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Abstract

A material composed of a mixture of distinct homogeneous media can be considered as a
homogeneous one at a sufficiently large observation scale. In literature, a widely dealt topic is
that of calculating the overall permittivity of a dispersion of dielectric spheres in a
homogeneous matrix: the well-known Maxwell formula solves the problem in the case of very
diluted suspensions. Moreover, this relationship has been adapted, to yield correct results even
if the dispersion in not strongly diluted, by means of the so-called Bruggeman’s procedure. In
this paper, we apply this technique to perform a complete study on the equivalent permittivity
of a dispersion of ellipsoids. The obtained solutions allow us to evaluate the effects of the
shape of the inclusions on the overall electric behaviour of the mixture. In particular we find
explicit expressions, which give the equivalent permittivity of the medium in terms of the
eccentricities of the embedded ellipsoids and of some stoichiometric parameters. The
treatment is carried out both for aligned ellipsoidal inclusions and for randomly oriented
ellipsoids. In particular, new explicit relationships have been derived for dispersions of
generally shaped randomly oriented ellipsoids.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A widely dealt topic concerning the physical behaviour of heterogeneous materials
(mixtures) is that of calculating their permittivity starting from the knowledge of the
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permittivity of each medium composing the mixture as well as of the structural
properties of the mixture itself (percentage of each medium, shapes and relative
positions of the single parts of the various media). Clearly, it concerns with isotropic
linear media, which combine to form linear mixtures. We find in literature a large
number of approximate analytical expressions for the effective permittivity of
composed media as a function of the permittivity of its homogeneous constituents
and some stoichiometric parameter [1]. Each of these relationships should yield
correct results for a particular kind of microstructure or, in other words, for a well
defined morphology of the composite material.

From the historical point of view we review some formulas describing a mixture
composed by two linear isotropic components; one of the most famous is the
Maxwell formula for a strongly diluted suspension of spheres (three-dimensional
case) [1,2]
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where ¢ is the permittivity of the suspending medium, ¢, is the permittivity of the
embedded spheres, ¢ the volume fraction of the medium 2 and Z is the equivalent
permittivity of the mixture. A similar equation holds true for a mixture of parallel
circular cylinders (two-dimensional case) [1]
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An alternative model is provided by the differential method, which derives from
the mixture characterisation approach used by Bruggeman [3]. In this case, the
relations should maintain the validity also for less diluted suspensions; the three-
dimensional case (not diluted dispersions of spheres) leads to the formula

&) — g €1 1/3
l—c= — 3
¢ & — & ( g ) ( )
and the two-dimensional case (parallel cylindrical inclusions) to the following:
& — & re1\1/2
l—c= - . 4
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This procedure is based on the following considerations: suppose that the effective
permittivity of a composite medium is known to be & Now, if a small additional
volume of inclusions is embedded in the matrix, the change in the permittivity is
approximated to be that which would arise if an infinitesimal volume of inclusions
were added to a uniform, homogeneous matrix with permittivity & This leads, in the
simpler and most studied case, to a differential equation with solution given by
Eq. (3) (in the 3D case) or Eq. (4) (in the 2D case) [3].

As we have already pointed out, Eqgs. (1)—(4) represent approximations obtained
working on mixtures of spheres (3D) or cylinders (2D) and thus they should be
corrected and extended to be able to describe dispersions of ellipsoids.

The first papers dealing with mixtures of ellipsoids were written by Fricke
[4,5] dealing with the electrical characterisation of inhomogeneous biological
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tissues containing spheroidal particles: he found out some explicit relationships that
simply were an extension of the Maxwell formula to the case with ellipsoidal
inclusions.

In current literature Maxwell’s relation for spheres and Fricke’s expressions for
ellipsoids are the so-called Maxwell-Garnett Effective Medium Theory results [6,7]:
both theories hold on under the hypothesis of the very low concentration of the
dispersed component. Once more, we observe that the classical approximation for
spheres, given by Eq. (1), has been derived in different contexts by Maxwell [2],
Maxwell-Garnett [8], Wagner [9] and Bottcher [10] as a generalised Clausius—
Mossotti-Lorentz—Lorenz relation.

In recent literature some applications of the Bruggeman procedure to mixtures of
ellipsoids have been shown [11-13] in connection with the problem of characterising
the dielectric response of water-saturated rocks. In their works the authors have
shown that the Bruggeman method applied to this specific problem leads to results in
good agreement with the empirical Archie’s law [14], which describes the dependence
of the d.c. conductivity of brine-saturated sedimentary rocks on porosity.

