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Abstract: It is discussed that the classical effective medium theory for the elastic properties of
random heterogeneous materials is not congruous with the effective medium theory for the electrical
conductivity. In particular, when describing the elastic and electro-conductive properties of a strongly
inhomogeneous two-phase composite material, the steep rise of effective parameters occurs at
different concentrations. To achieve the logical concordance between the cross-property relations,
a modification of the effective medium theory of the elastic properties is introduced. It is shown that
the qualitative conclusions of the theory do not change, while a possibility of describing a broader
class of composite materials with various percolation thresholds arises. It is determined under what
conditions there is an elasticity theory analogue of the Dykhne formula for the effective conductivity.
The theoretical results are supported by known experiments and show improvement over the existing
approach. The introduction of the theory with the variable percolation threshold paves the way for
describing the magnetorheological properties of magnetoactive elastomers. A similar approach has
been recently used for the description of magneto-dielectric and magnetic properties.

Keywords: elastic properties; effective medium approximation; self-consistent; random heterogeneous
medium; two-phase composite material; percolation threshold

1. Introduction

The calculation of effective physical properties of composite materials is of significant interest
for many branches of science and engineering, because it allows one to predict the characteristics
of the resulting material from those of its constitutive components. The pioneering papers written
by J. C. Maxwell [1] and Lord Rayleigh [2] almost 150 years ago provided a correct statement of the
problem and a solution for small concentrations of inclusions. Significant progress in understanding the
behavior of composite materials has been achieved in the second half of the past century. This progress
is associated with the percolation theory, theoretical description of nanostructures and nonlinear
properties, as well as the development of smart composite materials, see, e.g., [3-6] for the reviews of
the subject. The present paper concerns the calculation of effective mechanical properties of random
heterogeneous two-phase composite materials. The effective medium theory (EMT) was formulated
about 55 years ago [7,8]. However, this approximate method is used until now, see, e.g., [9-12].
We demonstrate below that that in some cases this classical theory does not behave adequately.
For example, it leads to an antilogy in the description of a simultaneously elastic and electro-conductive
composite material. For a two-dimensional random heterogeneous medium, the classical EMT yields
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a non-symmetric expression with respect to the interchange of the mechanical properties of phases.
We propose a modification of the traditional EMT for the elastic properties, which allows one to
eliminate some inconsistency observable when comparing this EMT for elastic properties with the
EMT for other physical properties of the same material. The traditional EMT for the elastic properties
of random heterogeneous composites is a specific case of the modified theory.

Asfar as the types of inhomogeneity (classes of microstructures) are concerned, composite materials
can conditionally be divided into ordered and random heterogeneous. Random heterogeneous
composites include, for example, media with spherical, ellipsoidal or more complex-shaped inclusions,
randomly dispersed in a matrix. In ordered structures (where inclusions are arranged in a strictly
periodic manner), it is possible to obtain exact analytical expressions for the elastic moduli (Young’s and
shear moduli, Poisson’s ratio, etc.). With regard to the definition of the exact solution to the problem
of calculating the effective moduli the reader is referred to [13]. The exact solution is required for
obtaining in the closed form analytical expressions for the effective moduli, appropriate for an arbitrary
large inhomogeneity of mechanical properties, e.g., for an arbitrary large ratio of Young’s modulus
of the first and second phases. Although in real-world composites ideal periodic structures do not
occur, analytical results for the elastic moduli of ordered structures are useful because they allow one
to construct efficient computationally oriented models of multi-parameter complex systems by using
asymptotic methods, which can, owing to their simplicity, be directly employed for control engineering
of composite-material-based systems [14-16].

For random heterogeneous composite materials, it is impossible to obtain exact analytical
solutions for the elastic moduli. In this case, sufficiently precise approximate expressions can be
derived for small concentrations of one phase (isolated inclusions). Alternatively, good approximate
solutions are possible in the percolation region, particularly in the so-called critical region and large
inhomogeneity [3,4,17,18]. Both cases are interesting from the theoretical and experimental points of
view. However, real-world composites usually do not belong to these two classes. Therefore, it is
desirable to have an approximation, which describes the properties of a randomly inhomogeneous
composite material in a broad concentration range, including large inhomogeneity.

For a significantly simpler (in comparison to the elasticity theory) problem of calculation of
effective properties of electro-conductive (effective electrical conductivity coefficient) or dielectric
(effective permittivity) composite materials, such an approximation is well-known. It is the
effective medium theory (EMT), based on the problem of an isolated inclusion and self-consistency
considerations [3,4,17-19]. For the conductivity or permittivity problem, this estimation is often
called the Bruggeman-Landauer (BL) approximation [20,21]. The BL approximation for the simplest
two-phase isotropic case has the following form:

Oe¢ — 01 + Oe¢ — 02
20, + olp 20, + 02

(1-p)=0, 1

where p is the concentration of the first phase, o, is the effective electrical conductivity, o1 and o7
are the conductivities of the first and second phases, respectively. The percolation threshold in the
BL approximation (1) for the large inhomogeneity (o1/02 — o) is equal to 1/3. Simultaneously, one
may calculate the effective elastic properties of the same composite. Rigorous cross-property relations
linking the effective transverse electrical conductivity and the effective transverse elastic moduli of a
fiber-reinforced (two-dimensional) composite were investigated in [22]. Effective elastic properties of
random two-dimensional composites were written in analytic form with the accuracy of O(p*) in [23].
The classical EMT for the elasticity problem in the three-dimensional (3D) case has an inherent property
that the percolation threshold is equal to 1/2 [24]. From our point of view, there is a logical discrepancy,
when simultaneous investigations of mechanical and electric properties contradict each other. In this
context, it seems necessary to modify the EMT for elastic properties.

The paper is organized as follows: In Section 2, we briefly overview the conventional EMT
approximation for the elasticity problem. In the following Section we begin with calculations of the
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percolation threshold, the Poisson’s ratio at the threshold, as well as the critical exponents. Next,
we discuss the inconsistency of the conventional EMT for the elasticity problem in comparison
with its application to the conductivity problem. To overcome this shortcoming of the theory, we
propose a modification of the EMT, in which the percolation threshold can be prescribed. In Section 4,
the percolation properties of the modified EMT are calculated and discussed. Finally, we consider
the two-dimensional case, for which we succeed in constructing the analog of the famous formula by
A M. Dykhne for the electrical conductivity of a symmetric two-phase composite [25] in the case of a
symmetric elastic composite, using the modified theory. Conclusions are drawn in Section 5, where
also an outlook into the future research is given.

2. Materials and Methods

In what follows, we consider random heterogeneous two-phase composites. The self-consistent
EMT approximation considers inclusions of the spherical shape embedded into a fictitious homogeneous
medium with the effective elastic properties searched. The concentration of the first phase is p,
the concentration of the second phase is (1 — p). The mechanical properties of both phases and the
effective medium are isotropic.

For the elasticity problem, the self-consistent EMT approximation was obtained in the past [3,7].
It can be written in the following form:

p 1-p _

) ) ! @
p » 1 [
G

where
B 1 1+, 2 4-5v,

31— 15 1,
and G, K,, v, are the effective shear modulus, the bulk modulus and the Poisson’s ratio, respectively,
while Gy, G2, Ky, Ky, v1, v are the values of these moduli in the first and second phases.

