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Electric response of nanocomposite industrial matsr has been

investigated for all possible causes and effecthefinterphase region
on a variety of complex composite systems by uUsiegphase Power

Law IPL model. Thus, this paper investigates thfecéfe dielectric

response of nanocomposite industrial insulationemals and effects of
the interphase region on a variety of complex casitposystems.
According to the statistical approach of failure polymeric insulators,

that leads us to predict the procedures and meshasiof failures which
occur within insulating materials, this paper illustes the failure

statistics of a life model for ac electrical agirgf nanocomposite
insulation industrial materials which depicts theechanisms of
electrical breakdown under high voltage electrields by advanced
simulation model program. Case studies are useillustrate the way

and mechanisms which mechanistic features whichbearelated to the

parameters of the failure statistic. Realized tilifee of insulation

materials can be evaluated by means of this mddghg of polymeric

insulators has been examined through various highage electric

fields, so the possibility of predicting the life@ of individual specimens
has been succeeded.

KEYWORDS: Nanocomposite,Nanofillers, Life-time, Statistical,
Polymers, Electrical aging, thin films.

1- INTRODUCTION

Nano-filler clay has created novel costless indalsaterials by getting smoothly
changing in the effective dielectric constant wtik variation of filler volume fraction
[1]. Power law model relationships are used in dieleaniodeling of composite
systems. The general two component power-law mfmtetomplex permittivity has
been used extensively for a wide range of matesystems with varied success,
including air-particulate composites, ceramic-cécansomposites and polymer-
ceramic composites. Research into the physical eledtrical characteristics of
particulate filled polymer composites has suppottedexistence of interphase regions
at polymer-dispersant interfaces [2-7]. IPL modelits general form is commonly
known as the Lichtenecker-Rother equation. Howewerclear distinction exists
between the IPL model and the Lichtenecker-Rotherrhodel. The IPL model is
unique in that it incorporates two independent congmts of the composite as well as
an interphase region that is dependent upon thectesistics of the two components.
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This model thus does not rely on three independemiponents but rather two
independent components and the interphase regioebr them. The LR model is
based on a composite consisting of three indepé¢mdeistituent components with no
interactions between the components. It is importanrecognize the distinction
between the IPL model and a standard three-compgm@ner-law mixture. The
determination of the interphase thickness is furttescribed in detail in [8-16]. The
interphase overlap probability arises from the pnity of the individual filler
particles. When the filler particles come close ethgr, the interphase regions
surrounding each filler particle begin to overlapereby reducing the effective
interphase volume fraction. The interphase ovarlapability is a function of the filler
volume fraction, interphase thickness and shape sind of the filler particles.
Approximations have been developed to estimateotrexlap of such particles or
alternately analytical solutions to percolation misd A general interphase overlap
probability function has been developed for spladriparticles. In several
investigations, this interphase region has beemvshio have significantly different
properties compared to the bulk resin. In recearsjepolymer nanocomposites have
been extensively studied in optical, thermal anahmaeical properties, but there has
been relatively little research into dielectric pedies [17-21]. Deterministic theories
of electrical breakdown are very satisfying to fiugentists and engineer, therefore, it
would appear that it is possible to design a systhat simulate the electrical
breakdown in insulating materials at applied fieldsll below the critical values
predicted for the various failure mechanisms, aitth & wide distribution of times to
failure. Because of this, the reliability estingtequired by manufactures and users
need a statistical analysis of a series breakdests.tSo far most of the mechanisms
considered have been clearly defined phenomena iéviea precise details whereby
they cause failure are not known [22-27].

2- ANALYTICAL MODELS
2.1 Interphase Power Law IPL Model

The interphase region is comprised of polymer mdescthat are bonded or otherwise
oriented at the matrix-filler interface. This irflesial-bonding region is termed the
interphase and results from the confining effeat the rigid filler particles have on the
mobility of the polymer molecules in the matrix. the bulk matrix regions of the
composite, the polymer chains adopt random oriemialt configurations. IPL model is
based on a simple extension of a general powernt@ael in which a composite
system containing filler, interphase and matrixioag may be treated as a unique
three-component composite system comprising twmany components matrix and
filler, and an inter-phase region that is inextolyadependent upon the characteristics
of the filler and matrix components [10]. Power leslationships are quite often used
in dielectric modeling of composite systems. Morengrally, for a composite
comprised of n number of components, the powerraxtures model may be written
as:

