
1. Introduction

Nanostructured carbon/polymer composites are in

the focal point of the international research commu-

nity for decades, because of their improved mechan-

ical characteristics, enhanced heat resistance, and ad-

vanced optical and electrical behaviour. The unique

properties of the allotropic modifications of carbon

predetermine the wide variety of their application

fields [1–10].

The majority of polymers are typically insulators

with a very low concentration of free charge carriers

and conductivity values ranging between 10–12 to

10–15 S/cm. Thus, they are considered as dielectrics

and their electrical response is related to relaxation

phenomena and can be described via the real and

imaginary part of dielectric permittivity [9, 11]. In-

tegrating conductive inclusions, such carbon forms,

in a polymer matrix, affect the resulting electrical

properties and at a critical concentration, the com-

posite’s conductivity increases by several orders of

magnitude.

Carbon lies in the IV column of the Periodic Table of

Elements, differing from the other elements of the col-

umn by being able to form sp2 bonding. Carbon-rein-

forced polymer composites (CRPs) possess an out-

standing position in the field of composites because

of their applications in the areas of aerospace and au-

tomotive industries, sports and leisure goods, tires’ in-

dustry, microelectronic, electrochemical manufactur-

ing etc. The development, on an industrial scale, of

high modulus and high strength carbon fibres, almost

fifty years ago, was the initial impetus in CRPs appli-

cations, followed by the introduction of nanoscaled

forms of carbon such as carbon nanotubes, graphene
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or carbon black. In all cases, the improved mechan-

ical properties of CRPs was the leading property [2,

4, 12–15].  Although, nanoscaled forms of carbon is

considered to exhibit mechanical properties of the

order of TPa, only a limited portion of this ability is

induced in the nano-CRPs. On the contrary, the ef-

fect of carbon nano-forms on the electrical response

of CRPs appears to be more pronounced [3, 7, 11,

16, 17]. The term electrical response includes the di-

electric properties and relaxation phenomena, the

transition from the insulating to the conductive be-

haviour at a low critical concentration of carbon nano-

filler, and the energy storage efficiency of the nano -

composites.

Besides a large number of publications upon the

electrical response of various carbon forms/polymer

nanocomposites and the existence of excellent re-

views upon their performance [3, 7, 12, 18, 19], there

is a lack of comparative studies on the exclusive ef-

fect of different allotropes when all other parameters

of the systems are kept constant.

In this work, four different nanoscaled carbon al-

lotropes (carbon black, graphene nanoplatelets, multi-

walled carbon nanotubes and nanodiamonds) were

employed as reinforcing phase in an epoxy matrix,

under identical contents and fabrication conditions,

in order to investigate and compare the influence of

each allotropic form of carbon upon the nanocom-

posites’ electrical performance.

2. Experimental

In this study, four series of nanocomposites were de-

veloped varying the filler type and content. Sets of

polymer nanocomposites were fabricated, by em-

ploying a two-component low viscosity commer-

cially available epoxy resin (Epoxol 2004 provided

by Neotex S.A., Athens, Greece) acting as the ma-

trix. The type of the employed epoxy prepolymer

was diglycidyl ether of bisphenol A (DGEBA) along

with an aromatic amine as the curing agent. Four

different forms of carbon allotropes were acting as

filler namely

(a) carbon black nanoparticles with a mean diameter

of 13 nm and a specific surface area approxi-

mately 550 m2/g,

(b) graphene nanoplatelets with a thickness of

1–4 nm, particles’ lateral size up to 2 µm and

specific surface area of 700–800 m2/g,

(c) multi-walled carbon nanotubes with a length of

1–10 µm (3–15 walls), outer diameter 5–20 nm,

inner diameter 2–6 nm and specific surface area

240 m2/g and

(d) nanodiamonds grade G, with an average particle

size of 4 nm and a specific surface area approx-

imately 290–360 m2/g.