In general, the electrical (thermal, elastic and so on) properties of composite
materials are strongly microstructure dependent. The relationships between
microstructure and properties may be used for designing and improving materials,
or conversely, for interpreting experimental data in terms of microstructural
features. Ideally, the aim is to construct a theory that employs general
microstructural information to make some accurate property predictions. A simpler
goal is the provision of property for different class of microstructures. A great
number of works have been devoted to describe the relationship between
microstructure and properties: in [15] a functional unifying approach has been
applied to better understand the intrinsic mathematical properties of a general
mixing formula. A fundamental result is given by the Hashin—Shtrikman’s
variational analysis [16], which provides an upper and lower bound for composite
materials, irrespective of the microstructure. In particular, for a two-phase material,
these bounds are given by two expressions of the Maxwell-Fricke type. Finally, a
method to find the relation between the spatial correlation function of the dispersed
component and the final properties of the material is derived from the Brown
expansion [17].

In this work, we briefly review the Bruggeman procedure to analyse the behaviour
of a dispersion of dielectric ellipsoids obtaining a complete set of explicit results,
which should be correct for any volume fraction of the inclusions. Dealing with
embedding of ellipsoids we may consider two particular case: in the first one all the
ellipsoids are aligned and thus they generate an anisotropic overall behaviour of the
composite medium. This kind of mixture is discussed for example in [11]. In the other
case all the embedded ellipsoids are randomly oriented and then the whole
heterogeneous medium will be isotropic. This case is considered in [12] only when the
embedded inclusions are ellipsoids of rotation. The major achievement of the present
work is given by the explicit theory concerning the case of dispersions of generally
shaped (three different axes) randomly oriented ellipsoids: some new mixing
formulas have been derived for such kind of dispersion.
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It must be underlined that from a merely mathematical standpoint, the problem of
calculating the mixture permittivity is identical to a number of others, for instance to
that regarding permeability (in a magnetostatic situation), conductivity (in d.c.
condition), thermal conductivity (in a steady-state thermal regime) and so on.
Therefore, each theoretical formula predicts the effective value of any thermal,
magnetic or electrical specific quantities.

2. Characterisation of dispersions of aligned ellipsoids

The theory is based on the following result, which describes the behaviour of an
ellipsoidal particle (&) embedded in a homogeneous medium (¢;). Let the axes of the
ellipsoid be ay, a, and a. (aligned with axes x, y, z of the reference frame) and let a
uniform electrical field £y = (EOX, Eyy, EOz) applied to the structure. Then, according
to Stratton [18] a uniform electrical field appears inside the ellipsoid and it can be
computed as follows. We define the function

R(s) = \/(3 +a2) (s + a;) (s+ a?) (%)

and the depolarisation factors along each axes

aaya. [+ ds aaya. [+ ds
Lx = > Ly = >
2 Jo (S + a.zx) R(s) 2 Jo (s + aﬁ)R(s)

acaya. [T° ds
L. — xdyd; : 6
: 2 /0 (s + a2)R(s) ©)

We may observe that Ly + L, + L. = 1. Therefore, the electrical field inside the
ellipsoid is given, in components, by [18]

o Eo o Ey,
Yl Le—e)/er Y 1+ Le—ea)/e’
Ey.
Eiz v (7)

T 14 (e — er)/er’

This is the main result that plays an essential role in the further development of the
theory. Now, we are ready to consider a dispersion of aligned ellipsoids (&;)
embedded in a homogeneous medium (¢;): each inclusion has the axes ay, a, and a.
aligned with the axes x, y, and z of the reference frame, respectively (see Fig. 1).
Moreover, let ¢ be the volume fraction of the embedded ellipsoids. To begin, we
consider a diluted dispersion (¢<1) and thus we may evaluate the average value of
the electrical field over the mixture volume by means of the following relationships:

(Ex) = cEix+ (1 = 0)Eox,  (Ey) = cEy + (1 — 0)Eyy,
<Ez> = cE;; + (1 - C)E0:~ (8)

This means that we do not take into account the interactions among the inclusions
because of the very low concentration: each little ellipsoid behaves as a single one in
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Fig. 1. Structure of a dispersion of aligned ellipsoids. The external surface of the mixture is a great
ellipsoid with the same shape of the inclusions.

the whole space. Once more, to derive Eq. (8), we approximately take into account a
uniform electrical field Ey = (EOX,EO},,EOZ) in the space outside the inclusions. To
define the mixture we are going to characterise, we consider a greater ellipsoid, which
contains all the other ones. This ellipsoid represents the external surface of the
composite materials. This ellipsoid has, by definition, the same shape of the
inclusions and then the axes are given by fa,, fa, and fa., where B is a positive
constant (it is aligned to the embedded ellipsoids, see Fig. 1). As one can simply
verify, the depolarisation factors of this ellipsoid are the very same of each inclusion
contained in the mixture. Moreover, we may observe that the overall behaviour of
the mixture is anisotropic because of the alignment of the ellipsoidal particles. So, if
we define the equivalent principal permittivity of the mixture along the axes x, y and
Z as &, & and &, we may write down these expressions for the average value of the
components of the electrical field inside the whole mixture