£l = Z in=1¢i£iﬂ )
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Where,e. andg; are the complex permittivitye'tje”) of the composite
system and any constituent component of the congosspectively. Alsog’ is the
effective permittivity of the materials. Whilep; is the volume fraction of the
constituent component, ar@l is the filler particle shape and orientation. Tihe
component power-law relationship described by equatl) is easily extended to a
three component composite system, as described]by [

el =¢p i + Pl + 9 eh 2

For a composite model that contains an interphagéom, ¢;, ¢;, and ¢n
represent the volume fraction of the filler companehe interphase region and the
matrix component of the composite, respectivelyg; & ande, are the complex
permittivities of the composite, the filler, intéigse and matrix regions of the
composite, respectively. It is important to recagnthe distinction between the IPL
model and a standard three-component power-law unagixt Therefore, refer to
independent composite constituents as componedtshandependent constituents as
interphase. The distinction between these caséd&ibme more evident with further
explanation. The filler volume fraction of equati(®), ¢: is directly measured for a
given composite system. The matrix volume fractiois given by
¢ = (1 -9, - ¢, ) The interphase region volume fractian, is dependent

upon the filler volume fraction, the filler surfacrea and the thickness of the
interphase region surrounding each filler particle.

The interphase volume fractiap, is determined for monodisperse, spherical
particles by [8]:

P (a0 - 0)- Fo(ale+ ar)-ar)ar?]

¢ = _ 3)

r
Where r is the radius of the filler particles, is the thickness of the interphase
region and F is an overlap probability function.ssiing that, there are no areas of
interphase overlap that would reduce the total melwf interphase. Therefore, the
interphase volume fractionj, is calculated by:
P :(1_F)(Sf'Ar)'pf'¢f (4)

Where $is the specific surface area of filler (measured2/g), andf is the
density of filler (measured in g/m3) [5].

The interphase density is assumed to be equahtamfithe matrix component
since it is comprised of matrix molecules. Typigathe interphase thickness is on the
order of one molecular radius of gyration (5 to 200. The interphase overlap
probability F arises from the proximity of the imtlual filler particles. The interphase
overlap probability is a function of the filler wohe fraction, interphase thickness and
the shape and size of the filler particles. Appmagions have been developed to
estimate the overlap of such particles using aitalysolutions to percolation models
[9-12]. For spherical inclusions and for randomisiented ellipsoids, Landau and
Lifshitz as well as Looyenga determined ti§a0.33. A general interpretation @f
based on the inclusion shape specifically ellipsoids lengths. Equations (2) through
(4) can be used to complete a generalized, compseleemodel for the prediction of
the complex dielectric permittivity of composite sggms containing interphase
bonding regions [10].
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This model discusses a simple interphase analyticalel which is capable of
providing additional insight to both the real andaginary parts of the complex
permittivity of composite systems incorporating theerphase theory. The composite
system containing filler, interphase and matrixioag is illustrated in Fig.1. A
composite system comprising two primary compondntatrix and filler) and an
interphase region may be treated as a unique tu®@onent composite system in
which the interphase volume is inextricably dependson the characteristics of the
filler component. | e phase

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

2.2Lifetime Breakdown Model

The contending life expressions all are relatethéocharacteristic time to failure. It is
therefore interesting to know the failure statstiMethodology of the lifetime model
simulates any dielectric material as a grid as shiomigure (2), it shows the structural
bonds of the insulation material. In this modehdil points are the boundaries of the
dielectric material whatever; the top electrodassigned with a high voltage while the
bottom electrode is assigned with zero volts [2%le distance between any adjacent
points on the grid are to be considered as capadiud so, the boundaries are fixed at
uniform field and cannot be failed.

Each bond in the model is assigned a value foeaifsp property; these values
will be a set of randomly selected numbers. Thins,initial field in each bond is as
follows:

_ vV 5
E, = o N (5)
Where,

E: is the electric field in each bond (kV/mm)

V: is the voltage applied on the insulation malgk¥)

L: is the thickness of the insulation material (mm)

N: is the total number of bonds within the thickmes the insulation material

n: is the bond order in the array
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Fig.2 Lattice diagram of the structural bonds & ithsulation material

The shortest time left before failure of local bendas been calculated as
follows [25]:

_ 1556 _
38672 x10 % exp [17762 0791E, ] |n[ A (B) - A)

T AL (E)- A" ] (6)

153 - 0791 E }5® ]

Cosh [
T

T: is the absolute temperature in K

h: is the planck constant. Its value is 6.62608884 (nikg/s)

A’: is the property which is given the randomly disited value on the bonds
in the grid, and so, its value is changed from G®D.99 with the average
value at 0.485[5].

