = —L%, my;Af is the thermal eigenstress in each grain r = p.

As shown in (8.2.23,8.2.24), the Fjj; can be found in terms of the B, and B/, and

compliances My, M, while b} is given in (8.3.7). The local stresses can be used
to generate local yield surfaces in each elastic phase or subelement V;,. Projection of
the local surfaces as branches of the overall yield surface follows again in the steps
leading to (12.3.14).

12.4 Utility of Plasticity Theories of Composite Materials

Modeling of inelastic composite materials has attracted substantial attention over
the last 40 years. Many early papers had extended elastic averaging approaches
and standard plasticity theories to evaluation of yield functions and plastic strain
directions and magnitudes of both fibrous and particle systems. More recent work
shows that predictions indicated by averaging methods are not in agreement with
experiments, numerical simulations, or with the bimodal theory. Therefore, such
predictions can now be regarded as a self-contained body of work of limited
significance in applications.

More recent finite element work has shown that even large domains, consisting
of a matrix and many aligned fibers randomly distributed in the transverse plane,
cannot be regarded as representative volumes. Their response to constant transverse
uniform stress changes with rotation of the domain about the direction of the
fibers. That limits numerical simulations to unit cells subjected to periodic boundary
conditions. Since the metal matrix composites that have been used in actual
aerospace structures exhibit nearly periodic distribution of boron or silicon carbide
fibers, they can be represented by unit cell models designed as representative
volumes, such as the PHA model in Sect. 12.1.1.

The results outlined in this chapter apparently represent the most complete set
of comparisons between controlled multiaxial experiments and both analytical and
numerical simulations. The bimodal plasticity and the Phillips hardening rule appear
to yield reasonably accurate predictions of the shapes and positions of overall yield
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and loading surfaces observed in experiments. The MDM yield condition suggests
that the yield stress is independent of the slip system involved, which is confirmed
by comparison with experiments in Fig. 12.9. However, the experimentally detected
directions of the plastic strain increments shown in Fig. 12.11 are not quite
perpendicular to the MDM branch segments. That is most pronounced along the
D-E segment in the figure, but is also evident on other parts of the several MDM
branches. We note that similar deviations from normality were found in detection of
plastic strain increments of the polycrystal aluminum matrix along the path shown
in Fig. 12.8, and also in the cited work by Phillips and associates.

Deviations from normality can be explained by inspecting the cluster of loading
surfaces computed with the PHA model in Fig. 12.14. The MDM branch of
the bimodal surface provides a good approximation to the observed yield points.
However, each such point is a corner of the currently loaded branches of the cluster,
and the plastic strain increment direction is only required to lie within the cone
of normals at each such corner. However, the bimodal theory and Phillips rule
alone can approximate the experimentally observed shapes and positions of both
MDM and FDM yield and loading surfaces along a complex loading path. Such
approximation cannot be expected from the averaging method, which would predict
only the FDM branch of the bimodal surface.

The bimodal theory can be useful in predicting the stress range loads which may
cause primarily elastic deformation of a composite structure, even under variable
loads. Of course, elastic response is desirable in most applications, since frequent
excursions into the plastic region cause low cycle fatigue (Dvorak and Johnson
1980). That response is assured when the material and structure shake down to an
elastic state, possibly after some excursions into the plastic region (Maier 1969,
1973; Tarn et al. 1975). On the other hand, absence of shakedown allows repeated
inelastic straining, which may lead to structural failure in relatively few cycles.
The cyclic loading sequence leading to shakedown may also be accompanied
by development of damage by transverse cracking, as indicated in Sect. 10.10.
Such process has been modeled in several metal matrix laminates by Dvorak,
Lagoudas and Huang (1994, 2000). Thermal hardening may play a significant role
in shakedown processes at elevated temperatures. Shakedown as well as thermal
hardening are precluded by constrains on elastic or total deformation, such as the
fiber inextensibility and overall incompressibility assumed for the ‘ideal materials’
by Mulhern et al. (1967, 1969) and Spencer (1972, 1987).

