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Abstract—The general form of the constitutive equations that describe steady-state creep of fiber-
reinforced metal-matrix composites with transversely isotropic overall symmetry is developed. The
physical meaning of the constitutive functions involved is discussed in detail. A method for the
numerical integration of the constitutive equations is developed. The “‘linearization moduli” associ-
ated with the integration algorithm are computed, and the constitutive model is implemented in a
general purpose finite element program. A constitutive model for steady-state creep of fiber-
reinforced composite that has been developed recently by deBotton and Ponte Castadieda (1993) is
also considered. A number of “‘unit cell” problems with periodic boundary conditions, consistent
with the requirements of homogenization theory, are solved by using the finite element method, and
the results are compared with the predictions of the analytical model of deBotton and Ponte
Castaiieda.

1. INTRODUCTION

Fiber-reinforced metal-matrix composites are expected to play a key role in achieving the
performance goals of the next generation of aircraft engines. Compared with traditional
metal alloys, these materials have superior creep resistance at elevated temperatures, as well
as a high strength-to-stiffness ratio.

In view of their potential as high-temperature structural materials, metal-matrix com-
posites have attracted increasing attention recently, and various attempts to develop consti-
tutive models for the mechanical behavior of such materials have been made. Several one-
dimensional models that can be used to predict the creep behavior of fiber-reinforced
composites under simple types of loading are already available in the literature ; we mention
amongst these the work of Mileiko (1970), Kelly and Street (1972), McLean (1985, 1988),
Goto and McLean (1991a,b), and McMeeking (1993a,b). Johnson (1977) appears to have
been the first to propose a set of three-dimensional constitutive equations for creeping
transversely isotropic materials ; he based his model for steady-state creep in directionally-
solidified eutectic alloys on a generalization of the Bailey-—Norton law, which connects the
creep strain rate and applied stress by a power-law relation. More recently, deBotton and
Ponte Castafieda (1993) have developed estimates as well as rigorous bounds for the
dissipation functions of multiple-phase fiber composites, in which the constituent phases are
non-linear isotropic materials. The work of deBotton and Ponte Castafieda was presented in
the context of non-linear elastic materials, but it can be also used to describe the steady-
state creep of fiber-reinforced transversely isotropic composites. A review of several models
for the effect of fibers on the creep characteristics of unidirectional composites has been
presented by McMeeking (1993a). It appears that, whereas some progress has been made
in developing constitutive equations for creeping anisotropic composites, there have been
few experimental studies on fiber-reinforced composite systems having practical utility at
elevated temperatures. The creep behavior of metal-matrix composites reinforced with
continuous fibers was studied recently by Weber et al. (1992). Their results show that, when
both the matrix and the fibers creep, the composite exhibits steady-state behavior, following
an initial transient ; however, when the fibers do not creep, transient creep of the composite
is observed, with a creep strain limited by the elastic deformation of the fibers.
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In this paper, we develop the general three-dimensional form of the constitutive
equations that describe steady-state creep of fiber-reinforced metal-matrix composites with
transversely 1sotropic overall symmetry. The constitutive equations for the creep strain rate
involve four scalar functions that depend on the five transversely isotropic invariants of the
stress tensor ; the physical meaning of these constitutive functions is discussed in detail. The
numerical implementation of the general form of the transversely isotropic constitutive
equations in a finite element program is discussed, and a method for the numerical inte-
gration of such equations is presented. A specific constitutive model for steady-state creep
of fiber-reinforced composites that has been developed recently by deBotton and Ponte
Castafieda (1993) is examined. The predictions of the model are compared with the solutions
of a number of ““unit cell” problems; periodic boundary conditions, consistent with the
requirements of homogenization theory, are imposed on the unit cell problems, and the
solutions are obtained by using the finite element method. Finally, the model of deBotton
and Ponte Castafieda (1993) is implemented in a general purpose finite element program,
and the problem of a composite plate with a hole is solved.

Standard notation is used throughout. Boldface symbols denote tensors, the order of
which is indicated by the context. All tensor components are written with respect to a fixed
Cartesian coordinate system, and the summation convention is used for repeated indices,
unless otherwise indicated. The prefices tr and det indicate the trace and the determinant,
respectively, a superscript T indicates the transpose of a second order tensor, a superposed
dot denotes the material time derivative, and the subscripts s and « indicate the symmetric
and anti-symmetric parts of a second order tensor. Let a and b be vectors, A and B second-
order tensors, and C and D fourth-order tensors ; the following products are used in the
text: (ab), = ab, (A-a), = A,a, (a-A), = aA,, (A B),; = 4, Bi;, A:B = A4,B;;, (CA/0B);.
1= 0A;/CBy, (AB) = 4, By (C: A)y; = CyyyAy and (C: D)y = Cripn Dyt

2. CONSTITUTIVE EQUATIONS

We consider infinitesimal deformations and write the infinitesimal strain tensor ¢ as
the sum of the elastic and the creep strains, i.e.

e=¢+¢g". Q)

The focus of this paper is the steady-state creep behavior of fiber-reinforced composites.
However, for comparison purposes, we start with a brief discussion of some commonly
used constitutive equations for creeping isotropic materials.

2.1 Creep of isotropic materials
The constitutive equation for the steady-state creep strain rate is of the form

& =glo,$), (2)

where g is an isotropic function of its arguments, & is the stress tensor, and s is a set of
material constants. Using the representation theorems for isotropic functions, we can
readily show that the most general form of the last equation is (Wang, 1970a.b; Smith,
1971)

& = ¢ 14 2¢,6 + 3307, (3)

where the ¢;s are functions of s and the three isotropic stress invariants I, = tr(e), I, = tr(¢?),
and 7, = tr(e?).

We assume next that the creep strain rate &” is derived from a creep potential
Y =Y¥(o.9),liec.



