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Conducting polymer composites (CPC) still constitah ongoing topic of great scientific
and commercial interest. While the utility of CPiSswell established, a new generation
of efficient CPCs possessing a low percolation shodd concentration and high
conductivity continues to be sought. Lately two mastrategies of improving
the conductivity at a given filler concentrationvhabeen followed: the double percolated
networks induced by immiscible blends as well adtiamponent fillers in a single
polymer matrix.

In many previous studies conducting immiscible tkeof thermoplastic polymers were
investigated, the novelty of this diploma work dgts in the use of thermosetting
immiscible blends. Three types of epoxy/silicondher blended composites differing
in the content of the second polymer were prepaned filled with various amounts
of carbon black. Electric properties of such moltipponent composites were measured
and compared with electrical properties of singbdymer composites filled with carbon
black. The hardness of prepared composites wasuatedl too. The conductivity
enhancement about 2 — 3 orders of magnitude of ositgs containing even only
25 % of silicone rubber and from 15 — 25 wt.% ofbom black was found comparing

to single epoxy with the same amount of filler.

Abstrakt

Vodivé polymerni kompozity (CPC) stalefeplstavuji téma ziaého zajmu &dch

i komerce. Zatimco uzit@ost CPC je dobBe zndma, nova generace efektivnino CPC
majiciho nizkou hodnotu perkétgiho prahu a vysokou vodivost se stéle hleda. BoEle
dobou jsou sledovanyigdevsim d¥ hlavni strategie zlepSovani vodivosti s danou
koncentraci plniva: vyti@ni dvojité perkoléni sig vytvorené nemisitelnymi sésmi
matric, a druhou strategii jsou mnohoslozkova gniyedné polymerni matrici.

V mnoha pedchozich studiich byly zkoumany vodivé nemisiteimési termoplastickych
polymert, novinkou této diplomové prace je pouZiti nemisiteh snési termoset

Tfi druhy kompozit z epoxidové pryskjce/silikonového katuku byly gipravené, liSily

se ve svych po#nech a byly napkény niznym mnozstvim sazi. Elektrické vlastnosthto
mnohosloZkovych kompoZitbyly mgteny a srovnavany s elektrickymi vlastnostiistych

polymernich kompozit plnénych sazemi. Také tvrdostfipravenych srssi byla
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hodnocena.
U kompoziti obsahujici jen 25 % silikonového kKaku a 15 — 25 hm.% sazi doSlo,
ve srovnani gistou pryskyici obsahujici stejné mnozstvi plniva, ke zvySeodivosti

0 2-3tady.
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INTRODUCTION 2

Conducting polymer composites (CPC) are commonhsisting of a polymer matrix into
which conducting filler is incorporated. These rifutictional materials are a part
of various commercial applications due to theirhhalectrical conductivity, light weight,
corrosion resistance and enhanced mechanical piegéerheir applications include battery
and fuel cell electrodes, antennas, wave guidesglisas antistatic layers, electromagnetic
wave absorbers, corrosion resistant or optical rnadge

Lately a new generation of efficient CPCs connertanlvantages of a low percolation
threshold (PT) and high conductivity has been itigated. The main objective of these
efforts is to optimize application properties witlgard to processibility, cost and lowering
of environmental pollution. The addition of largeagtities of solid fillers into a polymer
matrix is thus the limiting factor for developmeot commercially applicable CPCs.
Strategies developed to improve electric condugtiat a given concentration have relied
on double percolated networks, structural and ettt induced by immiscible blends,
as well as on the multicomponent fillers in a sengblymer matrix.

It has been proposed by Mamunya that conductingrdilcan be forced to segregate
in polymer blends as the particles either residthiwione of the polymer blend in the
random distribution prior mixing or migrate to thelymer-polymer interface after mixing.
Recent studies of immiscible conducting polymemdk demonstrated that the PT can
be in this manner substantially reduced for givikerf

Some studies demonstrated that conducting immesgblymer blends are also promising
chemical sensitive materials.

In the general, results arising from previous sadof conducting immiscible polymer
blend composites filled with carbon black were leshed. Carbon black (CB) locates
preferentially within a phase in which it has al@gPT. The double percolation concept,
requiring continuity for the CB network, has beatraduced and found to be necessary
to obtain conductivity in such immiscible polymelefd. The PT and resistivity of the
blend are lower than those of the correspondindil} individual polymers.

Most studies using polymer blends have involved tmielending combinations
of thermoplastics, or thermoplastics with rubbers thermoplastics elastomers.
Nevertheless, one type of phase separated polyyséenss, which does not essentially

require high processing temperature is use of opéadts with catalysts.
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Only limited number of studies deals with carboachl filled interpenetrating polymer
networks (IPN). Carbon black is used in such imihiscblends as a flame retardant or
to improve mechanical properties and heat and smmo resistance. The electrical
properties of only few IPNs have been reportedtardture and even lower studies deals
with undoped IPN polymer systems.

The main goal of this diploma work is a proposahefv unconventional material by use
of immiscible reactoplastic blend. Three types t#nded composites differing in the
content of the second polymer were prepared atet fivith various amounts of carbon
black. Electric properties of such multicomponemmposites were measured and
compared with electrical properties of single patyraomposites filled with carbon black.
The hardness of prepared composites was evaluaied t

The work should bring new knowledge about the i@tatbetween morphology and
conducting properties of such blends. Moreover, treentation on thermosetting
multicomponent polymers provides a new unexploredsibility of CPCs construction
under controllable conductivity and mechanical jgrtips improvement as well as cost

reduction; therefore also reduction of the impaceavironment can be obtained.
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1 THEORETICAL PART

1.1 Electrical propertiesof polymer composites

Electrical properties of polymers subject to lowatic field strengths can be described
by their electrical conductivity and dielectric atant, volume resistivity, surface
resistivity, dissipation, power and loss factons; eesistance and dielectric strength.
[1.2]

Electrical conductivity is a measure of how a mateaccommodates the transport
of electric charge. Sl derived unit is the siempes metre (S/m). It is the ratio of the
current density to the electric field strength. $girfor electrical conductivity is kappa)(
but also sigmad) or gammayy).

Conductance is an electrical phenomenon where arialatontains movable particles
with electric charge, which can carry electriciyhen a difference of electrical potential
is placed across a conductor, its movable chardges find an electric current appears,
as sketched in the Figure 1. Electrical condugtivét the reciprocal of the electrical

resistivity. [3]

/{ Odstranéno: |

¢S 076 O °0-970. .8, .
2'"-" W - 60,0 _6-0_+ ;
.0 e, e & $.9..0.0 "9~ ;

Fig. 1 Connecting a voltage source to conductoegyarise to free electron movement

and the electric current is established. [4]

The relative dielectric constaof insulating materialsef is the ratio of the capacities
of a parallel plate capacitor with and without thaterial between the plates. A correlation

between the dielectric constant and resistivity R K: log R=23-Z. [1]

Materials can be classified by their conductivity®.cm) ™ as follows:
o conductors 0
o semiconductors 1810712,

0 insulators 18%0r lower.
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The resistivities of a number of materials are giweTable 1[2]

Table. | Electrical resistivity different materials in@ . cm)[2]

Resistivity : PP
(Q .cm) Material Classification
10 Polytetrafluoroethylene
10" Polystyrene, polypropylene]
10" Polyethylene, silicone rubber
10% Amine-cured epoxides Insulators
10" Diamond
10% Polyamides
10%
10t
10" Glass
10°
106° Silver bromide
10’
10° Semiconductorp
10
10* Silicon
10°
107 Germanium
10'
1
10?
10?2 Quinolinium salts
10°
10* Bismuth, mercury, graphite Conductor
10° Polypyrrole and polythiophene
10° Silver, copper

Polymers generally have resistivities of-40.cm or greater and some fluorinated
polymers have resistivities in excess ot®10.cm. However, it should be noted, that

intrinsically conducting polymers such as polyar@liand polypyrrole have been the
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subject of many studies and development over teedacade or so and it is now
possible to produce these materials with conduis/iapproaching those of the
metals[1,2]

To describe the difference between conductors,lates and semiconductors, the
energy band theory can be used. If an electrid figlapplied to a solid, electrons in the
valence and conduction bands can be acceleratéitehijeld and gain energy. However,
this can only happen if the electrons can move filogir own energy level within the band
to an unoccupied level of higher energy.

In conductors such as metal solids the valence l@rahly partially filled and the
valence and conduction bands overlap as showngin2H{a). Thus, valence electrons are
free to move in both the valence and conductiondbafience conductors have low
electrical resistance and allow current to flow wigepotential difference is applied across
them.

In insulators the valence band is completely filletbreover the energy gap between
it and the conduction band is very large as shoignZ(c). Thus, electrons cannot move
under the influence of an applied potential differe. Insulators therefore have very high
electrical resistance and do not conduct electricent.

In semiconductors there is a small forbidden gapvéen the valence band and the
conduction band as shown Fig. 2 (b). At absolet® the valence band is completely full
with electrons and the material acts as an insulafs the temperature increases some
electrons gain sufficient thermal energy to esciipm the valence band and cross the
forbidden gap into the conduction band. Once cieffit electrons have crossed the gap
conduction of electric current becomes possible amahductivity increases with

temperature. [5]

conduction band E—

5 :

Q

5 forbidden energy

m _o-""'-ﬂ-'-'?