In conclusion, reliable parts of the predictions include yield and loading surfaces
evaluated with the bimodal theory and Phillips hardening rule. Also, inelastic
strain magnitudes evaluated for a subdivided unit cell, by the transformation field
analysis or by a finite element program. The flow rule for evaluation of plastic
strain magnitude can be based on data obtained in combined loading experiments in
Sect. 12.2.2, but not necessarily from standard uniaxial tests.

Far removed from reality is the assumption of normality of plastic strain
increments to a model-predicted smooth loading surface, and the plastic strain
magnitude evaluation on the basis of uniaxial tension experiments on bulk matrix
material.
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Restrictions on elastic constants, 33

Restrictions on shape and alignment, 51,
183-184, 192-194, 197, 236

Restrictions on total volume fraction, 203

Reuss bounds, 146, 147, 154, 163

Rotational invariance, 20

Rotational symmetry, 13, 15-17, 21-23, 28,
31, 32,71, 72, 118, 163, 189, 203, 223,
230, 234

Rule of mixtures, 165, 212

S

Scalar multiplier, 343, 344, 347, 380

Schmid law for crystalline slip, 383

Self-consistency assumption, 168

Self-consistent method (SCM), 146, 158,
168-176, 178-184, 191-193, 197, 205,
211, 215, 247, 256, 284, 329, 330, 377, 404

Shakedown, 326, 359, 407

Shape-independent relations, 114-115

Shear modulus, 23, 24, 27, 33-34, 102, 107,
162, 164, 165, 170-174, 181, 182, 188,
192, 194, 354, 360, 378
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Simple material descriptors, 37-38

Skeleton, 103, 104

Slip system, 339, 348, 380, 382, 383, 384,
407

Slit crack, 118-119, 141, 204

Specific surface, 3941, 46, 132, 195

Spectral decomposition, 26

Spheroid, 52, 79, 116, 119-120, 143, 181, 189,
190, 197, 202-204, 263, 270, 385

Stacking sequence, 36, 287, 292, 310

Statistical anisotropy, 39

Statistical homogeneity, 38-39, 72, 224, 376

Statistical isotropy, 39, 182

Stiffness, 2, 5, 11, 35, 79, 125, 145, 178, 224,
260, 287, 337, 362

Stiffness of an ellipsoidal cavity, 85, 121

Strain average, 47, 48, 50, 71, 82, 87, 93,
95-98, 112-114, 122, 128, 132, 136,
141-143, 185, 192, 198-201, 204, 206,
208, 218, 237-241, 247, 251, 255, 276,
281, 298-301, 332, 376

Strain energy, 3, 11-15, 17, 20-24, 33, 60-62,
64, 126, 127, 130, 131, 138, 139, 144, 160,
280, 284, 312, 328, 329, 332, 339

Strain gradient, 2, 47

Strain softening, 341

Stress average, 47, 51, 56, 77, 92-94, 122, 127,
135, 137, 142, 165, 184, 186, 199, 200,
220, 233, 241, 243, 247, 276, 299-301,
315, 325, 333, 382, 402, 403

Stress distribution factor, 295-297, 300, 315

Submersibles, 321

Subscript notation, 1, 127

Surface stress in solids, 283

Symmetric laminates, 34, 287-335, 381

T

Tanaka-Mori theorem, 82, 112—-114, 201

Tangential compliance, 337, 357, 358

Tangential stiffness, 183, 337, 357, 358

Temperature dependent phase properties,
250-252

Tensor component notation, 1-9

Tensor transformation, 56

Tetragonal material, 20

Thermal concentration factor, 248, 249, 373

Thermal expansion coefficient, 42, 65, 100,
102, 135, 214-216, 221, 223-225, 229,
233-235, 246, 247, 250, 251, 256, 273,
295, 299, 304-306, 396

Thermal hardening, 233, 360, 395-406, 407

Thermal ply vector, 304
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Thermal strain vector, 65, 66, 100, 102,
223-226, 246, 273, 290, 297-299, 315,
356, 399, 403

