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Abstract Composite material has attracted increasingly
remarked interest over the last few decades and set it apart
in its own class due to its distinct properties. World annual
production is over 10 million tonnes and the market has in
recent years been growing at 5-10% per annum. Among
these materials, one subgroup, conductive polymer com-
posite, has figured out and its importance is increasing in
years to come. When used as conductive material, it pos-
sesses the merits of light weight, ease of manufacturing and
chemical resistance. This review focuses on the electrical
properties of carbon based conductive polymer composites.
Special emphases are placed on the percolation phenome-
non, the factors that affect the percolation threshold as well
as related theoretical research work. Then mechanisms of
electric conduction and factors influencing conductive
properties are addressed.

Introduction

The ability of polymers to act as electrical insulators is the
basis for their widespread use in the electrical and electronic
fields, the resistivity of which is generally around 10'> Q m.
However, material designers have sought to impart con-
duction to polymers by blending insulating polymers with
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conductive ingredients such as carbon blacks, carbon fibers,
metal particles or conducting polymers such as polyaniline
[1]. As a consequence, a range of so-called conductive
polymer composite has come to existence since the 1950s [2]
with the resistivity between metallic conductor (107" Q m)
and insulating materials (1015 Q m) [3], which can find their
applications in many fields such as floor heating elements,
electronic equipment [4, 5], important strategic materials
such as electromagnetic interference (EMI) shielding [6],
apart from the conventional application of semi-conducting
materials for dissipation of static electricity [7]. More re-
cently conductive composites have been used for sensing
components [8, 9]. Compared with metallic conductor,
conductive polymer composites have the advantages of ease
of shaping, low density, and wide range of electrical con-
ductivities as well as corrosion resistance [10].

Nowadays, carbon black particles and carbon fibers are
the most commonly used conductive components to
incorporate conduction to polymer composite. The reason
for this is that carbon black particles have a much greater
tendency to form a conductive network due to their chain-
like aggregate structures compared with other conducting
additives such as metal powder. Whilst carbon fibers may
be considered as chain-like aggregates of carbon particles
having long chain length.

Percolation phenomena

Many conductive polymer composites exhibit percolation
characteristic [8, 11-13]. The curve of conductivity versus
filler concentration is S-shaped, which clearly demonstrates
a relative narrow filler loading range during which a small
increase in loading will result in a drastic increase in con-
ductivity. This change implies some sudden changes in the
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dispersing state of conductive particles, i.e. the coagulation
of particles to form networks which facilitates the electrical
conduction through the composites. Put in another way, the
composite exhibits an insulator to conductor transition. The
critical amount of filler necessary to build up a continuous
conductive network and accordingly to make the material
conductive is referred to as the percolation threshold.

A critical aspect in the production of conductive poly-
mer composites is the filler content, which must be as low
as possible and still allows the composite to fulfill its
electrical requirements, otherwise the mixture processing
becomes difficult, the mechanical properties of the com-
posite are poor and the final cost is high. There are several
ways to decrease the percolation threshold of conductive
filler concentration in polymeric matrices, which are
mainly based on the use of additives, the optimization of
processing conditions, as well as the size, distribution and
porosity of filler [14, 15].

Factors influencing the percolation threshold
Polarity of polymer

Miyasaka and co-workers [16] investigated the effects of
different types of polymer matrices on the conductivity of
the composite with respect to percolation threshold. The
results suggested that the polarity of polymer may be re-
lated to the critical content: the higher the polarity of a
given polymer, the larger the critical content is. Combining
the obtained results with the tension values of polymers
available from others [17, 18] they have further revealed a
correlation between the surface tension of the polymer and
the critical carbon content: the larger the surface tension,
the larger the critical content is. A strong correlation has
also been demonstrated elsewhere in the enhanced con-
ductivity of polymers with increasing polarity of the repeat
unit [19-21]. However, Sau et al. revealed an opposite
effect of polymer polarity on percolation threshold by
studying the percolation characteristics of ethylene-propy-
lenediene monomer rubber (EPDM)/acrylonitrile butadiene
rubber (NBR)/their blends and acetylene black systems. In
general, EPDM and NBR are considered as no-polarity and
high polarity respectively. But EPDM exhibits the highest
critical concentration, while NBR shows lower critical
value. When short carbon fibers were employed as con-
ductive filler in NBR/EPDM/(NBR/EPDM; 50/50) sys-
tems, their percolation thresholds differ quite marginally
from each other [22].

Viscosity of polymer

The attainment of the percolation limit is also dependent on
the viscosity of the polymer [23]. The higher the viscosity

of the polymer matrix, the higher is the percolation limit.
Because the structure of carbon black degrades owing to
the high shearing action experienced during mixing. The
higher the viscosity of the base polymer, the higher is the
shearing force experienced by the black aggregates and
thus the greater is the degree of structure breakdown of the
black. Consequently, the formation of a conductive net-
work throughout the matrix is delayed and occurs at a
higher concentration. The similar trend is also true for
carbon fiber filled systems [22]. The high viscosity of
polymer will cause a pronounced drop of aspect ratio of
short carbon fibers and block the formation of three-
dimensional conductive networks. Thus, more fiber will be
necessary to obtain a conductive composite.

Degree of polymer crystallization

The nature of the host polymer matrix is also important
regarding the critical percolation concentration of the
conductive filler, which is emphasized by Narkis and
Vaxman [24] who studied the electrical resistivity of high-
density polyethylene loaded with conductive blacks. In
semicrystalline polymers the very fine carbon black
aggregates tend to concentrate in amorphous regions.
During the crystallization process a major part of the car-
bon black aggregates is rejected into interspherulitic
boundaries and the rest may be located in amorphous re-
gions within the spherulities. As a result, the threshold
percolation concentration in semicrystalline systems is
lower than in amorphous polymers.