Steady-state creep of fiber-reinforced composites 2221

v
7 = —— 4
e “4)
The creep potential must be an isotropic function, i.e. a function of the form
le‘P(II’I?.’I}as)' (5)
Using the chain rule, we can readily show that
A 4 3 oW oI
& =5 = iglgl—igzc,l+2cza+3c3az, )
where now
7k d
= 7
<= (7

The three-dimensional form of the standard steady-state ‘‘power-law” creep consti-
tutive equations is

¥ o, (o N'a Goéo [0, V!
o OV s (0T - - Je 8
é 5€0 < ) o where ¥ =Y¥(/,,1,) nil\og , (8)

¢’ is the stress deviator, o, =(1.507,0)"'"* = [0.5(31, —I3)]'"* is the von Mises equivalent
stress, # is the creep exponent, and (a,, &,) are material constants. Equation (8) is a special
case of (3) with

3 s . n—1
Cl=_§IICZa Cz=_8_0(a_) , ¢3=0. ©)

Note that the power-law creep equation, eqn (8), does not involve a quadratic stress
generator term o” (i.e. c; = 0).

2.2 Fiber-reinforced composites

Consider next a material reinforced by aligned fibers. The macroscopic response of the
composite is assumed to be transversely isotropic, and the unit vector n in the direction of
the fibers is used to define the axis of rotational symmetry.

2.2.1 Elasticity. The elastic strain is written in terms of the stress tensor ¢ as
£=C"":0, (10)

where C is the fourth-order elasticity tensor for a linear transversely isotropic material. The
elasticity tensor is of the form (Aravas, 1992)

C = 24ll+2bJ 4+ 2caa+ dP + e(Ia+al), (11)

where I is the second-order identity tensor, J is the fourth-order identity tensor with
cartesian components Jy;, = (0,8, + 0,0,)/2, a is the orientation tensor a = nn, (a, b, ¢, d, €)
are elastic constants, and
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Py, = %(aik (5,1 + ail(S/‘k + 5;‘/‘—(1]‘/ + 5[/“,%)- (12)

The constants (a, b, ¢, d, ) are related to the standard elastic moduli (E},, ft12, i3, K33, V12),
as defined, for example, in Christensen’s (1979) book, by

a=%(K33—/123), b=, C:%Ell+%ﬂz3—2/112‘}‘%(1—2"12)21(23’ (13)
d=2(1,— ), €= —(1-2v)Ks, (14)
where the x,-axis is in the direction of transverse isotropy.

2.2.2 Creep. The constitutive equation for the steady-state creep strain rate is of the
form

& = f(a, ), (15)
where f is a transversely isotropic function, and s is collection of material parameters such
as the volume fraction of the fibers, the material constants that enter the constitutive
equations of the matrix and the fibers, etc. Using the results of Liu (1982) together with

the representation theorems for isotropic functions (Wang, 1970a,b; Smith, 1971), we can
readily show that the most general form of the above constitutive equations is

& = al+2a,6+3a,6° +a,a+as(6-ata 6)+as(6”ata-e6’) =1(a,s), (16)
where the g;s are functions of s, and the following five transversely isotropic invariants :

I, =tr(e), I, =tr(¢?), I, =tr(¢’). I, =tr(6-a)=n'6'n, I =tr(e’-a)=n-'g’"n.
17
An alternative set of commonly used transversely isotropic invariants is given in Appendix
A.
If the creep response of the material is incompressible, then the following equation
must be satisfied for all values of 6 :
3a1+2a21|+3a313+a4+2(1514+2a615 :O. (18)
We consider composite materials in which both the fibers and the matrix are isotropic
with constitutive equations such that ¢'(—e6) = —&“(e), and require that the constitutive
equation of the composite, eqn (16), satisfies the condition §”(—e6) = —&”(e) as well. Then,
one can readily show that ¢7(0) = 0, and that the functions a, are such that
a(—n, L, =1, —1,,15) = —a;(I,.1,, I;,1,,I5) for i=1,3,4,6, (19)
and
a(—1,, 0L, L, —1,,I5) =a(,,I,,I,1,,Is) for i=2,5, (20)
which imply that

a=a,=a,=a,=0 when I,=01=1,=0. 20

We assume next that the creep strain rate & is derived from a creep potential ¥ = ¥(a, s).
In view of the assumed transverse isotropy, ¥ must be of the form
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‘le{l(11712913s1d:[5’s)- (22)

Using the chain rule, we can readily show that

@‘P oWV oI,
=0 v = a1+ 2a,6+3a,6° +a,a+as(6-a+a- o), (23)
e = (3[ oo
where now
ik 4
= . 24
a, 7 (24)

Note that eqn (23) is a special case of the more general form, eqn (16), with a, = 0.

Consider now the case in which both the matrix material and fiber material creep
according to the power-law equation, eqn (8). Since quadratic stress generators are absent
in (8), we introduce the assumption that the corresponding creep equation for the composite
does not involve quadratic stress generators cither, i.e. a; = 0¥/dI, = 0. We emphasize,
however, that thisis meant to be only a reasonable approximation ; in general, such quadratic
generators may appear in eqn (23) even though they are absent in eqn (8).