E()x EOy
B> = 1+ Li(ex —e1)/er’ (E) = L+ Ly(ey —e1)/er’
_ EOZ
B 1+ LZ(SZ - 81)/81'

These expressions are derived considering the whole mixture as a single inclusion
in the whole space and then we have used the basic result given by Eq. (7). Now, by
substituting Eq. (7) into Eq. (8) and by drawing a comparison with Eq. (9) we may
find expressions for ¢, ¢, and ¢, which are the equivalent principal permittivities of

<E:) ©)
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the whole composite material
1
1+ (1 =o)L — &1)/e

+ 0(c?), (10)

g =& +clex —e1)

&1+ cle2 — 1) [+ LG —e)/en
where j = x, y, z. This result holds true only for very diluted dispersions of aligned
ellipsoids. Eq. (10) has the same degree of approximation of Egs. (1) and (2) (spheres
and cylinders) and plays the same role in the development of the theory. Each of the
three independent relations, which appears in Eq. (10), may be recast in the unified
form ¢ = F(e1, e, c) where ¢ represents ¢y, ¢, or ¢.. We use this very simple form to
review Bruggeman’s procedure that is the method to find a second mixture relationship
considering a first theory describing the composite material (actually function F). This
second theory is usually more efficient than the first one even if the mixture is not
strongly diluted. In Bruggeman’s scheme the initial low concentration is gradually
increased by infinitesimal additions of the dispersed component [3]. We start from
& = F(g1, &, ¢) for a mixture where c¢ is the volume fraction of ellipsoids: we consider a
unit volume of the mixture (1m?) and we add a little volume dcy of inclusions.
Therefore, we consider another mixture between a medium with permittivity ¢ (volume
equals to 1 m?) and a second medium (&) with volume dco. In these conditions the
volume fraction of the second medium will be deo/(1 + dep)=xdey. So, using the
original relation for the mixture we can write: ¢+ de = F(e, &,dcy). In the final
composite material, with the little added volume dc¢y, the matrix (¢;) will have effective
volume 1—c¢ and the dispersed medium (&) will have effective volume ¢ + dcy.

The original volume fraction of the second medium is ¢/1 and the final one is
(¢ +dcp)/(1 +deg); so, it follows that the variation of the volume fraction of
inclusions obtained by adding the little volume dc¢y is simply given by dc =
(¢ +dco)/(1 +dcp) — ¢/1 =deo(1 — ¢)/(1 + deg) ~deo(1 — ¢).

Therefore, we have ¢ + de = F(e, &,dc/(1 — ¢)). With a first-order expansion we
simply obtain

de
c:Ol - ¢

OF (e, &,¢)

e+ de = F(g,e,0)+
Oc

and taking into account the obvious relation ¢ = F(e, &3, 0) we obtain the differential
equation
de 1 0F(ee,0)
de 1—c¢ Oc

=0
This equation, when the function F is given, defines a new function, which should
better describe the mixture when it is not strongly diluted. We may apply the method
to the three expressions given in Eq.(10) obtaining the following differential
equations (j = x, y, 2):

d8j B 1 P \ 1

de "1 T3 Lier—e)/er

(11
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These equations may be easily solved with the auxiliary conditions &j(c = 0)=
£1(j = x, y, z) obtaining the results

o fo\ L
1_C_M(8—1) G = x.32). (12)

& — & Ej

These are the final expressions, which characterise a dispersion of aligned
ellipsoids, obtained by means of Bruggeman’s approach. The depolarisation factors
are given by Eq. (6). We may derive some simplified version of this result in some
limiting cases. First, we consider a case with a.— o0: the ellipsoids degenerate to
parallel elliptic cylinders. We may define the eccentricity of the elliptic base of these
cylinders as e = a,/a,. So, the expressions for the depolarisation factors can be
evaluated as follows:

I3 E/+o<: dé B e
B e e L

I _E/-&-o: df B 1
T2 @reeE 't et
L.=0 (13)

and therefore, Eq. (12) yields the simplified results

e+1 1 1

& — & (& e/(e+1) & — &y (&) [(e+1)

l_C: — . l—C:— J— s
& — &1 \ &x & — &1 \&y

e =ce+ (1 —c)ey. (14)

The first two equations describe the principal permittivities in the directions (axes
x and y) orthogonal to the cylinders and the third one defines the principal
permittivity along the axes of the cylinders (z-axis). If e = 1 the first two equations
reduce, as expected, to Eq. (4). The third relation, as we expect, is an exact result
describing a parallel connection of capacitors (the interfaces are aligned with the
electrical field).