Thermoplastic deformation, 371-374

Thin interphases with assigned properties,
282-284

Traction continuity, 47, 54, 72, 93, 231, 276,
283, 310

Traction-free cavities, 87, 96, 99

Transformation concentration factor, 57, 58,
77, 88, 89, 125, 230, 238, 245, 251, 362,
365, 366, 380

Transformation field analysis (TFA), 360-381,
407

Transformation fields, 53-58, 68, 108, 109,
114, 148, 221-257, 395

Transformation influence function, 56, 57, 89,
90, 222, 235-246, 248, 257, 361, 365-368

Transformation strain, 4, 35, 42, 52, 56, 60, 68,
75,79, 80, 83, 84, 87, 92-93, 108, 115,
120, 221, 222, 238, 239, 252, 293

Transformation stress, 53, 76, 77, 120, 237,
299, 367

Transformed homogeneous inclusion, 80-81,
83, 86, 117, 133, 140, 184

Transformed inhomogeneity, 90, 95, 236

Translational invariance, 15, 19, 24, 38, 39, 41

Transverse cracking, 140, 288, 302, 326, 329,
407

Transversely isotropic or hexagonal material,
6, 19, 21-22, 27-33, 70-73, 80, 116,
118, 119, 163, 164, 167, 168, 174-176,
180, 187, 189-191, 194, 197, 204, 223,
226-231, 233-235, 249, 250, 288, 290,
294,312, 314, 329, 330, 397, 399

Transverse shear modulus, 27, 163, 164, 166,
168, 174-176, 180, 181, 188, 284, 335

Triclinic material, 17, 357

Trigonal material, 20

Tunneling crack, 33, 141, 326, 329, 332

Two-phase composite, 43, 51, 56, 75, 76, 168,
169, 184, 186, 194, 206, 224, 239, 284,
359, 376, 395, 401

Two-point probability function, 40-43

U

Undrained porous medium, 103

Uniform boundary conditions, 43, 46, 75, 120,
145, 163, 217, 241, 364, 365, 379, 397

Uniform field method, 69, 87-90, 92, 227, 233,
242, 257, 406

Unit cell models, 43, 238, 279, 282, 360,
362-364, 371-376, 381, 388, 397, 398, 406
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Universal connections, 30, 70-74, 165, 175,
181, 187, 194, 228, 233, 284

Upper bound, 43, 149, 150, 152, 153, 159-161,
163, 166, 167, 171, 175, 181, 187, 188,
210, 225

Utility of plasticity theories of composite
materials, 406, 407

\%

Variational bounds, 51, 145

Virtual work theorem, 59-61, 65, 70

Viscoelastic deformation, 374-376

Viscoplasticity, 221, 341

Voids, 43, 47, 79, 95, 96, 141, 187, 209, 211,
279

Voigt bounds, 146

Volume average of stress field, 35, 4648, 50,
77, 120, 126, 145

Volume averages of strain and rotation, 47

Volume fraction fluctuation, 44—46

W
Walpole’s bounds, 147-153

Index

Walpole’s estimate of overall moduli of
two-phase composites, 160, 161

Walpole’s notation, 4, 30-32, 116, 118, 119

Well-ordered phase moduli, 226

Willis stiffness and conductivity bounds, 154

Work theorems, 59-61, 65, 70

Y

Yield condition, 339, 358, 359, 361, 368, 370,
372, 382-384, 402, 407

Yield stress, 338-341, 344, 347-349, 351, 355,
368, 382, 383, 385, 386, 395, 401, 402, 407

Yield surface, 337-341, 343, 344, 346, 347,
349, 351-355, 368-370, 382, 385, 386,
388-394, 395-403, 406

Young-Laplace equation, 283, 284

Young’s modulus, 24, 33-34, 43, 102, 165,
167, 169, 175, 176, 188, 250, 272, 385

Z
Zener’s elastic moduli, 31
Ziegler’s hardening rule, 348, 391
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