Summarizing, we mention that the assumed constitutive equation for the creep strain
rate of the fiber-reinforced material is

& =al+2a,6+a,a+as(6-a+a- o) = f(a,s). (25)

3. IDENTIFICATION OF MATERIAL FUNCTIONS g,

Let the coordinate axis x; be along the direction of the fibers, so that n = e;, where e,
is the unit base vector along the x;-axis. Then the constitutive equation, eqn (25), can be
written as

& = a,0,+2a,0,+a40;30;3 +0a5(6;30;, +9,50,), (26)
or, equivalently
& = a,+2ax0,,, 27
& = a,+2a,0,,, (28)
& = a, +a;+2(a, +as)oss, (29)
& = 2a,0,, (30)
&5 = (2a, +as)o.,;, 31
851 = Qay,+as)o;,. 32)

The relevant invariants /, now take the form
=tr(e), L =tu(6’), I =04, Is=03+03,+03;. (33)
Equations (27)—(32) show that:

® 1, and as relate to the response of the composite under shear, whereas a, and a, refer
to longitudinal and transverse tension;
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e if as = ¢W/2I; = 0, then the response of the material is identical under longitudinal
(023, 04,) Or transverse shear (,,) ;

e in view of eqn (21), longitudinal shear loading (i.e. o5 # 0 and/or g,; # 0, other
o,; = 0) causes longitudinal shear strain rates only, i.e. £} = £5, = €5, = é{2 = 0;

e in view of eqn (21), transverse shear loading (i.e. ,, # 0, other g, = 0) causes trans-

cr

verse shear strain rates only, i.e. &), = &5, = &5 = &3 = 55 =

The last two conclusions are true even when the quadratic stress generator is included in
the constitutive equation for &7, because the function @, vanishes under longitudinal or
transverse shear, in view of eqn (21).

4. FINITE ELEMENT IMPLEMENTATION OF THE CONSTITUTIVE MODEL

In this section, we discuss the implementation of the general form of the constitutive
model described in Section 2 in a finite element program. In a finite element environment,
the solution of the creep problem is developed incrementally, and the constitutive equations
are integrated at the element Gauss points. In a displacement-based finite element formu-
lation, the solution is deformation driven. At a material point, the solution (s,, &,) at time
t, as well as the strain g,, | at time ¢,,, = t,+ At is supposed to be known, and one has to
determine the solution g, ;.

4.1 Numerical integration of the constitutive equations
We start with the elasticity equation, eqn (10):

6,1 =C:¢,, =Cie.+Ae—Ag") = 6 —C: A", (34)

where Ae =¢,_,—¢, and Ag” =g, , —¢& are the total- and creep-strain increments, and
¢° = 0,+C: Ag is the (known) elastic predictor.

The creep constitutive equation, eqn (25), is integrated by using a generalized trap-
ezoidal method :

A" = [af(6,. 1, 5)+ (1 —)f(a,, )]Ar (0 < a< 1) (35)

When 2 =0, 1, or 1/2, the integration scheme reduces to the forward Euler, backward
Euler, or the trapezoidal method, respectively.
Summarizing, we write

F(Ae") = Aeg” —[af(a,,, 1 (AE"), s) + (1 —a)}(a,, 5)]Ar = 0, (36)

where

G, (A") =6 —C: Ae”. 37D

We choose Ag”" as the primary unknown and treat eqn (36) as the basic equation in which
6, is defined by eqn (37). The solution is obtained by using Newton’s method. The first
estimate for A¢“" used to start the Newton loop is obtained by using a forward Euler scheme,
1.e. (Ae") = f(o,.1,,5) Af. An alternative and more accurate estimate for Ag” can be
obtained by using the so-called “forward gradient” technique as described in the following.
The function f(g,, ;) is approximated by

-~

f(o,.,) ~f(e,)+ <§) :Ae = f(o,) + (%) 1 C:(Ae—Ag) (38)

and substituted into eqn (36), which then yields the following estimate for Ag”:
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, of - of
(A )eq = [J+al=—) :CAt| :f(o,)+a|—] :C:Ae|At. (39)
da ), oo/,
The Jacobian associated with the Newton loop in eqn (36) is given by
¢F of 06, _ of
< J—aAt (T) :ca "L = J4 oAt (—) :C. (40)
JAg” ca n—1 OAS‘ " YO St

Once Ag” is found, eqn (37) defines the stress a,,,, and this completes the integration
procedure.

In the following, we derive the general form of df/de. Recalling the creep constitutive
equation

oY > oW 4l
g = —— = — =1 41
¢ de =0l Co (@, S
we readily conclude that
o Y S S W arndl, & oY &
— = = —_— — - 42
06 (o lo ,g‘l _,-Z‘l ol él, ée6 o =, ol 6o 42)
where
~_ =L 3 = 43
do Jo 06 (43)
0L g, T1 oy 44)
oo a dode O’ (
813 5 6213 <
E = 3¢ 5 50,-,- (3o'k, = 3(5l'ko-lj+o-ik0[j): (45)
614 0214
o =0, 46
3¢ > Zode 9 (46)
ol ;s
P crata‘o, m = Q30+ oy (47)

We conclude this section with a brief discussion of the appropriate time increment
used in the integration procedure. Let ¢,,,, be the maximum of the absolute values of the
stress components (i.e. 0y, = max |o,|) and define

CETOL = 0.1 ZL (48)

11

where E, is the elastic modulus defined in Section 2.2.1. The time increment Az is chosen
so that the maximum difference in the creep strain increment calculated from the creep
strain rate based on the conditions at the beginning and at the end of the increment is
always less than CETOL, i.e.
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|ﬁj(0'n+1) —f,‘,-(a,,)| At < CETOL foralli, j. 49)

4.2 Linearization moduli

In an implicit finite element code, the overall discretized equilibrium equations are
written at the end of the increment, resulting in a set of non-linear equations for the nodal
unknowns. If a full Newton scheme is used to solve the global non-linear equations, one
needs to calculate the so-called “linearization moduli” ¢, given by

_ aan+l

f B 68,,,] )

(50)

For simplicity, we drop the subscript (#+ 1) with the understanding that all quantities are
evaluated at the end of the increment, unless otherwise indicated. Starting with the elasticity
equation, eqn (34), we find

do = C:Ce—C:0Ae". (&1))]
The differential A¢” is evaluated from eqn (35) as follows:

oAe” of
one” = 28 o6 = aAt—~: b (52)
Jao Je

Substituting the last equation into eqn (51) and solving for de/d¢, we find

80_

o\~ of\~!
f=a <J+otAtC:g;> :C = <C'+ocAta) . (53)

Note that 0f,/@o,, is symmetric with respect to the pair of indices (i, /) and (k, /). Hence, in
view of eqn (53) and the usual symmetries of the elasticity tensor C, the Jacobian #, is
also symmetric with respect to (i, /) and (k, /), which leads to a symmetric “stiffness matrix”
in the finite element computations.