Aeq (E): is the equilibrium value of the same qugntf A* and it can be
estimated as follows:

Ay ()= !
)

[306 - 1.582 E }%°
1+ exp

T (6.1)

A(t): is the measure of degradation remaining witlie bonds at a time t seconds,
this means that the bond has not failed but therstbf grid-bonds are failing, so it
can be evaluated as follows:

A)= A, (En)(l— :z:exp(o (E)tn)j (6.2)

_ 1556 1556
D(E):258585<l(723% ex;{ 17763T079:E" ]Cos{ls} O_IY_QE" ] (6.3)
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The breakdown of a bond will occur when the degiiadaA(t) is existing in
the bond at a time t which is equal to the propérat is randomly distributed on the
bond in the grid, i.e. A However, as the first bond fails, this may cathseadjoining
bonds to fail next as the potential across thecadipbonds may increase. This will
mean recalculating the field in each bond onceralliails, and scanning the bonds for
the shortest time left before failure. This timél e added to the counter and a plot of
the degraded structure and time will be illustrated

3- APPLICATIONS AND SELECTED NANO-FILLERS AND
POLYMERS FOR INDUSTRIAL MATERIALS

3.1 Selected Nano-Fillers Industrial Materials

Clay mineral used in the polymer industry is kaitdin Kaolinite is the main
constituent of filler clays, significant quantitie§ other minerals can often be present.
The particle shape is the most important charatieriof kaolinite for polymer
applications. The platy nature means that clagrBlhave a greater effect on properties
such as viscosity, stiffness and strength, usiag ak nano filler gives high levels of
flame retardancy to the produced composite, asdsiglected in this study. Clay is
considered a catalyst to be the best filler amoagorfillers industrial materials and
Costless.

3.2 Selected Polymers for Industrial Materials

Many selected polymers industrial materials areduse this paper, such as
Acrylonitrile Butadiene-Styrene ABS has been créatéh rubber particles in order to
increase the toughness. ABS has good electricakepties that are fairly constant over
a wide range of frequencies. Polyethylene PE agiidios vary depending upon the
grade of resin LDPE, because of its flexibility used primarily for prosthetic devices
and vacuum formed parts. Polyvinyl Chloride PVG@hie most widely used of any of
the thermoplasts, it is stronger and more rigich théner general purpose thermoplastic
materials. The primary applications for PVC includkectrical conduit, and wire
insulation. Finally, applications for Epoxy-basedtarials are extensive and include
coatings, adhesives and composite materials sudfcs® using carbon fiber and
fiberglass reinforcements. Epoxy resin formulati@ame important in the electronics
industry, and employed excellent electrical insuist and protect electrical
components from short circuiting, dust and moisturehis paper, lifetime model can
be applied on the industrial insulation materidl§a383 K, under 20kV, 40kV, and
80kV. Thus, it can be shown the effect of nanafillen the industrial polymers and
failure shape mechanisms related to the deternmnemd statistics of electrical
breakdown failures in the new nanocomposite mdtéryaadding 10wt% clay to
90wt% PE “Specimen no.1”, 10wt% clay to 90wt% P\&pecimen no.2”, and 10wt%
clay to 90wt% Epoxy “Specimen no.3". Also, it haseh clarified that the effects of
various levels of high voltage electric fields dmetdeterministic and statistics of
electrical breakdown failures. A number of caseligtsiare used to illustrate the way in
which mechanistic features can be related to thanpeters of the failure statistics.
Some selected examples will be presented in oodéustrate the methodology. Then,
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the way in which knowledge of the failure mechanitsan guide the interpretation and
use of failure statistics will be explored. Finallhe possibility of predicting the
lifetime of individual specimens will be examinedly.

3.3 Nano-Composite Industrial Materials

An interphase layer is usually present in a contpasystem between the matrix and
reinforcement due to sizing, chemical reaction, difision process. This interphase
layer modifies the stress transfer mechanism betwlee matrix and fiber, and could
be tailored to an optimal compromise between thmength and toughness of the
composite. The use of polymers in multi-componesstesns, such as adhesives and
composites, requires sensitive, nano-scale prommrjuation of polymer systems.
Nano-scale properties that control various aspettmaterial performance can be
different from bulk properties. For example, théndaor of polymer composites is
highly dependent on the interfacial strength betwdee fiber and matrix. However,
interfacial strength is controlled by the matrixteréal adjacent to the fiber, referred to
as the fiber-matrix interphase region. This papscu$sed the effect of filler volume
fraction on effective dielectric constant for sééetabove polymers with clay selected
nano-filler as a nanocomposites industrial materiahich will be new costless
industrial materials.

