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Interphase Power Law IPL model is based on a siragtension of a general
power law model in which composite system contgifiiifer interphase and
matrix regions may be treated as a unique threepmrant composite system
comprising two primary components (matrix and fjlland an interphase
region that is inextricably dependent upon the elaeristics of the filler and
matrix components. In this paper, it can be inggd#d that all possible causes
and effects of the interphase region on a variétgoonplex composite systems
and so, the effects of the composite filler typebfdler surfaces areas as well
as the dielectric characteristics of the interphasegion have been
investigated. Effects of the composite filler typed filler surface areas as
well as the dielectric characteristics of the imkase region have been
explored on new industrial materials. Finally, thresearch explains the
dielectric characteristics of new nanocompositeyparic materials by IPL.
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1. INTRODUCTION

Power law model relationships are used in dielectriodeling of composite
systems [1-6]. The general two component powerdawdel for complex permittivity
has been used extensively for a wide range of mat®ystems with varied success,
including air-particulate composites [2], ceraméamic composites [3] and polymer-
ceramic composites [4]. Research into the physacal electrical characteristics of
particulate filled polymer composites has suppottedexistence of interphase regions
at polymer-dispersant interfaces [7-10]. It shobkl noted that, IPL model in its
general form, is commonly known as the LichtenedRether equation. However, a
clear distinction exists between the IPL model thedLichtenecker-Rother LR model.

IPL model is unique in that it incorporates two epéndent components of the
composite as well as an interphase region thagpemdent upon the characteristics of
the two components. This model thus does not melyhoee independent components
but rather two independent components and thepinése region between them. The
LR model is based on a composite consisting ofethredependent constituent
components with no interactions between the compsndt is important to recognize
the distinction between the IPL model and a stahdhree-component power-law
mixture. The determination of the interphase thedsis further described in detail in
[11-14]. The interphase overlap probability, ariBesn the proximity of the individual
filler particles. When the filler particles comeosé together, the interphase regions
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surrounding each filler particle begin to overlapereby reducing the effective
interphase volume fraction. The interphase oveptapability is a function of the filler
volume fraction, interphase thickness and the stapk size of the filler particles.
Approximations have been developed to estimateotteelap of such particles using
Monte Carlo simulations or alternately analyticalusions to percolation models [15,
16].

In our analyses, a general interphase overlap pralyafunction, was developed
for spherical particles [17]. The values of nanoposite permittivity can reduce to
values below that of the unfilled polymer if thelgrization mechanisms in the bulk of
the material are restricted. In the case of a namposite system, it has been observed
that the reduction in the values of effective pdimity is probably due to hindrances
in the mobility of Epoxy chains in the bulk of naonposite [18- 20]. A general
interphase overlap probability function has beewvettged for spherical particles. In
several investigations, this interphase region besn shown to have significantly
different properties compared to the bulk resin. fdecent years, polymer
nanocomposites have been extensively studied iitabpthermal and mechanical
properties, but there has been relatively littisesrch into dielectric properties [21].
This work studies the effect of filler volume frawmt on effective dielectric constant for
selected polymers with selected nano-filler as monamposites industrial materials,
which will be new costless industrial materials.

2. INTERPHASE THEORY

The interphase region is comprised of polymer mdes that are bonded or
otherwise oriented at the matrix-filler interfacehis interfacial-bonding region is
termed the interphase and results from the confiefifiect that the rigid filler particles
have on the mobility of the polymer molecules ia thatrix. In the bulk matrix regions
of the composite, the polymer chains adopt randaentational configurations. The
polymer chains and side groups are relatively foeenove stretching, twisting and
wagging to minimize their conformational energy anaiximize their internal entropy.
When bonded to the filler surface, however, theymelr molecules are restricted in
movement. An estimation of the effect of the chamgeéhe dielectric constant as a
result of the chemical bonding of the polymer matat the filler surface of a
composite system can be calculated using molepolarizability equations [10]. The
change in dielectric constant for the polymer matein the interphase region is
proportional to the increase or decrease in theleipolarization. A more complete
description of the dipole polarization within thetdrphase region of a composite
system and the resulting dielectric constant cateuis is given in ref. [11]. This paper
has described a simple interphase model capalpiwiding additional insight to both
the real and imaginary parts of the complex peivityt of composite systems
incorporating the interphase theory. The compasistem containing filler, interphase
and matrix regions is illustrated in Fig.1. A corafte system comprising two primary
components (matrix and filler) and an interphasgore may be treated as a unique
three-component composite system in which the phiese volume is inextricably
dependent upon the characteristics of the fillenponent.