A second case deals with a mixture of inclusions shaped as ellipsoids of rotation;
we consider a, = a,, and thus we define the eccentricity as e = a./a, = a./a,. The
depolarisation factors may be computed in closed form as follows and the results
depend on the shape of the ellipsoid; it is prolate (of ovary or elongated form) if e > 1
and oblate (of planetary or flattened form) if e<1:

e + 0 df
Ly =L,=~
’ 2/0 E+ DP(E+ )2

e e—p .

— 2 1 fe>1,
- 4p3[ep+ ne+p] ife

%{n—Zeq—Zarctgf} ife<l,

4q- q
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_e/+oo di
T2 e+

1
F[eln”f”—zp] ife>1,
p e—p
=<7 (15)
2q—en+2earctg] ife<l,
23[ q

where p = ve2 — 1 and g = /1 — €2

We may verify that 2L, + L. =1 for any value of e. Eq. (12) combined with
Eq. (15) describes the complete behaviour of a dispersion of aligned ellipsoids of
rotation (oblate or prolate).

For the sake of completeness, we show the complete expressions for the
depolarisation factors in the case of generally shaped ellipsoids. The results have
been expressed in terms of the elliptic integrals and have been derived under the
assumptions: 0<a,<a,<a., 0<e=a./a,<1 and 0<g=a,/a-<1. The final
expressions follow:

1 e
Lx:]_€2_ 762)\/ng2E(an)a
L e(l - ég%) eg? Fo )_372
- A Y T e
g

NV e

Here the quantities v and ¢ are defined by

1 — 2
v= arcsen /1 —e2g2, ¢q= 9 (17)

1 —e?g?

and the elliptic integrals are defined below [19]

v da _ /SellL dx
/0 \/1—¢g?sinfa /0 VI =321~ ¢2x?)
sen v 2
E(v,q) = / V1 — ¢ sin ada—/ V S (18)

l—x2

Once again, we have L, + L, + L. = 1. In Fig. 2 one can find the three plots of the
depolarising factors versus the eccentricities e and g: it can be noted that for a sphere
(¢e=1 and g = 1) the relation L, = L, = L. = 1/3 holds true. As one can see in
Fig. 2, when ex1 and g=1, i.e. when we deal with spheroidal particles, the
behaviour of the depolarising factors is quite linear and so it can be described by the
following approximate relationships: L,~(11 —4e — 2¢)/15, L,=Q2e+ 5 — 2¢9)/15
and L.~(2e + 4g — 1)/15. These expressions represent the equations of the tangent
planes to the surfaces L.(e, g), L,(e,g) and L.(e, g) at the pointe = 1, g = 1. They are

F(v,q) =
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Fig. 2. Plots of the depolarisation factors as function of the eccentricities e and g. The three plots have
been parameterised by the eccentricity e (we have used 25 uniformly spaced values for e ranging from
0to 1).
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Fig. 3. Principal permittivities of a mixture of aligned ellipsoids (x-axis: continuous lines, y-axis:
continuous dotted lines, z-axis: dotted lines). The three families of curves have been plotted versus the
eccentricity e and parameterised by g. The values correspond to Eq. (12) and they have been computed
with the assumptions ¢ /¢, = 10 and ¢ = 1/2.

useful to evaluate the depolarisation factors of spheroidal particles (with high degree
of accuracy for e, g > 0.8) without using elliptic integrals. Finally, we observe that
Eq. (12) combined with Eq. (16) allows the characterisation of a mixture of aligned
generally shaped ellipsoids. In Fig. 3 the behaviours of the three principal
permittivities as function of the eccentricities e and g are shown. The plot concerns
the case with & /e; = 10 and ¢ = 1/2 and describes the three relative permittivities
&x/€1,6,/e1 and e /e;. In the point 4 the values of the eccentricities are e = 1 and
g = 1 and thus it corresponds to a mixture of spheres: in such case the values of the
depolarisation factors are L, = L, = L. = 1/3 and the three principal permittivities
are obviously given by Eq. (3). In the point B we have ¢ = 1 and g = 0 and then it
corresponds to a mixture of parallel circular cylinders: the values of the
depolarisation factors are L, = L, = 1/2 and L. = 0, the two permittivities along
the axes x and y are given by Eq. (4) and the permittivity along the axes z is given by
&, = c&y + (1 — ¢)g; (parallel of capacitors).