2 ‘,ff"" X gp

S

‘g ‘ ‘ valence band
(a) ()] (<)

Energy bands in (a) conductors, (b) semiconductors
& () Insulators
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Fig. 2 The illustration of energy band theory [5]
111 Charge transport

P {Odstranéno: 1

generally exhibit very low conductivities. The caowtivity of the composite is given by a
conducting structure of particle chains above theeglation limit. The charge transport in

the composite can be realized by hopping or tumgethechanism. [7-9]

Hopping

Hopping is a variety of charge transport betweealieed electronic states, thus it is the
process most likely to proceed in heterogenousnma#telt is asserted only in the potential
barrier with a width lower than 10nm. [9]

The temperature dependence of hopping conductdty be sufficiently described
by the energy band theory. According to it, thene lacalized states in the gap, randomly
distributed in space and in energetic level. Chargesport can only occur here through
thermally activated hopping, across potential epéagriers between localized states. The
forbidden band is approximately at the centre efdhp, the states below are occupied and
those above are empty like is shown in Fig.2 (k¢ctons will hop from the occupied
to the empty states, although most of the hopshaille to be upward in energy. At high
temperatures there are many phonons availablectiratassist in upward hopping, but
as these phonons freeze, the electron has to lotief to find an energetically accessible
state. Consequently, the average hopping distantle decrease as the temperature
decreases. Thus, the hopping probability decremgasnentially with the distance and the

conductivity also decreases. [9, 10]

Tunneling

Another mechanism of charge transport is tunnellifigis process depends on the
potential barrier width and height, the chargediglaron one site may hop or tunnel to the
other site as shown Fig. 3. According to clasdicabry, the electron cannot penetrate into
or across the potential barrier of height whichgi®ater than its energy. However,
according to quantum mechanics, there is a finitdogbility for the electron to appear

on the other side of a sufficiently thini nm) barrier. [7, 8, 10, 11]
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Particle with energy
less than Yo

-
______ e T
g e

=d —

Fig. 3 Potential barrier width d, and height Y11]

1.1.2 The percolation theory

It is generally known that the electrical resigtivfor polymer composites does not
increase continuously with increasing electrocotidac filler content, but there is
a critical-composition (percolation concentratian)which the resistivity drops magnitudes
from the insulating range to values in the semicatitle or metallic range. For efficiency,
in order to decrease the difficulty of the procaessl economic costs, the amount of the
conductive phase for achieving materials with lighductivity should be usually as small
as possible. [12]

The conductivity of heterogenous material thusazaily depends on the volume content
of the filler. For very low filler fractions, the @an distance between conducting particles is
large and the conductance is limited by the polymatrix which is typically in the order
of 10°(Q.cm)*. When a sufficient amount of filler is loaded, fiiker particles get closer
and form chains, which result in an initial condogt path through the material. The
corresponding filler content is called the perdotathreshold. In this concentration range,
the conductivity can change drastically by severders of magnitude for small variations
of the filler content. Finally, at high loading dhe filler, the increasing number
of conducting paths forms a three-dimensional ngkwim this range the conductivity is
high and less sensitive to small changes in voldiraetion. In order to create a well
conducting polymer composite, the filler's conduityi has to be much higher than that

of the matrix. [7]
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a) <16% b) ~16% €)22%
Fig. 4 lllustration of critical fraction in the paolative network of spherical inclusions in
the random distribution: a) without percolation;chlfical volume fraction percolative

network; c) percolative network cluster. [13]

Electrical properties of polymer composites depepdn factors such as filler content,
aspect ratio, conductivity of filler and the prosieg conditions. The amount of electrically
conductive filler required to impart conductivity tan insulating polymer can be
dramatically decreased by selective localisatiomheffiller in one phase, or better at the
interface of co-continuous two-phase polymer bleftis subject will be interpreted
in topic 1.2 — BlendsAn experimental example of a percolation curve esndnstrated
in Fig. 5. [15]

_4 R
. — ?
r3 2,

log o [Q.cm]™
o U
; ’\

-11 :
-12 T

Filler concentration [vor:

20 25 30

Fig. 5 The typical percolation curve for polymemmosites { ‘ B {odstranéno:

conductive filler. [15]
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Random resistor networks, such as filled polymeypically obey a power-law
conductivity relationship above the percolatioresirold of the form:
Oc = Of (Vi — Veri) V> Vit (1)
wherec is the composite conductivity is the intrinsic conductivity of the filler ang
is the volume fraction of filler at the percolatitmeshold. Critical exponentescribes the
rate of conductivity change.
The conductivity of composites at the percolattareshold is given by
Oc = 07 (On/07)° M= Verit (2
whereo, means the conductivity of the matrix asid a characteristic exponent.
Under the percolation threshold, at low volume tiat of filler, the composite
conductivity is expressed as
Oc = Om (Verit — ¥ )@ V< Vit 3)
and its value approaches that of the pure matriis the critical exponent for this

case. [16]

Many approaches are now being explored to reduegdincolation threshold, thereby
achieving near-maximum conductivity at much loweneentrations of conductive filler.

Percolation thresholds have already been succhssfduced using ternary composite
systems in which carbon black has been incorporatida mixture of two immiscible
polymers. [17]

Sumita and coworkers were the first to exploitule of matrix blends and were able to
significantly reduce the percolation threshold. lioer black was found to aggregate at the
interface of the two polymers, which led to mordice#nt formation of conductive
pathways. The surface energies of the two polyreeesn to determine where the carbon
black will localize. The critical volume fraction/d] required to reach the percolation
threshold is now determined by a “double percolatdfect.” Double percolation results
from the dependence of electrical conductivity ahbthe connectivity of carbon black

within a given polymer and the connectivity of tipatymer within the blend. [17]
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1.2 Polymer composites

The term composite is often used to describe palymetrix: as continuous part and

containing filler as discontinuous part.

121 Polymer matrix
Composite matrixes are usually polymers becausg dhe light weight, inexpensive,

and are easy to process and mould. The matrixsémgemain purposes: it transfers forces
to the reinforcing phase, and it protects the oetihg material. They can be created

by pure polymers or blends. [18]

Pure polymers

Pure polymers can be classified as thermosetshanchbplastics or elastomer.

Thermosets

Thermosetting plastics are polymer materials thag,cthrough the addition of energy,
to a stronger form. The cure is initiated by héght, or the addition of other chemicals.
It is not a reversible process resulting in materehich cannot be recycled. [18]

Thermosetting materials are generally strongerkaittle than thermoplastic materials
and are also better suited to high-temperatureicgtigins. Their conductivity should be
very low. A variety of polymers is used — for exdepolyester resin, epoxy resin, urea-

formaldehyde foam. [19]

Epoxy resin
Epoxy or polyepoxide is a material that cures wiméxed with a catalysing agent. Most

common epoxy resins are produced from a reactiotweasm bisphenol-A and

epichlorohydrin. [20]

Epoxy resins that may be of widely different stames but are characterized by the

- {Odstranéno:

VRN
R-CH-CH
Fig. 6 The chemical formula of the epoxide group][2
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There are a number of ways how epoxies can be mddify adding mineral fillers,
flexibilizers, viscosity reducers, colorants, theders, accelerators or adhesion promoters.

The applications for epoxy-based materials are nsite and include coatings,
adhesives and composite materials, such as thdsg warbon fiber and fiberglass
reinforcements. In general, epoxies are known Heirtexcellent adhesion, chemical and
heat resistance, excellent mechanical propertiat a@ry good electrical insulating
properties, but almost any property can be modifigitver-filled epoxies with good
electrical conductivity are widely available evdmough epoxies are typically electrically
insulating)[22]

Epoxy resins protect electrical components front,duamidity and other environmental
factors that could damage the electrical equipmarthe electronics industry, epoxy resins
are the primary used in over-moulding integratedtuiis and transistors and making
printed circuit boards. Epoxy resins are also useblonding copper foil to circuit board

substrates. [22]

Thermoplastics

Thermoplasticeare materials that are plastic or deformable whey heated and freeze
to a brittle, glassy state when they are cooledicseitly. Most thermoplastics are high
molecular weight polymers whose chains associateugh weak Van der Waals forces
(polyethylene), stronger dipole-dipole interactiared hydrogen bonding (nylon) or even
insert in aromatic rings (polystyrene). Thermoptasare elastics and flexible above glass

transition temperaturegT[22]

Elastomer

Elastomers are long polymer chains, amorphous, eabtheir glass transition
temperature. Elastomeric polymer chains can beslinded, or connected by covalent
bonds. This process is sometimes called vulcanizatCrosslinking is initiated by heat,
light or the addition of chemicals. They are eafilyned. [18]

Their special property is advantage for many usifgey will stretch rapidly under
tension, reaching high elongations (500 to 1000%h Yew damping. It has high tensile

strength and high modulus when fully stretched. tlm release of stress, it will retract
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rapidly, exhibiting the phenomenon of snap or retshuo recover its original dimensions.
Elastomers and synthetic rubbers are unlike thelastips in that they can be repeatedly
softened and hardened by heating and cooling witsabstantial change in properties.
Elastomers such as carboxyl-terminated butadiendeaitriie (CTBN) copolymers form

a discrete second phase, when added to a therrmoskérmoplastic resin, to serve as
a toughening agent. The rubber particles improeeptblymer ability to craze, form shear
bands and to terminate them before total failug}.[2

Common elastomers include polybutadiene, natutdder polyurethane,

polyisobutylene, and polyisoprene. [18]

Silicon rubber
Silicon rubber is a polymer that has a “backborfeSilicon-oxygen linkages, the same

bond that is found in quartz, glass and sand higsrical formula is shown in Fig. 7.