For a small concentration of one phase (p < 1), o.(p) from (1) and G (p) from (2,3) transform
into the known expressions, obtained for small concentrations. The approximation (for the effective
conductivity this is the Maxwell’s approximation, see, e.g., [3,4,17,18]) describes the behavior of the
effective coefficients with the accuracy of the first power of concentration p. The Maxwell’s approach
can also be generalized to other physical properties, e.g., the piezoelectricity [26].

For theoretical considerations the most challenging region of filler concentration is around a
particular concentration value, where with a small variation of the concentration, a significant change
in the values of effective coefficients and moduli takes place at large inhomogeneity, see Figures 1
and 2. Such a concentration is denoted the percolation threshold. According to the percolation theory,
in a vicinity of the percolation threshold (in the so-called critical region, p — pc( << 1) the effective
conductivity (o,), shear (G.) and Young’s (E.) moduli have the following power-law behavior:

®)

Qe

ge~ (p—pc), 02=0,p>pe; ge~(pe—p)™, o1 =00, p<pg; 4)

Ee~(p=po), Ge~ (p-p)/, E2=Go=0, p>pe; ®)

Ee ~ (PC—P)_S, Ge ~ (pc_P) , E1 =Gy = oo, p <Pec (6)

where f and S are universal critical exponents [3,4,17,18].
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Figure 1. Concentration dependences of the effective shear modulus G, at g—i = 0. (a) Different shear
moduli of the second phase G, (v, = 0.49) and G; = 0. (b) Different shear moduli of the first phase G;
(v1 =0.3)and G, = 0 Pa.
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Figure 2. Concentration dependences of the effective Poisson’s ratio v, at % = 0. (a) Different Poisson’s
ratios of the second phase v, (G, = 10°Pa) and G; = co. (b) Different Poisson’s ratios of the first phase
v1 (G = 101Pa) and G, = 0 Pa.

Approximate values of critical exponents can be obtained from qualitative considerations, while
their precise values can be derived from numerical modeling [17,24,27].

The EMT for the elasticity problem approximately describes the behavior of elastic moduli
in the critical region. Note that the behavior of effective conductivity and elastic moduli at large
inhomogeneity is analogous to the behavior of the order parameter in the theory of second-order
phase transitions [28]. Calculation of the critical exponents of the order parameter in the EMT gives
their approximation value. The clarification of these values is more complicated and related to the
consideration of fluctuations of the order parameter [29-31]. Similarly, EMT in the elasticity problem
yields approximate values of critical exponents f and S. According to the EMT, the critical exponents
of the effective conductivity are easily found from (1) and they are equal to unity: t = g =1 [3,4].
According to experiments and numerical calculations ¢ = 2, g = 0.73 in the three-dimensional case [17].

In spite of its seeming simplicity, the BL approximation, based on the idea of a self-consistent
solution, describes the variation of effective coefficients in the entire concentration range, quantitatively
and qualitatively. For example, it could be the effective electrical conductivity o, (1). At small
inhomogeneity (91/0, is slightly larger than unity), for a well homogenized mixture of two phases
with conductivities 01 and oy, the dependence o, (p), obtained from (1), describes the experimental
data well. As is well-known [3,4,17,18], at large inhomogeneity (o1/5, > 1) there exists such a value of
concentration, called the percolation threshold p,, in the vicinity of which the effective conductivity
(other effective coefficients and moduli, as well) steeply changes its value. The description of such
phenomena is the subject of the percolation theory, which is the analogue of the theory of the
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second-order phase transitions. The main geometrical element there is the connectivity through one of
the phases—the appearance of a continuous path via one of the phases through the entire specimen (the
so-called infinite percolation cluster). At a first glance, an EMT approximation (calculation of the field
inside the isolated spherical inclusion of one of the phases, immersed into the effective medium) cannot
provide a description for the steep rise of the effective conductivity o.. However, the BL approximation
not only gives a growth in the vicinity of a concentration value at o1/5, > 1, but also gives a power-law
dependence of ¢, on |p - pc‘ in a vicinity of p. at 01 = o0, 02 # o0 or at 01 # 0, 02 = 0. Such power-law
dependences close to the percolation threshold take place for the order parameters (in the theory of
the second-order phase transitions) and for the effective coefficients and moduli in the percolation
theory, see (4-6).

Thus, the EMT approximation qualitatively and partly also quantitatively describes the percolation
behavior. Therefore, it is reasonable to use the notations of the percolation theory—percolation threshold,
critical concentration region ((p - pc| < 1), as well as critical exponents describing the power-law
behavior in the critical region. For the conductivity problem, the EMT approximation leads to the
existence of the percolation threshold p¢ (the upper index denotes the conductivity problem) and
the power-law behavior of the conductivity o, in the vicinity of p¢, characterized by its own critical
exponents. In the EMT framework, p¢ = 1.

It is worth noting that the EMT results, when describing the efficient coefficients and moduli, are
approximate, similar to Landau’s theory of the second-order phase transition used for the description
of the order parameters.

3. Results

3.1. Percolation Threshold in Traditional EMT

Let us first determine the percolation threshold p.. We reformulated the EMT Equation (2), using
as the independent variables G and v. Taking into account the known relation K = 2G(1 +v)/3(1 - 2v),
the system of Equations (2) can be written in the form:

|4 1-p -1

+
G1 14v] 1-2v, Gy 14V 1-2v,
1'“"6(67 Trve T-21 -1 I+ae| o7 1, =2y -1

@)

p _
1+ﬁg(%—1) + 1+ﬁg(%— ) B

If a composite with E; = G, = 0 is considered, taking in (7) G = 0 it is possible to investigate the
case when p — p., Ge — 0. Equation (7) is simplified and can be written in the following form:

[1 G 1Jr11’1 1-2ve -1 p+(l+ae_1)(1_f7) =0
+aB(G73' T+ve 1-2v1 -1 (8)
—— -1+ (2 -1)1-p) =0
1+/3P,(%—1) p (1—ﬁe )( p)
Putting now G, — 0 and p — p., from (8) we find
_pc+(1—lae _1)(1_1%) =0 o)
—pe+ (25 —1)(1-pe) =0
From (9) we obtain
e = Pe. (10)

It immediately follows that
1 1
ve(p = pE) = =P =5 (11)



Materials 2020, 13, 1243 6 of 19

where the upper index of pf means that this percolation threshold refers to the elasticity problem.

Note that the value of the Poisson’s ratio v, at the percolation threshold (10) in the EMT framework
does not depend on the mechanical parameters of phases, i.e., on v{, v and Gy: ve(p —pk = 1/2) =1/5.
The case G2/G; — 0 is considered above at G, — 0 for a finite value of G;. The same result also takes
place at G2/G; — 0, but for a non-zero value of Gy, while G; — oo (see Appendix A). The particular
value v* = 1/5 was discussed in [32]. Later we will return to the discussion of the particular values of
the Poisson’s ratio. Figure 2 shows the concentration behavior of the effective Poisson’s ratio for the
both cases.