4- RESULTS AND DISCUSSION

This paper has been discussed the effects of filemittivity; interphase permittivity,
filler surface area, filler interphase thicknessd diller particle shape. The effective
dielectric constant of the nanocomposite systerimusstigated in this research for
Clay nano-fillers with four industrial polymers sua@as PE, Epoxy, and PVC. The
composite permittivity depends on the filler, matand interphase dielectric constant,
which is varied from the value of the matrix towdhe filler in case of insulating
materials. When the filler volume fraction increasthe composite permittivity
decreases to a certain value depending upon polynagrix permittivity. Table 1
depicts the properties of the industrial insulatioaterials characteristics for the
composite systems. From these simulated resultsléiyeshows the best behavior as
filler used for insulation materials.

Table 1. Industrial insulation materials characteristicsfor the composite

systems
Dielectric Constant Data
Fillers Matrix Interphase Specimens
Clay 2.C Epoxy 5.C Clay-PE 1.099 2:2.3 ClayPE “Specimen_1
Volume Fraction O0tol | PE 2.3 Clay-PVC 1.3353 2 :3.3 Clay-PVvC"Specimen_2"
Surface Area 106 m2/g | PVC 3.3 Clay-Epoxy1.6708 2:5 Clay-Epoxy “Specimen_3"
Density 2.33g/cc Thickness 11nm
S (Spherical) 0.33

4.1Effect of Filler Volume Fraction

The interphase power-law model predicts a distimab-linearity in the effective
dielectric constant as a function of filler volurteading. As the volume fraction of
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clay increased the dielectric constant for evetymper decreased as shown in the Fig.
3. For a filler volume fraction above 56%, the naomposite of clay with all
polymers are the same dielectric constant, whil®lame fraction below 56%, the
dielectric constant is lower values of clay with R&ho-composite and higher values
of clay with epoxy.

g = + =(lay+ ABS
9 \ Clay + PE
E_ s = - Clay +Epoxy
w 1
e |\ Clay +PVC
Qnm '
1
- Y
58 Lo
t 2 B -~ ~ \ . >
b ""'....."'-:, _--_-.-
1IIIIIIIIIIIIIIIIIIIIIIIII
0 0.2 04 0.6 0.8 1

Filler Volume Fraction @

Fig. 3 Effect of filler volume fraction on effectwielectric constant for different
nanocomposites industrial materials

4.2Deterministic and Statistics for Electrical Aging Breakdown at
20KV
For many applications at 20kV, it has been evatliitat the damage to short circuit in
the insulation materials and represented the streidailure which have occurred in
the specimens of insulation materials. Fig. (4)stitates that the evaluation of damage
to short circuit in a random selected specimer20&y from the simulation lifetime
program. Related to the fluctuations are governedabdom failures in the specimen
bonds and deterministic mechanisms, the failureeivathe specimens are simple and
there are low numbers of bonds which had beendféiieough specimen according to
applying 20kV.

The damage occurs at the weakest bonds in varmsisgns in the specimens
with respect to the electric fields and potentiatsich applied on each bond. The
failure mechanisms in the specimens have been shoWwig. (5) and so it has been
taken various mechanisms according to the naturanafom weakest bonds, and it has
been started from the weakest bonds in any wayhefspecimens and extended
gradually in any direction (up, down, left, andhtigwithin the specimens according to
the electric fields equilibrium which affects onchébond and so, the number of failed
bonds has been changed with respect to time fraoirsen to another according to
the nature of the bonds in specimen.
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Fig. 4 Damage to short circuit In Insulation maespecimens at 20kV

Specimen_1 Specimen_2 Specimen 3

Fig. (5): Structural failure mechanisms in inswatmaterial specimens at 20kV

4.3Deterministic and Statistics for Electrical Aging Breakdown at
40KV
With respect to many failure specimens at 40kVurigg (6) illustrates that the
evaluation of damage to short circuit in various@mens at 40kV by the author. So,
the damage occurs at the weakest bonds in diffgresitions in the specimen with
respect to the electric fields and potentials wlgiphlied on each bond and equilibrium
fields. Also, the failure mechanisms have been shiowfig. (7) didn’t take one shape
of failure mechanism (from top to bottom) as redegriater but it has been taken
various mechanisms according to the nature of tred$ in the insulation material,
therefore, it was started from the weakest bondny position in the specimen and
extended gradually in any trend according to thextdc fields equilibrium which
affects on each bond. Thus, the failure mecharssliké a chain which consists of two
or more horizontal and vertical chains which coreblitogether at different times. It is
noticed that the number of failed bonds is incrdadieectly with respect to time and it
differs from specimen to another according to thape of the mechanism and length
of the failure. Also, the number of failed bondsnsreased slowly in the beginning of
applied potential then; it is increased rapidlytdafforming chains) with respect to
time. Also, it is noticed that, the failure shapehe specimens are not simple and the
numbers of bonds which had been failed through ispgets have been increased
according to applying 40kV.
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Fig. (6): Damage to short circuit in insulation eral specimens at 40kV
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Fig. (7): Structural failure mechanisms in insuatmaterial specimens at 40kV