3. Characterisation of dispersions of randomly oriented ellipsoids
To begin, we are interested in the electrical behaviour of a single ellipsoidal

inclusion (g) arbitrarily oriented in the space and embedded in a homogeneous
medium (g;). We define three unit vectors, which indicate the principal directions of
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the ellipsoids in the space: they are referred to as 7,7, and 7i. and they are aligned
with the axes ay, a, and a. of the ellipsoid, respectively. By using Eq. (7), we may
compute the electrical field inside the inclusion, induced by a given external uniform
electric field

= (EO . ﬁx)ﬁx (EO . ﬁy)ﬁy (EO . ﬁ:)ﬁz

E = + + . 19
1+ Li(er—e1)/er 14+ Ly(er—e1)/er 14 L(e2 —&1)/e (19)

This result simply derives from the sum of the three contributes to the electrical
field along each axes. This expression may be written in explicit form, as follows:

X,z X,z

n;n;
Ei,= > Ey P , 20
4 ; o,kX/jHLj(gz_gl)/sl (20)

where n; is the kth component of the unit vector 7;(j = x,y, z).

For the following derivation, we are interested in the average value of the electrical
field inside the ellipsoid over all the possible orientations of the ellipsoid itself and
then we have to compute the average value of the quantity n;; n;,. Performing the
integration over the unit sphere (by means of spherical coordinates) we obtain, after
some straightforward computations

(Mxmig) = okg V. (21

Therefore, the average value of the electrical field (inside the randomly oriented
inclusion), given by Eq. (20), may be written as

t

X)), 1

7 1+ Lj(82 — 81)/81'

(Eiq) = % (22)

Now, we are ready to consider a mixture of randomly oriented ellipsoids. In Fig. 4
one can find the structure of the composite material: we consider a given number of
randomly oriented ellipsoids (¢;) embedded in a homogeneous matrix (g;). We may
define, for example, the volume of the mixture by means of a sphere which contains
all the ellipsoidal inclusions and which represents the external surface of the
heterogeneous material. Once more, let ¢ be the volume fraction of the embedded
ellipsoids. The average value of the electrical field over the mixture (inside the
sphere) is approximately computed by using Eq. (22)

0 X2 1

)
<E>—(1 C)E+‘32j:1+L_/(82—81)/81' (23)

Then, we define ¢ as the equivalent permittivity of the whole mixture (which is
isotropic because of the randomness of the orientations) by means of the relation
langleD) = ¢(E); to evaluate ¢ we may compute the average value of the
displacement vector inside the random material. We also define V' as the total
volume of the mixture, V. as the total volume of the embedded ellipsoids and ¥V, as
the volume of the remaining space among the inclusions (so that V' = V.U V,). The



70 S. Giordano | Journal of Electrostatics 58 (2003) 59-76

Sphere

AN
&

LN
[N
>

~—)

=0
< |

y

\ 4

<

Fig. 4. Structure of a dispersion of randomly oriented ellipsoids. The external surface of the mixture is a sphere.
average value of D(F) = ¢(F)E(F) is evaluated as follows:
_ 1 _ 1 _ 1 _
(D) = ?/V e(F)E(F) dF = 74 /V E(7) dr + 7o /V E(F) dr
= lg / E(7) dF + ! € / E(7) dF + ! € / E(7) dr ! € / E(7)dr
v, v v v
= 81<E>—|—C(82 —81)<E,’>. (24)

Drawing a comparison between Egs. (22) and (24) we may find a complete
expression, which allows us to estimate the equivalent permittivity ¢ and its first
order expansion with respect to the volume fraction c:

fe(er —e)) X" 61 /(61 + Li(ea — &1))
b+ C[%Zf’“al/(sl + Li(er — &) — 1

X, 0,2

=g +—081(82 SI)Z

£ =g +

2
e S ) (25)

This result concerns the characterisation of a very diluted dispersion of randomly
oriented ellipsoids with given shape (i.e. with fixed depolarisation factors L; or
eccentricities e and g). As before, to adapt this relationship to arbitrarily d11uted
composite materials we use Bruggeman’s procedure, which leads to the following
differential equation:

de 1 1 = 1
o —e)=y 26
de 1- c‘g(‘82 8)3 JZ ¢+ Li(es —¢) (26)

The solution of this equation depends on the values of the depolarisation factors
showing the relationship between the overall permittivity and the shape of the
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ellipsoidal inclusions. We search for the solution in two particular cases: a dispersion
of ellipsoids of rotation and a dispersion of generally shaped ellipsoids. In the first
case we have L, = L, and 2L, + L. = 1 and thus only one factor completely defines
the shape of the inclusions. If we use L, as parameter, Eq. (26) reduces, after some
straightforward computations, to the following one:

de [ 1 3L (1 —2Ly) 2(3L, — 1)°
LZ —¢ (2 —3Ly)e [(14+3Ly)e+ (2 —3Ly)e](2 —3Ly)