Figure 3 demonstrates the concentration dependences of the effective shear modulus and the
effective Poisson’s ratio for the finite values of the shear modulus of both constitutive materials.
The inset shows the enlarged region in a vicinity of the percolation threshold. It is seen that the effective
Poisson’s ratio is not exactly equal to 1/5 at p = 1/2, as it has been shown previously in [32].

10°; -10°
10 10
10 1072
©10° 107
©10% 10
10 107
6 -6
100-0 0.2 0j4p0f6 0.8 1-010 00002 of4pof6 08 10
(a) (b)

Figure 3. (a) Concentration dependence of the normalized effective shear modulus Ge/G; for different
shear moduli of the second phase. G| = 10"Pa, v; = 0.3, v, = 0.49; (b) Concentration dependence
of the effective Poisson’s ratio for different combinations of the Poisson’s moduli of the phases.
Gy = 10''Pa. The inset shows the enlarged region around the percolation threshold.

3.2. Critical Exponents in Traditional EMT

By using the known value of the percolation threshold pf = 1/2, it is possible to decompose the
expression for Ge into the series with respect to the vicinity of the percolation threshold |p - pc| and
calculate the corresponding critical exponents.

At Gy — 0 we obtain from the first Equation of system (7):

Gl[(l —1/1) —3]9(1 +V1)] + 2G3<1 - 21/1)

Ve = , 12
© = Gl T ) 4 3p(L 1)) + 2Ge(1=2m) (12)
and from the second Equation of system (7) we get two solutions:
4 1 (8-15p)Gy1 + 7Ge
==, V== i 13
Y5 T 5 T 2-3p)Gy + G (13)

The first solution in (13)l1as no physical meaning, because the Poisson’s ratio is never larger than 1/2.
Introducing a variable G, = G./G;, and equating the right-hand sides of obtained solutions (12,13):

18-15p+7G  (1-v1) =3p(1+v1) +2G(1-2w)
5 2-3p+G (3p +1)(1+ 1) 4+ 2Go(1 - 2v7)

. (14)
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After cross-multiplication we obtain a quadratic equation for G, with two solutions:

=~ —101/1—3;9(3—7;91/1)—}—81 \/5
e 8(2—1/1) ’

(15)

where
w = 9(7v1 = 3)°p? = 12(51v1% = 35vy + 4)p + 4(7v; - 2)°. (16)

The solution with the plus sign in front of the root term in the numerator of (15) does not possess
the necessary physical properties (G, — 0 at p — p¢).

Near the percolation threshold, Eg behaves in a power-law manner (5), as should be expected in
the critical region of the percolation theory. Substituting (16) into (15), we find the critical exponent f
by the method of Padé approximants [33,34]:

fomr = zz'%{(p - %)[% 1n(ée)]} ~1, (17)

[Zndv)

where the notation fpyr signifies that this value is obtained using the EMT and the result coincides
with the value obtained in [24]. The value obtained by numerical calculations outside of the EMT
framework is f = 3.76 [3,4,17,18,27]. A proof for G; — oo is given in Appendix B.

The availability of percolation thresholds at large inhomogeneity, both for the conductivity
problem as well as the elasticity problem, is, of course, related to the formation in a two-phase randomly
inhomogeneous system of the so-called infinite cluster [3,4,17,18], which is a connected path through
the entire specimen via one of the phases. In the case of the conductivity problem, the appearance
of an infinite cluster of the first phase (07 > 02) means the appearance of a well conducting path,
and therefore, a steep decline in the electrical resistance of the specimen. For the elasticity problem, at
Eq > E; that means the appearance of a rigid frame. Close to the concentration, where the formation
of “percolation” takes place (i.e., an infinite cluster of one of the phases comes into existence) the
power-law dependence of the effective coefficients is observable.

3.3. Criticism of the Traditional EMT for the Elasticity Problem

In spite of the fact that effective coefficients and moduli give correct qualitative, and in some
cases even quantitative, behavior in the entire concentration range, both for conductivity and elasticity
calculations, there exist principle difficulties and logical discrepancies in the conventional approach.

The main disadvantage is the strict equality of p to 1/2. EMT describes random heterogeneous
media, in other words, well-blended mixtures of two phases. At a small concentration of the first
phase, p < 1, such a medium represents the inclusions of the first phase in the second phase. At
the concentration p close to 1, these are the inclusions of the second phase in the first phase. There
is a symmetry: mutual interchange of phases 1 2 2 and concentrations p 2 1 —p does not change
the effective properties of such symmetric composites. This symmetry is directly seen in (1) for
the conductivity problem and in (2,3) for the elasticity problem. For example, after replacing in
(2,3) G1 2 Gy, K1 2 Ky, p 2 1 —p the system of equation remains unaltered [35,36]. If the critical
concentration of the first phase is equal to p¢1, by virtue of said symmetry, the percolation threshold pe»
of the second phase is equal to (1 — p,1 ), because of the parity of the phases.

If the concentration, e.g., of the first phase, is increased, upon reaching p = p in a three-dimensional
medium, an infinite cluster of the first phase arises. At the same time, an infinite cluster of the second
phase does not disappear. According to the symmetry the cluster of the second phase emerges at
1 - p. (while decreasing from 1). Thus, at p. < p < 1 - p,, there exist two clusters in the medium
simultaneously. In the two-dimensional case, the percolation threshold of the first phase p. has the
value of 1/2 in the EMT approximation and upon occurrence of the cluster of one phase the second
cluster disappears. For the two-dimensional (2D) case, the percolation threshold for the first phase
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in the EMT is 1/2 and, due to the symmetry, the percolation threshold of the second phase is also
1/2, thus they coincide. Indeed, in the 2D symmetrical case the presence of an infinite cluster of one
phase excludes the existence of an infinite cluster of another phase. In the three-dimensional case,
with the existence of symmetry, this is not true. Therefore, pf = 1/2 seems to be at least peculiar in the
three-dimensional case, because the EMT describes a random heterogeneous medium.

One more disadvantage of the EMT approximation is a mismatch between thresholds p? and pE.
Of course, the problems of conductivity and elasticity represent different equations, from the point of
view of mathematical physics (even of different order, see the elasticity theory [37,38]). However, at
the same time EMT for conductivity should not contradict the EMT for elasticity. For example, if the
effective conductivity (dielectric permittivity) and effective elastic moduli are measured simultaneously,
their steep change should occur at the same concentration. That concentration, at which an infinite
cluster arises, see, e.g., experimental data [39,40], where for the two- and three-dimensional cases it
was experimentally shown that p? = pE.

For the elimination of the inconsistency between the conductivity and elasticity problems, an
EMT modification is required, which allows one to prescribe a preselected percolation threshold and,
therefore, to match them in both problems.