The employed nanoinclusions were provided by

Plasmachem GmbH and all the aforementioned phys-

ical properties are according to the manufacturer’s

datasheet.

The development of the nanocomposites included

the addition of the nanoinclusions in the prepolymer

under stirring in a sonicator for 10 minutes. Then the

curing agent was added in a 2:1 w/w mixing ratio and

the stirring continued for another 10 minutes in the

sonicator in order to avoid the formation of agglom-

erates, voids and bubbles. Subsequently, the mixture

was poured into silicon moulds and cured at ambient

for 7 days according to the provider’s recommenda-

tions. After polymerization, the samples underwent

a post-curing treatment at 100°C for 4 hours. Spec-

imens were in the form of a circular disk with mean

thickness 2.5 mm and diameter 35 mm and the filler

content for all systems was: 0, 0.1, 1, 3, 5, 7, 10 phr

(parts per hundred resin per weight). The morphol-

ogy of the produced specimens and the quality of the

filler dispersion within the polymer matrix was as-

sessed via Scanning Electron Microscopy employing

an EVO MA 10 apparatus by ZEISS.

All four carbon nano-fillers were examined by

means of Laser Raman Spectroscopy (LRS). LRS

spectra were recorded by employing a micro-Raman

system: HR800 (JY-Horiba Group). The excitation

wavelength was 441.6 nm, and the power of the laser

beam was varying between 0.2 and 2 mW, depend-

ing on the sample. The backscattered beam was se-

lected using a 50× (NA = 0.55) microscope objective

and directed to the entrance slit of the single mono-

chromator after passing through an appropriate edge

filter. Signals were recorded by an LN2-cooled 2D-

CCD detector. The spectral resolution was better

than 3 cm–1.

The electric response of the nanocomposites was

studied by means of Broadband Dielectric Spec-

troscopy using an Alpha-N Frequency Response An-

alyzer, under isothermal conditions, in the frequency

range 10–1–107 Hz and temperature interval from 30

to 160 °C, with a 5 °C temperature step controlled

by Novotherm system. The heating rate between

temperature steps was 0.5 °C/min and the stabiliza-

tion time was 60 s. The sample was placed inside
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the dielectric cell BDS 1200, mounted between two

circular parallel gold-plated electrodes (with a diam-

eter of 20 and 40 mm for the upper and lower elec-

trode, respectively) forming a sandwich capacitor.

The temperature of the sample was measured in real-

time via the integrated Pt100 thermocouple right on

the examined specimen with an accuracy of ±0.1 °C

and the experimental data were recorded automati-

cally via suitable software (Windeta). The dielectric

cell was electrically shielded inside a suitable oven,

in order to avoid measuring stray capacitances. The

experimental procedure was in accordance with the

ASTM D150 specifications for dielectric measure-

ments. The amplitude of the time-varying voltage

was equal to 1V in all cases. Devices, as well as the

dielectric cell and software, were supplied by Novo-

control Technologies.

3. Results and discussion

Figure 1 depicts representative SEM images for the

specimens with 7 phr carbon content. SEM images

confirm the successful fabrication of the nanocom-

posites and their quality is deemed as satisfactory

with fine nanodispersions of the carbonaceous fillers.

Even at high concentrations, the formation of large

agglomerates has generally been avoided. Interest-

ingly, the MWCNTs are homogeneously dispersed

within the polymer matrix and there are zones of

high electron density with a reduced focus of the

electron beam implying the formation of an inter-

connected network with potentially low contact re-

sistance, Figure 1c.

