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Abstract: Problem statement: Thermodynamically, particles in composites wilfaarge in a way
such that the Helmholtz free energy is minimizedwidver, even a single structure has the lowest free
energy, it should not ignore the probability ofetistructures having larger energies to occurpatih

at small chance#\pproach: All possible arrangements of particles in the cosies, therefore, must
be taken into account in the theory or simulati@velopment.Results: The composite energy
depends on the interaction between components én cttimposites. To consider the effect of
interactions on energy, in this study we used apkintsing model incorporated with the Bragg-
Williams approximation. We used the model to predice average packing fraction and the
percolation threshold in composites as well as rotheantities related to percolation phenomenon.
Conclusion/Recommendations. We found several predictions that have not beparted by previous
authors. This model can be important in the undadihg conductivity development in electrically
conductive adhesive composites.

Key words: Electrically conductive adhesives, percolation,ngsimodel, average coordination
number, thermody namically, structures having, $atien development

INTRODUCTION magnetic states (Thorpe, 1978), crystal and amarpho
states, Surprisingly, in recent progress, the pation
henomena are also applied to other fields, inpést

f which likely did not show any relation with meitd
8omposites such as communication systems sucteas th
internet and other Peer-To-Peer networks (Pastor-
Satorras and Vespignani, 2007), dynamics of epidemi
spreading (Anderson and May, 1992; Meyers, 2007),
HIV infection to AIDS (Kamp and Bornholdt, 2002),

The properties of composites of particles dispkrse
in continuum media have been reported by man)g
authors  several decades, covering numerou
composites, such as conductive particles dispeirsed
insulating adhesives (electrically conductive adresy
for microelectronic applications (Mikrajuddiet al.,
2000; Yimet al., 2008; Lin and Chen, 2008; Et al.,
2005 Lin ang, e, 2005, Morte @10 Le€. 200% ol menors (ches . 2007 2007)

2008: 2009: Inoue and Suganuma. 2007: 2009° Kim Most theories and simulations developed so far
and Paik. 2008 Mundleiet a§|1 2002 Liet al. 1993 confirmed the coordination numbey, (number of

Tongxianget al., 2008; Leeet al., 2005; Sandeet al particle nearest neighbors) affects the percolation

2002; 2003), insulating particles dispersed in doni threshold, vc . Generally, t_he _percolatlon t_hredhol
adhesive for use in solid batteries or fuel CeIISdecreases when the coordination numb_er increases.
(Mikrajuddin et al., 2000; 1999), colloidal systems (Lu Some authors reporte.d that the percolation thrdshol
et al., 2006; 2008), pharmaceutical tablets (Stronane d‘?pe”qs on th_e coo_rdlna_t|on number as \D/V(D'l)

al., 2003) and other composites such as fibers i ith D is the _d|men_5|onallty (2 f_or two d|men3|oa_nsd
concrete (Newman, 2002) and fly ash-concrete (Moha f(()jr_f_thc;ee o;:cme_nsmns) ((fhe“dze' 19.82)'. Using t
et al., 2012). One interesting phenomenon exhibited by '0%M€d € ective - medium  approximation, ~ we
these composites is the occurrence of percolatioR’€viously reported that the percolation threshold
threshold, a quantity which divides two strongly Occurs av, =f/2/y, with f is the packing fraction
different states, such as conductive and insulatates (Mikrajuddin et al., 1999) and by adopting a theory for
(Mikrajuddin et al., 2000; 1999), magnetic and non- sol-gel development in polymerization for descripin
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the connectedness of particles in composites, we ha observed arrangement should be the statisticabgeer
predicted the occurrence of the percolation thriesho  of all the possible arrangements. Since each
vc = f/ (y-1) (Mikrajuddinet al., 2001). arrangement is attributed to a specific coordimatio
In most theories and simulations, the arrangement number, this speculation leads to the existencarof
particles in the composite was taken as an iratiadm.  average coordination number. Indeed, the concept of
For example, some authors treated the particles lhegn  average coordination number is logically accepted
arranged in a simple cubic structure and othercasith when we consider some previous reports related to
assumed the particles have been arranged in a boéyerage bond connection between particles per nodes
centered cubic structure, prior to theory or sitima  (Dhydkov, 2009; Blumenfeldet al., 2005) and the
development. Indeed, this assumption may raise son@®ncept of non permanent bonds (Conigliet al.,
guestions. For example, how can the particles @& th2004). Lagemaa¢t al. (2001) reported that in porous
composite arrange at a certain structure? Thidigndsas TiO; film, at a film porosity of 58%, about 10% of
become more significant when applied to liquid-lfkasy  particles have two neighbors, 25% of the partitlage
flow) composites, such as colloidal systems, wherdour neighbors and less than 1% of the particleseha
microscopically the particles may displace locaflijight  eight neighbors and the average coordination nurnsber
displacement in the particle position can creaty an4.1l. These reports clearly proved the presencenuina
chances for the occurrence of different arrangesnant fixed coordination number in composites.
different times or different locations. At the present work we will focus our
The assumption that the particles have beegonsideration on the conductivity development in
arranged in a specific three dimensional strucisre electrically conductive adhesive composites. The
equivalent to assuming that the particles haveprobability of the occurrence of a specific arramgat
undergone a process like a self organization oof particles depends on the configuration enerdyickv
externally induced organization. However, it isdigr is dependent on the inter particle interactionerint
to accept the particles in the composites haveepass adhesive interaction and interaction between partic
such organization history. Instead, the partickeshe  and adhesive. To consider the effect of interastion
composite may develop arbitrary structures. This ighe configuration energy, in this study we usedrpke
likely one reason why a model to describe thelsing model incorporated with the Bragg-Williams
inhomogeneous particle distribution in the compmosit approximation. The developed model was then used to
and the effect of the eddy current have been pembos predict the average packing fraction and the patiuoi
(Vinogradov et al., 2009). In addition, based on threshold in the electrically conductive adhesiees
numerous simulations and observations reporteduso f well as other quantities related to percolation
no clear evidence the particles were arranged in ghenomenon. With best our knowledge, no report has