The integration of the above partial fraction expansion, with the condition &(c¢ =
0) = ¢, yields the final result

de. (27)

l1—c¢

& — & e\ 3L0-2L)/(2-3L)
l—c= ( )

e —eg\e

(1 +3L)e; + (2 — 3L)es 2(3L—1)*/(2—3L)(14+3L)
[(1 +3L)e+ (2 - 3L)82:|

where L = L, is given by Eq. (15) and represents the depolarisation factor along the

directions orthogonal to the principal axes of each inclusion. For convenience, we

report here the complete expressions of L for prolate and oblate ellipsoidal particles

; (28)

e

4p3

{2@1) +In<s p] if e>1 (prolate ellipsoids),
e+p (29

< {n — 2eq — 2 arctg E} if e<1 (oblate ellipsoids),
4 q
where p = ve2 — 1 and g = /1 — €2

Eqgs. (28) and (29) completely solve the electrical characterisation of a dispersion
of randomly oriented ellipsoids of rotation. We may observe that, if e = 1 (spherical
inclusions) we have L = 1/3 and thus Eq. (28) reduce to Eq. (3), which characterises
dispersions of dielectric spheres. If ¢e—0 we deal with a mixture of random oriented
strongly oblate (lamellaec or penny shaped) inclusions (in this case L =0) and
Eq. (28) degenerates to the following one:

3e1 + 2c(ex — &)

= L 1lae).
& ET— P—— (Lamellae) (30)

Finally, if e—> o0 (L—1/2) the inclusions become strongly prolate ellipsoids
(circular cylinders or rods) randomly distributed in the space and Eq. (28) reduces to
Eq. (31) below

& —¢ [+ 5S¢
& — e\ & + 5¢

In Figs. 5 and 6 results obtained by using Eq. (28) are shown. In Fig. 5 a three
dimensional plot of ¢/¢) is represented (for & /¢; = 10) showing the dependence on ¢
and on Logo(e). In Fig. 6 the ratio &/¢; is plotted versus the logarithm of the
eccentricity for & /¢y = 10 and for different values of the volume fraction ¢ (ranging
from 0 to 1). The result concerning the case with ¢ =1/2 is evidenced and a
comparison with corresponding classical Maxwell (Eq. (1)) and Bruggeman

2/5
) (Rods). (31)



72 S. Giordano | Journal of Electrostatics 58 (2003) 59-76
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Fig. 5. Results obtained for a mixture of randomly oriented ellipsoids of rotation (Eq. (28)). The surface
¢/e1 versus the volume fraction ¢ and Log(e) is shown. It corresponds to & /¢ = 10.

(Eq. (31)) formulas is drawn. Furthermore, the three particular limiting cases are
evidenced: strongly oblate ellipsoids (lamellae or penny shaped inclusions), spheres
and strongly prolate ellipsoids (circular cylinders or rods).

To complete our study we analyse a mixture of ellipsoids with three independent
axes. This analysis represents the main result of the work and generalises the
previous mixing formulas to the case of a dispersion of randomly oriented general
ellipsoids. For such generally shaped ellipsoids the relation L, + L, + L. = 1 holds
true and therefore we may use two factors (L, and L,) as parameters which
completely define the shape of the inclusions (they are given by Eq. (16)). To simply
integrate Eq. (26) we define the following quantities depending on these depolarisa-
tion factors:

A =3LL, +3L.L; —3L,L,,
B =L+ L,—6LL} —8L.L, —4L}L, — 4L.L}

Xy

+ WLLy + 1L L, — 313 — 3L, + 4L + 4L — 2L} — 2L}

X 'y
3 3 2 2 272
C =4L}L,+4L.L} — 2L.L, — 2L3L, — 2L L, + 6 L3L;
+2L% + 217 — 4L} — 4L + 2L + 2L},
D=LL,—L—L,+L,+L (32)

Therefore, the differential equation (Eq.(26)) may be recast, after some
straightforward calculations, in the following simplified form, which represents a

partial fractions expansion:
de 1 A Be + Cey

I PP de. 33
[—¢ [m—¢ Ds DD &~ 20D+ Deea D3Il (33)
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Fig. 6. Same as Fig. 5. The family of curves is parameterised by the volume fraction ¢. The three limiting
cases of strongly oblate ellipsoids (penny shaped), spheres and strongly prolate ellipsoids (rods) are shown.
The line concerning the case ¢ = 1/2 is evidenced (dotted) to draw a comparison with classical results given
by Eq. (1) (Maxwell) and Eq. (3) (Bruggeman).