CHs CHs
/ /
—Si— 00— Si—
/ /
CHs CHs

Fig. 7 The chemical formula of silicon rubber [24]

Usually, heat is required to vulcanise siliconebeib This is normally carried out in a two-
stage process at the point of manufacture intoddséred shape and then in a prolonged
post-cure process. Further type of cure is chemigalcanisation, for example
by orthosilicic acid. In this process only room ferature is used22]

Silicone rubber offers excellent resistance to esrfr temperatures, being able
to operate normally from -108C to +500°C. In such conditions, the tensile strength,
elongation, tear strength and compression set edartabove conventional rubbers. [22]

This can leave them susceptible to ozone, UV, aedtother aging factors that silicone
rubber can withstand well. This is why it is the teral of choice in many extreme
environments. [22]

There are also many specialist grades of silicantgber that offer the following
gualities: steam resistance, metal detectablefriglgty conductive, low smoke emission,

and flame retardant. It has resistance to: chemjiodk, acids, and gasses. [22]
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Silicones are excellent electrical insulators wignades available with volume
resistivities as low as 0.00@.cm. Their thermal stability means that propertegsh
as volume resistivity, dielectric strength and povactor are not affected by changes

in temperature. [25]

Blends

Materials made from two polymers mixed together ealed blends. Their various

t\

morphologies are shown in Fig. 8.

Y

A

Fig. 8 — Scanning electron microphotographs of matrmatrix b and their blend ¢ [26]

Miscible and immiscible blends

Blends span the entire range from fully misciblectonpletely immiscible. Polymers are

usually mixed together in order to get a materigheroperties somewhere between those
two polymers. Immiscible (phase-separated) blemessat you most often get when you

try to mix most polymers. [27]

The thermodynamic drive towards phase separatioredses with increasing inherent

incompatibility and as with increasing average roolar weights of polymer chains. This

is a direct result of the low entropy of mixing wfo polymers, and often positive heat

of mixing. [27]

The blend morphology can be affected significattyy many factors. These factors
include the incorporation of compatibilizers, thimdtic "freezing in" of nonequilibrium
morphologies by the application of shear duringcpssing, and annealing at an elevated
temperature in order to release the kineticallgdroin morphological features and thus
approach thermodynamic equilibrium. [27]

The most significant way can be the morphology mfimmiscible blend affected, is
to control the relative amounts of the two usedymar. Let's consider to make

an immiscible blend from two polymers, polymer Adapolymer B. If there is more
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of polymer A than of polymer B in the blend, polynizseparate into little spherical globs.
The spheres of polymer B will be separated fromheatber by polymer A, like you see
in the picture below. In such a case we call polyfghe major component and polymer B

the minor component. [28]

2 oY B

Polymer A - yellow colour Polymer B - blue colour

Fig. 9 Relative amount of polymer B in the immideiblend [28]

But if it is put more of polymer B into the immisté blend, the spheres become bigger
and joined together. Consequently, these are nolatéxl spheres anymore, but
a continuous phase. The immiscible blend looks tilemiddle picture above. When this
happens we say that the polymer A phase and tlyenpolB phase are co-continuous. [28]

But if polymer B is kept adding, eventually therdlwe so much of polymer B in the
immiscible blend, that polymer A will become is@dtspheres surrounded by a continuous
phase of polymer, just like it can be seen in tle@upe above on the right. Polymer B
become the major component and polymer A is theoniomponent, and the situation is
reversed from what we had at first. [28]

There are some types of morphology phases for eleamp

0 Spheres:

polyhutadiene

Fig. 10 High-impact polystyrene (HIPS) containsystirene and polybutadiene
(the little spheres) [28]
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o Lamella:

N\

Fig. 11 Poly (ethylene terephthalate) (PET) ang(polyl alcohol) (the layers PVA).
(28]

Sometimes the way in which a product is procesdéatta the morphology of the
material. Soft drink bottles are made by the teghaicalled blow moulding. When it is
| being inflated, it is put under stress in two dit@ts. This is called biaxial stress, and
it causes the domains of PET and the domains of f\Mkatten out. [28]

o Rods:

Fig. 12 Processing under flow in one direction sutme spheres into rods. [28]

Another interesting morphology you can get is oheod-like domains of one polymer
surrounded by a continuous phase of the other. Adppens when the immiscible blend is

put under stress in only one direction, such asgdwextrusion. [28]

Properties of Immiscible Blends

An unusual property of immiscible blends is tha¢sh made from two amorphous
polymers has two glass transition temperaturesceSthe two components are phase
separated, their separate glass transition temyesatetaines. If two glass transition
temperatures are found, then the blend is immiscitl only one glass transition

temperature is observed, then the blend is likelyat miscible. [28]

Considering an immiscible blend of a major compangalymer A and a minor
component polymer B, whose morphology is that dfesps of polymer B dispersed in

a matrix of polymer A. The mechanical propertiesoch this immiscible blend are going
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to depend on those of polymer A, because the palyxghase absorbs all the stress and
energy when the material is under load. In additibe immiscible blend is going to be

weaker than a sample of pure polymer A. [28]

It turns out, there are some tricks how can be moihie blends made strong. One is to
process them under flow. If they are processed mufide in one direction, the minor
component forms rods instead of spheres. These actdBke the fibers of a reinforced
composite material. They make the material stromgtre direction of the rods. [28]
Another way to make a strong immiscible blend isge roughly equal amounts of the two
polymers. This means both phases bear the loadyfsess on the material, so it is
stronger. [28]

But one of the most interesting ways to make imihiecblends stronger is to use
a compatibilizer. It helps bond the two phasesaitheother more tightly. In an immiscible
blend, the two phases are not so strongly bondezht¢b other, because they do not like
each other. But if stress and energy are transfdreéween the components, they have to
be bound in some fashion. [28]

This is good for the mechanical properties of theniscible blend. The smaller the spheres
are, the greater area of the phase boundary betivedwo phases is. The greater the area
of the phase boundary is, the energy is more efftty transferred from one phase to the

other, meaning better mechanical properties. [28]

Crystalline-amorphous(C-A) and amorphous-amorphoudg(blends

In semicrystalline polymers small fillers can beregated into amorphous formation
regions. In such polymers the critical concentratiequired to achieve network formation
is less than in a purely amorphous polymer wheiforum dispersion in achieved. These
composites have lower resistivities, suggesting itmahis case a conductive network is
formed by the concentration of filler in amorphaegions, while in amorphous part will
be distributed through the polymer matrix as exmdi by Reboul et al. [29]. Polymers
with a semicrystalline microstructure will also lexthe percolation threshold, in a manner
similar to that of a two-polymer blend. [3This aspects can be used to C-A (Fig. 13) and
A-A blends, too.
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Fig. 13 — General schema crystalline-amorphousdslavith filler [31]

When filler is added to a crystalline-amorphouenblls, an accumulation in amorphous
part is prefered. By amorphous-amorphous blendtawith higher amorphous manner for

filler is determined. [32]

Interpenetrating polymer networks (IPN)

A combination of two polymers is created with awmk form. There are many types
of them in which at least one of the polymers istsgsized and/or cross-linked in the
immediate presence of the other without any covabemds between them as shown in
Fig. 14 (a,b) [23].The three conditions for eligjiiyias an IPN are: (1) the two polymers
are synthesized and/or crosslinked in the presehtiee other, (2) the two polymers have
similar Kinetics, and (3) the two polymers are d@matically phase separated. [33] These
polymers are closely related to other multicompon@aterials, containing completely

’ entangled chains, such as polymer blends, grafts docks. But, the IPN can swell
in solvents without dissolving and can suppresserand flow. Most IPNs are
heterogeneous systems comprised of one rubberyepiiad one glassy phase which
produce a synergistic effect yielding either highpact strength or reinforcement, both
of which are dependent on phase continuity. Thezesame types of IPNs, including full-
IPNs, semi-IPNs and homo-IPNs. These systems difgnly because of the number and

types of crosslinks that exist in the system. [23]
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Semi-IPN (a) Full IPN (b) Semi-IPN (c)

Non-covalent Covalent

Fig. 14 A depiction of a simple IPN materialgli& lines represent one network,
while the other network is shown by a dotten. Tineles represent points at which the
chains are crosslinked. [33]

A non-covalent semi-IPN is that in which only orfetle polymer systems is crosslinked.
A non-covalent full-IPN is that in which the twopsgate polymers are independently
crosslinked. A covalent semi-IPN contains two safgrpolymer systems that are

crosslinked to form a single polymer network [3B]N Classification by Structure:

Full-IPNs

This type of IPN is comprised of two networks tratideally juxtaposed, which generates a
lot of entanglements and interaction between theorks. The structure depiction shows the ideal
intermeshing of the two networkehis type of network can be by either a sequential

simultaneous procesg84],Homo-IPNs - { odstranéno: 1

This IPNs are a special type of full-IPNs, wheréhbaolymers used in the networks are

the same. They are usually sequential IFB&]

Semi- IPNs
One of the components of these IPNs has a lineactste instead of a network

structure. The linear component changes some opriyerties of the IPNOne thing to
| keep in mind is that the linear component of th Ean be removed from the network
if the material is swollen in the appropriate solv@hese types of IPNs can be formed by

either a sequential or simultaneous procisy.

1.2.2 Fillers
Fillers are most often low-molecular materials where added to polymer matrixes.

The reasons for their use are: improvement of mechh properties, non-toxic, non-
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irritating, without odour, easy dyeable and miseiblith polymers. They must have a good

stability in a wide range of temperatures.