Multiphase polymer matrices

Another approach to reduce the percolation threshold relies
on the selective localization of carbon black particles in
multiphase polymeric materials. Klason and Kubat [25]
reported that a percolation threshold of 0.005 volume
fraction of carbon black could be obtained by compression
molding of a mixture of carbon black and polystyrene
powders. In the absence of shear, the carbon black particles
do not penetrate the polystyrene phase and remain essen-
tially located at the interface between polystyrene particles.
But this method suffers from poor mechanical properties
and reproducibility. Gubbels et al. [26] reported that the
percolation threshold can be efficiently decreased by the
selective localization of carbon black particles in multi-
phase polymeric materials, i.e. in one phase or better at the
interface of binary polyblends. Foulger proposed that the
percolation threshold of the poly (ethylene-co-vinyl ace-
tate) (EVA)/high density polyethylene (HDPE)/carbon
black (CB) is at a significantly lower carbon content than
the individually filled HDPE or EVA [19]. Analogous
results have been observed for other ternary composites,
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such as poly (styrene)(PS)/HDPE/CB [27], poly (propyl-
ene) (PP)/poly(carbonate)(PC)/CB [28], and PP/Nylon/CB
[29], emphasizing the tendency of filled immiscible blends
to exhibit enhanced conductivities above that of the indi-
vidually filled polymers.

This characteristic may arise from two phenomena. The
first one is an increase of carbon black at the interface
between the two immiscible polymer blends [19, 26, 30],
which leads to a decrease of resistivity for the same CB
percentage. The other one is the stress applied to the
conducting network of CB-rich polymer phase by CB-poor
polymer phase, as pressure is known to decrease resistivity
[9, 31].

Types of conductive filler

Carbon black and short carbon fiber (SCF) also exhibit
different behaviors in imparting conduction to the com-
posites due to their differently inherent natures. In carbon
black filled nitrile rubber composite, the threshold perco-
lation lies in between 20 and 35 per hundred rubber (phr),
while for short carbon fiber filled one it ranges from 10 to
20 phr [32]. Furthermore, the loading for onset of abrupt
insulator to conductor transition is higher for the particle-
filled composite. These differences can be attributed to the
fact that the inherent fibrillar form of SCF has a higher
tendency to form a three-dimensional network in the
composites, ensuring better electrical response than the
carbon black filler. In addition the carbon black surface
generally comprises different chemically active groups
containing hydrogen and oxygen, which are prone to cap-
ture electrons and reduce conductivity [33]. Whereas car-
bon fibers are generally devoid of such groups on their
surface since they are subjected to high temperature during
their manufacture. Sau et al. revealed that in acrylonitrile
butadiene rubber (NBR)/ethylene-propylenediene rubber
(EPDM)/(NBR/EPDM;50/50) and short carbon fiber sys-
tems, the percolation threshold is all about 14 phr, which is
much lower that carbon black filled counterparts [22]. The
similar trend was also realized by Flandin in ethylene—
octene polymer matrix [34].

Physical properties of carbon black

As far as the carbon black particles are concerned, the
aggregate structure, morphology and micro porosity of
particles greatly affect the percolation threshold. The
structures and properties of conductive fillers have signif-
icant roles to play with respect to reducing the critical limit
for making conductive composite. Narkis and Vaxman [24]
conducted a comparison of percolation thresholds between
different types of carbon black filled polyethylene, namely,
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Ketjenblack EC, XC-72, Corax 16, Conductex 975 and
Conductex 40-220. It is observed that the number of par-
ticles per aggregate and aggregate shape both affect the
conduction level of aggregate/polymer composite systems.
High structure, anisometric shape as well as high micro-
porosity of carbon black are in favor of enhancing the
electrical conductivity. By studying ethylene-octene-Con-
ductex 975U/Printex 30/MS-TS systems, Flandin further
confirmed this conclusion [34].

Physical properties of carbon fiber

As for carbon fiber, the aspect ratio dependence of con-
ductivity has been observed. Narkis and Vaxman [24]
commented that carbon fiber performance in polymer
composite is highly dependent upon the fiber aspect ratio;
the higher aspect ratio, the higher conductivity it can im-
part. So it is easy to come to the conclusion that fiber
attrition during compounding and fabrication should be
minimal. However, it should also be pointed out that the
uniform dispersion of fiber in polymer matrix is another
issue that must be taken into account. To achieve uniform
dispersion results, the fibers usually experience shear for-
ces which leads to drop of aspect ratio. Thus the fabrication
should be a combination of keeping high aspect ratio with
homogenous dispersion. Additionally, Pramanik [32, 35]
suggested that the greater the surface-to-volume ratio of the
carbon fiber, the more likely is interparticle contact which
will give rise to higher conductivity and result in reduction
of percolation threshold. In this aspect, carbon fibers have
advantage over carbon black.

Theoretical research of percolation phenomenon

It is well known that percolation theory has been suc-
cessfully used for interpreting the electrical conductivity of
random mixtures of conductors and insulators [36]. Quite
often in these systems, volume resistivity decreases grad-
ually with increasing conductive content under the perco-
lation threshold, which has been speculated to be a
quantum mechanical result, where the increase in con-
ductivity arises from an elevated propensity of electrons to
effectively tunnel between isolated conductive filler do-
mains with diminishing separation distance [37]. When the
conductive contents greater than the threshold, a significant
increase in conductivity with increasing levels of conduc-
tive fillers is exhibited. This change in conductivity (o)
beyond the percolation threshold can be expressed in fol-
lowing form, as developed by Kirkpatrick [36] and Stauffer
[38].

o =ao(P—P.)
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where P, is the critical or threshold probability of forma-
tion of a conducting network, P is the probability of finding
the conducting phase which is equivalent to the volume
fraction of conducting phase above the critical concentra-
tion, g is the pre-factor and 7 is the conductivity exponent.

Various expressions and values have been proposed for
the conductivity exponent r. Balberg and Bozowski re-
ported that in stick-like carbon polyvinylchloride system
the conductivity exponent lies in the range from 1.5 to 2.1
[39]. This value is fairly good agreement with that was
reported by Stinchcombe [40] and Abeles et al. [41] as well
as the theoretical value (¢ = 1.7) [42]. Clerc et al. related
the exponent ¢ to the dimensionality of the system, ¢ being
equal to 1.9 in 3D systems and 1.3 in 2D systems [43].
Based on experimental data, Gabbels concluded that in
polystyrene (PS)/polyethylene (PE)/carbon black (CB)
system 7 is 2.0, when CB is dispersed within the amorphous
phase of pure PE, while ¢ is equal to 1.3 when CB is at the
interface of a PE/PS blend with dual-phase continuity [44].
It can be seen that experimental data support theoretical
model very well.