By means of a lengthy but straightforward integration we have found the solution
as follows:

B

|_o_f2—¢ (Sl)A/D (D — 1)e? — 2(D + 1)e1&3 + De3]2D(0-D
N (D — 1)e2 = 2(D + 1)ee; + Dé3

V14+3De +(D—1)e—(D+ 1)ey

V1+3De + (D — 1)egg — (D + ey

B(D+1)+C(D—1)

y V14 3Dey — (D — 1&g + (D + 1)ey | 20(0-1)y/143D (34)
V1+3De; — (D — e+ (D + Des '
We may note that all the parameters 4, B, C, and D depend on the depolarisation

factors and thus, recalling Eq. (16) we deduce that they depend only on the two
eccentricities e and g. So, the complete model describes the equivalent permittivity as

&) — &1 \¢&
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function of the following parameters: the permittivities of the two involved materials
& and ¢, the volume fraction ¢ of the embedded ellipsoids and the characteristic
eccentricities e and ¢g. Finally, ¢ = ¢(ey, €, ¢, e, g).

Some particular cases may be taken into consideration: if we deal with a mixture
of elliptic lamellae the depolarisation factors assume the values L, =1, L, =0,
L. =0 and Eq. (34) reduces to Eq. (30) for any value of the eccentricity of the
elliptical base of the inclusions (and for any shape of the contour of the lamellae).
Another interesting limiting case is that concerning a mixture of elliptic cylinders
randomly oriented in the space: for such inclusion the depolarisation factors are
given by Eq. (13). If we use these values in Eqgs. (32) and (34) we obtain the following
mixing formula:

(1+¢)
& — ¢ [(e2 + 3e+ 1)el + 2(e* + e + 1)erey + eel] @le?+3e+1)
& — & [(e2 +3e+ e +2(e2 + e+ Deey + eeg}

(1+e)ver —e+ leg+ (> +e+ Dey + (&2 + 3e + g
(I4+e)ver—e+1lex+ (e +e+ ey + (e + 3e+ 1)

(€’=3e+1)(1+e)

(1 +e)ve —e+ ley — (2 + e+ Dey — (€2 + 3e 4 e | 2e2+3e+1)y /2=t
(1 +ee —e+ ley— (2 +e+ ey — (24 3e+ g

l—c=

(35)

where e represents the eccentricity of the base of the elliptic cylinders (e;) randomly
embedded in the homogeneous matrix (¢;). Two particular sub-cases can be
shown for this latter relationship: if e = 1 we are describing a mixture of circular
cylinders and then Eq. (35) degenerates to Eq. (31); if e =0 the elliptic cylinders
degenerate to sheets and thus Eq. (35) reduces to Eq. (30) describing dispersions of
lamellae.

The irrational equation (Eq. (34)) has been numerically solved and a typical result
is shown in Fig. 7 where one can deduce the effects of the shape of the inclusions on
the effective macroscopic dielectric constant of the material. We have considered
&/e1 =10, ¢ =1/2 and we have plotted the values of ¢/¢ in terms of the
eccentricities e and g of the embedded ellipsoids. The limiting cases of interest have
been clearly indicated.

In our models the fraction volume ranges from 0 to 1 and this fact needs some
explications: obviously, if one requires that the inclusions (actually ellipsoids) are not
overlapping, the volume fraction can not reaches the unit value. By means of simple
computer simulations we may verify that, placing inclusions at random in a given
volume, they become overlapping when the volume fraction is greater than a given
threshold. Nevertheless, we may think that Bruggeman’s procedure continues to
yield good results even for higher values of the volume fraction, when the inclusions
become strongly overlapped. This fact derives from several comparisons between
theoretical results for mixtures of spheres and experimental measurements, which
can be found in literature [1]. The typical application of the Bruggeman procedure
has given results in agreement with experimental measurements in various fields
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Fig. 7. Results for a mixture of randomly oriented and generally shaped ellipsoids (Eq. (32)). The surface
¢/e) versus the eccentricities e and ¢ is shown with the assumptions & /¢y = 10 and ¢ = 1/2.

ranging from characterisation of dielectric mixtures of spheres [1,3,11]
to characterisation of micro-mechanical dispersions from the elastic point of
view (in this case the results are very satisfactory over the complete range 0 <c<1
[20,21]).