Fillers are not essential for every polymer compiplouit some are vitally necessary for

specific end-uses. [19]

The following are some requirements potential filler for polymer modification:

(0]

O O O O O o o o

Low cost

Low specific gravity and heat stability
Easily and readily obtainable
Neutral-should not be acidic or alkaline
Easy to handle

Low water and oil absorption

Suitable for wetting by the polymer binder
Must not absorb the polymer

Must not prevent flow of the polymer [35]

In addition to the above properties, the fillersstnalso confer certain advantages on the

final product. These include enhancement of:

(o]

o O o O

Heat resistance and thermal stability
Dimensional stability

Mechanical strength, e.g., impact and tensile
Mold shrinkage

Surface finish of the molding [35]

There are many types of fillers that can be divitefbllowing:

(o]

By their geometric conformation:

Spheres, cubes — chalk, dolomite, glass spheres

Fibres — glass fibres, carbon fibres, graphiteeBbaramide

Platelets — feldspar, kaolin, talc, mica [35]

(o]

Organic -

By the material type:
cellulosic - cotton fabric, wood pabaw, lignin, sisal, paper

noncellulosic - wool, cork dus
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Inorganic - metal or ceramic, glass-fibre, calciumarbonate, kaolinit,
feldspar, talc or other claysca
- electroconductive - carbon klacarbon fibres, metal powders, carbon
nanotubes, graphite, electroconducting rmpels
(polypyrrole, polyacetylene, polyaniline,
polythiofphene), aluminium powder, fulleee

’ Miscellaneous — soya flour, walnut shell flour, eoat shell flour [19, 35]

o By the function:
Fillers can basically be divided into two groups;@ding to their effect on the properties:
| reinforcing and non-reinforcing (extender). In thigork carbon black as a filler

of multicomponent polymer composite has been ingatd. [19, 35]

Carbon black (CB)

CB is a common polymer additive used for reinforeatnand enhancing physical
properties, such as conductivity or density.
It consist of powdered forms of highly disperseénetntal carbon manufactured by
controlled vapour-phase pyrolysis of hydrocarbdreere are a number of different types
of carbon black, produced by different industriabqesses, including acetylene black,
channel black, furnace black, lamp black and thefoeck. Average particle diameters
in several commercially produced carbon blacks edngm 0.01 to 0.4 micrometres (um),
while average aggregate diameters range from 0018tum as shown in Fig 15. Because
of their materials source, the methods of theidpation and their large surface areas and
surface characteristics, commercial carbon blagg&ally contain varying quantities of

adsorbed particularly aromatic compounds as a ptddam the production processes. [36]
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primary particle primary aggregate agglomeration of aggregates
(~ 30nm) (~ 150-500nm) leads to network structures (very large)

Fig. 15 Carbon black particles [37]

The principal uses of carbon black are:
0 to give colour to the material
0 to give higher temperature insulating to the materi
to control electrical conductivityconductive and antistatic rubber
to enhance abrasion resistance
to increase the tensile strength

to increase modulus

©O O O o o

to provide a reinforcing to agent in rubber produsich as tires, tubes,
conveyer belts, cables and other

o to impartelectromagnetic interference shieldilmgthe material. [2, 36, 37]

1.2.3 Conductive composite

When an electrically conducting phase is dispersea sufficient quantity of polymer
resin, a conductive composite is formed. [1]

The spherical particles are separated from the ixndly the surface of contact
conductance. A cross-section of the composite ma&isrshown in Fig. 16. [38]
Carbon-based fillers (carbon black, graphite, carilwers, carbon nanotubes or fullerenes)
are the most frequently used conductive fillersaose of their high conductivity, relatively

low price, and good ultimate and processing proggedf the [39].
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([ particles
1 Polymer A
B3 Polymer B
EZS (CB-filled polymer A

Fig. 16 Schematic of the microstructure of the psgal CB/polymer blend composite.
Note that CB particle are preferentially distriliite one polymer phase and both polymer
phases are continuous in 3D space. [38]

Electrical properties of polymer composites fillwidh conducting fillers are explained by
the percolation theory, as was represented in tbi@

Mainly, the electrical resistivity, the extent ofenhanical properties and processing
characteristics of conductive composites dependzraximity of neighbouring conductive

particles and the volume fraction of the conducfilgr particles. [14, 32, 39]
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1.3 Effect of filler on the conductivity
There are several aspects which decide about fieet eff filler on the composite
conductivity. In the following we will deal with tee of them: electrical contacts,

distribution, size, shape and hardness of filletigias.

1.3.1 Electrical contacts between filler particles

The resistance of the contact spots is the leattmdribution to the overall composite

resistivity, particularly for good conducting fitlenaterials [40]

filler particle— 9
curren
~

v _ L

Fig. 17 - Sketch of two adjacent filler particl@he current through the grains is -
constricted at the contact point. [7]
The spheres show contact to each other at onlypoirg. This results in singularities
of the contact resistance and the current densitiqout any dependence on an applied
external force. [{]

1.3.2 Filler Distribution

The value of percolation threshold is significantiffuenced by the distribution of filler
particles in a composite. It was observed, thastgregated distribution of the conductive
filler phase in a polymer matrix leads to the fotima of conductive network at a rather
low critical concentration of conductive filler. T#

This distribution depends strongly on the processbechnique. For industrial
production, extrusion or injection moulding proasare used quite often

An attention must be taken, if the composite paresmade by compression moulding
of polymer and conductive powders. Figure 18 shawsut through a press-sintered
composite high-density polyethylene powder and aarblack were mixed and then
compressed at elevated temperature [42]. The cdilaoRk particles are much smaller then
the polymer particles. This results in a core-sh&licture, which is clearly visible in Fig.
9. The polymer particles are surrounded by shédlisadbon black, forming a percolating

network. The percolation threshold of a core-shlicture is considerably lower than that

P {Odstranéno: 1

_ {Odstranéno: 1
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of homogeneous composite. Of course, the condtictbannot be isotropic in such parts

[43].
CB\>
—_ HDPE
/

Fig. 18 Cut through a compressed plate made duigbfdensity polyethylene powder
mixed with carbon black. In ratio scale 50 [42].

In the filler distribution can be found that allefe factors are rooted; by changing
thermodynamic and kinetic factors, including inéeill energy, melt viscosity matching,
blending ratio, melt mixing time, and sequencelefting, as well as filler concentration,

the composites’ PTC performance can be tailored.44]

133 Particle size

Other important processing parameter for compagiéem can be particle size.

It is generally known that the constriction resist decreases with increasing particle
radius. If the protrusions, which form the contaet® assumed to be larger in radius with
increasing particle size, larger filler particlé®ald result in a lower composite resistivity.
This is supported by experimental data. [7]

Strimpler et al. explain this problem by their own meaments of the specific
resistivity of TiB; filled high-density polyethylene for different piate size distributions.
The filler content is 55 vol. % for-15 um particles and 50% for all other sizes. 7iB
a good conducting material with conductivities betw 9 and 3focm. The Fig. 19 shows
that the resistivity decreases for increasing gartsize. The strongest effect is observed
between
1- 5 um and 10 - 30um. In this range the resistivity changes by about oneerord
of magnitude. If 50 vol% is occupied by the 1-fm particles, the difference would be

even larger. [7]
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Fig. 19 — Specific resistivity of HDPE/TBor different particle size distributions. [7]

Particles of 100-2Q0m have a four times smaller resistivity thanuB0Oparticles. The
same trend has been reported by Ruschau et alfgd@he silver powder in a silicone
rubber. Again, the resistivity decreases for insimg particle size.

The filler size also has a strong influence onhbating of a composite by an electrical
current. A reduction of the particle size leadsattarger number of contacts and smaller
volumes of polymer matrix material embedded witthia network of metal filler particles.
Due to a reduced mean distance of the matrix naterithe next neighboring particle
contacts, where the energy is generated, the Igeafira composite with smaller filler
particles should occur faster. Together with th@pprties of polymer matrix it is important

for nonlinear changes of resistivity with temperatu45]

134 Filler hardness

The contact resistance depends on the physicalefiep of filler and its surface.
This means the softer the filler material, the dargs the contact spot area due to
deformation. Hard fillers such as ceramic silicidesrides or carbides, lead to small point-
like contact spot areas. If no surface oxide lageesformed, even these small contacts can
provide relatively high conductivities. [7]

One main advantage of hard particles is that theyndt stick together. Hence,
the contact is easy to release by reducing theacbrniressure. On the other hand,
the particles of a ductile metal give rise to @darcontact area with good adhesion to next

neighbors and show therefore an even lower comésistance. Relatively soft materials
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however, tend to stick together and maintain aegeldtliike connection. Even for large

applied external forces it is hard to separatetrécles. [7, 12]

1.35 Filler Shape
Some of reductions in the percolation threshold lmamchieved by changing the shape

of the conductive filler and modifying the micrastture of the matrix polymer. Changing
the shape of graphite filler from spheres to rodé r@duce the percolation threshold,
although preferential alignment of the rods tendscteate anisotropic conductivity.

| Polymers with a semicrystalline microstructure veilso lower the percolation threshold,
in a manner similar to that of a two-polymer blejgQ)]

| In the previous studies, spherical particles wemially assumed in modeling
the composites. In practice, however, fillers dteroused which have a shape very much
different from a sphere. Examples are aluminumeffalstainless steel fibers, carbon fibers
or carbon black. As mentioned earlier, the peramtathreshold can be drastically reduced

’ for particles with an aspect ratio larger than ofkis effect is illustrated in Fig. 5 for
the statistical distribution of two-dimensionaldils on a two-dimensional plane [42].