LRS is considered as an effective experimental tech-

nique for investigating the ‘fingerprint’ of carbon al-

lotropes [3] since recorded vibrations provide evi-

dence for the present bonding. Obtained LRS spectra

from all four carbon nano-filler, not shown here be-

cause of the journal’s space limitations, include

peaks at approximately 1350, 1580 and 2700 cm–1

referred as D, G and 2D bands, respectively. D band

is related to sp3 carbon atoms and its presence is in-

dicative of disorder in the atomic arrangement or

edge effects of graphitic layers. G band originates

from the in-plane vibration of the sp2 carbon atoms,

while 2D band arises from second-order Raman

scattering [3, 20].
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Figure 1. SEM images for the nanocomposites with 7 phr (a) carbon black, (b) GnP, (c) MWCNT and (d) nanodiamonds

filler content.



The variation of the real part of dielectric permittiv-

ity as a function of temperature and frequency for all

nanocomposites with 3 phr filler content is depicted

in Figure 2. In all cases, ε′ increases with tempera-

ture because thermal agitation enhances the chain

flexibility and thus facilitates the alignment of the

dipoles with the externally applied electric field. The

real part of dielectric permittivity diminishes rapidly

with increasing frequency since permanent and in-

duced dipoles don’t possess the necessary time to

follow the field’s alternation. A step-like transition

recorded at intermediate frequencies and tempera-

tures is ascribed to the α-relaxation process, which

is related to the glass to rubber transition of the poly-

mer matrix. This behaviour is representative of all

examined systems.

In the representative plots of the loss tangent versus

frequency and temperature for the same nanocompos-

ites (Figure 3), three distinct relaxation mechanisms

were identified for all systems, that are associated

with both filler and the polymer matrix. The faster

and also weaker mechanism recorded at high fre-

quencies is attributed to the rearrangement of the

small polar side groups of the polymer chain (β-re-

laxation). At intermediate frequencies and tempera-

tures, the α-relaxation process is identified and is at-

tributed to the transition of the polymer matrix from

the glassy to the rubbery state. Finally, the slowest

relaxation process recorded at low frequencies and

high temperatures is attributed to interfacial polar-

ization (IP), also known as Maxwell-Wagner-Sillars

effect (MWS), where free charges accumulate at the

interface between the filler and the matrix-forming

large electric dipoles which attempt to follow the ori-

entation of the applied field.

Comparative plots of the real part of the dielectric

permittivity versus frequency at 30 °C, at various

filler loadings for all examined systems, are depicted

in Figure 4. Values of ε′ systematically increase with

filler content in the whole frequency range, mainly,
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Figure 2. The variation of the real part of dielectric permittivity as a function of frequency and temperature for the nanocom-

posites with 3 phr (a) carbon black, (b) GnP, (c) MWCNT and (d) nanodiamonds filler content.



due to the enhanced conductivity of the carbon nano -

fillers for all systems, with the exception of nano -

composites filled with nanodiamonds. For this par-

ticular system, ε′ attains its highest values at low filler

content and then remains virtually the same and/or

even diminishes with further filler loading, possibly

as a result of the relative low conductivity of nan-

odiamonds (in diamond appear the sp3 bonding of

tetrahedral structure, in contrary to the sp2 bonding

of the planar structure of graphite) and their tenden-

cy to form agglomerates. The extremely high values

of ε′ at high filler content for the carbon black and

MWCNT filled systems, attributed to the enhanced

electrical heterogeneity between the insulating ma-

trix and the highly conductive nanoinclusions, pro-

vide indirect indications of an insulator to conductor

transition. The deviation from the pure insulating be-

haviour becomes evident by the absence of data for

permittivity at low frequencies for the CNT compos-

ites and in the inset diagrams of Figure 4, which de-

pict the real part of electric modulus as a function of

frequency at 160°C at various filler loadings for all

examined systems. In order to eliminate the parasitic

phenomenon of electrode polarization dielectric data

are presented into the electric modulus formalism

[21–25]. Electric modulus is defined as the inverse

quantity of the complex dielectric permittivity [21],

as shown by Equation (1):

(1)

where ε′, M′, and ε″, M″ are the real and imaginary

parts of dielectric permittivity and electric modulus,

respectively. Electric modulus formalism has been

proved suitable for describing dielectric relaxation

processes, especially in the low-frequency range and

at high temperatures, by suppressing the enhanced

values of ε′ and ε″ thus neglecting the influence of

electrode polarization upon dielectric data, [21–25].