A MODEL FOR DIELECTRIC CHARACTERIZATION ... 137i

Interphase

A s, LR

~ -7

Fig.1: Interphase region surrounding the filler paticles in a composite system

3. INTERPHASE POWER LOW IPL MODEL

Power law relationships are quite often used idedteéc modeling of composite
systems [1]. These relationships model the effecpermittivity of two-component
systems using the volume fraction of each compoaeedrding to:

e =qel +(1-g )¢l (1)

wheree,, &, andey, are the complex dielectric permittivity of the qoosite system, the
filler, and the matrix respectivelyf is the volume fraction of filler component of the
composite system, anfl is a dimensionless parameter representing theeshagd
orientation of the filler particles within the butomposite [2]. Common application of
this model are the linear mixtures modsll, the Birchak formulg3=0.5 and the
Landau, Lifshitz, Looyenga formulg#=0.33. More generally, for a composite
comprised of n number of components, the powerntaxtures model may be written
as [4]:

‘gcﬁ = Z Coi‘giﬁ (2
i=1

wheree. andg; are the complex dielectric permittivity of the qoosite system and any
constituent component of the composite respectjvglys the volume fraction of the
constituent component. Additional dielectric moddts mixtures of composite
constituents have been developed, including the wdd>Garnett model and the
Bruggeman model [10]. Each of these mixture mogetwides different approaches
for predicting the dielectric characteristics ofhquosite systems. These approaches,
however, do not provide a comprehensive means terrdme both the real and
imaginary components of the complex permittivity obmposite systems while
accounting for interactions between the individoaimponents. The two-component
power-law relationship described by equation (1)emsily extended to a three
component composite system, as described by:

el =g el +gel +q.el. 3)

For a composite model that contains an interpheg®m, s, ¢;, ando., represent
the volume fraction of the filler component, theaemphase region and the matrix
component of the composite, respectively, &, & and em are the complex
permittivities of the composite, the filler, intdéigse and matrix regions of the
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composite, respectively. The complex permittiviygiven byesi= e/'+ ¢”, whereg. is
the dielectric constant argl’ is the dielectric loss. It is important to recdgm the
distinction between the IPL model and a standamkticomponent power-law mixture.
Therefore, refer to independent composite constituexs (components) and the
dependent constituents as (interphase). The distndetween these cases will
become more evident with further explanation. Tierfvolume fraction of equation
(3), ¢, is directly measured for a given composite systEine matrix volume fraction
IS given byd,= (1- ¢¢ - dm). The interphase region volume fractidn, is dependent
upon the filler volume fraction, the filler surfacrea and the thickness of the
interphase region surrounding each filler partidlbe interphase volume fractiod;,

is determined for monodisperse, spherical partie$sg equation (4) [12] :

- 47;;4 y ((r +Ar)® - rs)—6lr:3(3(r +Ar) - Ar)Ar? @

where r is the radius of the filler particles, is the thickness of the interphase region
and F is an overlap probability function. Assumitigat, there are no areas of
interphase overlap that would reduce the total melwf interphase. Therefore, the
interphase volume fractionj, is calculated by:

g =@1-F)s,ar)o, o, 5)

where $is the specific surface area of filler (measuredn2/g), andx is the density
of filler (measured in g/ﬁ).

The interphase density is assumed to be equahtmtlihe matrix component since
it is comprised of matrix molecules. Typically, tiierphase thickness is on the order
of one molecular radius of gyration (5 to 20) nrheTdetermination of the interphase
thickness is further described in detail in [11-1Bhe interphase overlap probability,
F, arises from the proximity of the individual &Ml particles. As illustrated in Fig. 1,
when the filler particles come close together,ititerphase regions surrounding each
filler particle begin to overlap, thereby reducitige effective interphase volume
fraction. The interphase overlap probability isuadtion of the filler volume fraction,
interphase thickness and the shape and size 6fléngarticles. Approximations have
been developed to estimate the overlap of sucliclggrtusing analytical solutions to
percolation models [15-17]. Equations (3) throudh ¢an be used to complete a
generalized, comprehensive model for the predictidnthe complex dielectric
permittivity of composite systems containing inteape-bonding regions. The bounds,
however, are based on a critical assumption thainteraction exists between the
components of the composite system, and therefoneterphase region exists.