4.3 The case of plane stress

In this section, we consider the case in which the fibers are all parallel to the x; =0
plane (i.e. n = n,e, +n,e,) and the applied loads are such that 633 = g3, = 03, = 0. The stress
and strain tensors are now of the form

o =o0,4ee; and &= ¢, e.;+¢633€5€;5, (54)

where Greek subscripts range over the integers (1, 2).

In such problems, the strain increments Ag,,, Aé,,, and Ag;, are known, but the out-of-
plane component of the strain increment Aes; is not defined kinematically ; some modi-

fications to the method described in Section 4.1 are therefore needed.
The total- and creep-strain increments are written as

Ag = Agge.e5+ Agyzeie;  and A’ = Agjhe, e+ Actseqe;. (55)
The plane stress condition a;; = 0 requires that
C33,,'(A5:_/‘A8;}r) =0 or Aegy;= (C33ijA3fjr - C33uﬂA£1ﬂ)/C3333' (56)

Summarizing, we write
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F(Ae") = Ae” — [af(6(A&”), 5) + (1 — 0)(o,, 5)] A = 0, (57)
0,(Ae") = 65+ C33A8:3(Ae”) — CppyAt), (58)
Ae;3(Ae7) = (s3] — Ci3,58,5)/Ciis, (59)

where
65 =(6,);;+ Capleyy. (60)

We choose Ag” as the primary unknown and treat (57) as the basic equation in which
a(A&7) is defined by eqns (58)—(60). The solution is obtained by using Newton’s method.
The corresponding Jacobian is

JoF
=J—u

of
= =J+aAt_—(C-A), 61
YT SR(GN (61)

0
. =
06 (As”
where

A{/‘Ik = Cuss C33k1/C3333 . (62)

5. AN ANALYTICAL MODEL FOR CREEPING FIBER-REINFORCED MATERIALS

deBotton and Ponte Castaiieda (1993) have recently presented a constitutive model
for non-linear composite materials reinforced by continuous fibers. They developed their
model in the context of infinitesimal non-linear elasticity, but their results can be used to
describe steady-state creep as well. The derivation of the model is based on a variational
principle that enables the expression of the effective energy functions of non-linear com-
posites in terms of optimization problems.

For the special case of incompressible behavior in which the creep potential for both
the matrix and the fibers is a function of the von Mises equivalent stress a,, their model can
be summarized as follows. Let the creep potentials for the matrix and the fibers be of the
form

YO =¥9@g,), k=1,2, (63)

where k& = 1 refers to the matrix and k& = 2 to the fibers. If the matrix is the “weaker”
material (i.e. ¥"(s,) > ¥¥(a,) for all s,), then the creep potential of the composite is
estimated to be (deBotton and Ponte Castafieda, 1993)

Y, 1, 1,) = l}?(ag’gg) = mulnn [Cllym(agl))+C2\P(2)(U§2))]’ (64)

where ¢, and ¢, are the volume fractions of the matrix and the fibers, respectively,
(c,+c¢,=1),and

o (6,0, 1) = {[(1+c,0)* + c,0°]67 (6) + (1 + c,1)?03(0) } ', (65)
oP(a,0,n) = [(1-c,0)°0 () + (1 —c\n)?0i(e)]', (66)
ai(e) = 3(t; +15) = 303L— 1) — (I, =3L), (67)
0i(a) = (0,—0,)* = ;3L —1,)*, (68)

o, =n-c"n, (69)
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7, =30 (I—nn). (70)

The quantities 4, g, 7,, and 1, are the alternative set of transversely isotropic invariants
discussed in Appendix A.

Note that, in eqn (64), the creep potential WV is independent of /s, which implies that
the predicted response of the composite will be the same under longitudinal and transverse
shear.

Let j and @ be the values of # and w that minimize the right-hand side of eqn (64) for
a given stress state o, 1.e.

¥ =c,¥Y"(a,d. /) +c, ¥ (0, D, 7). (71)

In general, 5 and @ are functions of ¢, and the corresponding equation for the creep strain
rate is

op 5k ut oy o SRAN/) opw SV 07
8=« to——t+la S ta—S o tla G tae——]z. (72)
oo oo 130) - éo of ¢ /oo

However, in view of the minimization in eqn (64), each of the terms in parentheses on the
right-hand side of the above equation vanishes identically. Therefore, in computing £, one
may regard & and # as constants (deBotton and Castafieda, 1993). The corresponding
constitutive equation for the creep strain rate can be now written as

(';\P(H () 3\1}(2) (}2)
5 = [ o)y, ‘——WL‘)} (73)
: éo,, do, wen =i
doy,
= m [(1+c0) +e0° ]U‘ﬁ + (1 4c,%)? Caz
i
fO'S CGd
C2 (2) |:(1 O,” +( Clr’) Jda :| (74)
where
. d¥%(c,)
ky _ ¢ _
b d _|: do, l e k=1,2, (75)
and
do, '
0,5 =50,;—5(0,—0,)(3nn;—35;), (76)
80',-, 20 2 P J ]
’o,
G473 L = %(Un—gp)(?)ninj_éi/)' (77)

7
/0

It should be noted that the above model is independent of the hydrostatic stress p = 0,/3
and that the predicted creep response is volume preserving, i.e. & = 0.