certain structure when forming large clusters &al.,  been published by any authors on this topic.
2006; 2008; Zaccarelét al., 2008).
Furthermore, recent reports might strengthen MATERIALSAND METHODS

guestionability of the above axiom. For examplenart'
permanent bond” model in colloidal systems as  We divide the composite into lattices. Each lattic
simulated by Coniglicet al. (2004) and Candiat al.  point is occupied either by a particle or a matrix
(2005) might suggest that the arrangement of pestis  element. All possible lattice structures can odouthe
possibly not fixed. They therefore hypothesized tha  composite, the probability of which depends on the
bonds between colloidal particles have a lifetimkich ~ configuration energy.
is extremely high at low temperature and decreasésse Assume the number of lattice points is N and the
temperature increases. The finite lifetime bondsewe number of particles is N The number of lattice points
also introduced in the study of a lattice model foroccupied by matrix elements is g N N-N,. Suppose
gelation phenomena (Zaccarelial., 2009). the interaction energy between particlegisbetween

Thermodynamically, the particles in the compositematrix elements ig,, and between particle and matrix
will arrange in a way such that the Helmholtz freeelement is,n. In the composite, three kinds of contacts
energy is minimized. However, even a single stmgctu occur, i.e., particles-particle contact, matrix-rhat
has the lowest free energy, it must not ignore theontact and particles-matrix contact. We assume the
possibility of other structures having larger eiesgo  number of particle-particle contacts, matrix-matrix
occur, although at small probabilities. All possibl contacts and particle-matrix contacts gg, Mmm and
arrangements, therefore, must be taken into acdount N,y respectively. The energy for a certain
the theoretical formulation and the microscopicallyconfiguration {N,,, Nmm, Npm,} can be written as:
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This relation states that if all lattice pointsear
occupied by particles (N= N), the volume fraction of

By a simple calculation (Huang, 1987), we canParticles is exactly equal to the packing fracifor f).

rewrite the configuration energy in Eq. 1 as:
E(N, Ny N SE N, +¥E N+ E N (2)

With, =€y + € - Zpm, B2 =
/2.

€om-Emand B =

The Bragg-Williams approximation assumes the

relationship of Ny/(YN/2) =(Np/N)2 to hold (Huang,
1987). By introducing a long-range order paramdter,
through the following relation Eq. 3:

@+L)/2=N, /N (3)

with, -1< L <1, Eq. 2 can be written as:

}(»N/z) +ye{mw+y53m

E{N,N_,N =E Noo
{ ’ pp? p’y} 1 yN/2

1+L

=E{%} (vN/2)+vE{72} N+YEN

or the energy per site is:

E{ag{?ay{}gmsﬂy

N |8 2 )

Here L depends ory. For the same volume
fraction, different arrangements (differept lead to
different L. We can then simply write the configtina
energy in Eq. 4 as:
E()=Q(yy ®)

With:

S e R IO

The energy expressed in Eg. 5 will be used for

estimating the configuration probability.