4. Conclusions

We have applied Bruggeman’s procedure to a dispersion of ellipsoids and
we have studied the resulting relationships for the equivalent permittivity. When
the above procedure is implemented for evaluating the aforesaid permittivity,
a sensible dependence of the results on the shape of the inclusions (actually
on the eccentricities) is shown. The closed form analysis of a dispersion of
ellipsoids offers a simple but clear example of the dependence of the macroscopic
behaviour of composite materials on the microstructure or microscopic morphology.
The results may suggest a hint for explaining why sometimes there are some
inconsistencies between the standard mixture formulae and corresponding experi-
ments: typically, standard formulae are based on the Maxwell relation for a mixture
of spheres and do not take into account any different shapes of the inclusions, which
may be present in actual heterogenecous media. Once more, our results show a
dependence of the effective property on the eccentricities of the inclusions that is
absolutely not negligible and thus they should be always taken into account when
not spherical inclusions are embedded in a matrix. Finally, an explicit new
relationship has been derived for the case of a dispersion of randomly oriented
generally shaped ellipsoids.



76 S. Giordano | Journal of Electrostatics 58 (2003) 59-76
Acknowledgements

The author thanks Prof. B. Bianco for helpful and stimulating discussions and for
having introduced him to the world of the heterogeneous materials. The author also
acknowledges the useful criticisms of the anonymous reviewers.

References

[1] L.K.H. Van Beek, Dielectric behaviour of heterogeneous systems, Progr. Dielectr. 7 (1967) 71-114.
[2] J.C. Maxwell, A Treatise on Electricity and Magnetism, Clarendon Press, Oxford, 1881.
[3] D.A.G. Bruggeman, Dielektrizitatskonstanten und Leitfahigkeiten der Mishkorper aus isotropen
Substanzen, Ann. Phys. (Leipzig) 24 (1935) 636-664.
[4] H. Fricke, The Maxwell-Wagner dispersion in a suspension of ellipsoids, J. Phys. Chem. 57 (1953)
934-937.
[5] H. Fricke, A mathematical treatment of the electric conductivity and capacity of disperse systems,
Phys. Rev. 24 (1924) 575-587.
[6] A. Sihvola, J.A. Kong, Effective permittivity of dielectric mixtures, IEEE Trans. Geosci. Remote
Sensing 26 (1988) 420-429.
[71 A. Sihvola, Electromagnetic Mixing Formulas and Applications, The Institution of Electrical
Engineers, London, 1999.
[8] J.C. Maxwell-Garnett, Colours in metal glasses and in metallic films, Philos. Trans. R. Soc. London
Ser. A 203 (1904) 385-420.
[9]1 K.W. Wagner, Erklidrung der Dielektrischen Nachwirkungen auf Grund Maxwellsher Vortellungen,
Arch. Electron. 2 (1914) 371-387.
[10] C.J.F. Bottcher, Theory of Electric Polarisation, Elsevier, Amsterdam, 1952.
[11] P.N. Sen, C. Scala, M.H. Cohen, Aself-similar model for sedimentary rocks with application to the
dielectric constant of fused glass beads, Geophysics 46 (1981) 781-795.
[12] K.S. Mendelson, M.H. Cohen, The effect of grain anisotropy on the electrical properties of
sedimentary rocks, Geophysics 47 (1982) 257-263.
[13] P.N. Sen, Grain shape effects on dielectric and electrical properties of rocks, Geophysics 49 (1984)
586-587.
[14] G.E. Archie, The electrical resistivity log as an aid in determining some reservoir characteristics, Pet.
Technol. 5 (1942) 1-8.
[15] B. Bianco, M. Parodi, A unifying approach for obtaining closed-form expressions of mixtures
permittivities, J. Electrostat. 15 (1984) 183-195.
[16] Z. Hashin, S. Shtrikman, A variational approach to the theory of the effective magnetic permeability
of multiphase materials, J. Appl. Phys. 33 (1962) 3125-3131.
[17] W.F. Brown, Solid mixture permittivities, J. Chem. Phys. 23 (1955) 1514-1517.
[18] J.A. Stratton, Electromagnetic Theory, McGraw-Hill, New York, 1941.
[19] L.S. Gradshteyn, I.M. Ryzhik, Table of integrals, Series and Products, Academic Press, San Diego,
1965.
[20] R. McLaughlin, A study of the differential scheme for composite materials, Int. J. Eng. Sci. 15 (1977)
237-244.
[21] E.J. Garboczi, J.G. Berryman, Elastic moduli of a material containing composite inclusions: effective
medium theory and finite element computations, Mech. Mater. 33 (2001) 455-470.



	Effective medium theory for dispersions of dielectric ellipsoids
	Introduction
	Characterisation of dispersions of aligned ellipsoids
	Characterisation of dispersions of randomly oriented ellipsoids
	Conclusions
	Acknowledgements
	References