However it is worth mentioning here that the classical
percolation theory applied to conductive-filler-polymer
systems must meet some definite conditions. The theoret-
ically predicated value shows reasonable agreement with
the experimental one only when the following perquisites
are fulfilled: the particles must be spherical, monodisperse
and have an isotropic conductivity. If one or all these
conditions are not fulfilled, the theoretical value will
deviate far from the realistic one. Although in some cases,
it is unclear which condition is disobeyed.

Carmona et al. reported that in short fiber-epoxy resin
composites a fit of experimental data to a power law
dependence gives the exponent ¢ = 3.0 + 0.6 when the
length of fibers ranges between 1.15 mm and 2.85 mm,
which is significantly higher than the universal value [44].
From publications, it seems that conductivity exponents
should have to be associated to fiber-like conducting het-
erogeneities in an insulating medium, although no definite
criteria, thus far, has been reported.

More recently, Foulger [19] found that in poly (ethyl-
ene-co-vinylacetate)/high  density polyethylene/carbon
black system 7 is equal to 3.6. Levon et al. [45] reported the
dependence of critical exponent for multiple percolation
system (Z.¢r) with n levels of percolation has been estimated
to be t.¢r = nt, where t is the exponent of single percolation.
As one can expected quite often f. is larger than the
magnitude for percolation system [46], in which ¢ is about
2. On basis of aforementioned equation, 7. should be 4 in
this ternary system. But it should be pointed out that this
agreement seems fortuitous since the morphology of the
ternary composites does not resemble the idealized hard

sphere systems on which the theoretical values are based.
Nonetheless, the similarity between the theoretical and
experimental results of rapid increase in conductivity with
filler content via the critical exponents highlights the via-
bility of the multiple percolation approach in generating
conductive systems with low levels of conductive filler.

Mechanism of electric conduction

Depending upon the types of filler and their concentration,
various mechanisms of conduction have been proposed
which include simple inter-aggregate conduction, field
emission, tunneling of electrons. We herein discuss the
conduction mechanism briefly on basis of three distribu-
tions of the conductive particles, namely separate, adjacent
and touching.

Separate

Maxwell [47] studied the conductivity of an insulating
medium with evenly dispersed conducting spheres and
obtained a relationship which has proved valid up to 10%
volume of conducting component. Bruggeman [48] pro-
posed a relationship valid up to some 50%, but it is to be
noted that even with this proportion of conducting
component the resistivity had only been reduced to about
one-fifth of that for the insulation.

Adjacent

In narrow insulating gaps between conducting areas of
electrically conductive fillers, especially when the adjacent
particles approach closely enough so that the interval dis-
tances between them are within a few nanometers, very
high field strength can be expected. Thus the internal field
emission may account partially for some conductive
behaviors of conductive filler-polymer systems. According
to electric field radiation theory it is assumed that an
emission current is caused to flow by the high electric field
being generated by a gap of a few nanometers [49].

A special case of internal field emission is the tunneling
effect. In the electron tunneling theory, the electrical con-
duction is believed to take place not only by interparticle
contact but also by electrons being able to jump across a
gap or tunnel through energy barriers between conducting
elements in the polymer matrix. Tunneling is a quantum
mechanical process, which is expected to operate when the
distance between conductive components within the
insulating matrix are close to a threshold value, usually a
few nanometers. From the conduction viewpoint, these
gaps are equivalent to interparticle contact [50]. The basic
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difference between this theory and conduction path theory
lies in the fact that the percolation limit is more probable at
lower concentrations of conductive filler than that in con-
ductive path theory.

Many researchers have ascribed some conductive
behaviors of conductive filler-polymer systems to tunneling
effect mechanism theoretically and some observed exper-
imental results also support this theory. Beek investigated
the internal field emission phenomenon in carbon black-
loaded natural rubber vulcanizates and suggested that the
occurrence of electron tunneling is concerned with types of
filler, filler concentration, degree of filler’s dispersion,
temperature as well as externally applied voltage. It is
noteworthy that in some cases the electron tunneling can
even happen over insulating gap widths of 2 and 2.5 pu [51,
52]. Sheng reported a tunneling conduction mechanism of
tunneling with potential-barrier modulation by thermal
fluctuations based on carbon-polyvinylchloride composites.
High temperature and large size of the conducting carbon
aggregates will aid the happening of electron tunneling [53,
54]. These can be interpreted as due to the following rea-
sons. At high temperature, the tunneling current increases
because the thermal fluctuations decrease the potential
barrier between carbon aggregates. Whilst as a direct
consequence of the large size of the conducting carbon
aggregates is that the charging energy required to remove
an electron from a neutral aggregate is completely negli-
gible, in sharp distinction to conduction in granular metals
where the charging energy plays the dominant role [55,
56]. Connor et al. [57] found that at high temperature (from
45 K to room temperature) the conduction can be ascribed
to thermal fluctuation induced tunneling of the charge
carriers through the insulating layer of poly (ethylene
terephthalate) separating two carbon black aggregates,
which is a temperature dependent process, whereas at low
temperature (lower than 45 K) conduction becomes tem-
perature independent [58], processing by tunneling through
a potential barrier. That is to say conventional tunneling
conduction would replace fluctuation-induced tunneling.

Touching

The conductive filler forms a few continuous chains
(conductive network) in the polymer matrix. Through this
continuous network, charged species (electrons) move
from one end to the other under an applied electrical field.
This movement of electrons causes the phenomenon of
electrical conduction. This is the basis of the well-known
conduction path theory. Thus the formation of a conductive
network through physical contacts of conductive particles
or their aggregates is essential and therefore the formation
of a conductive network is more probable above a critical
value, i.e. percolation limit [59].
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Grekila and Tein considered the probability of forming
conducting paths through a regular geometric array as the
proportion of conductive component was increased [60].
The distribution of chains through a lattice was the subject
of thorough investigations by Flory [61] and Gibbs and Di
Marzio [62, 63]. All these theories are based on statistical
method to predict the formation of conducting chains in a
mixture and the resultant conduction and the conductive
path is treated as a discrete one. But in fact multiple con-
tacts between chains exist, forming shunts both between an
along chains and making it impossible to assign a definite
value to the number of conductive paths formed. Based on
the theories of liquid structure [64] in which basic volume
elements are considered to be distributed in a random
manner so that there is no long-range order in the structure,
which leads to properties on the microscale being inde-
pendent upon the effects of nearest neighbors around any
individual element, while properties observed for the bulk
material represent the average individual situations, Scar-
isbrick [3] derived a relationship between resistivity and
the volume proportion of conductive material for a mixture
in which conducting particles are considered to be touch-
ing, in which the shape, size and orientation of the particles
were also taken into account.