We assumed the particles are spherical in shap

For each arrangement of particles in the lattioerd is

corresponding parameter of packing fractipn)f v is

the volume fraction of particle we can show:
N, v

i 7
N )

Based on Eg. 3 and 7, the long range order paramete
depends on the volume fraction as:

L="-1
f

For three dimension arrangements, we assumed that
only diamond ¥ = 4, f4 = 0.340), simple cubicy(= 6, =
fsc 0.523), body-centered cubig% 8, frec = 0.680), face-
centered cubic and hexagonal closed packind 2, f e =
= fhep 0.740) possibly occur.

We proposed here, if the volume fraction v is less
than f4 all arrangements possibly occur.flif< v < fsq
the diamond structure is absent since the particle
content is higher than the maximum content allo¥eed
diamond arrangement. ff. < v < fpe the diamond and
simple cubic arrangements are absent arfg.if< v <
ficc = frep ONly the face-centered cubic and hexagonal
close packing are allowed.

We now define the average coordination number of
different volume fractions of particles as Eq. 8:

z e(fy - V) WBQ(Y)V

(V(v)) =<

60, e ?
Y

where, ©(x) is the Heaviside step function, satisfying
O(x) = 1 if x>0 andO(x) = 0 if x<0 f,is the packing
fraction for arrangement with coordination number
andf} = -1/KT with k is the Boltzmann constant.

For simplicity, we selected the energy reference
such that,, = 0. This selection leads tq E £,-2¢,m, E;
= &m and Es = 0. With these assumptions, Eq. 6 can be
rewritten as:

BQ(V):“-BNHs” = 8""‘]L(y)%’ifL(y) +(8”+82£ H

=0 (1~ 28) L(y)* + 2L(y) +(1+ Z) |

With, € = £,n/e, and@ = Ne,/8KT.

We used this model to estimate the effect of
particle volume fraction on the conductivity of
electrically conductive adhesive composites. Prgslip
we have proposed a modified effective medium
approximation to calculate such conductivity usthg
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following Eq. 9 (Mikrajuddinet al., 1999; Abdullahet
al., 2003):

Cpp -0

P +
ot (y/2-1)0,

+HWAAAEML:9144,:O
O t(Y/2-1)0,

0,,—0O
P Bz
pmo—pm_'— (y/2- 1b-e

e e

©)

with P,,is the probability of particle-particle contagiP

is the probability of particle matrix contact,, R is the
probability of matrix-matrix contact, wherg P+ Py, +
Pmm = 1, 0gp is the conductivity at contact point between
particleso,m, is the conductivity between contact point
between particle and matrix,,, is the conductivity at
contact point between matrix elements (the conditicti
of adhesive) and. is the effective conductivity of the
composite.

RESULTS

We did simulations for different values df
(fraction of particle-matrix interaction energy and
particle-particle interaction energy) and differgatues
of n (represents the strength of interaction energy).

Figure 1 shows the effect of volume fraction of
particles in the average coordination number wha&mg
n = 2. The positive sign fon means that, is more
positive thang, to state that replacement of matrix
element with particles increases the configuratinergy
(the attraction force between particles is weakamnt
between matrix elements).

—
)
1

—_
(=1
1

=]
|

[=
1

Average coordination number

T T T T T T T
0.1 0.2 03 04 0.5 0.6 0.7

Volume fraction

0.0 0.8

Fig. 1. Effect of volume fraction of filler on the Fig

average coordination number when= 2.0 for
differencest. Top to bottom are curves f§r=
0.1, 0.25,0.5,0.75,1.25and 5.0

The effect of of the average coordination number
is shown in Fig. 2. This figure shows the effecfithér
volume fraction on the average coordination number
whenn = 0.1 for differeng.

We also inspected the effect of negative values of
n on the average coordination number. Figure 3 and 4
were obtained using = -2 andn = -0.1, respectively.

Figure 5 shows the conductivity as a function of
volume fraction of particles fon = 2 and Fig. 6 for
n = 0.1 at different. Apparently, the conductivity
percolations occur at volume fractions between 0.2
and 0.4. The exact location of the percolation
threshold and how to find it will be explaineddr.