Depending on the fabrication technology (and thereby the presence of different correlations in the
location of inclusions), the numerical value of the percolation threshold varies [33]. For example, for
the case of porous materials it is well known that the percolation threshold depends on the particular
material composition [41,42]. At the same time, the EMT for conductivity (the BL approximation) gives
a threshold value p¢ = 1/3, which does not allow one to describe the experimental data in all cases.
In the work [43], the EMT for galvanomagnetic phenomena (electrical conductivity in a magnetic
field) was modified in such a way that it became possible to set the percolation threshold. This means
it is possible to obtain the field and concentration dependences of the effective components of the
conductivity tensor in the framework of EMT with different percolation thresholds. Such a modified
theory made it possible to explain the results of many previous experiments, which seemed to be
paradoxical in that time, see, for example, [44-50]. For a specific case, when the effective conductivity
tensor is a scalar function of conductivity, the modified EMT approximation can be written as:

Op—01 Je—0)

20,+0 20,+
~ lge—a] p+ G~UZ 0.—03 (1 _p) =0, (18)
1 +C(p’pc)20'e+al l + C(p’PC)deJ,-gZ

where c(p, pc) in the following will be called the SV term (owing to Sarychev and Vinogradov [43]).

It has the following form:
i - a-sm( ) (22) "
c\p, =(1-3 = — 19
Ppe) v (pc) (1_Pc) (19

and p is the preselected percolation threshold.

From the modified EMT (18,19), the same critical behavior is obtained in the vicinity of the
percolation threshold as in the conventional EMT, but at the prescribed value of the percolation
threshold. In [51] we introduced the method of the moveable (field-dependent) percolation threshold
and employed the modified EMT (18,19) for describing the significant changes of dielectric and
magnetic properties of the magnetoactive elastomers in an external magnetic field.

3.4. Modification of the Effective Medium Theory for the Elasticity Problem

According to the aforementioned consideration (a discrepancy between the percolation thresholds
in the conductivity and elasticity calculations) it becomes clear that the standard EMT for the elastic
properties (2,3) has to be modified. From our point of view, the remedy could be to act in the same
manner as for the conductivity calculation in the EMT, namely, it should be possible to preselect the
percolation threshold. Although the physical processes of electrical conductivity or elasticity and the
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equations describing them are different, the EMT approximation for calculating the effective coefficients
(moduli) (2,3) can be modified in a similar way. For convenience, we write the EMT approximation for
elastic effective moduli (2,3) in the following form (cf. the EMT approximation for conductivity (1)):

Q1p + 02(1 —P) =0
, (20)
O1p+@2(1-p) =0
where
Gi Ltvi 12w g g-1
o Ge 1+ve 1-2v; ) Ge i=1,2. (21)

= Gi 1tvi 1=2ve _ 1\ ' 1.2(G 1V
1+ ao( g o — 1) 1+ fe(gt 1)
Recall that a, and S, for the three-dimensional case are given in (3).

In this paper, we propose a modified EMT for the elasticity problem, replacing (20) with the
following system of equations:

Q 0
TP+ 1+s(g%c)02 (1-p)=0 } o
1+5(P/11'7c)®1p + 1+S(p,:7c)®2 (1-p)=0

where the term s introduced by us is similar, but not equal to, the SV term (19):

_ . p'ﬁc(1—p)1—5v
pe) = (1=2pc)| = = . 23
stp70) = (1-270( £ (122 @)

In the case when p. = pE = 1/2, the term s(p,fo} =pk ) vanishes and (22) goes into the conventional
EMT for the elasticity problem (20).

Now, by preselecting p. in the term s(p, pc) (23) one can find the concentration behavior G,(p),
which, as it should, has the given percolation threshold, see Figures 4 and 5. Taking into account
that E, = 2G,(1 + v¢), the effective Young’s modulus has the same percolation threshold as the shear
modulus Ge.

103' I 100'p =0.8 '100
: ] : ] p, =06
Il 4 | ] pc=0'4
Joe o 10717 =02 10"
4) | | ! | (D‘_
~ ] | | | Poag
o 1 | | 1 ®
© 10 Y ©407] +107
: L
1 I 1
10° " " } } . e | | | . e
0.0 0.2 0.4p0.6 0.8 1.0 100.0 0.2 0.4p0.6 0.8 1.('}0
(a) (b)

Figure 4. Concentration dependences of the effective shear modulus G, at G2/G, = 0 for various values
of the percolation threshold. (a) Gy = 10°Pa, v, = 0.49 and G; = co. (b) G; = 101!Pa, v; = 0.3 and
Gz =0Pa.
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Figure 5. Concentration dependence of the normalized effective shear modulus G/, for various values
of the percolation threshold. G; = 101 Pa, v; = 0.3, Gy = 10°Pa, v, = 0.49.

In contrast to the previous, multi-parametric theoretical approaches or cascade continuum
micromechanics models (cf., e.g., [42]), our model uses only the most important characteristic—the
percolation threshold, which is determined by the fabrication method of a composite material.

4. Discussion

4.1. Percolation Properties of the Modified EMT

Let us consider the behavior of the elastic moduli in the modified EMT.

4.1.1. Calculation of the Percolation Threshold

Let us first prove that p. is indeed the percolation threshold of Equations (22) and (23). Let us set
in (23) the second variable equal to p.. Taking G, = 0 and considering G, — 0 at p — p. we obtain:

(1-p=s(p,pe)) (2 - 1; =p
(1—p—s(p,’ﬁc))gl+ﬁe—1 —p } )

Qe = Pe= . (25)

Then, the multipliers in the large round brackets in (24) are equal to 1 and we obtain from (24),
taking into account the expression for s(p, p.) (23),

Pe 1-pe
—\(r 1—P)
e =1-(1-25)L s
Pe ( pC)(PC) (1_Pc

, (26)
P=Pc

where p_ is the preselected percolation threshold, while p, is the percolation threshold resulting from
the EMT (24). It is easily seen that the solution of Equation (26) with respect to p. is

Pec = Pes (27)

i.e., the percolation threshold p. is indeed equal to the given value p,, see Figure 5. Similar proof can be
provided for G; — o, see Appendix C.

4.1.2. Effective Poisson’s Ratio

Figure 6 presents the concentration behavior of the effective Poisson’s ratio for various percolation
thresholds and finite values of G; and G».
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Figure 6. Concentration dependences of the effective Poisson’s ratio v,. (a) Variation of the percolation
threshold. G; = 101 Pa, v; = 0.3, G, = 10°Pa, v, = 0.49; (b) Variation of the ratio Gi/c, at pe = 1/2.
V1 = 03, V) = 0.49.

Taking into account (25), we find that at the percolation threshold (which we now defined ourselves)

Ve(p =pe, G2 =0) =v" = =. (28)

Note that in the case when G; — oo, while G remains finite (G /Gy — ), the equality (28) also
holds ve(p = pc, G = o) =v* = 1/5. It is well-known that behavior of the effective Poisson’s ratio is
somewhat anomalous, for example, it does not necessarily lie between the Poisson’s ratio of the matrix
and inclusion phases [52]. In [32], it was pointed out that there is a specific value of the Poisson’s
ratio v*, which is equal to 1/5 in the three-dimensional case. It was shown that, if v = v, < v* then
for any ratio of Go/G the inequality v. < v* holds. Vice versa, if vi = v > v* then v, > v* is fulfilled.
Note that the value v* is achieved at p = p. and only with the infinite heterogeneity, while with a
finite ratio of G1 /Gy, the value v, tends to, but does not reach, this value. The larger the ratio G1/Gy,
the closer v, comes to v*, see Figure 6b. An exception is the case when the value of the Poisson’s ratio
in both phases is equal to v*. Then v, = v* does not depend on the concentration at any ratio of G;/G>.
Experimentally, the decrease of the Poisson’s ratio with the decreasing foam density was observed in
the metallic foams, where the Poisson’s ratio approached the value of 0.21 [53].

