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The problem of expressing effective thermal expansion coefficients of a composite in terms of
its constituent properties was considered in the past by several investigators[1-5]. The
problem for the general case of a composite with an arbitrary number of different con-
stituents and arbitrary phase geometry was studied by Schapery[6] who used the extremum
principles of thermoelasticity to derive the bounds on effective thermal expansion coeffi-
cients. Schapery presented the results for the composites with isotropic phases. In view of the
fact that composites made of anisotropic phases are nowadays gaining importance, e.g.
graphite reinforced composites, the present paper derives the results for the composites with
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Abstract—Bounds on thermal expansion coefficients of composite materials with anisotropic
phases are derived using extremum principles of thermoelasticity. Numerical results are pre-
sented for two-phase composites with isotropic and orthotropic phases.

NOMENCLATURE

Coefficients of deformation of phases
coefficients of deformation of composites
moduli of elasticity of phases

linear expansion coefficients of phases
linear expansion coefficients of composites
applied surface traction

surface displacement

potential energy

complementary energy

stress components

applied stresses

strain components

average strains in composite specimen
volume fractions

temperature.

INTRODUCTION

anisotropic phases.
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ANALYSIS

Let the composite under consideration be composed of N phases and be statistically
homogeneous. A unit representative volume of the composite is considered in the form of a
rectangular parallelopiped with edges parallel to the coordinate axes. The solutions for
effective thermal expansion coefficients will now be derived by applying the minimum
potential and complementary energy principles to this composite specimen.

For convenience, normal stresses and strains in x, y and z directions are denoted by the
subscripts 1, 2 and 3. Shearing stresses and strains in yz, zx and xy directions are denoted by
subscripts 4, 5 and 6; that is,

& = &y, 0, =04

Yoy = 6 - G, =04, e€IC. )
It is assumed that the entire surface is subjected to tractions that are constant on each face
of the composite specimen. The body forces are omitted and the temperature 8 is con-
sidered to be spacewise uniform.

The generalized Hook’s Law including the thermal effect is given by{7],

6
= Z b,-jsj—CiO. (2)
i=1
The inversion of equation {2} yields
6
g; = Z aij0j+1x’,~9. (3)
=
The matrix a;; is the inverse of the matrix &;;. Also,
6 6
Z i Ci = Z bl]kj’ (4)
i= j=1

The potential energy of the composite specimen is given by[7],
V=U+Q (5)

where, U is the strain energy and € is the potential energy due to external load.
The expression for potential energy of the specimen is given by

6

V= f [ Z z biee;— Y Cieei]dv~fTiu,-ds (6)
i=1 j=2 i=1 s

and the negative of complementary energy of the specimen can be expressed as[7],

_ _f { 5 _}_j 40,0 'ﬂi k,.a,.e]dv. ™

i=1 =1

From equations (2, 4, 6 and 7) it can be shown with the help of divergence theorem,
1 6 6
2= /=1

where, (b;;kk;)* = [,=, b;jk;k, dv. For homogeneous phases n =1 to N, each having
a volume fractlon Uy,

ik ) = (byyk k) oy + (byjkik;)a v, + 2 (byjkik )y vy %
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Let the stress—strain relations in terms of gross elastic properties of composite be given by,

2 A;;6; + K, 6. (10)
Jj=1
Therefore, the negative of complementary strain energy density in terms of gross elastic
properties is,

vV, = K60 +C 11)

1

1o

6
Z 1j0:0; —

where C is a function of temperature 8. The function C represents the energy arising from
internal thermal stresses which develop when the phases have different thermal expansion
coefficients.

The potential energy is a minimum with respect to all continuous displacements which
satisfy boundary conditions, and the negative of complementary energy is a maximum when
exact stresses are used. From these extremum properties it follows,

NI —
n[\/]o

13

6

6
X A4y0.5 - ). Ka0+C (12a)

Vi< —

N =
“Mm

and

6 [ 6
Ve + - Z Z (bijkik)0* > — = Z Z 5j0:6;,— Y, Kig,0+C (12b)
1 1j=1 1=1 j= i=1

where, superscript “a” on V and V, stands for approximate values. The bounds on thermal
expansion coefficients K;’s can now be derived considering these inequalities.

To derive the approximate expression for the potential energy V* of the composite
specimen, a state of constant strain is assumed. Let this strain be represented by e;. Sub-
stituting these strains in equation (6) and integrating throughout the volume,

6 6
=% I 21 2 (bisk))Ye;0 - z €., (13)
= = i ji=1
where
b = (b;)1v1 + (b vy + = (bij)n vn- (14

Subscripts 1, 2, etc. indicate the phases and v,, v,, etc. denote their volume fractions.
The value of V' can now be minimized with respect to the strain e;. The minimized expres-
sion for V* is given by,

16 6 6 6
=_’2‘; g Zl lz_,l(bijkj)aBik(bktkt)aez 2 Z Z,(b” k;)’B;, 6,0

i=1 j=1
6
P
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where B;; is the inverse of the matrix &f;.
Now a constant stress distribution is assumed in the composite specimen for which
approximate negative value of complementary energy V* is given by,
Vé=—
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G, — _Zlkj&je (16)
=
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where
;= (ay) vy + (@)a0z + - (@i oy
and
kj = (kp)oy + (kj)y vy + - (k) on- amn

To find the linear expansion coefficient in x direction, &, is set equal to o and all other 6,’s
are made zero. It may be noted that for the thermal coefficients in y or yz directions, ¢, or &,
is to be set equal to o instead of &,. Substituting these values in equation (15) and (16),