1 1 1 1 1 1 1

n=0.1

Average coordination number

-

T T T T T T T
0.1 0.2 0.3 0.4 0.5
Volume fraction

0.0

. 2: Effect of volume fraction of filler on treverage
coordination number whenn 0.1 for

differencest. Top to bottom are curves f@r=
0.1, 0.25, 0.5, 0.75, 1.25 and 5.0

Fig

n=2.0

12

10

Average coordination number

T — T — T
0.2 0.3 0.4 0.5 0.6 0.7
Volume fraction

0.8

. 3: Effect of volume fraction of filler on theverage
coordination number when = -2.0 for different

&. Bottom to top are curves fgr = 0.1, 0.25, 0.5,
0.75and 1.25
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Average coordination number
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0.1 02 03 04 0.5 0.6 0.7

Volume fraction

0.0 0.8

Fig. 4: Effect of volume fraction of filler on the
average coordination number whgn= -0.1for
different&. Bottom to top are curves fér= 0.1,
0.25,0.5,1.25and 5.0

[

5.0,1.25,0.75, 0.5, 0.25, 0.1

0 T w T T T

0.4 0.6
Volume fraction

Log conduclivity [arb. unit]
(e
1
T

5: Effect of volume fraction of filler on the
electrical conductivity whenn = 2.0 for

differencesg. Right to left are curves fof =
0.1, 0.25, 0.5, 0.75, 1.25 and 5.0

Fig.

The volume percolation decreases wternincreases.
For largen, the percolation thresholds for differeft
occurs at a wider range of volume fractions.

DISCUSSION

We identified in Fig. 1 a discontinuity in the

16

n=0.1

<

5.0,1.25,0.75,0.5,0.25, 0.1

0 T T T
0.4 0.6
Volume fraction

Fig. 6: Effect of volume fraction of filler on the
electrical conductivity whenn = 0.1 for
differencesé. Right to left are curves fof =
0.1, 0.25,0.5,0.75, 1.25and 5.0

At high &, or g,>>g, the average coordination
number quickly decreases to 4 (the coordination
number of the diamond structure) when increasimg th
volume fraction of particles. A higlf means two
contacting particles are bound strongly. The bigdin
energy between particle and matrix is more positive
than the binding energy between particles, so ithat
order to minimize the composite free energy, the
arrangement of particles in the composite mustrbe i
such a way that the contact area between partcids
matrix is as small as possible (contribution of tech
surface energy must be suppressed) and this isdfoun
when the arrangement is in small coordination numbe
(which leads to small contact surface). The volwhe
particles per cell i and the contact area of a particle
and matrix in a cell is 8 2, to prove that reducing in
the coordination number will reduce the packing
fraction and therefore will reduce the contact arkes
the interaction energy between particles is more
positive than the interaction energy between partic
and matrix §< 1), the composite will increase the
contact area between particles and matrix as msch a
possible to reduce the free energy. It is reachgd b
increasing in the coordination number so that the
number of particles in a lattice cell increasesdteto
increasing the surface area). It results in theease in the
coordination number. As shown in Fig. 1, wHer 0.5,
even the simple cubic arrangement does not ocauly. O
the body centered cubic (bcc) and face centeredt cub

average coordination number at some volume frastion (fcc) or hexagonal closest packing (hcp) arrangenoants

The existence of this kind of discontinuity hasoaieen
discussed by Zharg al. (2008; 2009).

occur. The bce arrangement occurs when v > 0.68hend
fcec and hep occur only when v > 0.68.

1117



Am. J. Applied Sci., 9 (7): 1113-1123, 2012

At low interaction energy between partictes; 0.1, The condition of n < 0 implies that dispersing of
low coordination number is hardly to occur (Fig. Bhe  particles into the matrix reduces the configuration
diamond structure is only obtained fg» 5. For § <  energy. The most stable structure will be achieved
0.75, even the simple cubic arrangement does moiroc When the particle content is as much as possildeitan
The n small means that the interaction energy betweeff obtained at a high coordination number. The more
particles approaches the interaction energy betwee@rastic situation was obtained winer -0.1 (Fig. 4),

matrix elements. where structures with low coordination numbers
When the interaction energy between particleddiamond and simple cubic) never appear.
precisely equals to interaction energy betweerigiest Based on data in Fig. 1-4 we can conclude that the

and matrix and between matrix elements we gve ~ average coordination number is resulted by conipetit
€om = €n = 0. If this condition occurs, we hag = 0 betweenn and &. Largen (large interaction energy

and the average coordination number becomes: between particles) tends to produce the low
coordination number and largetends to produce large

coordination number.
z o(fy -v)y

By approximatingpm = Omm We can write Eq. 9 as:
<V> = v—fsc <V <fpee
z o(f, -v)
v pppM + (1_ FE)D)
Opp t(Y/2-1)0,
The n small means that the interaction energy O — O ~
between particles approaches the interaction energm -
between matrix elements.
When the interaction energy between particles
precisely equals to interaction energy betweenighast
and matrix and between matrix elements we gwe