Sometimes, for one system it is difficult to reconcile the
substantial disagreement that exists in the conduction the-
ories put forward by various authors. It seems that the
actual conduction mechanism is quite complex in nature
and the net result may be due to a combined effect of
different mechanisms.

Factors influencing conductive properties
Effects of processing parameters

Processing parameters, especially those involving consid-
erable shear of the polymer/filler mixture, have a profound
effect on the conductive properties of the ultimate con-
ductive polymer composite. Since there are two conflicting
effects that should be balanced when mixing the conduc-
tive polymer composites. (i) To ensure the conductive
fillers are dispersed uniformly throughout the polymer
matrix, the composites should be stirred sufficiently, that
means severe and long-time stirring will produce a positive
effect on the improvement of conduction; (ii) on the other
hand, however, this severe mixing conditions will generate
greater shearing forces and lead to heavy breakage of the
carbon black aggregate or short carbon fibers, which will
reduce their tendency to form conductive paths in the
polymer matrices and consequently the resistivity will
increase. Care should be taken when the processing
parameters are selected. There is no doubt that an excellent
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mixing process must be combination of homogeneous
dispersion of conductive filler and good conduction
improvement. Several authors have observed that during
mixing the composite, mixing time, temperature and order
of addition of materials will affect the resistivity of the
composite to a high degree [22, 65-67].

During mixing, polymer-filler bonds are formed and
there is a net reduction of filler-filler bonds. If prolong the
mixing time, better filler dispersion results may be ex-
pected. But the negative effect on conduction can not be
negligible due to the shearing forces that the filler experi-
ences during this process. The more severity of the mixing
technique and the higher viscosity of the composite, the
more severity is the degradation of the filler. In the
meantime, different properties of filler and various mixing
machines and methods complicate this problem even more.
Thus, the type and structure of carbon black, type of short
carbon fiber and its initial aspect ratio should also be a
consideration when selecting the mixing time. To date,
there are no definite rules and optimizing results can be
achieved only by trials and errors.

Of more importance than mixing time are the effects of
breaking the normal milling period and interposing periods
of (i) standing at room temperature, (ii) standing at high
temperature or (iii) hot milling [68]. Abdel-bary [69] ob-
served that remilling the carbon black loaded styrene-
butadiene composites, which were left at room temperature
for different periods of time, will increase the resistivity.
Because the agitation and thorough blending of the poly-
mer-filler mix tend to break down the filler aggregates,
resulting in higher resistivity of the composite. In addition,
thermal-oxidative aging of such vulcanized composite will
also decrease the conductivity. This may be due to the
reactive sites produced in rubber chains, which in turn react
with active sites of carbon black. This interaction leads to
an increase in hardness as well as a decrease in conduc-
tivity [70].

Martin and Parkinson [71] investigated the effect of
mixing temperature and maturing cycles on the resistivity
of an HAF black block. Two batches were mixed at 120 °C
and 190 °C respectively. They found that increasing the
mixing temperature results in an increase in resistivity
when the sample are mixed in air, while the effect is small
and slightly reversed if the mixture is carried out under
nitrogen. Khastagir [22, 67] also emphasized that the
resistivity is a function of mixing temperature and therefore
in comparison experiments, this parameter should be keep
identical in order to avoid its effect on resistivity. However
no detailed values have been provided.

Agari et al. [72] measured the effects of different mixing
methods on the electric conductivity of polyethylene
filled with graphite particles. The improved conductivity
of composites follows the decreasing order of powder

mixture > solution mixture = roll-milled mixture > melt
mixture. In the roll-milled mixture aggregates of graphite
particles could not be sufficiently broken by milling be-
cause the viscosity of molten polyethylene was very low. In
the solution mixture, graphite particles were able to sur-
round the crystals of polyethylene that were separate in the
solution. Thus the formations of conductive chains in the
roll-milled mixture and in the solution mixture are con-
sidered to be easier than in the melt mixture. In the pow-
dery mixture, since graphite particles were arranged to
surround powdery polyethylene structure, the formation of
conductive chains can be considered the easiest and
therefore the conduction was improved much pro-
nouncedly. Jana et al. found that the resistivity of short
fiber filled polychloroprene rubber by conventional mill
mixed is higher than that by the cement method. This is
because by cement method wherein carbon fibers are
mixed with the rubber-solvent (chloroform) mixture prior
to being passed through the mixing mill, the breakage of
carbon fiber is reduced drastically and high aspect ratio of
fibers are remained, which is preferred for the formation of
conductive network and results in lower resistivity. The
analyses of scanning electron micrographs corroborate this
explanation [73].

Vulcanization processing parameters also generate
influence on the electrical conductivity. The time and
temperature of vulcanization have a considerable effect on
the electrical conductivity of composite. Gul et al. [74]
studied the variations of resistivity of carbon black filled
phenol-formaldehyde (hardening at 150 °C) and epoxide
(hardening at 80 °C) systems during the hardening process.
The resistivity of both the systems drops great within the
first 10 min of hardening process and then reduces slightly
with the prolonged hardening time. In carbon black loaded
styrene butadiene system, at 140 °C the major change in
electrical conductivity occurs at the first 2 min of vulca-
nization process, followed by a slight decrease of electrical
conductivity, then reaches a constant after 20 min [75].
This may arise from two effects: (i) the formation of new
chemical bonds between the resin molecules leads to the
reduction of large particles of carbon black to fine particles.
Thus the number of fine particles increases and conse-
quently the probability of the carbon black particles com-
ing into contact and forming chain and network structures
are increased, which results in the increase of conductivity,
(ii) the hardening process, which is carried out at high
temperature, is accompanied by the evaporation of solvent
and low-molecular fractions, and also by a decrease in
volume as a result of crosslinking. The decrease in volume
also increases the carbon-carbon contact and consequently
the electrical conductivity. In the latter stages of hardening
when the resin is very viscous, the conductivity remains
substantially constant.