4. SELECTED NANO-FILLERS AND POLYMERS FOR INDUSTRIAL
MATERIALS

Nano-fillers such as, Clay mineral used in the pay industry is kaolinite.
Kaolinite is the main constituent of filler claysgnificant quantities of other minerals
can often be present. The particle shape is thé impsrtant characteristic of kaolinite
for polymer applications. The platy nature meara thay fillers have a greater effect
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on properties such as viscosity, stiffness andgthe using clay as nano filler gives
high levels of flame retardancy to the produced paosite of Clay catalyst to be the
best filler among nano-fillers industrial materiagdsch as: Fumed Silica is used
primarily in silicone rubber and compounds withapkpolymers or cure systems, and
is produced by high temperature gaseous processsamdbre expensive, and Glass
Fibers are among the most versatile industrial ieseknown today. Also, the most
useful feature of Glass Beads is their abilitydduce the density of a product.

Many selected polymers for fabricating industriaterials are used in this paper,
such as Acrylonitrile Butadiene-Styrene ABS hasnbareated with rubber particles in
order to increase the toughness. ABS has goodriekdcproperties that are fairly
constant over a wide range of frequencies. Polyetlsy PE applications vary
depending upon the grade of resin LDPE, becausis fiexibility, is used primarily
for prosthetic devices and vacuum formed partsyvioyl Chloride PVC is the most
widely used of any of the thermoplasts, it is sgemand more rigid than other general
purpose thermoplastic materials. The primary appbas for PVC include electrical
conduit, and wire insulation. Finally, applicatiofier Epoxy-based materials are
extensive and include coatings, adhesives and csitepmaterials such as those using
carbon fiber and fiberglass reinforcements. Ep@sgir formulations are important in
the electronics industry, and employed excellemctelcal insulators and protect
electrical components from short circuiting, dusd anhoisture.

5. RESULTS AND DISCUSSIONS

This paper discussed two issues, the first studwiffigctive parameters of PLP
model, and the second issue is specifying chaistitar of new industrial materials,
for the dielectric characteristics of nanocompopidl/meric materials by IPL.

5.1 Effective Parameters of PLP Model

Effective parameters of PLP model results investigthe effects of filler
permittivity, interphase permittivity, filler surée area or interphase thickness, and
filler particle shape.

5.1.1 Effect of filler permittivity:

The effective dielectric constant and dielectrisses of the composite system are
shown in Fig. 2 with three values of a filler digiéc constant. The effective dielectric
constant of the composite increased rapidly withhhialue of filler dielectric constant,
while for a low value of filler dielectric constarthe effective dielectric constant of the
composite smoothly decreased with the variatiofillef volume fraction from zero to
unity as shown in Fig. 2(a). Also, the effectivesldctric loss with volume fraction
changing from zero to unity, the maximum dielectass appears at nearly 20% filler
volume fraction as shown in Fig. 2(b), then smoptiécreased to reach zero at unity
volume fraction. For three values of filler compldielectric permittivity, the effective
dielectric loss increased when the filler dieleciermittivity increased. It is cleared
that, from these predictions that accounting fer ititerphase region cause a deviation
from linearity of the effective permittivity of theomposite system.
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Fig. 2: Effect of filler permittivity on the effective dielectric constant and effective
dielectric loss as a function of filler volume loaohg

5.1.2 Effect of interphase permittivity :

At a critical filler concentration corresponding tbe maximum in interphase
volume fraction, the interphase permittivity cresate maximum or minimum in the
effective permittivity of the composite system aswn in Fig.3. A non-linearity in the
effective complex permittivity of the composite &y is a function of filler volume
fraction. At the filler volume fraction loading fio 0.0 to and 1.0, the complex
permittivity is equal to that of the polymer compon and filler component
respectively, but between these limits, the IPL etqutedicts a complex permittivity
of the composite system that is significantly larti@n that predicted by conventional
mixture models since these models do not accountdmponent interactions of the
composite.
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Fig.3: Effect of interphase permittivity on composie dielectric constant and
dielectric losses as a function of filler volume fction for a composite system