If the fibers are rigid, then one can formally set ¥® = 0. The minimization in eqn (64)
then yields
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and 4 = —i. (78)

W= —
14+¢, ¢y

Theno!"” = o,//1+ ¢, and the estimated creep potential and the corresponding constitutive
equations of the composite become

Y. 1. 1) = ¢, 'P" (al), (79

5o p )
g =———>=————[30;,— (g, —0,)(3nn;—9d,)]. (80)
I+ % 2 /1+e, T

Using the last equation, one can readily show that
n-& n=0, 81

i.e. the composite is inextensible in the direction of the rigid fibers. If n = e;, then the
constitutive equations (80) become

A
&= —¢, = 5(0'11 —0%), &3=0, and ¢ =Ao; for i#], (82)
where
3 e
A=>—2L = (83)
2 \/1 +C?_ G-A

6. COMPARISON WITH RESULTS OF HOMOGENIZATION THEORY

The predictions of the constitutive model described in the previous section are com-
pared here with the results of periodic homogenization theory (Sanchez-Palencia, 1980;
Bakhvalov and Panasenko, 1989). The homogenization techniques were originally
developed in the context of linear elasticity, but they have been extended to infinitesimal
non-linear elasticity (Suquet, 1982 ; Jansson, 1992). The comparisons are carried out for
non-linear elastic materials, for which the model of deBotton and Ponte Castafieda (1993)
has been developed.

The non-linear composite is assumed to be macroscopically homogeneous and we seek
to determine an effective constitutive equation of the form X = g(E), where £ and E are
the macroscopic stress and strain respectively, and g is a tensor-valued constitutive function
to be determined. The macroscopic field equations for a certain elasticity problem involving
the composite then become

— +b, =0, (84)
C. 7
X =g(E). (85)
1 fou, Ou,
E,= 2 (&x, + a_x,)’ (86)

where u is the displacement field, and b = b(x) is the body force.

In the following, we summarize some of the results of homogenization theory as
developed by Sanchez Palencia (1980) [see also Lene and Leguillon, 1982 ; Suquet, 1982,
1987; Lene, 1986 ; Jansson, 1992].
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6.1 Homogenization theory

The composite is now modeled as an inhomogeneous continuum made of two different
homogeneous non-linear elastic constituents. The microstructure is assumed to be periodic,
i.e. the constituents of the composite are arranged in such a way that it can be constructed
by the periodic repetition of self-similar elements. We define the “‘unit cell” as the smallest
such repeatable element. The characteristic length / of the unit cell is assumed to be small
compared with any characteristic dimension L of the body, i.e.

d=—<«1. (87

o~

Let x denote the position vector with respect to a fixed global cartesian coordinate system.
A local variable y is introduced for the unit cell by

y:x or x =Jdy, (88)

3
so that a change of O(1) in y corresponds to a change of O(d) in x. Note that the co-
ordinate x is constant at the unit cell level, where positions are described in terms of y.

In view of the periodicity of the microstructure, the constitutive equations at any point
of the heterogeneous medium can be written as

6 = f(a,;) = f(e,y), (39

f being a periodic function consistent with the periodicity of the microstructure, i.e. such
that

f(e% +l,e,-) =f <s,§), i=1,2,3 (nosumoveri) (90)

where /; is the characteristic length of the unit cell in the ith coordinate direction, and e, is
the unit vector in that direction. Functions of the type of eqn (90) will be referred to in the
following as Y-periodic.

Next, we search for an asymptotic expansion of the displacement field w as 6 - 0. A
two-scale expansion of the form (Sanchez Palencia, 1980)

u(x,y) = u?(x) +ou’ (x.y) +*u?(x,¥) + O(5°) on

is attempted, where the functions u”’, u®, etc. are Y-periodic. In the above equation, u®(x)

corresponds to the macroscopic deformation field E(x), whereas the subsequent Y-periodic

terms u'”, u®?, etc. are local perturbations due to the presence of the fibers in the continuum.
The corresponding strain expansion is

&(x,y) = [E(x) +&"" (x, )] +0[e" " (x,y) +&"* (x,y)] + 0(5) 92)
= 2 (x,y) + 08" (x, y) + O(5?), (93)
where
1/0u®  ou® o1 /ed® oul®
k) D i i ik _ i 7). 4
& 3 (Tx,- + 8){{) and & 3 ( o, + ay{) 94)

Note that £ (x) = E(x). The stress field can be written as
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a(x,y) = f(eV,y) +3e(s, y) 167+ 0(8%) = 6V (x. ) + 00V (x,y) + O(%),  (95)

where
c(e®,y) = [H(; y)} s (96)
The equilibrium equations become
(13 a(::y;i” <a§i° o aji ) +b,-)+0(5) = 0. ©7)

In view of the Y-periodicity of u'" and f, the fields £, &, 6'”, and ¢'” are Y-periodic
as well. Moreover, since the outward unit normal N to the boundary ¢Y of the unit cell
takes opposite values on opposite sides of @Y, the traction vector t¥ = N-¢® is Y-anti-
periodic.

Collecting terms having like powers of 8, we obtain the following hierarchy of prob-
lems.