@ Springer



3414

J Mater Sci (2007) 42:3408-3418

The nature of the vulcanized network may also result in
differences in the electrical properties. Jana et al. [73]
summarized that the resistivity values of thermo-vulca-
nized and conventionally vulcanized composites and found
that at a given filler loading, thermo-vulcanized composites
show higher resistivity than conventionally vulcanized
ones. This phenomenon can be ascribed to the following
reason: the convention vulcanized composite possesses a
higher crosslinking density, as compared to the thermo-
vulcanized systems; the higher crosslinking could result in
a conductive network [76, 77].

Effects of polymer matrix

Although some information is available regarding the ef-
fects of different types of polymer upon the resistivity of
conductive rubber, it must be realized that the relationship
cannot be precise since [78]: (1) In general, different
polymers will contain different ingredients and another
assortment of base formulae might give different relative
effects. (2) The mixing techniques, even if nominally
similar, will differ in fact, since at any stage in the process
the mechanical reaction to the same operation depends on
the type of polymer. (3) One polymer may give a higher
resistivity than a second at given concentration of a given
type of carbon black, but a lower resistivity than the second
at another concentration or with a different type of carbon
black. (4) There is little information about the effect of the
deformation and heat treatment on the resistivity of syn-
thetic rubbers and thus alteration of conditioning treatment
may also affect the relative values of resistivity.

Due to aforementioned reasons, it seems unlikely to
make a definite conclusion regarding the effect of polymer
matrix on conductivity that can be applied to various
conductive filler-polymer systems. But many researchers
do relate the conductivity to polymer matrices with respect
to the presence of polymer groups, polymer surface tension
and different blends of polymer. Their influence on con-
ductivity follows the similar trend as they affect percola-
tion threshold which has been discussed in previous section
and will not be addressed here.

One influencing factor that has not been dealt with is the
compatibility of polymer matrix with conductive filler,
which does have a substantial effect on conductivity. Gul
et al. reported that [11] carbon black filled phenol-form-
aldehyde system has higher conductivity than carbon black
epoxide resin system at the same filler loading. The poor
compatibility of epoxide resin with the carbon black can
account for this phenomenon. In the case of the epoxide
resin there is a definite separation into two components,
epoxide resin containing a small quantity of carbon black
and a mixture of the filler with a small quantity of resin. A
direct result is large aggregates of the filler is formed,
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which hinders the formation of chain structures and in-
creases the resistivity. While phenol-formaldehyde system
is more compatible with carbon black and carbon black is
uniformly dispersed in the matrix, which will facilitate the
formation of conductive network through the matrix. This
can find its support in scanning electron micrograph stud-
ies.

Effects of the types of filler, their concentration,
geometry and morphology

Carbon black is the most widely used conducting filler.
However, short carbon fiber also has its own characteristics
due to its high conductivity in polymer matrix. It is of great
importance when high conductive system is required. By
studying electrical conductivity of high density polyethyl-
ene-carbon fiber composites mixed with different concen-
trations of carbon black, Calleja and co-workers recognized
that carbon fibers provide charge transport over a large
distance and carbon black particles improve inter-fiber
contacts [79]. As stated previously, the conductivity of
conducting filler loaded polymer depends largely on the
content of fillers. Both carbon black and short carbon fiber
systems exhibit percolation phenomenon. There is a critical
content at which the system experiences an insulator to
conductor transition. Below this critical concentration, the
fillers are just dispersed in the matrix as isolated individ-
uals and there is no obvious conductive network existing
through the matrix due to the large widths between the
fillers. Thus the conductivity of the system depends mainly
on the conductivity of the polymer matrix, which is gen-
erally non-conductive in nature, so the whole system ap-
pears as an insulator. In this region, increasing the filler
content does not generate considerable effect on conduc-
tivity. At critical content, conductive networks in the ma-
trix will suddenly form and a minor increase in filler
content will result in a large increase in conductivity. This
change of macroscopic properties reflects the variation in
microscopic structure. Beyond this critical value, the con-
ductivity of the system will mainly depend on the con-
ductive networks formed by the fillers. Since conductive
networks already exist, further increase in filler loading is
similar to increase the diameter of a conductive wire, thus
the conductivity will increase marginally against the in-
crease of filler content. It is worthwhile that the content to
obtain the conductive network is much lower for short
carbon fibers than that for carbon black particles. This can
be ascribed to the fibrous nature of short carbon fibers,
which will aid the formation of the conductive network
[22].

In particulate fillers the important geometrical and
morphological aspects are the particle size, structure and
porosity on which the formation of individual aggregates. It
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has been reported that small particle size leads to the for-
mation of more conducting paths per unit volume [80, 81].
The smaller particles coalesce to form small aggregates,
but their greater number results in a smaller gap between
the aggregates, which aids the electron flow by electron
hopping or tunneling. Abdel-Bary [82] observed the par-
ticle size dependence of conductivity of styrene-butadiene
rubber (SBR) systems. It is found that, in some case, an
increase of conductivity of five orders of magnitude arises
from the particle size reduction. Furthermore, good surface
chemistry, high aggregate shape and structure as well as
high surface area will facilitate the formation of three-
dimensional conductive networks, thus giving rise to high
conductivity.

As for carbon fiber fillers, the fiber length, aspect ratio
and distribution of fibers in the rubber matrix are important
factors in controlling electrical properties of conductive
composites. The fiber length to be mixed with polymer
matrix should have a certain value: it should not be too
long or it may act against proper dispersion due to fiber-
fiber entanglements; very short fibers may adversely affect
electrical properties leading to the formation of discontin-
uation among the continuous conduction paths responsible
for high conductivity. But it is not easy to control the fiber
length, since breakage will occur during mixing process
due to the brittle nature of carbon fiber, the severity of
which will depend on its initial aspect ratio and stress it
experiences during the process [65].