4.1.3. Critical Exponents

For the case of modified Equations (22) and (23), we did not succeed in calculating the critical
exponents analytically, as it was done in (15-17). However, the critical exponents f and S can be easily
obtained numerically, as it is explained in Appendix B. It turns out that the SV modification of the EMT
does not change the values of both exponents: f =S5 = 1.

4.2. The Two-Dimensional Case

Let us consider briefly the two-dimensional (2D) problem. In the 2D case, Equation (1) remains
the same but the parameters in it take the form of

1+, 3-v,
Qe = > , Pe = .

(29)
As in the previous case, it can be shown that the percolation threshold in the 2D case is

pEd=2)=2, (30)
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where d is the dimensionality of the problem [32]. This result contradicts the general considerations of
a two-dimensional random heterogeneous medium.

The geometric structure of the mutual arrangement of phases does not depend on the type of
physical processes investigated on this structure. In particular, for the two-dimensional conductivity
problem in a random heterogeneous medium with the conductivity of phases 01 and o5, the exact result
by A.M. Dykhne is known at the percolation threshold (for an arbitrary ratio of phase conductivities) [25]:

1
Oc = \f0102,p = pec = 5 (31)

where, of course, the effective conductivity is symmetric with respect to the interchange of phase
values, 01 2 05.

For the elasticity problem at the percolation threshold (30), the expression for the effective elasticity
modulus, contrary to the general considerations, is not symmetrical when the phase values of the
elasticity modulus are interchanged.

As in the three-dimensional case, we propose a modified mean-field theory for the elasticity
problem. The form of the modified equations is the same as in the three-dimensional case (22), but
in (21) it is necessary to substitute the corresponding values of a, and . (29) and to write down the
correction s(p, p.) for the two-dimensional case:

~ 3_\[p pe 1-p 17
wr =30z (i) &)

It is worth noting that, in the case of d dimensions, the percolation threshold in the traditional
EMT for the elastic properties pF has the following value: pf = 2/(d+ 1) [24]. In the d-dimensional case,
the correction term s(p, pc) can be written as

A AT AT AN
s = (12 B (=5 ) )

For a random heterogeneous inhomogeneous medium p. = p. = 1/2 and (32) takes the following
form:

— 1
s(p.pe =1/2) = 5 p(L=p). (34)

Note that the statements about the behavior of the effective Poisson module in the case of
inequalities 11 = v < v* or v; = vp > V" remain valid for the two-dimensional case [32] as well as in
the modified theory, taking into account that in the two-dimensional case v* = 1/3.

It is easy to show that for the particular case v = vy = 1", the effective value of the Poisson’s
ratio does not depend on the concentration and the values G; and G; of the shear modulus, namely
ve = V" = 1/3. Using this value, we can obtain an expression for the shear and Young’s moduli at the
percolation threshold, an analog of the Dykhne’s expression (31).

Gg = \/Gle, Ee = \/ElEz, V1 =V = V*, d=2. (35)

4.3. Comparison with Experiments

The 2D experiments were reported in [39,54]. In [39], the same percolation threshold p. = 0.6 was
found for the conductivity and elasticity phenomena. Similar measurements of the mechanical stiffness
and electrical conductance were performed in [54], where the same percolation threshold p. = 0.331
was determined for both physical properties. In both experiments, the ratio Gi1/6, was equal to zero,
and, therefore, the percolation threshold was well-pronounced. Notice that the measured values of
the percolation threshold significantly differ from the percolation threshold in the traditional EMT
pE(d = 2) = 2/3 and emphasize the significance of our considerations. Further, a three-dimensional
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percolation system was investigated in [40], where it was also found that the electrical conductivity
and the Young’s modulus had one and the same percolation threshold, which was not equal to 1/2.

In [55], the percolation transition and the elastic properties of block copolymers of styrene and
butadiene were investigated (3D case). The ratio of elastic moduli was finite: G1/G, = 581.82. As can be
seen from Figure 3a, for a finite ratio of G1/G, # oo, the percolation transition is not clearly pronounced
in the concentration dependence of the effective elastic modulus. The particular concentration
value, where the maximum change in behavior of the effective modulus occurs, is shifted towards
concentrations smaller than 1/2. Note that an analogous situation occurs for the effective electrical
conductivity, which was studied in detail in [51]. Figure 7 compares the results of the EMT with
experimental results of [55]. A good agreement between the experimental results and the EMT was
achieved for the value close to that of the traditional EMT: p. ~ 0.50. This result contradicts the
percolation threshold value of 0.4 determined in [55] and the value of p. = 0.2085 obtained for these
data in [56] within the framework of a fractal model, using the iterative averaging approach. We believe
that these deviations are caused by the finite ratio of the shear moduli of the constitutive components,
which should be taken into account in the analysis of these data.

10°

1.01

-

905:
@ |

0.0
0.0

Figure 7. Normalized shear moduli of block copolymers of styrene and butadiene (filled circles).
Experimental values are taken from [55]: G1/G, = 581.82, v; = 0.335, v = 0.499. The inset shows the
same data on the logarithmic scale.

In [57], porous materials were investigated (G; = 0 Pa). The percolation transition in the
concentration dependence was conspicuous. It was found that the critical porosity (percolation
threshold) depends on the powder size. The measured value of p. varied between 0.375 and 0.53 for
Th,O powders. Figure 8 compares the results of both the conventional EMT and modified EMT with
experimental results for a porous ThyO material (powder size 0-2 um). A good agreement between the
experimental results and the modified EMT, where p, = 0.375, is observed. Moreover, it is clearly seen
that the traditional EMT fails to describe this experiment. Similarly, our modified EMT is capable of
describing the experimental elastic moduli for other powder sizes in [57].
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® Experiment
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Figure 8. Porosity dependence of the effective shear modulus for porous Th,O (powder size 0-2 pm).
Experimental values are taken from [57]. The inset shows the same data on the logarithmic scale.

To summarize, the theoretical results are supported by previous experiments, show improvement
over the existing approach and may be used for validation of alternative approaches for determining
the percolation threshold.

5. Conclusions

e A modification of the self-consistent EMT for the elastic properties of a random heterogeneous
two-phase material is proposed. This modification allows one to prescribe any numerical value
to a percolation threshold, which depends on the particular realization of a composite material.
The modification does not change the values of the classical critical exponents (fgmt = Spmt = 1).

e A contradiction between the conductivity problem and the elasticity problem is eliminated. In a
particular randomly inhomogeneous composite material, it is possible to simultaneously measure
different physical properties, which should be determined by the same percolation threshold in
an EMT.

e In the two-dimensional case, the proposed modification allows one to obtain an expression for the
shear and Young’s moduli at the percolation threshold, which are symmetric with respect to the
interchange of phases.