Conductive systems exhibit extremely low values of

M′. The step-like transitions at intermediate frequen-

cies, recorded in the M′ spectra are related to the

α-relaxation mechanism.
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Figure 3. The variation of the loss tangent as a function of frequency and temperature for the nanocomposites with 3 phr

(a) carbon black, (b) GnP, (c) MWCNT and (d) nanodiamonds filler content.



Electrical conductivity is the property of polymer

nanocomposites most affected by the inclusion of

carbon nanoparticles. AC conductivity has been cal-

culated from the recorded dielectric loss according

to Equation (2):

(2)

where ε0 is the permittivity of free space, ε″ the dielec-

tric losses and ω the angular frequency of the field.

Figure 5 depicts comparative plots of the ac conduc-

tivity versus frequency at 30°C for all examined sys-

tems. Polymer nanocomposites are disordered solid

materials, and their conductivity follows Equation (3),

which is known as the ac universality law:

(3)

where σDC is the dc conductivity (ω = 0) and A, s
are parameters depending on temperature and filler

content. Above a critical frequency, AC conductivity

increases with frequency, because localized charge

carriers hop between adjacent conductive sites, in-

stead of attempting to migrate to larger distances

within the nanocomposite, while being confined by

the insulating matrix, at low frequencies.

AC conductivity increases with filler content due to

the higher conductivity values of the nanocarbon in-

clusions. Moreover, the critical frequency seems to

shift to higher frequencies with increasing filler con-

tent. The abrupt increase of several orders of magni-

tude for the carbon black and the MWCNT systems

along with the frequency-independent behaviour for

the high filler content of these systems signifies a

clear indication for the transition from the insulating

to the conductive behaviour of the respective nano -

composites.

This significant increase of conductivity corresponds

to a very narrow variation of the conductive phase

content and can be described by means of percolation

theory, which predicts that at a critical concentration

(also called percolation threshold) a conductive path

Re i
*

AC 0 0v ~ v f ~f ~ f ~f= = = mQ QV V" %

AAC DC

s
v ~ v ~= +Q QV V
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Figure 4. Real part of dielectric permittivity as a function of frequency, at 30°C, for the nanocomposites with: (a) carbon

black, (b) GnP, (c) MWCNT and (d) nanodiamonds nanoparticles. Insets depict the real part of the electric modulus

as a function of frequency, at 160°C for the respective nanocomposites.



is formed within the composite allowing the charge

migration [26–28]. The transition from the insulating

to the conductive behaviour is mathematically ex-

pressed by Equation (4):

(4)

where σ0 is the pre-exponential factor, P is the con-

tent of the conductive phase, PC is the critical con-

centration or percolation threshold, and t is an expo-

nent related to the dimensionality of the conduction

process. According to classical percolation theory,

the increase in filler content brings the conductive

inclusions closer, and at the percolation threshold,

conductive inclusions form a path via their geomet-

rical contacts.

All the recorded dielectric relaxation mechanisms

are evident in the comparative plots of the loss tan-

gent versus frequency at 160°C for all systems de-

picted in Figure 6. From high to low frequencies

these mechanisms are assigned to the reorientation

of small polar side groups of the polymer chain, the

glass to rubber transition and the interfacial polar-

ization.

In nanocomposites with filler contents higher than

the critical concentration, IP is not present since the

mobile charges don’t accumulate at the interface be-

tween the filler and the matrix but flow through the

formed conductive paths percolating the whole spec-

imen, thus contributing to electrical conduction. Fur-

thermore, for the same systems, the high values of

the loss tangent ‘mask’ β-relaxation process, while

the excess number of nanoparticles hinders the re-

orientation of small polar side groups of the polymer

chain.