Effects of temperature

For conductive polymer composite, temperature depen-
dence of resistivity is a ubiquitous but complicate phe-
nomenon, which has been the topic of many authors.
According to the rate of increase in resistivity against
temperature, we here categorize this behavior into two
groups: gradual variation and abrupt variation.

Gradual variation

In many composites, the resistivity changes gradually with
increased temperature. Depending on different polymers,
different types, concentrations and properties of fillers as
well as their interactions, the temperature coefficient of
resistance may be positive (PTC), negative (NTC) or zero,
which is the combined result of several processes that the
composites undergo at high temperature. One is the dif-
ference of thermal expansion of conductive fillers and
polymer matrix. Usually the polymer matrix will expand
more than the conductive filler due to their different
physical properties. This uneven thermal expansion results
in an increase of distance between conductive fillers, thus
making electron tunneling more difficult. Apparently, this

effect leads to the increase of resistivity at high tempera-
ture. By contrast, a few other phenomena are operative in
the system simultaneously, which cause an increase in
conductivity. These processes include: the flocculation of
particulate filler, leading to formation of further conductive
networks during heating; high temperature electron emis-
sion between two ends of black aggregates which are
separated by a smaller gap; and aerial oxidation leading to
the formation of polar group. Therefore the temperature
dependent behavior of conductive composite is mainly
determined by the predominant process.

When the thermal mismatch between fillers and poly-
mers prevails, the resistivity of composite will increase at
high temperature, i.e. PTC effect [83]. If the processes that
increase conductivity govern the electrical properties of
composite, the resistivity will decrease at high temperature,
i.e. NTC effect [57, 75]. This means the increase of the
conductivity with increase in temperature more than
compensates for the PTC effect. If the increase in resis-
tivity just counterbalances the decrease with increasing
temperature, i.e. the processes of destruction and recon-
struction are almost equally probable and lead to a stable
state of conductivity, the composite will exhibit tempera-
ture independent properties.

The nature of polymers, the filler and its concentration
have a marked influence on the composite’s temperature
dependency of resistivity behavior. By studying acryloni-
trile rubber (NBR), ethylene-propylene diene rubber
(EPDM) and 50/50 NBR/EPDM loaded with short carbon
fiber, Sau found these composites exhibit PTC properties
and this trend is influenced by the polymer matrix, NBR-
carbon fiber composite shows the smallest increase in the
same temperature range at the same filler concentration
[22]. For different blends of carbon fiber and carbon black
loaded nitrile rubber composites, Pramanik et al. [66] re-
lated the resistivity variation with temperature (higher than
40 °C) to the blend ratios: carbon fiber-rich composites
shows PTC behavior, whilst carbon black-rich composite
undergoes NTC process. Abdel-Bary reported that different
types of carbon black loaded styrene-butadiene rubber
(SBR) systems show PTC, NTC and zero behaviors
depending on filler type and concentration. Heavily loaded
SBR in its temperature dependence of resistivity shows
PTC effect, while lower filler content exhibits NTC effect.
Zero temperature effect arises from the carbon black which
has a tendency to form aggregates [82]. For PTC effect,
increasing the concentration of conductive filler will de-
crease the effect progressively and sometimes the resis-
tivity may become temperature independent [73]. This is
because higher loading have a greater number of continu-
ous conductive networks in the insulating polymer matrix
compared to that of the composites with lower filler load-
ings; moreover the average interparticle gap is also lesser,
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which will improve the conduction of composite and par-
tially counteract the increase of resistivity arising from
mismatch of thermal expansion [13]. Sometimes increasing
the filler content also reduces the NTC effect, although the
reason is still unclear [23].

Several authors have observed the hysteresis phenome-
non for the conductive composite, that is to say heating and
cooling curves in the variation of resistivity with temper-
ature do not follow the same path resulting in a hysteresis
loop. The hysteresis decreases with increasing filler loading
[73] and heating/cooling cycles [19, 23]. Increasing heat-
ing/cooling cycles diminishes temperature dependence of
resistivity can be interpreted in the light of the following
fact: after the composite experiences the heating/cooling
cycle, a somewhat stabilized electrical network is formed;
during next cycle, the effect of temperature on resistivity
becomes relatively marginal and this trend is gradually
intensified by increasing cycles. Thus, the more cycles the
composite undergoes, the little hysteresis it exhibits.

Abrupt variation

In some conductive composites, the resistivity suddenly
changes by several orders of magnitude in the vicinity of
the polymer transition region, usually a small temperature
interval centered on the crystal melting temperature. This
behavior is referred to as thermoelectric switching prop-
erties, which may find its use in temperature self-regulation
applications.

Bueche [84] found that carbon black-hydrocarbon wax
(C36H74) system exhibits an abrupt increase in resistivity
when temperature is elevated to about 73 °C. This may be
explained in terms of the sudden change in volume. Since
the wax melts at 73 °C with a consequence increase of
volume of about 22%, the volume fraction of black drops
precipitously as the temperature is raised above 73 °C,
which will hinder the formation of conducting network and
occurrence of electron tunneling due to the increased par-
ticle gaps and therefore bring about high resistivity. Narkis
and Vaxman [24] investigated the behavior of resistivity
with the variation of temperature in different types of
carbon black/carbon black-carbon fiber loaded polyethyl-
ene systems. The thermoelectrical behavior was also ob-
served for these systems; however, this only happened
when the conductive filler concentration was low. It seems
unlikely to achieve significant switching characteristic
coupled with high conductivity. As is expected since only
at low filler concentrations filler contact and overlap are
broken during the system’s expansion step accompanying
the melting process, while this effect becomes insignificant
for high filler loading. Another phenomenon should be
noticed is a rapid resistivity decrease closely followed the
sharp resistivity increase for most of the systems, which is
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considered to be associated with the changing distribution
of conductive filler during the melting process of the
semicrystalline polymer although this has not been scien-
tifically supported. From point of view of application, it is
an obvious drawback, since the switching properties will
lose their significance once followed by a distinguished
decrease in resistivity. Feller et al. [85] reported that by
addition of poly (butylene terephthalate) to poly (ethylene-
co-ethyl acrylate)-carbon black composite, the NTC effect
can be eliminated but the PTC effect also diminishes and
the composite becomes temperature stability, which obvi-
ously reduces the self-regulating heating ability of the
composite.