6.1.1 Leading-order problem (the unit cell problem). We can recast the leading-order
terms of the above equations in the following form:

i(y) = E(x) y+u'(x,y), (98)

1 /éa, @ou;

g = ¢® = — L)
s =0 = (5 +57) 99)
é(y) = o (x,y) =f(Z.y), (100)

26,
== (), 101
2, (101)
with

u”  Y-periodic, t=N-é Y-anti-periodic, (102)

where i(y), &(y), and 6(y) are the displacements, strains, and stresses of the unit cell,
respectively. Recall that x is constant at the unit cell level ; hence, the macroscopic strain
field E(x) is also constant in eqn (98) and can be viewed as the macroscopic ““applied load”
to the unit cell. The field equations (98)—(101) over the unit cell together with the conditions
(102) define a well-posed boundary value problem that can be solved for (,£,6) or,
equivalently, for (u”, &, ) [e.g. see Suquet (1987)]. One can readily show that, if the
constitutive function f in eqn (89) is convex, then the unit cell problem has a unique
solution.
For any function ¢(x,y), we define

1

()= 7 L(b(x,y)dV,.. (103)

where Y denotes the unit cell. Using eqns (99) and (100) and taking into account the Y-
periodicity of u”, we find

SAS 32-15-H
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(Y =y = = E and (&) = (a©). (104)

The solution of the unit cell problem can be used to determine the functional relation-
ship between {(6) and (&), i.e. to find a tensor-valued function h such that

(8) = h({&). (105)

Note that, in view of eqn (104), the last equation can be also written as

(6?) = h(e™)). (106)
We conclude this section by stating the well-known result

1

{6,y = ZYJ (Ly,+1y)dsS,. (107)
Y

6.1.2 Second-order equations. The equilibrium equation yields, to second order,

2o (x,y) N do'V(x,y)

0x; 0y,

+b,(x) = 0. (108)

Taking the Y-average of the above equation and using the fact that ¢ is Y-periodic, we
find

J

Ox

J

(0)
KG2 1 p, =0, (109)

We summarize our findings by restating eqns (109), (106), (104a) and (94a) as follows

o
a<§;, +b,=0, (110)
X
{6y =h({e™)), (1D
1 /64  oul®
N _ ! L 112
<8t) 2 ( axj + axi ) ( )

Equations (110)—(112) define the homogenized problem for u'”(x). Comparing eqns (110)-
(112) with the macroscopic field equations (84)—(86), we conclude that the function h,
determined from the solution of the unit cell problem, provides the leading-order homo-
genized constitutive equation for the composite.

In the following, we use the finite element method to obtain numerical solutions of the
unit cell problem for various types of loading. The solutions are then used to calculate
numerically the function h, which is the leading-order constitutive function of the homo-
genized composite.

6.2 Numerical solution of the unit cell problem

We consider a composite material made of a non-linear elastic matrix reinforced by
continuous aligned fibers, which are assumed to be non-linear elastic as well. The consti-
tutive equations for the matrix and the fibers are of the form
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ol U ) =1 ’ £ ) n+1
el :z%k<&) L w((,‘,):M(L) L k=12 (13

do 2 Tok Ook e+ 1\ oo

The distribution of the fibers is assumed to be periodic, with the fibers arranged in a
hexagonal array. The linear and quadratic stress invariants of the hexagonal arrangement
are the same as those of a transversely isotropic system; a hexagonal array of fibers can
therefore be used to study /inear transversely isotropic elastic materials, since the elastic
potential is a function of the linear and quadratic stress invariants only (Green and Adkins,
1960 ; Jansson, 1992). In the general case, however, where terms of higher degree are
involved, the hexagonal system will provide only an approximation for a non-linear trans-
versely isotropic material; the approximation will be less accurate with increasing non-
linearity.

The fibers are assumed to be aligned with the y; coordinate direction, and the unit cell
is infinitely long in that direction. Figure 1 shows the cross-section of the unit cell on the
¥y, plane.

In the first set of calculations, the macroscopic applied loads are taken to coincide
with the principal material directions. In particular, the following four types of loading are
considered :

longitudinal tension: Z;; # 0, all other X, = 0,
transverse tension: X, # 0, all other Z,, = 0,
transverse shear: X, = L, # 0, all other X, = 0,
longitudinal shear: £;, = X,, # 0, all other £, = 0.

AW N =

The unit cell problem is solved by using the ABAQUS general purpose finite element
program (Hibbitt, 1984). The calculations are carried out forn, = 10,1, = 3,04 = 69 = Gy,
and &y = &, = &; note that ¥"'(s¢,) > ¥?(a,) for o./o, >(11/4)"" = 1.16. The “defor-
mation plasticity” model in ABAQUS has an additional “linear-elastic” term on the right-
hand side of eqn (113a) ; the elastic moduli used in the finite element computations are four
orders of magnitude larger than o, so that the contribution of the additional elastic terms

‘>Y1

=< 283 >{

Fig. 1. Hexagonal array of fibers and the corresponding unit cell.



N. Aravas et al.

N N W I 7 7 7/ /

VA A A S | | D
Fig. 2. Finite element mesh.

becomes negligible. The volume fraction of the fibers is 39.5%, i.e. ¢, = 0.395, ¢, = 0.605.
Figure 2 shows the finite element mesh used in the problems that do not involve longitudinal
shear (i.e. £;; = 0) ; the dark and white regions in Fig. 2 represent the fibers and the matrix,
respectively. The layout shown in Fig. 2 is repeated in the third direction to produce the
layer of three-dimensional elements used for the solution of the problems that involve
longitudinal shear. The type of elements and the exact boundary conditions used in the
calculation are discussed in Appendix B.

Figure 3 shows the calculated macroscopic stress—strain curves. In Fig. 3, the dotted
line is the prediction of the model of deBotton and Ponte Castafieda, whereas the solid line
indicates the results of the finite element calculations. Figure 3(a) shows the calculated
longitudinal stress—strain curve. The predictions of the analytical model agree well with the
solution of the unit cell problem. Figure 3(b) shows the calculated transverse stress—strain
curve. At a transverse strain E,, = 10g, there is less than 2% difference between the
prediction of the analytical model and the finite element solution. Figure 3(c) shows the
transverse shear stress—strain response. At a transverse shear strain 2E,, = 10y,
(70 = \/3 &), there is a less than 8% difference between the prediction of the analytical
model and the unit cell solution. The finite element solution of the problem of longitudinal
shear produces a shear stress—strain curve identical to that shown in Fig. 3(c¢) for the
transverse shear. This is consistent with the structure of the analytical model, which also
predicts an identical response to longitudinal and transverse shear.