In the Fig. 20, the left picture shows a partidke[filler, the right picture a fiber-like
filler with an aspect ratio of 200. The filler cent is 10% of the area in both cases. By
visual examination, one can easily observe conmggiaths of the fibers. The particles,
however, are isolated and no percolation can berabd. This illustrates that fillers with

high aspect ratio can drastically reduce the patiwsl threshold. [7]

/{ Odstranéno:
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Fig. 20 Two-dimensional statistical distributionpdwder-like particles (B) and fiber-
like particles (A). The aspect ratio of the fibexR00. The filler content is 10% of the area
in both [7]

Bigg et al. [46] studied experimentally, the infhoe of the aspect ratio for different
kinds of carbon fibers. Carbon fibers with an aspatio of 1000 need only 1 vol. %,

whereas fibers with an aspect ratio of 10 needlanwe fraction of about 10% in order
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to achieve the same resistivity. In the same sttidypercolation of aluminium fibers and
flakes with aspect ratios between 12.5 and 35 h@en reported. Again the percolation

threshold decreases with increasing aspect rditd. [

1.4 Effect of polymer matrix on conductivity

The influence of mechanical and thermal propeudfethe polymer matrix on the electrical
behavior of conducting composites requires furtslecidation. Different materials like
soft elastomers and rubbers, linear or branchetnityi@astics or hard materials as epoxies
cover a wide range of mechanical properties. [7]

As was already mentioned, the constriction reststdmetween filler particles depends
on the forces between the grains. Higher contactefo may improve the conductivity.
Hence, internal stresses in the polymer matrix @dusy shrinkage, external mechanical
actuation or thermal expansion play an importante réor the conductivity of

composites. [7]

141 Elastic properties
A shrinkage of the polymer during processing catua@e high internal stress. This reduces

the interparticle resistance, but may also inducacks and lead to failure during
application. The origin of the shrinkage stres$edif for thermosets and elastomers on the
one hand, and thermoplastics on the other. Thaguamd cross-linking of thermosets and
elastomers gives rise to a free volume reductiomchvis responsible for the build-up
of internal stresses. Thermoplastics are commordggssed above melting temperature
and used for applications below this temperaturdt.liin this case, the thermal shrinkage

during solidification creates the internal str¢g}.

During gelation the resistivity of epoxy generallycreases. Secondly, a separation
of the particles can occur due to the expansiothefepoxy. In the succeeding 10 min.
the resistivity is reduced by eight orders of magie This is caused by a shrinkage
of the epoxy, which increases the particle-partigtessure. The temperature increases
in the meantime to a maximum of 106°C due the b&etaction [45]. After a curing time

of 75 min,p has stabilized at about 0.@cm and the temperature at 102°C. These values

remain stable and unchanged until the completionuoing after 15 h. During the slow



UTB in Zlin, Faculty of Technology 35

cool-down, a further reduction of the resistivitpwh to 0.01Q.cm is caused by
the thermal contraction of the composite. [7]

This example shows that the thermal contractioraofomposite can have a huge
influence on the electrical resistivity. Since defi fraction of 46% is far beyond
the percolation threshold for particles, this effezannot be explained in terms
of percolation theory. Instead, the observed stresgstivity change is caused by a release
of particle-particle contact pressure and a changgp distance. It should be noted that
the resistivity change during curing is the smalfes Ag, medium for Ni and highest for
TiB,. This reveals again the influence of the fillerdress. Due to the hardness of FiB
the particles do not stick together and make tlsistigity of the composite sensitive
to small micro-mechanical changes. In addition itifeience the particle size shall be
mentioned again. If the particle size is reduchke,ibternal stress generated during proces-
sing is distributed to a larger number of conta€tsat means a reduction of the contact

forces and a further increase of the resistange. [7

1.4.2 Thermal properties

Polymers can show three significant reversiblecstinal transitions, which are thermally
induced: crystallization and melting in a semi-tajlsne phase and a glass transition in the
amorphous phase. All three transitions are reltied relative large volume change or to
a pronounced change in the thermal expansion (Ti§bl€he thermal expansion of the

polymer matrix exerts a considerable influencehenelectrical conductivity. [50]

Table Il. Properties of phasasitions in polymers

Transition Important property of interest

Crystallization | Shrinkage, densification

Melting Expansion
Glass Freezing, introduction or release of internal ffes
transition

Below the polymer melting temperature conductidigrfiparticles are in a state of close
packing with intimate contact to next neighborsinfing conducting paths throughout
the composite. During heating polymer expands moure then the filler particles

themselves. The contact pressure between adjailentpiarticles is reduced leading to
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a moderate resistivity increase for< 120°C, as for 50 vol.% TiBHDPE composite.
The effect is strongly enhanced when approachiagnblting temperature of the polymer
matrix. There the filler particles and the condogtpaths are obviously interrupted due to
the enhanced thermal expansion of the polymer. [50]

This leads to the huge jump in the resistivity.sTfact is supported by similar results for
carbon black dispersed in polyethylene [47]. Thandition from low resistivity to high
resistivity can be utilized for current limitatiolBuch limiters are presently available
as small elements for the protection of circuitldgaat rated currents between fractions
of an Ampere to several Amperes [48]. As a threasphcurrent limiting module [49],
they are used in low voltage distribution systeprsrétings up to 63 A. Even for very fast
current limitation, it could be shown by optical tineds that the origin for the resistivity
increase is the expansion of the composite mat§sia]

Most of the resistance of the positive temperataefficient (PTC) material (is defined
in next clause) in the conducting state origin&tesh constriction resistance at the contact
points. Therefore, the contact points are the dantirsources of heat in the material.
The thermal conductivity of most of the conductiiiiter materials (1-10°W/Km) is at
least one order of magnitude higher than that @ plolymer matrix(<0.3W/Km).
Consequently, one can show from the heat equdiainte generated heat dissipates first,
within 1-10 us, into the filler particles. Then, with a time aglof 0.2-0.5 ms, the matrix
is heated as well. Therefore the temperature bigidn inside the filler particle will be
quite homogenous, except in the close vicinityhaf tontact spots, where temperatures
up to 3000 K can be expectgds]

Temperature coefficient of resistance is definethasamount of change of the resistance
of a material for a given change in temperatureer@tare three types of relation between
temperature and electrical resistivity of conduetbomposites:

0 negative temperature coefficient (NTC),

o low positive temperature coefficient (L-PTC),

o high positive temperature coefficient (H-PTC).
The resistivity increase upon increasing tempeeaisidescribed by a positive temperature
coefficient (PTC), whereas the resistivity decreigsdescribed by a negative temperature
coefficient (NTC). [51]
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Crystalline polymers are usually used as matride®TC materials, in which there is
an abrupt resistivity increase at the melting pahtthe polymer matrix. The shorter
the melting region is, the more precipitous is B¥C effect. After crystalline melting is
complete, the resistivity decreases quite rapighich means an obvious NTC effect. [51]
PTC effect was significant when the acicular fileas added rather than spherical ones.
PTC phenomenon is attributed to the separatiomiductive pathways by thermal volume
expansion that is due to the difference in the esjmn coefficient between the polymer
matrix and conductive filler. [52]

With the increase in CB loading, there is an inseeia the number of conductive networks
and average inter-particle gap becomes smallernefdre, the contact pressure of particle
becomes higher for higher CB loading and the ndivimeakdown process becomes less
efficient. As a result, the rate of increase inistdgty is reduced for higher CB filled
composites. In contrast, when the total condugbadicle was increased by the addition
of 5 wt.% of TiQ, PTC intensity was remarkably increased as thanatidition of CB.
TiO, has a relatively high-linear thermal expansionfficient (7.14x16 K™) than CB
(1.19x16-K™). The conductive CB aggregation may easily brepkrtaby volume
expansiorof TiO,.[53]

1.4.3 Stability and Endurance

In addition to the long-term properties of polymarsl polymer composites, as they are
known in general, conducting composites are vengitige to changes in the inter-particle
resistance due to environmental influendethe composite is operated or aged at elevated
temperature, metal filler materials can easily @déddrastically reducing the conductance
[54]. Also for carbon blacks a strong resistivitigiease has been observed by Meyer [55]
in the presence of oxygen at elevated temperaturaddition, the mechanical properties
of the polymer are changed up on continuous heatfitgyer reported that the total

expansion ofpolyethylene/carbon black is considerably reductdr aaging at 158C
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for 39 days. During the same time the degree détalynity is reduced by about 50%.
As a considerable part of the expansion is due étiimy of crystalline areas, this must
consequently have a strong influence on the PT@naho Therefore, it is not surprising
that Meyer also found a reduction of the resistivitio l10g Pma’P25°c) of the PTC effect
from 4 to about 0.37]

Active heating of the composite by a current caedléo similar aging phenomena.
In particular for high power applications this ispecially important since it can change
the operational characteristics of a device. FO€ RI€vices it is known that the resistance
increases by at least 20% after the first fast-tsediting by a current [5]. The recovery
of the resistance to its initial value takes plaegy slowly during several days. The origin
of this process probably involves secondary realysation of the polymer and
reorganization of the filler chains. [7]

Most polymers used for conducting composites shewsorhposition when they are
exposed to temperatures above 300°C. Consequémiting by over-currents to such
temperatures can lead to irreversible changesepttymer which alter the mechanical

and electrical properties of the composite. [7]

1.5 Applicationsof conducting polymer composites

Conducting polymer composites have been studiegheitely because of their numerous
high technological electrical and electronic apgiens in a variety of areas such as
self-regulating heaters (thermistors), ideally editfor electromagnetic interference
shielding, antistatic layers, chemical vapor ses\sabber contact switches, include battery
and fuel cell electrodes, antennas, wave guidesysion resistant or optical materials.[12,
52]

Plastics capable of conducting provide inherent Edhielding to protect business
machines, automotive and aerospace components @nguters from electromagnetic
interference. In addition to the consideration taadevice should not emit radiation that
interferes with others, electronic devices mustéagable of functioning under EMI from
other sources, i.e., they must exhibit electromagrempatibility, and must be shielded
in such a way so that both incoming and outcomintgrierences can be filtered. Plastics

are widely used to make shellac for electronicsipggant. However, their volume
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resistivities are approximately fo10*’ Q.cm, so they are transparent to electromagnetic

P {Odstranéno: 1

and enclosures: these options broadly fall intedhrategories.