A MODEL FOR DIELECTRIC CHARACTERIZATION ... 138]

5.1.3 Effect of filler surface area :

A filler diameter is proportional to a squared e®mse in specific surface area and
resultant interphase volume fraction for a sphérigarticle. For non-spherical
particles, the increase in specific surface arehiaterphase volume fraction is even
greater, decreases by increase particle size aageshA composite system was
evaluated using the IPL model, the filler surfaceaaillustrated the results for three
values of filler particles surface area (40, 64d @6) n?/g, when dielectric polymer
and dielectric filler are equally(= ey). For the application as shown in Fig. 4, by
increasing the filler particle surface area a cositposystem containing an interphase
region with a permittivity higher than that of tlmeatrix yields an increase to the
effective permittivity. Figure 4(a) shows the effec filler surface area on composite
dielectric constant, and Fig. 4(b) shows the didledosses as a function of filler
volume fraction for a composite system.
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Fig.4: Effect of filler surface area on compositéielectric constant and dielectric
losses as a function of filler volume fraction foa composite system

5.1.4 Effect of interphase thickness :

The interphase volume fraction is also dependerinufhe thickness of the
interphase regionAr. To illustrate this effect, a model compositetsys has been
evaluated using the IPL model. Figure 5 illustratee effect of increasing the
interphase thickness from (0.0 to 10) nm on the pmsite dielectric constant of this
two component system. In real applications, themtbal bonding between the two
components of the composite and the chemical simiodf the matrix component
controls the interphase thickness provided intodhemical structures of interphase
regions and their thickness.

5.1.5 Effect of filler particle shape and orientabn:

For anisotropic composite systems having the dsgaecomponent oriented parallel
to the electric field, the value @fis greater than 0.3. An application of this tyge o
composite is epitaxial grown composite films. Thelue of f becomes 0.99. The
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material parameters were utilized in the IPL mddellustrate the effect of the shape
parameterp on the effective permittivity of a composite systelhe effect of each of
these case$ € -0.97 and = 0.99) is illustrated in Fig.6.
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Fig.5: Effect of various interphase thickness onhie dielectric constant as a
function of filler volume fraction for a composite system
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Fig.6: Effect of particle shape and orientation orcomposite dielectric constant
and dielectric loss as a function of filler volumdraction for a composite system

5.2 New Industrial Materials

The IPL model predicts a distinct non-linearitytloé¢ effective dielectric constant as
a function of filler volume loading. As new indusatrinsulation materials formed by
nano-fillers such as clay, fumed silica, glassriband glass beads is their ability to
reduce the cost of a product. Many selected polgnretustrial materials are used in
this paper, such as ABS, LDPE, and PVC.
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5.2.1 Effect of nano-fillers on industrial materids:

Figure 7 shows the effect of each nano-filler indak materials selected type on
the dielectric constant of the composite as themel fraction of fillers loading. From
these simulated results the effective dielectriostant for all polymeric industrial
materials deceasing with Clay, and Glass Beads -filers composite, while
increasing with Fumed Silica, and Glass Fibers #dleos composite. Since Glass
Beads and Clay shows the best behavior as napo-filed for insulation materials,
but Glass fibers and Fumed Silica shows the belsaer as nano-filler used for
conducting industrial materials.
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Fig. 7 Effects of nano-fillers on effective dieledc constant with different
industrial polymers

5.2.2 Effect of filler surface area on industrial naterials :

The magnitude of permittivity deviation from linégris dependent upon the filler
volume fraction, filler surface area, and the ipterse permittivity. Figure 8 shows the
effect of filler surface area, when it's equal 4hd 100 rfig. By increasing filler
volume fraction, the nonlinearity behavior for tilielectric constant for all polymeric
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industrial materials is decreasing up to 55%, afteat, the dielectric constant is
increasing smoothly, when filler surface area edqaadOnf/g as shown in Fig. 8(a).
Figure 8(b) shows the effective dielectric constaith varying filler volume fraction
for all nanocomposite industrial materials whendiller surface area equal 106#.