&m = €n = 0. If this condition occurs, we ha¥g = 0 _
e A (y_z)ce:(yppp_ljcpp*-{y(l Ppp)_j‘:|0-mm

(10)

The solution foio, in Eq. 10 can be obtained easily
by simply solving the root of a quadratic equatioe.,

and the average coordination number becomes. From
this equation we have that if w fyq then(y ) =

(4+6+8+12+12)/5 = 8.4, if thefy < v < foe = (Y ) {[yppp _1J0°”+Ky(1_2 P L1ﬂomm}2

(6+8+12+12)/4 = 9.5, iff < v < fpec then =(y ) 2
(8+12+12)/3 = 10.7 and if ¥ fyccthen (y)= (12+12)/2 2200
= 12. From this result we identified that the agera PP mm
coordination number is a stepwise function of vadum o
fraction. This finding has never been reported theo Let us assumesy, >> Onm This is the general
authors and had not experimental confirmation yet. ~ condition satisfied by conducting particles dispelrsn
Different results were obtained when the energetidnsulating matrix. IfyP,/2-1# 0 we can approximate:
interaction between particles and between partcig .
matrix element are more negative that the intevacti VP, 1o+ y(- PR, )_1 - Y
energy between matrix elements. In this situatibe, PP mm :Pp—qup
attractive forces between particles and betweeticpar 2
and matrix element are stronger than between matrix

elements. Many colloidal systems such as those We then obtain the following aporoximation for the
investigated comprehensively by Eual. (2006; 2008) ) N | wing approximati
effective conductivities. IfP,,/2-1< 0 we have:

are a class of this composite. The dependenceeof th
average coordination number on the volume fraatibn

2
+2(Y = 2)0,0

1- P
n = -2.0 is shown in Fig. 3 and fogr= -0.1 is shown (V—2)0e=[yzpp—1]0pp+{y(2p")— 1:|0mm
in Fig. 4.
Based on Fig. 3, only for very large we can obtain +

& _]40- :|:y(1_ Ppp )—]_:|0'
2 pp 2 mm

the low coordination number until volume fractiof o
0.34 (packing fraction of diamond). For sm&l 0.75)
we did not obtain structures with small coordinatio or o is the same order of magnitude Wi,
number, even a simple cubic structure. On the contrary, wheyP,/2-1> 0 we have:
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(YR, y(@-PR,) Wen and Chung observed a percolation threshold
(y-2)o. "(2‘1} pp{'l} occurred at sand fractions between 24 and 30%lwol.
a mixture of sand and cement paste (Wen and Chung,
yppp_]*g = Z(VF:”)—]_}O' 2007). Strommeet al. (2003) reported the percolation
2 ® 2 ” volume of 0.238 and 0.249 for MMC equilibrated at
45 and 75% RH, respectively. Simulation using
or o, is the same order of magnitude with,. lattice models on a recursive square Husimi laftice
From this result we concluded thi,/2-1= 0 s Corsi and Gujrati (2006) found a percolation
the condition when the conductivity changes abyuptl threshold between 0.245-0.25. Novak and Krupa
from that of the matrix to that of the particles.j The (2004) showed the occurrence of the percolation
condition of percolation. Thus, the percolatioreiirold ~ threshold at 22% in a composite of synthetic gregphi
is the volume fraction wheyP,,/2-1= 0 or B, = 24 is particles dispersed in an epoxy-polyurethansince
satisfied. Using Eq. 3 and the Bragg-Williams
approximation, the condition for percolation thrashis:

o+

mm

1 1 A 1 A 1 1

]

. . . . 0.6
Since the arrangement of particles in the composit

may have differedy and different L, here the
percolation threshold is assumed to occur when the

averages of and L satisfy Eq. 12:

2 y) 00 01 02 03 04 05 06 07 08

Volume fraction

(LR

0.4 1

wherey) is given by Eq. 8 anfl.) satisfies
Fig. 7: The volume percolation threshold was taken