In the future work, the modification of the EMT for the elastic properties should allow us to employ the
recently introduced concept of the moveable (field dependent) percolation threshold [51] to explain the
giant change in the elastic moduli of the magnetorheological elastomers in moderate external magnetic
fields, known as magnetorheolgical or field stiffening effects [58,59]. These materials are also called
magnetoactive elastomers when other physical properties are considered. The required dependence of
the percolation threshold on the magnetic field was proposed empirically in [60].
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Appendix A

Let us calculate the percolation threshold and the Poisson’s coefficient in the traditional EMT for
G1 — 00,
First, the system of Equation (7) is re-written as

1 1
-1+ (1- -1|1=0
p[wae(é;im = ’”[u G } .
1 1
——— 1|+ (1=-p)|—————-1|=0.
P L 1) ( p)[uﬁg(g’f—l)
Then, we introduce variables
me = 1/G,, my = 1/G,, my =1/G, (A2)
and reformulate (A1) as
p m 1+lv1 1-2v, -1+ (1 _P) m 1+1V2 1-2v -11=0
1+a3(ﬁ Tve 1—2vi _1) 1+0‘f(ﬁ Tve 1—21; _1) (A3)
1 1
pl—7—— -1+ (A-p)|—F—-1|=0.
14 e -1) g 1)
At m; — 0 the equations are written as
14a (@13"1 1-2ve _1) - 1 = g
e\ my Tve 1-21¢ A4
S L (Ad)
14 2e-1)
Putting now G, — oo (m, — 0) and p — p., we find (compare with (9))
e = Pe, Pe = Pe- (A5)
From where it immediately follows that
1 1
e = 5 w(P = PE) =5 Gy = co. (A6)

Appendix B

Let us calculate the critical exponents in traditional and modified EMT.
Using variables m, = 1/G,, my = 1/G,, mp = 1/G, (A2), for m; — 0 Equation (7) can be written in

the following form:
__3mp—6mpvy—3nipve+6mavove 1= P
(2ve—1) (2mg +m,—4mpvy+meve) T 1-p } (B1)
15”’12—15”!21/3 _ 1 _ P N
7my+8me—5myve—10v,m, - 1-

1-p

From the first equation in the system of Equation (B1) we obtain:

o my(=1+2vp) + me(1 + va) + 3pma(1 - 2v7) (B2)
T mp(1-2va) + 2me(1+vy) + 3pma(1-2v7)

Introducing a variable m, = m,/m; we get

~ me(1+v2) + (Bp=1)(1-21p)
2 (14 v2) + (Bp+1)(1-2v2)

(B3)

Ve
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From the second equation of the system of Equation (B1) we obtain:

8+ 7m, — 15
Ve = 1W (B4)
5 24m,—3p
Equating the right-hand sides of solutions obtained
18+7me—15p  me(14+va)+ (Bp—1)(1-2v3) (85)
5 24 me=3p  2m(1+vy)+ (Bp+1)(1-21p)
we get from a quadratic equation for i,
— 14V2—3p(1+3pV2) -4+ \/E
o , (B6)
4(1 + V2)
where
2 2 2 2
£ = 9p?(3va +1)* = 12p(5v22 - 72 + 6) + 4(5v, — 4)°. (B7)

Selecting the solution with the plus sign in the numerator of (B6) and using the method of Pade
approximants for calculating the critical exponents, we find for S in the EMT approximation:

Sewr = liwz{(p - %)|% 1n(mie)]} ~1. (BS)

Therefore, the critical exponent of the effective Young’s and shear moduli below the percolation
threshold in the framework of the EMT approximation is equal to unity: Sgyt = 1. The numerically
obtained value, which is outside of the framework of the EMT, is S = 0.82 [3,4,17,18].

The expression (B8) can be generalized for an arbitrary percolation threshold p., where, obviously,
the modification term (23) has to be taken into account in calculation of m,:

. . —[a. (1
S = pliI%}Z(P) = pg%:{(;?—pc)[&—p ln(m—e)]} (B9)

The auxiliary function X(p) can be easily calculated numerically for any concentration p, which is
arbitrarily smaller than p.. The Figure Ala shows the exemplary results of calculations. It is seen that
S = 1. Similar calculations can be performed for the critical exponent f:

F= tm o) = tim {(p 70 3 (o). (B10)

p—opet p—pet

The Figure Alb shows the exemplary results of calculations. It is observed that f = 1.
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Figure A1l. (a) Concentration dependence of the function X (p) for p. = 0.3 (G; = =); (b) Concentration
dependence of the function ®(p) for p. = 0.7 (G, = 0).

Appendix C

In the following we calculate the percolation threshold and the Poisson’s ratio in the modified

EMT with the SV term for G — .

Using variables m, = 1/G,, m1 = 1/G,, my = 1/G, (A2), for m; — 0 Equation (22) can be written as:

1 -1= 4
1+vp 1-2v  1-p-s(ppc)
1+a8(%’1 2 1- 6—1) p
2 1+ve 1-2v
1 p . (C1)

l+ﬁg(%’— ) ~1= mmem

Putting now G, — oo (m, — 0) and p — p., we find, similar to Section 4.1.1, that

Pe =Peve(p =pc) =1/5. (€2)

References

1.  Maxwell, ].C. A Treatise on Electricity and Magnetism; Chapter IX; Clarendon Press: Oxford, UK, 1873;
pp. 360-373.

2. Rayleigh, L. On the influence of obstacles arranged in rectangular order upon the properties of a medium.
Philosoph. Magaz. 1892, 34, 481-502. [CrossRef]

3.  Torquato, S. Random Heterogeneous Materials: Microstructure and Macroscopic Properties; Springer: New York,
NY, USA, 2002. [CrossRef]

4. Milton, G.W. The Theory of Composites; Cambridge University Press: Cambridge, UK, 2002. [CrossRef]

5. Buryachenko, V.A. Multiparticle effective field and related methods in micromechanics of composite materials.
Appl. Mech. Rev. 2001, 54, 1-47. [CrossRef]

6.  Kachanov, M.; Sevostianov, 1. (Eds.) Effective Properties of Heterogeneous Materials; Springer Science & Business
Media: Dordrecht, The Netherlands, 2013. [CrossRef]

7. Budiansky, B. On the elastic moduli of some heterogeneous materials. J. Mech. Phys. Solids 1965, 13, 223-227.
[CrossRef]

8.  Hill, R. A self-consistent mechanics of composite materials. ]. Mech. Phys. Solids 1965, 13, 213-222. [CrossRef]

9.  Skomski, R.; Li, J.; Zhou, J.; Sellmyer, D.]. Multiscale phenomena in Bruggeman composites. MRS Symp.
Proc. 2005, 851, 1.7.1-1.7.12. [CrossRef]

10. Skomski, R.; Balamurugan, B.; Schubert, E.; Enders, A.; Sellmyer, D.J. Length scales of interactions in
magnetic, dielectric, and mechanical nanocomposites. MRS Symp. Proc. 2011, 1312, 171-182. [CrossRef]

11. Berryman, J.G. Hybrid effective medium approximations for random elastic composites. Mech. Mater. 2014,
70,115-135. [CrossRef]