= ==« Clay+ ABS 5. = === (lays+ ABS
[ — [Jaw- PE E -— Clay+ PE
E . Clay+ Epoxy IS Clay+ Epoxy
7w vennn Clay+ PVC - R T T Clay+ PVC
- Qr '
og v 3
[ 2 C e 'y
}2 [ FQ ""‘.‘ "l.'
T3 Y g T STt
‘E_ ] . = b — el Bl el
. ” w
w :‘h'*uhudvfﬂfﬁf" 1 T T T T T T N B T |
1 1 rr1r 1111 r1rrrrrrrrrrrrrrri 0 0.2 0.4 0.6 0.8 1
0.2 FIIIer%glume Fraﬂc'gon ) 08 1 Filler Violume Fraction O
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Fig. 8: Effect of filler volume fraction on effectve dielectric constant for a
different nanocomposites industrial materials

(a) Filler surface area s = 40 rfig

5.2.3 Effect of filler interphase thickness on indstrial materials:

Figure 9 shows that the effective dielectric comistéis decreasing for all
nanocomposite industrial materials by increasitigrfivolume fraction at interphase
thickness 2, and 10 nm. Figure 9(a) shows Clal WE nanocomposite has a lowest
effective dielectric constant, but Clay with Eporgnocomposite has the highest
effective dielectric constant up to 35%. Clay wkBS nanocomposite is the highest
from 35% up to 100% of the filler volume fractidfigure 9(b) shows Clay with PE
nanocomposite has a lowest effective dielectricstamt, while, Clay with Epoxy
nanocomposite has that a highest effective diétectmstant from 0% up to 100% of
the filler volume fraction. Figure 9 shows the effee dielectric constant which
decreasing for all nanocomposite industrial maleriay increasing filler volume
fraction.

5.2.4 Effect of filler particle shape and orientatn on industrial materials

Filler particle shape has an important effect om tlanocomposite dielectric
constant, the value g depending on the orientation of the filler padglin the
composite. While increasing the addition of Clayna@articles polymers it will
decrease the effective dielectric constant of theoonomposite. Figure 10 shows the
different polymer types filled with Clay nanocompes the PE gives the lowest
dielectric constant between all polymer types, dhd Epoxy gives the highest
dielectric constant up to 30% of the filler volurraction whenp=0.33 as shown in
Fig. 10(a). While the ABS up to 25% of the filleolume fraction wherg=-0.97 as
shown in Fig. 10(b).
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Fig. 9: Effect of filler volume fraction on effectve dielectric constant for different
nanocomposites industrial materials
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Fig. 10: Effect of filler volume fraction on effetive dielectric constant for
different nanocomposites industrial materials

6. CONCLUSION

IPL model predicts a distinct non-linearity in te#ective dielectric constant and
dielectric loss as a function of filler volume laagl Since the dielectric characteristics
of the interphase region contributes to the oveatfictive dielectric characteristics of
the composite system, and the volume fraction efitllerphase region changes non-
linearly with the volume fraction of filler, the puittivity of the composite changes
non-linearly as a function of filler loading. Théfext of increasing the interphase

thickness in a composite system tends to an ineréasthe effective permittivity,
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while, the effect of the shape parameters on tfectfe permittivity of a composite
system. The interphase permittivity is generallfthwi approximately 10% of the
matrix phase. Clay has a good behavior as a n#apdfised for insulation materials
and has an effective dielectric characteristicdibierent polymer industrial materials
of nanocomposite insulation materials by IPL. Clagno-filler can create novel
costless insulation industrial materials for geftismoothly decreased effective
dielectric constant with the variation of filler e fraction of the nanocomposite
material. Increasing Clay filler surface area asdriterphase thickness more smoothly
decreased the effective dielectric constant oftdr@o-composite, and the lowest effect
at 55%. Clay with Epoxy nanocomposites is the hsgheduction in effective
dielectric constant, but Clay with PE nanocompssiteas the lowest effect by
increasing filler volume fraction.
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