Figure 4 shows the calculated macroscopic stress—strain response when equal amounts
of normal and shear stresses are applied simultaneously ; Figs 4(a) and 4(b) correspond to
combined transverse tension and shear and Figs 4(c) and 4(d) show that the corresponding
results agree well with the predictions of the analytical model. Note that, for any given
point (E,,, £,)) on Fig. 4(a). the corresponding point on Fig. 4(b) is that for which
X > = Z);. A similar comment applies to Figs 4(c) and 4(d).

Figures 3 and 4 show that, at a given strain level, the stress predicted by the analytical
model is always higher than that of the finite element solution. This is consistent with the
fact that the complementary elastic energy function ¥ developed by deBotton and Ponte
Castafieda is an upper bound to the actual complementary energy of the composite. It
should also be noted that the model of deBotton and Ponte Castafieda is developed for a
transversely isotropic composite with a random distribution of fibers, whereas the unit cell
calculations refer to a composite with a given periodic microstructure (hexagonal array).

7. AN EXAMPLE: A PLATE WITH A HOLE

The model of deBotton and Ponte Castafieda is implemented in the ABAQUS general
purpose finite element program. This code provides a general interface so that a specific
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Fig. 3. (a) Longitudinal stress-curve. (b) Transverse stress—strain curve. (c) Stress-strain curve for
transverse shear (ty = 0y//3, ¥y = \/380).

constitutive model can be introduced as a ‘‘user subroutine.” The constitutive equations
are integrated by using the method presented in Section 4 with oo = 1/2 (trapezoidal method).

Figure 5 shows a schematic representation of a plate with a hole ; the plate is reinforced
by continuous aligned fibers as shown in the figure, and the ratio w/2« equals 6. Elasticity
and creep are assumed to be the only possible mechanisms of deformation. The diameter
of a typical fiber is assumed to be small compared with the size of the hole and the thickness
of the plate, so that the continuum model described in Section 5 can be used in the
calculations. As a model material, we consider a y-TiAl matrix reinforced by polycrystalline
ALO; continuous fibers. The fiber volume fraction is assumed to be 20%, i.e. ¢, = 0.20.
Typical values of the elastic constants are E = 200 GPa and v = 0.3 for y-TiAl, and E = 385
GPa and v = 0.33 for AL,O,, where E and v are Young’s modulus and Poisson’s ratio,
respectively. Using the estimation procedure described by Christensen (1979), we find the
following values for the elastic constants of the composite: E,, = 235 GPa, y,, = 85 GPa,
Uy = 85 GPa, K,; = 220 GPa, and v,;, = 0.31. The matrix and the fibers are assumed to
creep according to a power-law equation of the form

AU A\w- g ¢ \H
é"’:«( 2;8()/‘(0‘ > i’ P (g,) =O'Ok30k(o-(> k=12, (114)

. : e
ca O ok O ok e+ 1 \oo

The model of deBotton and Ponte Castafieda is used to describe the creep behavior of
the composite. The following creep constants are used in the computations: n, = 2.6
and &g, /0y, =1.304%x107° MPa " -5 ' for the matrix, and m =1 and
802/00> = 107° MPa~"2+5" ! for the fibers.

Plane stress conditions are assumed, and two types of loading are considered, in which
a constant tensile stress of 70 MPa is applied (a) in the direction of the fibers, and (b) in
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Fig. 5. Schematic representation of a plate with a hole. The fibers are in the x, coordinate direction.
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the transverse direction. In both cases, the load is applied suddenly to the plate at the time
t = 0. The instantaneous response of the material is elastic, and the elastic stress distribution
provides the initial condition for the creep problem.

Four-node isoparametric elements with 2 x 2 Gauss integrations are used in the cal-
culations. The analysis is carried out incrementally, and the maximum size of the time
increment is controlled by the formula in eqn (49). At every element integration point, the
values of @ and # that minimize the right-hand side of eqn (64) are found by using the
values of the stress tensor o, at the beginning of each increment.

Figures 6-9 show contour plots of several transversely isotropic invariants of the creep
strain & at a time ¢ = 1 h for both cases analyzed. The invariants plotted in these figures
are (deBotton and Ponte Castafieda, 1993):

gy =387 =&V +eh), (115)
s;' =¢g":a= 3‘2"2’ (1 ]6)
cr
CONTOURS . 8“ .
1 +0.00E-00 axial loading
: ame t=1h
4 +6.00E-03 =1 hour
5 +8.00E-03
2
1
3
cr
CONTOURS n .
1 -7.00E-03 transverse loading
3 13008-03 t=1 hour
4 -1.00E-03

Fig. 6. Contours of creep strain invariant ¢,,.
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where n = e,, B = I—nn = ¢,¢, +e,e3, and the cartesian components refer to the coordinate
system shown in Fig. 5. The strain in the direction of the fibers ¢, and the in-plane
“volumetric” strain ¢, attain their maximum values at point A (see Fig. 5), which appears
to be a possible site of fiber failure and debonding. Figures 9 and 10 show that the
longitudinal (y,) and transverse (y,) shear stresses reach their maximum values on the
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Fig. 10. Transversely isotropic stress invariants.
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APPENDIX A

Transversely isotropic invariants
An alternative set of commonly used transversely isotropic invariants is

Ji=0,=1a:p, (Al)
Jy=a,=06:a, (A2)
Sy =1, =36 p):a" B~ B, (A3)
Jy=1=06'2a—(0:2), (A4)
Js = det (o), (A5)

where a = nn, and g = I-a. Physically, (¢, g,. 7,, ) correspond to the in-plane hydrostatic stress, the longitudinal
stress, the maximum transverse shear stress, and the resolved longitudinal shear stress, respectively. A schematic
representation of the above invariants is shown in Fig. 10.