12.  Choy, T.C. Effective Medium Theory: Principles and Applications; Oxford University Press: Oxford, UK, 2016.

[CrossRef]


http://dx.doi.org/10.1080/14786449208620364
http://dx.doi.org/10.1115/1.1483342
http://dx.doi.org/10.1017/CBO9780511613357
http://dx.doi.org/10.1115/1.3097287
http://dx.doi.org/10.1007/978-94-007-5715-8
http://dx.doi.org/10.1016/0022-5096(65)90011-6
http://dx.doi.org/10.1016/0022-5096(65)90010-4
http://dx.doi.org/10.1557/PROC-851-NN1.7
http://dx.doi.org/10.1557/opl.2011.109
http://dx.doi.org/10.1016/j.mechmat.2013.11.003
http://dx.doi.org/10.1093/acprof:oso/9780198705093.001.0001

Materials 2020, 13, 1243 18 of 19

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

Andrianov, I.; Mityushev, V. Exact and “exact” formulae in the theory of composites. In Modern Problems in
Applied Analysis; Drygas, P., Rogosin, S., Eds.; Birkhduser: Cham, Switzerland, 2018; pp. 15-34. [CrossRef]
Andrianov, L.V.; Awrejcewicz, J.; Danishevskyy, V.V. Asymptotical Mechanics of Composites; Springer:
Cham, Switzerland, 2018; pp. 1-313. [CrossRef]

Andrianov, I.V,; Awrejcewicz, J.; Starushenko, G.A. Asymptotic models and transport properties of densely
packed, high-contrast fibre composites. Part I: Square lattice of circular inclusions. Compos. Struct. 2017, 179,
617-627. [CrossRef]

Andrianov, I.V,; Awrejcewicz, ].; Starushenko, G.A. Asymptotic models for transport properties of densely
packed, high-contrast fibre composites. Part II: Square lattices of rhombic inclusions and hexagonal lattices
of circular inclusions. Compos. Struct. 2017, 180, 351-359. [CrossRef]

Stauffer, D.; Aharoni, A. Introduction to Percolation Theory; Taylor & Francis: London, UK, 1994. [CrossRef]
Snarskii, A.; Bezsudnov, L.V,; Sevryukov, V.A.; Morozovskiy, A.; Malinsky, J. Transport Processes in
Macroscopically Disordered Media. From Mean Field Theory to Percolation; Springer: New York, NY, USA, 2016.
[CrossRef]

Kanaun, S.K.; Levin, V. Self-Consistent Methods for Composites: Vol. 1: Static Problems; Springer Science
& Business Media: Dordrecht, The Netherlands, 2008. [CrossRef]

Bruggeman, V.D. Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I.
Dielektrizitatskonstanten und Leitfadhigkeiten der Mischkorper aus isotropen Substanzen. Ann. Phys. 1935,
416, 636—664. [CrossRef]

Landauer, R. The electrical resistance of binary metallic mixtures. J. Appl. Phys. 1952, 23, 779-784. [CrossRef]
Gibiansky, L.V,; Torquato, S. Rigorous link between the conductivity and elastic moduli of fibre-reinforced
composite materials. Phil. Trans. Royal Soc. London Ser. A Phys. Eng. Sci. 1995, 353, 243-278. [CrossRef]
Drygas, P.; Mityushev, V. Effective elastic properties of random two-dimensional composites. Int. |. Solids Struct.
2016, 97, 543-553. [CrossRef]

Bergman, D.J.; Kantor, Y. Critical properties of an elastic fractal. Phys. Rev. Lett. 1984, 53, 511-514. [CrossRef]
Dykhne, A.M. Conductivity of a two-dimensional two-phase system. Sov. Phys. JETP 1971, 32, 63-65.
Rodriguez-Ramos, R.; Gandarilla-Pérez, C.A.; Lau-Alfonso, L.; Lebon, F.; Sabina, EJ.; Sevostianov, I. Maxwell
homogenization scheme for piezoelectric composites with arbitrarily-oriented spheroidal inhomogeneities.
Acta Mech. 2019, 230, 36. [CrossRef]

Sahimi, M. Applications of Percolation Theory; CRC Press: Boca Raton, FL, USA, 1994. [CrossRef]

Landau, L.D; Lifshitz, E.M. Statistical Physics, 3rd ed.; Butterworth-Heinemann: Oxford, UK, 1980; pp. 1-562.
Binney, J.J.; Dowrick, N.J.; Fisher, A.J.; Newman, M.E. The Theory of Critical Phenomena: An Introduction to the
Renormalization Group; Oxford University Press: Oxford, UK, 1992. [CrossRef]

Gitterman, M.; Halpern, V.H. Phase Transitions: A Brief Account with Modern Applications; World Scientific
Publishing Company: Singapore, 2004.

Ma, S.K. Modern Theory of Critical Phenomena; Rouledge: New York, NY, USA, 2018; pp. 1-554. [CrossRef]
Garboczi, EJ.; Day, A.R. An algorithm for computing the effective linear elastic properties of heterogeneous
materials: three-dimensional results for composites with equal phase Poisson ratios. . Mech. Phys. Solids
1995, 43, 1349-1362. [CrossRef]

Stanley, H.E. Introduction to Phase Transitions and Critical Phenomena; Clarendon Press: Oxford, UK, 1971.
[CrossRef]

Baker, G.A.; Graves-Morris, P. Padé Approximants; Cambridge University Press: Cambridge, UK, 1996;
pp- 1-746.

Shklovskii, B.I.; Efros, A.L. Electronic Properties of Doped Semiconductors; Springer Science & Business Media:
Berlin, Germany, 1984. [CrossRef]

Balagurov, B.Y. Percolation Thresholds and Phase Transitions in Binary Composites. J. Exp. Theor. Phys. 2018,
126, 417-421. [CrossRef]

Landau, L.D.; Kosevich, A.M.; Pitaevskii, L.P; Lifshitz, E.M. Theory of Elasticity; Butterworth-Heinemann:
Oxford, UK, 1986; pp. 1-195.

Gould, P.L. Introduction to Linear Elasticity; Springer: New York, NY, USA, 1994; pp. 1-159. [CrossRef]
Benguigui, L. Experimental study of the elastic properties of a percolating system. Phys. Rev. Lett. 1984, 53, 2028.
[CrossRef]


http://dx.doi.org/10.1007/978-3-319-72640-3_2
http://dx.doi.org/10.1007/978-3-319-65786-8
http://dx.doi.org/10.1016/j.compstruct.2017.07.070
http://dx.doi.org/10.1016/j.compstruct.2017.07.068
http://dx.doi.org/10.1201/9781315274386
http://dx.doi.org/10.1007/978-1-4419-8291-9
http://dx.doi.org/10.1007/978-1-4020-6664-1
http://dx.doi.org/10.1002/andp.19354160705
http://dx.doi.org/10.1063/1.1702301
http://dx.doi.org/10.1098/rsta.1995.0099
http://dx.doi.org/10.1016/j.ijsolstr.2016.06.034
http://dx.doi.org/10.1103/PhysRevLett.53.511
http://dx.doi.org/10.1007/s00707-019-02481-0
http://dx.doi.org/10.1201/9781482272444
http://dx.doi.org/10.1002/qua.560460507
http://dx.doi.org/10.4324/9780429498886
http://dx.doi.org/10.1016/0022-5096(95)00050-S
http://dx.doi.org/10.1126/science.176.4034.502
http://dx.doi.org/10.1007/978-3-662-02403-4
http://dx.doi.org/10.1134/S1063776118020103
http://dx.doi.org/10.1007/978-1-4612-4296-3
http://dx.doi.org/10.1103/PhysRevLett.53.2028