Intrinsically conductive polymers such as polyakstg, polyaniline, polythiophene and

polypyrrole can be produced, but are expensivediffidult to process. [14]

Coating methods are the predominant choice for EMiklding operations. Despite

a growing number of potential applications, thesengosites are plagued by a serious
drawback as they involve an extra production precean be subject to delamination, and
difficult to recycle. [32]

The third approach is to produce plastics compssitstaining conductive fillers. These

materials are relatively cheap and have good psilnéity. Also, the conductivity

of a composite can be adjusted relatively easilyéet product requirements. [32]

Fig. 21 Exemplary products of SAS Industries carwyide selection of EMI shielding
materials with excellent conductive properties][56

Conducting polymer composites are ideally suited dotistatic layers, chemical vapor
sensors, and thermal resistors (low-temperatureergdaand electric field grading.
Elastomers loaded with electrically conductiveefii are commonly used as contact point
materials, for electrostatic charge dissipation, sasface heaters, and rubber contact
switches. [12, 30, 52]

As was already indicated electroconductive polynecemposites exhibit a positive
temperature coefficient of resistance effect. Tiirjuishing characteristic of all PTC
thermistors is an abrupt increase in electricalistasce within a narrow, distinct
temperature range. Traditionally, PTC thermistas ¢hown fig. U) have been composed

of ceramic materials, most notably donor doped BgTompounds. The use of traditional
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ceramic thermistors has been confined because efhigh room temperature (RT)
resistivity that severely limits the current flowhe breakdown voltage shows also
a temperature dependence that cannot be closetyolied or eliminated, restricting the
application of thermistors.

An inorganic semiconductor with relatively large gaive temperature coefficient
of resistance can be used for sensing of temperatue mechanism involves an increase
in temperature, thermally activates more chargeriesar over the band gap and
the conductivity of the material increases. Butttegnitude of the change in resistivity is
limited to several percent per degree [6]. On tkieeio hand, polymer composites can
exhibit much stronger increase in electrical r@gtgtwith the increase in temperature.
Recently, ceramic-polymer and carbon—polymer cotidgc composites have been
successfully employed in PTC thermistor fabricatibhe ceramic—polymer and carbon—
polymer thermistors can withstand much higher teatpees and have a much lower RT
resistivity. Such polymer composites are used ith bow and high current applications.
[7, 8, 41]

Fig. 22 Exemplary products of Alibaba.com [56]



UTB in Zlin, Faculty of Technology 41

2 AIMSOFTHE MASTER THESIS

The amount of conductive filler required to achieaesufficient level of electrical
conductivity often leads to processing difficultidsowering the percolation threshold
of a composite system appears to be an effective twareduce the amount of filler
required to produce adequate conductivity and tyeneinimize problems with mechanical

performance.

In this work a study of the influence of filler centration and the amount of second
polymer on the electrical resistivity of immiscilidend composites is reported:

o Pure silicone rubber

o0 Pure epoxy resin

o Silicone rubber with epoxy resin in these rate§2550:50, and 75:25.
An electrically conducting grade carbon black VulcdC 72R is used as a conductive
filler. It is added into the matrixes in the amownwt.%, 5 wt.%, 10 wt.%, 15 wt.%,
20 wt.%, and 25 wt.%. To complete the percolatimreghold curve more concentrations

of CB were lately added as shown in tab. I.

The present work is focused on the effect of lomgerihe percolation threshold by use
of immiscible blend as a matrix composite. Lowerofgthe PT of prepared composites
containing CB, is evaluated by DC (dirrect currengnductivity measurements with
4-points or 2-points methods. Further materialgihass is measured by hardometer Shore
A and Shore D to examine the influence of silicenbber addition on the mechanical
properties of epoxy composites. The morphologyashgosites is investigated with means
of scanning electron microscope. It is demonstratiedt the PT concentration strongly
depends on distribution of CB in matrixes as wall it is supposed to depend on

the amount of the second polymer in the immisditbéad.
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3 EXPERIMENTAL PART

3.1 Chemical materialsand their characteristics

3.11 Lukopren N1000
It is silicon two-component rubber, so called caorsdgion type. When a paste with

a catalyst is compounded, the vulcanization sfaduwring few minutes in this whole mass.
The silicon rubber arises which do not have adimetiothe bottom. Dosing of Lukopren
catalyst is 1,5 weight %.
Properties of vulcanizer:

0 Resistivity to climatic influences, solar radiatiand ozone

0 Separative properties toward non-porous surfaces

0 Resistivity to bacteria and fungi

o Excellent separative properties, resistivity to kveaid and alkalis, polar solvent

and most of salts
o Low shrinkage, good thermostability

Applications: This silicon rubber is suitable ftexible form production. [57]

3.1.2 Epoxy resin ChS Epoxy 531

It is low molecular weight material modified witli+functional reactive diluent.

By mixing of epoxy and curing agent in the cornextto (100:4), completely homogenous
consistency is obtained. For the optimal parametérBnal system choice of the right
curing agent up to application temperature is irtgrar If these principles are not kept, it
will result in hardening time prolongation and #hestem would not provide the optimum
properties for usage.
Properties:
o Excellent penetration on cement-based substrates
Solvent free
Certified for contact with food and drinking water

o}
o
o0 Short waiting times before subsequent solventdoegings
0 Good mechanical resistance

o

Good chemical resistance
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Limits on application:

Minimum air and substrate temperature: +15°C /425 °

Maximum air and substrate temperature: +30°C

Maximum waiting time between coats: 24 hours [58]

Table Ill. Main parameters of matrixes [57, 58]

Name of matrix

Epoxy resin ChS Epoxy 53

l Lukopren N1000

<)

Producer Spolchemie company, Czech Lucebni zavody, Kolin,
Republic Czech Republ

Cured with Polyakylenpolyamine 4 wt. % of orthasdiacid
State Liquid Liquid
Color Yellow, yellow-brown Transparent
Smell Weak characteristic Intensive characteristi
Flash point (°C) > 150 Not information

.. _ 14 12
DC conductivity (S.cri) <100 <10°
Density (g/cm3) 1.150 (25°C) 0.98
Solubility in water (g/l) Immiscible Immiscible
Solubility in grease Immiscible Immiscible

Viskozity (Pa.s)

30 - 80 (23°C)

0.8 - 1.2 (25°C)

Hardness (°Sh A)

<30
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Carbon black (CB) Vulcan XZ2R (GP-3909) - { odstranénor g

3.1.3 \ — —
****************************************************** - ‘[ Naformatovano: Odrazky a J

N/

Cislovani

CB is a particulate form of elemental carbon, samib graphite in its microstructure.

Table IV. Main parameters of fil[&©]

Name of filler Carbon black Vulcan XC 72R

CSCabot Spol s.r.o, ValaSské

Producer ) )
Meziti¢i, Czech Republic

State Powder

Color Black

Smell None

Flash point (°C)

Not applicable

DC conductivity (S.cr) 550
Density (g/cm3) 1.7-1.9
Solubility in water (g/l) Insoluble

pH 2-4
Viskozity (Pa.s) Not determined

Incompatible materials: Strong oxidizers such dsrates, bromates, and nitrates.

Conditions to avoid: Do not expose to temperatb@/a 300°C. Keep away from

oxidizing agents in order to avoid exothermic rea. [59)]

- {Odstranéno: 1
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3.2 Measuring device

Current source SMU Keithley 237—- high voltage seureasure unit for Four-point
method

Multimeter Keithley 2010 with a 2000 SCAN 10-chaheeanner card for Four-
point method

Vacuum coating unit VEB Hochvakuum Dresden R HVG1$@ B 30.2 (1987) for
low conductive materials (coated by gold Au), madBDR

Keithley 6517 electrometer for Two-point method

Digital scale A&D GF-300-EC, Schoeller instrumestiso., made in Japan
Vacuum drying device for CB

Dessicator

Ultrasonic homogeniser UP 400s, Schoeller instrusem.o., made in Japan
Thickness meter

Mixing scales for preparation of materials

2 spoons

Moulds with thickness 2 mm

Scanning electron microscope

Hardness tester Shore A (for silicon rubber matawyl Shore D (for epoxy resin
matrix) HHP-2001, Bareis, supplier JD ¥a&, s.r.o. Praha
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3.3 Preparation of polymer matrixeswith carbon black

3.31 Pure matrix
CB was dried in drier at 90°C for about 30 minutsnultaneously a matrix polymer was
weighed in the amount of 8g. Then the relevant armhafi CB (as shown in tab. I) and
appropriate matrix was carrefully mixed togetheriniy 10 min by hands.
Then corresponding quantity of cure agent was adaecbrding to the recipe of matrix
producer. The vulcanisation process started anduneixvas immediately transferred into

the mould form, where the cure was finished dugiddhoursat the room temperature.

3.3.2 Two matrixes

Before CB was mixed with matrixes, it was driectlik case of pure matrix.

Matrixes were weighed in proportions 2g:6g (for 72; 4g:4g (for 50:50), 6g:2g
(for 75:25).Next, polymers were blended in an sitwgic under standard conditions
of the experiment in each case for 10 min. Not &wndecause there was a danger
of overheating and material degradation. Then Caiffierent amounts (as shown in tab. I)
was added and this mixture was slowly and carefuiiyed by hand during 10 min. The
relevant quantity of cure agents was added aftelsyaaccording to the recipe
of matrixes producer. The vulcanisation processtestaand mixture was immediately

transferred into the mould form, where curing wiméshed during 24 hourat the room

temperature.