> O(f, —v)L(yePr the volume when the curves of [(1$)/2]* and 2
(L(v)) =~ o / {y) intersect. lllustrated here are curvesrior
2.0, e 2.0 and£ = 0.1

Remember that botty) depend of volume fraction
of particles. To determine the volume fraction witan 0.34 7
15 holds, we plotted 2¥) and [(1£L))/2]* as a function
of v in the same curve as shown in Fig. 7. These tw
curves intersect at the point of percolation. Feg@
shows the percolation thresholds as a functio§ et
different n. For the three simulation parameters, the
percolation threshold occurred in the volume facti
range between 0.24-0.34.

It should be noted that no single percolation
threshold has been reported by the authors, eitiose 024
obtained numerically or experimentally. Different
authors reported different percolation thresholdr F 0 1 2 3 1 5
example, based on simulation up to® Particles in a &
composite, Rintoul and Torquato (1997) shown a .
percolation threshold at = 0.289%0.0005. Sancaktar Fig.8: Effect of & on the percolation threshold at

0.32 1

0.28 7

Percolation threshold

0.26 1

and Liu (2003) showed a percolation threshold %630 different n: 0.1 (square), 0.5 (circle) and 2.0
in a composite of emeraldine salt polyethylene pawd (triangle). Symbols are calculating results and
dispersed in an adhesive polymer. lines are for eye guiding
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0.6

=]
in
1

Average packing [raction

0.4 9

0.3 T T T T T T

-

Therefore, we obtain the average packing fraction
in the composite as:

Figure 9 is a plot of the average packing fractio
as a functiong of at different values afi. The average
packing fraction decreases with increasingg dfvhen
particle-particle interaction is more positive thaatrix
elements’ interaction). The average packing fract®o
also dependent on the interaction energy between
particles, where the average packing fraction deme
with the interaction energy whe&rn> 0.45 and decreases

Fig. 9: Effect of on the average packing fraction at With the interaction energy when< 0.45.

differentn: 0.1 (square), 0.5 (circle) and 2.0
(triangle). Symbols are calculating results and

lines are for eye guiding

Very low percolation thresholds are usually obserive

Figure 9 mentions that the packing fraction is aot
fixed parameter even in a specific composite. &kier
may change when other parameter in the composite
changes. The non constant in packing fraction viss a
reported by Kimet al. (2007) in a colloidal gel system.

elongated filler such as carbon nanotube. For elgmp Based on information presented in Fig. 8 and 9 are c
the percolation thresholds between 0.017-0.019 havgonclude that the average coordination number per
been observed in polystyrene-MWCNT nanocompositearticles is an increasing function of the pacKnagtion.

(Kotaet al., 2007).

For alln, the percolation threshold decreases when

increases. It mentions that the interaction enbegween
particle and matrix element influences the peramiat

thresholds. The same conclusions have been repgoyted

Miyasakaet al. (1982); Sumiteet al. (1986) and Corsi
and Gujrati (2006). The increase nmeans that the
interaction energy between particles and matrixnel

The same conclusion came from Buhot (1999).
CONCLUSION

The Ising model combined with Bragg-Williams
approximation has been used to estimate the ptorola
phenomena in electrically conductive adhesives.naig
point proposed here was all packing arrangements of

is more positive that between particles. In order t Particles are possible to occur with probabilitiesst

achieve lower Helmholtz free energy, the partices
more favorable to create contacts between partiatbsr

depend on configuration energies. We found theaaper
coordination number and the average packing fractio

than between particles and matrix element. Thezefor depend on the volume fraction of filler. The averag

connections between particles take place moreyetasil
result a lower in the percolation threshold.

It is interesting to see that at Id&ythe percolation
threshold increases with and at higtt the percolation
threshold decreases with. All curves belong to
differentn seem to meet at a single point gf=v0.267

and ¢ = 0.606. This point states that, as long as the
fraction of energy interactions between particlesl a

between particle and matrix element is constaré at
0.606, the percolation threshold is always=v0.267,

irrespective to the strength of interaction between

particles and between particle and matrix element.

At percolation threshold, Eq. 11 happens. Based on

Eq. 3 and 7 we can write:

1+(L

—

coordination number was also dependent on thegskren
of interaction between particle-particles, betwparticle-
matrix and between matrix-matrix. We also idertifitee
discontinuity in average coordination number atesalv
volume fractions.
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