For convenience, we also define

0; =(0,—0,)’ =Cn-¢’*n)’ and ol =3(x; +1;), (A6)
and note that
6l =(0,—0,) +3(}+17) =05 +o0. (A7)

If the fibers are aligned with the x, coordinate direction, i.e. n = e; and § = ee, + e,e,, then

0, =3(61, +022), (A8)
0, =031, (A9)
12 =01, +5(0)1 —022)%, (A10)
T, = 013 +033, (A1l

and

¥1

a

Fig. Al. Schematic representation of the two-dimensional unit cell.
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o} =Got)’. (A12)

In the following, we state the relationships between (/,, 1>, Iy, I5) and (0,,6,,7,,7,)

0, =3, ~ 1), (A13)
0, =1, (A14)
12 =L~ I+ —1(d, — L)%, (A15)
Tp = Is—1I3, (A16)
and
I =0,+20,, (A17)
I, =0} +20,+2(t) +12), (A18)
I, =0, (A19)
Is=al+1}. (A20)
APPENDIX B

The unit cell problem

We start with the case in which the unit cell occupies the region 0 <y, < a,0< y, < b, —c<y; <c, and
then let ¢ — co.

For simplicity, we consider first the case in which there is no axial shearing, i.e. £5, = E;, =0 and
X, = Z3; = 0. The geometry of the unit cell and the applied loads are now symmetric with respect to y, = 0. Let
u'’(y) be the solution for the Y-periodic field of the unit cell problem and define ii(y) by

&Y ¥2,33) = U (0L pa, —va) (BD)
(132, p1) = =" (v, 2. = s), (B2)
where Greek subscripts range over the integers (1,2). One can readily show that ii(y) satisfies the governing

equations and the boundary conditions (98)—(102), i.e. ii is another solution of the unit cell problem. Since the
solution is unique, this implies that @ = u", i.e. u'"” has the following symmetries :

w0 y2, =) = w3,y ), (B3)
Wy v =y3) = —u (¥, 32, 13) (B4

We therefore have
u'(31,¥2,0) = 0. (B5)

When ¢ — oo, there is no way to distinguish the location of y; = 0; hence, in view of the above symmetries, u’’

must be independent of y;, i.e.
U = (v, 1), (B6)
ul" = 0. (B7)
The solution of the unit cell problem can be now written as
231 32) = Egyy+ (31, 32), (B8)
U3 (y3) = Eszps, (B9)
which corresponds to a state of “‘generalized plane strain”.
Referring to Fig. Al, we can arbitrarily set u = 0 at y = 0, which implies also that u') = 0 at y = 0. Using
eqn (B8) and taking into account the Y-periodicity of u'’, we can readily show that
U,(a,y,) —i,(0,y,) = E,ja and  d,(y,,b)—d,(y,,0) = E,;b. (B10)
The components of the macroscopic strain tensor E play the role of the “applied loads™ for the unit cell problem.

In order to impose eqn (B10) in a finite element computation, we introduce two fictitious nodes, say, M and N,
and define the corresponding nodal displacement components as
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¥ = E,a, 2¥ -0, and &) = E,b. 27 =0. (B11)
The conditions (B10) can be now written as

#(a,y,)—iu,(0.y2) = & and 4,3y, b)—i,(y,.0) = 4. (B12)

The corresponding macroscopic stresses X, can be calculated as

FY FY Fy F¥
Lu=~-. Ln=—. Iy=—, Ip=—2, (B13)
b b a a
so that
(£:E)(ah) = F¥ 8% + F* - %, (B14)

for all E, where F* and F" are the nodal forces work conjugate to " and 4" at nodes M and N.

In a generalized plane strain calculation, the whole finite element mesh has one common degree of freedom
in the y, coordinate direction. We assume that the mesh is of unit thickness in the y, direction and let i, = E;; be
that common degree of freedom. Then the corresponding macroscopic stress component Z,; is given by

F.
z 13 = — N
Bk

(B15)
where F is the nodal force conjugate to 4;.

The conditions (B12) are enforced by using the so-called ‘“‘multi-point constraints” in ABAQUS, which
allows constraints to be imposed between different degrees of freedom in the model.

Depending on the problem under consideration, we prescribe the relevant components of E and X, or
equivalently of F¥, F* and u, u". For example, in the case of axial tension we let

E;; =known, and X, =ZX,,=%X,=0, (B16)
or, equivalently,
iy = Ey; =known, and FY =F¥ =F) = FY =0, (B17)
and determine X,; = F./(ab), and
E, = i(a.y,) ;Lin(ou":). E, = ua(a. }’3);%(0,}‘:) . (B18)

_ 4 (3, 0)—1,(y,.0) E..— (v, h) —i:(1,,0)

b 22 b (B19)
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The correctness of the numerical solution can be checked by verifying that £,, = £,, and £,, = E,, = 0.

The generalized plane strain solutions are obtained by using four-node elements with 2 x 2 Gauss integration ;
an independent interpolation for the dilatation rate is used in order to avoid artificial constraints on incompressible
modes (Nagtegaal ez al., 1974).

In the cases where there is axial shearing (i.e. E;, # 0 andjor E,, # 0), the unit cell problem is formulated in
a similar way and the calculations are carried out by using a layer of eight-node three-dimensional brick elements
with 2 x 2 x2 Gauss integration. The layout shown in Fig. 2 is repeated in the third direction to produce the
aforementioned layer of three-dimensional elements.