Another disadvantage that prevents the practical appli-
cations of switching properties is the lack of electrical
reproducibility due to irregular structure changes upon
heating/cooling cycles. Narkis et al. [86] reported that by
crosslinking, carbon black filled polyethylene system
showed good electrical reproducibility after the first run and
the resistivity decrease following the sharp increase disap-
peared. But these methods are still insufficient to eliminate
all the undesired properties for practical application.

Conclusions

In recent years, significant progress has been made in
manufacture and application of conductive polymer com-
posites by blending conductive component with polymer
matrices. To achieve high conductivity, several issues must
be kept in mind during designing and manufacturing pro-
cesses. Processing parameters must be tailored in order to
eliminate the processing induced degradation of carbon
black and carbon fiber; low viscosity and multiphase
polymer matrices favor an increase of conductivity; for
carbon black, small particle size, high structure, aniso-
metric shapes and high microporosity are preferred; for
carbon fiber, moderate fiber length and high aspect ratio aid
the improvement of conductivity; additionally high com-
patibility of polymer matrix with conductive filler and
uniformity of dispersion of conductive filler in polymer
matrices contribute positively to the conductive property.

Meanwhile, carbon based conductive polymer compos-
ite is not without undesired characteristics. These materials
are generally lack of temperature stability accompanied
with hysteresis phenomenon during heating/cooling cycles
which excludes them from consideration in many cases,
especially in temperature variation environment. Further,
sometimes these materials are incapable of providing en-
ough conductivity required. As a result, many metal loaded
composites have come into existence. Apparently, to re-
solve these problems completely will see an even more
proliferation of carbon based composites.
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Attempting to achieve conductive composites with im-
proved service properties, silica-carbon-epoxy resin nano-
composites have been prepared. It is observed that the
conductivity of composites is high dependent on not only
the content of carbon black but also silica concentration
[87]. The conductivity of composites is governed by the
conductive network developed by carbon black particles.
The introduction of silica to the composites will facilitate
or block the formation of conductive paths and conse-
quently impose effect on the conductivity of composites.
Further work is still ongoing.

Acknowledgements The authors would like to thank The UK
Government (Overseas Research Scholarship Awards Scheme) and
The University of Leeds (Tetley and Lupton Scholarships) for the
provision of a PhD scholarship to one of us (Wei Zhang).

References

1. Narkis M, Zilberman M, Siegmann A (1997) Polym Adv Technol
8:525
2. Frydman E (1948) UK Patent 604695, 8
3. Scarisbrick RM (1973) J Phys D: Appl Phys 6:2098
4. Xiao AY, Tong QK, Savoca AC, Van Oosten H (2001) IEEE
Trans Compon Pack Technol 24:445
5. Fujitani T (Osaka), Matsuoka K (Tondabayashi) (1981)
US4258100, Mar. 24
6. De SK, White JR (1996) Short fibre-polymer composites.
Woodhead Publishing Limited, Cambridge England, p 182
7. Norman RH (1970) Conductive rubbers and plastics. Elsevier
Publishing Company Limited, Amsterdam, p 224
8. Flandin L, Brechet Y, Cavaille JY (2001) Compos Sci Technol
61:895
9. Wang X, Chung DDL (1998) Sensor Actuator A 71:208
10. Norman RH (1970) Conductive rubbers and plastics. Elsevier
Publishing Company Limited, Amsterdam, p 3
11. Gul VYe, Maizel NS, Kamenskii AN, Fodiman NM (1962) Vy-
sokomol Siyed 4:642 (Transl. Polymer Sci. USSR)
12. Chung KT, Sabo A, Pica AP (1982) J Appl Phys 53:6867
13. Mohanraj GT, Chaki TK, Chakraborty A, Khastgir D (2004) J
Appl Polym Sci 92:2179
14. Smuckler JH, Finnerty PM (1974) Adv Chem Ser 134:171
15. Verhelst WF, Wolthuis KG, Voet A, Ehrburger P, Donnet JB
(1977) Rubber Chem Technol 50:735
16. Miyasaka K, Watanabe K, Jojima E, Aida H, Sumita M, Ishikawa
K (1982) J Mater Sci 17:1610
17. Kitazaki Y, Hata T (1973) J Adhesion Soc Jpn 8:131
18. Johnson KL, Kendall K, Robert AD (1971) Proc R Soc London
324:301
19. Foulger SH (1999) J Polym Sci: Part B: Polym Phys 37:1899
20. Blythe AR (1979) Electrical properties of polymers. Cambridge
University Press, Cambridge
21. Van Krevelen DW (1990) Properties of polymers, 3rd edn.
Elsevier Publishing Co., Amsterdam
22. Sau KP, Chaki TK, Khastgir D (1998) Polymer 39:6461
23. Sau KP, Chaki TK, Khastgir D (1997) J Mater Sci 32:5717
24. Narkis M, Vaxman A (1984) J Appl Polym Sci 29:1639
25. Klason C, Kubat J (1975) J Appl Polym Sci 19:831
26. Gubbels F, Jerome R, Teyssie Ph, Vanlathem E, Deltour R,
Calderone A, Parente V, Breads JL (1994) Macromolecules
27:1972

217.
28.
29.

30.
31.

32.
. Asada T (1985) Nippon Gumu Kyokaishi (Manufacturer: Society

34.
35.

36.
37.

38.

39.
40.
41.
42.
43.

44.
45.
46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.

58.
59.

60.
61.

62.
63.
64.
65.

66.

67.
68.

69.
70.