Table V. CB amauirt matrixes

Matrixes [%] | LNO] LN 25 | LN50| LN75 |LN 100

cBwt. [%] | 3 1 1 1 0,375
5 2 3 2 0,5
7 3 5 3 1
8 5 6 5 2
9 6 8 6 2,5
10 7 10 10 3
15 8 12 12 5
20 10 15 15 8
25 15 20 20 11
30 20 25 25 12
- 25 - - 13
- - - - 14
- - - - 20
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Note: LNO = pure epoxy resin, LN 25 = Lukopren 2586oxy 75%, LN50 = LN 50%:
epoxy 50%, LN75 = LN 75%: epoxy 25%, LN100 = puie.L

3.4 Conditions of measurements

Preparation of polymer mixturegas made in humidity 31-33%, and the room tempegatu
25°C. CB was dried in drying device at 90°C for8ibutes.

Epoxy resin must stay opened as little as possilgleause it can absorb humidity.

All of the specimens were sealed in air free pdlyleine bags prior to testing in order
to avoid atmospheric and humidity effects that gauce some changes of the surface
conductivity of the samples. Measurements of cotidtc were taken at room
temperature.

The fracture surfaces of the composites for SEMewmepared by using of cryogenic
fracturing in liquid nitrogen followed with gold eting in an SPI sputter coater.
The morphology was determined using an acceleratiitgge of 10 kV.

The hardness of the samples was determined at 25°C.

3.5 Proportionsof samples

For soft samples sheets of 12.9 x 12.9’imrsize were made with the thickness of 3 mm.
Hard samples were cast moulded right off to forfngroportions; 13 mm in diameter and
thickness of 3 mm. For measurements of compositdnias sheets of 30 x 30 fiim

and thickness of 6mm were made.

— 3mm

13mm

Fig. 23 Sample dimensions for conductivity meas@mets
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3.6 Measurements

3.6.1 Conductivity

Generally, the major problems with measurementooéiuctivity are the following:

0 The conductivity can vary over a large range, eifihem sample to sample, or

within the sample, if the temperature, the pressuréhe doping level is changed.

0 The contacts can influence the measurements.

o Homogenity of the sample. [9]
The four-point probe technique is the most commoethod for measuring of
semiconductor resistivity. Two-point probe methodsuld appear to be easier to
implement, because only two probes need to be mkagul. But the interpretation of the

measured data is more difficult. [9]

Current Spreading

Fig. 25 Two — point probe arrangement showingattebe resistancegRthe contact

resistance R the spreading resistance,Rand the semiconductor resistange[&

The square arrangement is more commonly used, \@naarray of four mechanical
probes, but rather as contacts to square semictordsamples. Occasionally it is difficult
to provide, sample in a square format. In fact domes the sample is irregularly shaped.
The theoretical foundation of measurements on uleedy shaped samples is based

on conformal mapping developed by van der Pauw.
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He showed how the specific resistivity of a fiaingge of arbitrary shape can be measured
without knowing the current pattern, if the followj conditions are met:

o the contacts are at the circumference of the sample

o the contacts are sufficiently small,

o the sample is uniformly thick, and

o the surface of the sample is singly connected, fte2 sample does not contain

any isolated holes . [9]

T

P

| e |
(a) )

(b) (¢

Fig. 26 Typical symmetrical circular and square giengeometries [9]

The van der Pauw equations are used on the assummgitinegligibly, small contacts
located on the sample periphery. Real contacts fiaite dimensions and may not be
exactly on the periphery of the sample. The emtnoduced by nonideal contacts can be
eliminated by the use of the cloverleaf configomatof Fig. 26 (b). Such configurations
make sample preparation more complicated and adesinable, so square samples are
generally used. One of the advantages of the vaPdew structure is the small sample
size compared with the area required for four-ppirtbe measurements. Van der Pauw
structures are, therefore, preferred for integratexlit technology. For simple processing
it is preferable to use the circular or square dargpometries shown in Fig. 26. For such
structures it is not always possible to align tbatacts exactly. The placement of contacts
for square samples is better at the midpoint of dides as in Fig. 26 (c), than at the
corners. [9]

Volume resistivity of epoxy resin and silicone reblzomposites containing carbon blacks
was measured with the standard two-point or fountpean der Pauw methods. All values
of resistivity reported in this work are valuesDiT resistivity.

Three specimens of each composition were teatetimeasured three times. From this, the

medium value of the nine measurements was detedminBor ensuring
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a good electrical contact the surfaces of sample® wwolished with soft sandpayend
gold electrodes were sputtered on it. [12]

The current and potential comes through the sanwitésh are measured by van der Pauw
method. Low conductive composites are measuretdéwio-point method.

The data are obtained in ohm units and they aoeueted on volume resistance according

to this formula [9]:

0.785
I

R (4)

wherepis volume resistivity, | is length of electrodes and R is resistance [9].

The resistance of the samples was measured.

3.6.2 Scanning electron microscope (SEM)

The morphology of blended composites and the digion of carbon black in the epoxy/
silicone rubber blend were observed using a SEM.

The specimens were fractured under cryogenic dongitwith liquid nitrogen

Fig. 27 presents SEM micrographs of cryogenicaligtiired surfaces of the blends LN75
with 0 wt.% CB and LN75 with 22 wt.% CB.
The SEM is designed (as shown in Fig. 27) for tinectl study of surfaces of solid objects.
It takes advantage of the wave nature of rapidlyingpelectrons. Where visible light has
wavelengths from 400 nm to 700 nm, electrons havawelength of 0.012 nm. [60]
By scanning with an electron beam that has beerrg®d and focused by the operation

of the microscope, an image is formed in much #meesway as a TV. The SEM allows
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a greater depth of focus than the optical microscépr this reason the SEM can produce

an image that is a good representation of the thiraensional sampl¢60]

Eleciren
Redam

i

LT

Electron Gun

Magnetic
Lens
To TV
Scane

P ~
¢ // Secondary

Election
Detector

Stage .
— Specirmen

-
-
-

Odstranéno: 1
1

Fig. 28 The structure of SEM. The electron gun poas a stream of monochromatic

electrons. [60]

A vacuum coating unit is essential in almost evabpratory concerned with electron

microscope. The equipment is needed for metal mpatiaterials. Non-conductive or low

conductive composites were coated with Au. [61]

3.6.3 Hardness

The tests of hardness are based upon measuriegistance against sinking of steel point

by various shapes. Shore A is used for soft mdgeiia scale 0-100 units. The hard

composites are measured by hardness tester Sh{g2,®3]

Hardness tester HHP-2001 (Bareigas used for hardness measurements. For accurate

testing, composite samples at least 6 mm thick ain surfaces were prepared. [62, 63]

Five data points were taken on each sample, amtiffieoence was found between hardness
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measurements on both sides of each specimen.

Two types of hardness tester were used:

o0 Shore A — for elastomer matrix and their blend @00, LN 75)
0 Shore D — for thermoset matrix and their blends (LNN 25, LN 50) [62, 63]
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4 DISCUSSION

In this work, we demonstrate that the electricaldiativity of polymer composites can be
changed by addition of conducting carbon blackiglag. We focus on the possibility of
lowering the percolation threshold of this systdisised of immiscible blend as a matrix.
Two main ways of improving the conductivity at ave filler concentration have been
followed in some previous studies: the double pated networks induced by immiscible
blends, as well as multicomponent fillers in a Bngolymer matrix. We choose the first
one. Thermosets, which can be easily cross-linkethearoom temperature by addition
of crosslinking agents, were chosen as blend mabie of the materials has hard but
brittle mechanical properties and the other istetasr. CB was chosen as conductive
filler, which is the most often used as conductfiligr in practice and many previous
studies.

Preparation of polymer matrixes with CB is desdlilie section 3.3 and these problems
occurred:

Air bubbles in samples must have been removed ira@um oven for 10 minutes.
This problem was eliminated in CB containing conifess

CB can absorb humidity and consequently be worsednivith polymers. So, it was dried
before blending.

Ultrasonic homogeniser was used for mixing, buured out, that materials with high
concentrations of CB are very viscous. These sanpkre not mixed properly so after
they were longer mixed by hand.

The dc electric conductivity of composites was roeas by the four-point van der Pauw
method with a Keithley 237 and multimeter Keith10 with a 2000 SCAN 10-channel
scanner card.

Two opposite sides of samples surfaces were vacnaporated with thin gold layers
as the electrodes. These layers are used to redaceontact resistance and to provide
intimate electrical contact between the samples tedelectrical contacts. These low
conductiving samples were measured by two-pointhote The resistance of data was
measured in ohm units and they were re-countedltone resistivity according to formula
(4). The volume conductivity is used in calculatiohKirkpatrick model. [16] Volume
conductivity is the inverse value of volume resisfi The measured data of conductivity

were inscribed in these diagrams.
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Fig. 29 The measured data dependence of condyativitvt. % of CB
| for composite LN 0
In Fig. 29, the critical volume fraction dvat PT was found in point
| 5.9 wt. % of CB. The values about 4 wt. % and belawve low volume fraction
of filler. It is localized under the PT. On the ettside, the values about 17 wt. %
and more have high volume fraction of filler. It lscalized above the PT and

reaches the conductivity ®/cm and more.
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Fig. 30 Comparison between experimental and thieatetalues of conductivity vs.
the concentration CB according to Kirkpatrick mofielcomposite LNO
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Fig. 31 The measured data dependence of condyativitvt. % of CB for
composite LN25
In Fig. 31, the critical volume fraction dvat PT was found in point
2.1 wt. % of CB. The values about 1 wt. % and belmve localized under the PT.
On the other side, the values about 12 wt. % anak were localized above the PT

and their conductivity growths from t@o 10-1 S/cm at 25 wt% of CB.