4.4Deterministic and Statistics for Electrical Aging Breakdown at
80KV

At the potential voltage 80kV, the results of fadlubreakdown voltage have been
shown in fig. (8). All results at 80kV illustratbdt the damage occurs at the weakest
bonds in different positions in the specimens wehpect to the electric fields and
potentials which applied on each bond. It is natitleat the time of damage to short
circuit in insulation material specimens decredsgsncreasing the applied voltage
over the specimens up to 80kV. But, the numberfaitdd bonds in the specimens
increases with increasing the applied voltage tiverspecimens up to 80kV. And so,
the failure shapes in the specimens are complexteandumbers of bonds which had
been failed through specimens have been incre@sedding to applying 80kV.

Also, the failure mechanisms have been shown inf$jgdidn’t take one shape
(from top to bottom) as recognize later but it ialsen a random shape mechanism,
therefore, it has been started from the weakestl mrany position in the specimen
and extended gradually in all trends (horizontalvertical) according to the electric
fields equilibrium which affects on each bond. Tl failure mechanism is like a
chain which can be consists of different two or enborizontal and vertical chains
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which combined together at different times. Inigticed that the number of failed
bonds is changed directly with respect to time gnednumber of failed bonds differs
from specimen to another according to mechanismlemgth of the failure. Also, the
number of failed bonds is increased slowly in tegibning of applied potential then; it
is increased rapidly (after forming chains) witepect to time.

80

70

------ Specimen_1
60 -—|———-Specimen_2
—@— Specimen_3

Number of Failed Bonds
IS
]

Time in Seconds

Fig. (8): Damage to short circuit in insulation eval specimens at 80kV

Spec Spec Spec

Fig. (9): Structural failure mechanisms in insudatmaterial specimens at 80kV

4.5Comparison Between Deterministic and Statistics

Aging process differs with respect to random defeand its electric fields and
potentials; therefore, figures (4-9) illustrate tti@mage in insulation materials and
structural failure mechanisms at various potenélkV/, 40kV, and 80kV. Therefore,
at each specimen, various damages and mechanisms aicvarious positions with
respect to the applied voltage. The weakest bamdkd insulation materials and its
types (horizontal or vertical) are not in fixed msi or positions in the insulation
materials but these points have been changed esgbect to the applied voltage and
the nature arrangement of the weakest bonds. Stheinsame insulation material
specimens, the failure mechanisms have been repeesien various shapes according
to the equilibrium applied potentials within allrms in the specimen. Also, it can be
cleared that the numbers of failed bonds have lseanged with respect to applied
voltage. Also, it is noticed that the time of damaip short circuit in insulation
material specimens decreases by increasing thesdppltage over the specimens, it
is normally, but, the treeing failed bonds in the@mens defers related to the types of
nanoparticles in the composite and the appliethgelover the specimens.
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5- CONCLUSIONS

Clay has a very good record behavior as a nare-fised for insulation materials and
has an effective dielectric characteristic for eliént polymer industrial materials of
nanocomposite insulation materials by IPL. Clayafilers have been created novel
costless industrial materials for getting smootthianging effective dielectric constant
with the variation of filler volume fraction of theanocomposite material. Increasing
Clay filler surface area and its interphase thisknenore smoothly decreased the
effective dielectric constant of the nano-composiied the lowest effective at 55%.
The damage in nanocomposite industrial materiatsurscat the weakest bonds at
various positions within nanocomposite industrigdulation materials with respect to
the electric fields and potentials which appliedeaich bond. The failure mechanisms
are started from the weakest bond in any positiorthe insulation material and
extended gradually in various trends accordindhéodlectric fields equilibrium which
affects on each bond therefore; the final failurechanisms represented as various a
chains which consist of different two or more horital and vertical chains which
combined together at various times. Thus, thefaitnechanism didn’t take one shape
(from top to bottom) but the failure mechanism dmel numbers of failed bonds have
been changed with respect to time and applied patespecially; the numbers of
failed bonds are changed directly with respecirte tand inversely with the applied
potential.
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