Materials 2020, 13, 1243 19 of 19

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Deptuck, D.; Harrison, ].P.; Zawadzki, P. Measurement of elasticity and conductivity of a three-dimensional
percolation system. Phys. Rev. Lett. 1985, 54, 913. [CrossRef]

Liu, J.; Regenauer-Lieb, K. Application of percolation theory to microtomography of structured media:
Percolation threshold, critical exponents, and upscaling. Phys. Rev. E 2011, 83, 016106. [CrossRef] [PubMed]
Timothy, J.].; Meschke, G. A cascade continuum micromechanics model for the effective elastic properties of
porous materials. Int. J. Solids Struct. 2016, 83, 1-12. [CrossRef]

Sarychev, A K.; Vinogradov, A.P. Effective medium theory for the magnetoconductivity tensor of disordered
material. Phys. Status Solodi (b) 1983, 117, K113-K118. [CrossRef]

Vinogradov, A.P,; Karimov, A.M.; Sarychev, A.K. Permittivity of composite percolation materials: Similarity
law and equations of state. Sov. Phys. JETP 1988, 67, 2129-2133.

Gaisanyuk, A.V.; Kugel, K.I; Petrov, V.A.; Sokolov, V.V. Resistivity of the ZrC-C system: An example of
percolation behavior. Phys. Status Solidi (a) 1978, 48, K131-K133. [CrossRef]

Gaisanyuk, A.V.; Kugel, K.I; Petrov, V.A. Some peculiarities of the hall constant in disordered materials:
The ZrC-C system as an example. Phys. Status Solidi (a) 1979, 52, K81-K83. [CrossRef]

Abeles, B.; Pinch, H.L.; Gittleman, J.I. Percolation conductivity in W-Al,O3 granular metal films. Phys. Rev.
Lett. 1975, 35, 2346. [CrossRef]

Liang, N.T; Shan, Y.; Wang, S.Y. Electronic conductivity and percolation theory in aggregated films. Phys. Rev.
Lett. 1976, 37, 526. [CrossRef]

Jortner, J.; Cohen, M.H. Metal-nonmetal transition in metal-ammonia solutions. Phys. Rev. B 1976, 13, 1548.
[CrossRef]

Cohen, M.H.; Webman, I; Jortner, J. Optical and microwave properties of metal-ammonia solutions. J. Chem.
Phys. 1976, 64, 2013-2019. [CrossRef]

Snarskii, A.A.; Zorinets, D.; Shamonin, M.; Kalita, V.M. Theoretical method for calculation of effective
properties of composite materials with reconfigurable microstructure: Electric and magnetic phenomena.
Phys. A Stat. Mech. Appl. 2019, 535, 122467. [CrossRef]

Zimmerman, R.W. Behavior of the Poisson ratio of a two-phase composite material in the high-concentration
limit. Appl. Mech. Rev. 1994, 47, S38-544. [CrossRef]

Kovacik, J.; Marsavina, L.; Linul, E. Poisson’s ratio of closed-cell aluminium foams. Materials 2018, 11, 1904.
[CrossRef] [PubMed]

Lobb, C.J.; Forrester, M.G. Measurements of nonuniversal critical behavior in a two-dimensional continuum
percolating system. Phys. Rev. B 1987, 35, 1899-1901. [CrossRef] [PubMed]

Hsu, W.Y,; Giri, M.R,; Tkeda, R.M. Percolation transition and elastic properties of block copolymers.
Macromolecules 1982, 15, 1210-1212. [CrossRef]

Novikov, V.V.; Wojciechowski, K.W.; Belov, D.V,; Privalko, V.P. Elastic properties of inhomogeneous media
with chaotic structure. Phys. Rev. E 2001, 63, 036120. [CrossRef] [PubMed]

Kovacik, J. Correlation between elastic modulus, shear modulus, Poisson’s ratio and porosity in porous
materials. Adv. Eng. Mater. 2008, 10, 250-252. [CrossRef]

Chertovich, A.V,; Stepanov, G.V.; Kramarenko, E.Y.; Khokhlov, A.R. New composite elastomers with giant
magnetic response. Macromol. Mater. Eng. 2010, 295, 336-341. [CrossRef]

Stoll, A.; Mayer, M.; Monkman, G.J.; Shamonin, M. Evaluation of highly compliant magneto-active elastomers
with colossal magnetorheological response. J. Appl. Polym. Sci. 2014, 131, 39793. [CrossRef]

Mitsumata, T.; Ohori, S.; Honda, A.; Kawai, M. Magnetism and viscoelasticity of magnetic elastomers with
wide range modulation of dynamic modulus. Soft Matter 2013, 9, 904-912. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevLett.54.913
http://dx.doi.org/10.1103/PhysRevE.83.016106
http://www.ncbi.nlm.nih.gov/pubmed/21405743
http://dx.doi.org/10.1016/j.ijsolstr.2015.12.010
http://dx.doi.org/10.1002/pssb.2221170252
http://dx.doi.org/10.1002/pssa.2210480252
http://dx.doi.org/10.1002/pssa.2210520160
http://dx.doi.org/10.1103/PhysRevLett.35.247
http://dx.doi.org/10.1103/PhysRevLett.37.526
http://dx.doi.org/10.1103/PhysRevB.13.1548
http://dx.doi.org/10.1063/1.432468
http://dx.doi.org/10.1016/j.physa.2019.122467
http://dx.doi.org/10.1115/1.3122819
http://dx.doi.org/10.3390/ma11101904
http://www.ncbi.nlm.nih.gov/pubmed/30301257
http://dx.doi.org/10.1103/PhysRevB.35.1899
http://www.ncbi.nlm.nih.gov/pubmed/9941614
http://dx.doi.org/10.1021/ma00232a054
http://dx.doi.org/10.1103/PhysRevE.63.036120
http://www.ncbi.nlm.nih.gov/pubmed/11308722
http://dx.doi.org/10.1002/adem.200700266
http://dx.doi.org/10.1002/mame.200900301
http://dx.doi.org/10.1002/app.39793
http://dx.doi.org/10.1039/C2SM26717A
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Percolation Threshold in Traditional EMT 
	Critical Exponents in Traditional EMT 
	Criticism of the Traditional EMT for the Elasticity Problem 
	Modification of the Effective Medium Theory for the Elasticity Problem 

	Discussion 
	Percolation Properties of the Modified EMT 
	Calculation of the Percolation Threshold 
	Effective Poisson’s Ratio 
	Critical Exponents 

	The Two-Dimensional Case 
	Comparison with Experiments 

	Conclusions 
	
	
	
	References