& data
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Fig. 32 Comparison between experimental and thieafetalues of conductivity vs. the
concentration CB according to Kirkpatrick model émmposite LN25
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Fig.33 The measured data dependence of conduativityt. % of CB for
| composite LN 50
In Fig. 33, the critical volume fraction dvat PT was found in point
4.7 wt. % of CB. The values about 3 wt. % and beleeve localized under the PT.
’ On the other side, the values about 16 wt. % ane mvere localized above the PT.
Against the conductivity above the PT reaches almésl S/cm at the highest

measured content of filler.
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Fig. 34 Comparison between experimental and thieafetalues of conductivity vs. the
concentration CB according to Kirkpatrick model émmposite LN 50



UTB in Zlin, Faculty of Technology 57

1,0E+00
1,0E-01 A
1,0E-02 A
1,0E-08 A
1,0E-04
1,0E-05 A
1,0E-06 -
1,0E-07 A
1,0E-08 -
1,0E-09 A
1,0E-10 A
1,0E-11 A
1,0E-12 A
1,0E-13 A
1,0E-14
1,0E-15 A
1,0E-16

Conductivity [S/cm]

0 4 8 12 16 20 24 28
CB wt.[%]

Fig. 35 The measured data dependence of condyativitvt. % of CB for
composite LN75
In Fig. 35, the critical volume fraction vat PT was found in point
4.1 wt. % of CB. The values about 3 wt. % and belmve localized under the PT.
On the other side, the values about 16 wt. % ane mvere localized above the PT.

The conductivity above the PT varies from*16 10* S/cm.
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Fig. 36 Comparison between experimental and thieafetalues of conductivity vs. the
concentration CB according to Kirkpatrick model émmposite LN75
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Fig. 37 The measured data dependence of condyativitvt. % of CB for composite
LN 100
In Fig. 37, the critical volume fraction dvat PT was found in point
0.5 wt. % of CB. The values about 0.3 wt. % andbWwelvere localized under
the PT. On the other side, the values about 1%axdnd more were localized above
the PT.The conductivity above the PT rises from 10-2 to11@&/cm. The

percolation is the most sharp for this type of cosife.
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Fig. 38 Comparison between experimental and thieafetalues of conductivity vs. the
concentration CB according to Kirkpatrick model émmposite LN 100
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Fig. 39 The measured data dependence of condyativitvt. % of CB for all composites

Values of the yat PT were compared with each other. The condtictimeasurements
showed that the composites of pure silicon rubkech the lowest PT and the highest
values of conductivity above the percolation thoddltoncentration of CB.

In opposite the composites of pure epoxy resin wetend to have the PT at
the highest concentration of CB in comparison vather four types of composites and

the lowest conductivity above the PT concentration.

o 2
e [ J
o [ ]
=
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= 0,01 A ALNS50
= XLNT75
6 ®LN100
3 X *
g *
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@)
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Fig. 40 Influence of CB concentration on conducyiwaf four tested types of composites

above the PT

- {Odstranéno: 1
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Fig. 40 presents a comparison between all compositdn 14, 15, 20, and 25 wt. %
of CB.

Further, it becomes obvious from the measurememis the conductivity of epoxy
composites filled with carbon black, the condudyivaf composite is increased to the value
of pure silicone rubber/CB composite. It meansdbhductivity enhancement about two or
three orders of magnitude as you can clearly séeégn40 by addition of silicone rubber
into epoxy/CB composite. The percolation threshodehcentration was also lowered in
comparison to pure epoxy/CB composites.

The second material testing was the investigatibrmaterial heterogeneity by
scanning electron microscope. The SEM micrograflteeofractured surface of the cured
blends (LN 25) containing 10 wt. % CB [Fig. 42] shacharacteristics of phase
heterogeneity of the system. The SEM micrograpthefblend (LN50) containing 0 wt %
CB [Fig. 41] displays morphology of connected gli@subut with some characteristics of

bi-continuous phase structure.

Fig. 41 Composite LN 50:epoxy 50 with 0 and 0 wtof&2B
Note that second picture is 2x zoom.

Fig. 42 Composite LN 25:epoxy 75 with 10 wt. % @& C
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The white graphics in Fig. 42 indicates the preserfcCB in the interfacial regions
between the matrix particles, forming a network @B conductive channels/paths.
In Fig. 42 is shown regularly distribution of CB matrixes. There are seen inclusions
of one matrix in the other one.

Phase heterogeneity is also more obvious in thedblevith 15 to 25 wt. % of CB [Fig.

43], because in these composites critical fillifidilter arises. Material has poor structural

- Odstranéno: |

integrity.,

Fig. 43 Composite LN 50:epoxy 50 with 10 and 25%tof CB

= {Odstranéno: 1

Y —

Epoxy resin is a stiff material with excellent teenpture performance and solvent

resistance. These desirable properties come frenhitih cross-link density that develops
during curing.

However, the fully cross-linked resin cannot absemergy under stress and hence is
of a brittle structure. Thus it is desirable to noye the toughness of epoxy resin. The most
well established method of toughness increase torfporation of a second phase
of dispersed rubber into the cross-linked polymAddition of rubber to epoxy resins has
been shown to enhance their fracture toughnesde viivering their glass transition
temperature and thermal and solvent resistij@]

Due to the lack of time only hardness of studiechjgosites was measured from

mechanical properties.

The hardness Shore D of samples differs with filencentration, within the range
from 61 to 68 unities for LN 0 and 48 to 60 unities LN 25 (as shown Fig. 46). Hardness

of LN 25 in comparison with LN 0 is decrease abtuiunits.
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Variations of the mean error for LN 25 and LN O wdtigher then for LN 100,
especially matrix LN 0 with 20% CB. Their valuesre&sérom 6 to 17 unities for LN 25 and
from 9 to 37 unities for LN 25.

\

0 2 4 6 8 10 12 14 16 18 20 22

3
3

Hardness [Sh D]
@ @
3 o
%\

3
R

Hardness [Sh D]

45 62

40

60

0 2 4 6 8 10 12 14 16 18 20 22
CBwt [%] CB wt. [%]

Fig. 44 Hardness of LN 0 and LN 25 composites wihous amounts of CB

Figure 46 illustrates the Shore liardness of pure epoxy resin (LN 0) composites.
LN 0 is very hard material but a brittle, too. losild have better mechanical properties
after silicone rubber supplement. The hardnesgpokewas found to decrease with only
25% of silicone rubber addition which is understafilhe hardness was also found to arise
with the CB content growth until the critical filleoncentration. It is also clear as CB is
commonly used to improve mechanical propertiesobfrpers, among others.

The Shore A hardness was used for soft materialigssilicone rubber is (LN 100).

40
38 //.
36 /
— 34
<
<
32
2 Pt
» 30
1%
()
c 28
o
IS
T 26
24 \
22 ~—o
20 . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20 22
CB wt. [%]

Fig. 45 Hardness of LN 100 with various amount&Bf
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The investigation of composites of LN 100 samplegealed an initial decrease in
hardness BC content increase and then continuoosttyrfor higher concentrations
[Fig. 47].

Variations of the mean error for LN 100 were vesyl< 1 unites. Consequently,

that measuring data are quite well accurate.
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CONCLUSION

Nowadays the utility of conducting polymer compesitis well established and many
efforts were involved to their investigation. Retterconducting polymers filled with
multi-wall carbon nanotubes or fullerenes are abesible studied or new generation
of efficient CPCs possessing a low percolation ghotd concentration and high
conductivity continues to be sought. Lowering the¥cplation threshold of a composite
system appears to be an effective way to reducart@unt of filler required to produce
adequate conductivity and thereby, among othersjrmiie problems with mechanical
performance.

In this work the method of percolation thresholdugtion by use of immiscible blend
matrix was followed. We studied blends of epoxyirresith silicone rubber filled with
carbon black. Four types of composites differinghe amount of silicone rubber were
filled with concentration spectra of carbon blacidaheir direct current conductivity was
measured. It was found that by the addition of dty% of silicone rubber into epoxy
resin the percolation threshold was lowered byltheering was not as significant as we
expected. But with the same amount of silicone eublve increased the conductivity
of epoxy resin composites about two to three oréénnagnitude above the percolation
threshold.

By the addition of silicon rubber the improvemehtreechanical properties of brittle epoxy
resin are expected too. In this diploma work ongrdmess of some composites was
measured, which understandably showed lowering thighincreasing amount of silicone
rubber in epoxy resin and simultaneously increasiith concentration of carbon black
growth until the critical filling.

The SEM exhibits the heterogenous structure of soibie blend of composites without

fillers as well as the presence of carbon blackigdas arranged mostly at the interfaces.
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IPN
PT

PTC

NTC
L-PTC
H-PTC
TiB,/HDPE
S/m

CTBN

pm

vol. %

K

EMI shielding
RT

wt.%

g

min

kv

Interpenetrating polymer networks

Percolation threshold

Positive temperature coefficient

Negative temperature coefficient

Low positive temperature coefficient

High positive temperature coefficient

Titanium Diboride/ High density polyethylene
Siemens per metre - electrical conductivitysuni
Sigma - symbol for electrical conductivity
Gamma - symbol for electrical conductivity
Relative dielectric constaof insulating materials
Ohm per centimetre — units of resistivity

Width of potential barrier

Height of potential barrier

Composite conductivity

Conductivity of the filler
Volume fraction of filler at the percolation thredth
Critical exponent - describes the rate of conditgtchange
Critical exponent for pure matrix

Critical volume fraction

Glass transition temperature
Carboxyl-terminated butadiene-acrylonitrile
micrometre

Volume percent

Kelvin

Electromagnetic interference shiefdin

Room temperature

Weight percent

Gramme

Minute

Kilovolt
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mm

W/Km

BaTiOs

Millimetre

Volume resistivity 2.cm]

Resistance]

Scanning electron microscope

Kappa - symbol for electrical conductivity
Characteristic exponent of PT
Conductivity of the matrix
Watt/Kelvin.meter

Length of electrodes

Barium Titanate

Volume fraction
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