Gubbels F, Blacher S, Vanlathem E, Jerome R, Deltour R,
Brouers F, Teyssie Ph (1995) Macromolecules 28:1559

Narkis M, Tchoudakov R, Breuer O (1995) In: Conference pro-
cessing of ANTEC, 2, p 1343

Tchoudakov R, Breuer O, Narkis M (1996) Polym Eng Sci
36:1336

Feng J, Chan CM (2000) Polymer 41:4559

Sau KP, Khastgir D, Chaki TK (1998) Die Angew Makromol
Chem (Appl Macromol Chem Phys) 258:11

Pramanik PK, Khastgir D, Saha TN (1992) Composite 23:183

Rubber Industry) 58:572

Flandin L, Chang A, Nazarenko D, Hiltner A, Baer E (2000) J
Appl Polym Sci 76:894

Mrozowsk S (1958) In: Proc. 3rd conf. on carbon. Pergamon,
New York, p 205

Kirkpatrick S (1973) Rev Mod Phys 45:574

Nakamura S, Minami T, Sawa G, Kitagawa K (1997) In: Con-
ference of electrical insulation and dielectric phenomena, Oct 19—
22, p 201

Stauffer D (1987) Introduction to percolation theory. Talyor and
Francis, London, p 89

Balberg I, Bozowski S (1982) Solid State Commun 44:551
Stinchcombe RB (1974) J Phys C: Proc Phys Soc 7:179

Abeles B, Pinch HL, Gittleman JI (1975) Phys Rev Lett 35:247
Stuffer D (1979) Phys Rep (Rev Sect Phys Lett) 54:1

Clerc JP, Girand G, Laugier JM, Luck JM (1990) Adv Phys
39:191

Carmona F, Prudhon P, Barreau F (1984) Solid State Commun
51:255

Levon K, Margolina A, Patashinsky AZ (1993) Macromolecules
26:4061

Stauffer D, Aharomy A (1992) Introduction to percolation theory.
Taylor and Francis Ltd., London

Maxwell JC (1881) A treatise on electricity and magnetism.
Clarendon Press, Oxford, p 435

Bruggeman DAG (1935) Ann Phys 24:636

Beek LK (1962) J Appl Polym Sci 6:24

Poly MH, Boonstra BBBT (1957) Rubber Chem Technol 30:170
Van Beek LKH (1962) J Appl Polym Sci 24:651

Van Beek LKH, Van Pul BICF (1964) Carbon 2:121

Sheng P, Sichel EK, Gittleman JI (1978) Phys Rev Lett 40:1197
Sichel EK, Gittleman JI, Sheng P (1978) Phys Rev B 18:5712
Cardon de Lichtbuer PM (1976) Solid State Commun 19:127
Fletcher R (1977) Solid State Commun 21:1139

Connor MT, Roy S, Ezquerra TA, Balta Calleja FJ (1998) Phys
Rev B 57:2286

Solymar L, Walsh D (1984) Lectures on the electrical properties
of materials, 3rd edn. Oxford University, London, p 112

Balta Calleja FJ, Ezquetva TA, Rueda DR (1984) J Mater Res
3:165

Grekila RB, Tein TY (1965) J Am Ceram Soc 48:22

Flory PJ (1953) Principles of polymer chemistry. Cornell UP,
Ithaca

Gibbs JH, Di Marzio EA (1958) J Chem Phys 28:373

Di Marzio EA, Gibbs JH (1958) J Chem Phys 28:807

Bernal JD (1964) Proc R Soc A 280:299

Pramanik PK, Khastagir D, De SK, Saha TN (1990) J Mater Sci
25:3848

Pramanik PK, Khastagir D, De SK, Saha TN (1991) Plastics
Rubber Compos Process Appl 15:189

Pramanik PK, Khastagir D (1993) J Mater Sci 28:3539

Norman RH (1970) Conductive rubbers and plastics. Elsevier
Publishing Company Limited, Amsterdam, p 53

Abdel-bary EM (1977) J Polym Sci: Polym Chem Ed. 15:197
Doak KW (1955) Rubber Chem Technol 28:895

@ Springer



3418

J Mater Sci (2007) 42:3408-3418

71.
72.
73.
74.
75.

76.
71.

78.

Martin BJA, Parkinson D (1955) Rubber Chem Technol 28:261
Agari Y, Ueda A, Nagai S (1991) J Appl Polym Sci 42:1665
Jana PB, Chaudhuri S, Pal AK, De SK (1992) Polym Eng Sci
32:448

Gul VYe, Maizel NS, Kamenskii AN, Fodiman NM (1962) Vy-
sokomol Siyed 4:649 (Transl Polymer Sci USSR)

Nasr GM, Amin M, Osman HM, Badawy MM (1989) J Appl
Polym Sci 37:1327

Slupkowski T (1986) Int Polym Sci Technol 13:T/80

Grinblat MP, Vasileva EB, Rozova NI (1987) Int Polym Sci
Technol 14:1987

Norman RH (1970) Conductive rubbers and plastics. Elsevier
Publishing Company Limited, Amsterdam

@ Springer

79.

80.
81.
82.
83.
84.
85.

86.
87.

Balta Calleja FJ, Bayer RK, Ezquerra TA (1988) J Mater Sci
23:1411

Sircar AK, Lamond TG (1978) Rubber Chem Technol 51:126
Medalia A (1986) Rubber Chem Technol 59:432

Abdel-Bary EM (1979) J Polym Sci: Polym Chem Ed 17:2163
Amin M, Nasr GM, Sobhy MS (1991) J Mater Sci 26:4615
Bueche F (1973) J Appl Phys 44:532

Feller JF, Linossier I, Levesque G (2002) Polym Adv Technol
13:714

Narkis M, Ram A, Stein Z (1981) Polym Eng Sci 21:1049
Zhang W, Blackburn RS, Dehghani-Sanij AA (2007) Scripta
Mater 56:581



	Carbon based conductive polymer composites
	Abstract
	Introduction
	Percolation phenomena
	Factors influencing the percolation threshold
	Polarity of polymer
	Viscosity of polymer
	Degree of polymer crystallization
	Multiphase polymer matrices
	Types of conductive filler
	Physical properties of carbon black
	Physical properties of carbon fiber

	Theoretical research of percolation phenomenon

	Mechanism of electric conduction
	Separate
	Adjacent
	Touching

	Factors influencing conductive properties
	Effects of processing parameters
	Effects of polymer matrix
	Effects of the types of filler, their concentration, geometry and morphology
	Effects of temperature
	Gradual variation
	Abrupt variation 


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