V= —46%,, — k,00 — N,0* (18)
where
511 = Bu
6 [
=3 ¥ (b;k)By
i=1 j=1
16 6 6 6
1 E Z Z Z Z (bijkj)aBik(bklkl)a (19)
=1j=1k=11l=1}
and
Vca = ““%allgz - ;210'6. (20)
From inequalities (12a) and (12b)
%0’2(/1“ —dy,) + oK — El) <C (21a)
and
16%(Ay, — 8yy) + oO(K, — k{) — N,6* + = Z Z (b ki k)0 > C. (21b)

111-«

Maximizing the L.H.S. of equation (21a) and minimizing the L.H.S. of equation (21b)
with respect to ¢ and subtracting one from the other the following inequality is obtained,

(K, — d)(Kx —e) <0 (22)
where
d=F, +k —kyldn=—4w_, (23)
(@, — @)
oKy + (K, — kG (24)
! ! (a;; —dyy)
(@, — Au) (Au "011) 2

{(a11 —a) x ( lzl S (bykik) - Nl) —(F, - 1;1)2}”2.
o 25)

h = — —
(@41 —ayy)

Thus, the bounds on thermal expansion coefficients of the composite can be obtained
once the properties of its phases, their volume fractions and gross elastic properties of the
composite are known.
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It may be noted from inequalities (21a) and (21b), by setting 6 equal to zero, that the
coefficient of deformation of the composite in x direction A4,, is bounded by,
dy < Ay <4y, (26)

If the coefficient of deformation of the composite 4, is equal to its upper bound @, ,, then
h in equation (25) becomes zero, and the linear expansion coefficient is given by the simple
equation,

Kl = kl (27)

which is the rule of mixture.
When A, is equal to its lower bound 4,,, then

K, =k, (28)

NUMERICAL EXAMPLES AND DISCUSSION
In the first example, composites made of two constituent phases are considered. Table 1
shows the properties of the constituent phases. Phase 1 is isotropic while phase 2 is ortho-
tropic. The ratio (@;1)pnase 1: (@11)phase 2 15 9-80:0-44,

Table 1
kl kz k3
Phase azafag assfay, aiz2fa, aisfar, azsjas: (10-5/°C) (10-5/°C) (10-5/°C)
1 1 1 —0-382 —0-382 —0-382 6 6 6
2 g 1 r —02 —~0-2 0-49 049 0-49
Figure 1 shows the variation of k, and k, with volume fraction when r = —0-2. The

results are presented for g = 1, 10 and 20. g = 1 corresponds to the case where both the
phases are isotropic and the example in this special case becomes identical to one con-
sidered in Ref.[6]. While k, is dependent only on thermal expansion coefficients of the
phases and their volume fractions, the value of k, also depends upon elastic properties of the
phases. However, if cross coefficients of deformation, i.e. a,,, a,, etc. are the same for both

— i, (Rule of Mixturs)
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Fig. 1. Linear expansion coefficient vs volume fractions.
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the phases, the only elastic constant that affects k, is the coefficient of deformation in direc-
tion 1.

In the example considered, k, decreases with increase in the value of g or the coefficient
of deformation of the second phase in direction 2. The degree with which g {or, in other
words a,, or as;) affects &, of course depends on a,, or a, ;. In Fig. 2, the effect of a,, on k,
for various values of a,, (or, g) is shown. The figure corresponds to a composite containing
10 per cent of phase 2 by volume. The figure indicates that a,, has very little effect on
k, for high values of a,,. For low values of a,,, the effect is considerable.
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Fig. 2. E vs ¥ for volume fraction of phase 2 = 0-1.

In the second example, bounds on the effective thermal expansion coefficient are derived
for a graphite reinforced composite with the following phase properties (note that the matrix
is isotropic)

Fiber Matrix
Axial Young’s modulus (1/a,,) = 60 x 10° psi Young’s modulus=0-54 x 10° psi
transverse Young’s modulus (1/a;;) = 10° psi Poisson’s ratio = 0-347
major Poisson’s ratio (—a,,/a,,) =02 thermal expansion

coefficient = 60 x 107 %/°C
Poisson’s ratio (transverse plane) (—a,s/a;;) = 0-25

axial thermal expansion coefficient (k;) = —1-1 x 107¢/°C
transverse thermal expansion coefficient (k;) = 11 x 107¢/°C
(i=2,3).

For a fiber content of 50 per cent by volume, the effective elastic modulus of this composite
along the fiber axis is approx 30 x 10° psi. From these values the following bounds on the
effective thermal expansion coefficient in the direction of the fibers are obtained:

—091 x 107%/°C < K, <027 x 10~%/°C.

Unfortunately no experimental data on the thermal expansion coefficient for the parti-
cular composite is available to confirm the results obtained here. The published data for
similar types of graphite reinforced composites indicate that they are around this range. It
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should be noted that the upper bound and the lower bound obtained in this specific problem
are reasonably close. Closer bounds may possibly be found by applying more than one
stress component at a time (unlike the present analysis) and running the optimization process
with respect to two (or more) arbitrary stresses rather than one (see equations 18-22).
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W

AbeTpakT — IyTeM MCIONB30BaHMS NPHHIMIIOB JKCTPEMYMA TEPMOYIIPYTOCTH ONPEAEIIAIOTCA
npenenbl Ko3¢hGHMUNEHTOB TEPMHYECKOTO PACIIMPEHHS I CIOUCTBIX MATEpHATOB ¢ aHU30-
TPOIMHBIMH da3aMu. [JaroTcs YHCICHHBIE Pe3yJIbTAThI IS IBYX Ga3HbIX CIIOHCTBIX MATEPHAIIOB,
¢ H30TPOMHBEIMA M aHW30TPONHBEIMH (azaMu.