Insets depict the imaginary part of electric modulus

versus frequency for all systems at 160°C. The peak

formed at the spectra of all systems is associated

with the α-relaxation process of the polymer matrix.

The shift of the peak to higher or lower frequencies

indicates the interactions that occur inside the mate-

rial. For the nanocomposites filled with MWCNT

and carbon black, loss peaks shift to higher frequen-

cies with filler content. This is an indication of

P PC
t

0.v v -R W
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Figure 5. AC conductivity as a function of frequency, at 30°C, for the nanocomposites with: (a) carbon black, (b) MWCNT,

(c) GnP and (d) nanodiamonds nanoparticles.



strong inter-particle interactions that enhance chain

flexibility facilitating the relaxation process. In the

case of nanocomposites with nanodiamonds, α-re-

laxation shifts to higher frequencies with respect to

the pure matrix but remains unaffected by any fur-

ther increase in filler loading. This is an indication

that the strength of the particle-particle interactions

doesn’t grow with the increase of filler nanoparticles

content. The loss peaks for the GnP filled nanocom-

posites remain invariable with filler concentration.

This behaviour is attributed to the good adhesion of

the filler with the polymer matrix and an equilibrium

between the macromolecules-particles and particles-

particles interactions [29, 30].

The variations of the electrical response induced by

the different carbon allotropes are clearly illustrated

at Figure 7, which depicts the real part of dielectric

permittivity (as an inset) and the AC conductivity

versus frequency respectively, at 30°C for nanocom-

posites with different nanoinclusions at the same

filler content. ε′ and σAC increase with filler loading

for all examined systems. The MWCNT nanocom-

posites attain significantly higher values of ε′ and σAC

even at low filler content. All other systems attain

moderate values with no considerable differences

between their electrical responses. At intermediate

filler concentrations, Figure 7a, MWCNT systems

continue to attain the highest values of both conduc-

tivity and permittivity. At the same concentration for

the carbon black nanocomposites, there is a signifi-

cant enhancement in the electrical properties signi-

fying the approach of the critical concentration. At

high filler content, Figure 7b, the MWCNT systems

have already transitioned to the conductive behav-

iour, while the high values of the ε′ and σAC attained

by the carbon black filled systems indicate that their

percolation threshold has been exceeded. The higher

electrical conductivity (and therefore also permittiv-

ity) exhibited by MWCNT nanocomposites is main-

ly attributed to the high aspect ratio and rod-like

morphology of MWCNTs, which favors the forma-

tion of a highly interconnected filler network within
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Figure 6. Loss tangent as a function of frequency, at 160°C, for the nanocomposites with: (a) carbon black, (b) MWCNT,

(c) GnP and (d) nanodiamonds nanoparticles. Insets depict the imaginary part of the electric modulus as a function

of frequency, at 160°C for the respective nanocomposites.



the polymer matrix, as also indicated in Figure 1c.

The other two systems remain at the insulating be-

haviour. GnP filled nanocomposites achieve higher

values of both permittivity and conductivity than the

nanodiamond composites. Pristine graphene is a de-

fect-free monolayer of carbon atoms in sp2 hy-

bridization with high electrical conductivity. How-

ever, the presence of defects in planar graphene

stacks lowers their conductivity significantly due to

the destruction of the sp2 structure [3, 18]. Additional

factors reducing conductivity could be the interac-

tions with the molecular environment and surface

charge trapping [3, 18]. LRS spectra of the employed

GnPs provided evidence for the presence of sp3 de-

fects, via the recorded peak of D band at approxi-

mately 1350 cm–1. The latter could be considered as

responsible for the achieved low conductivity values

in the GnP/epoxy systems.

The values of the real part of dielectric permittivity

(inset) and AC conductivity as a function of filler

content at 30°C and 0.1 Hz for all examined systems

are depicted in Figure 8. MWCNT nanocomposites

exhibit the highest values of both ε′ and σAC for all

examined filler concentrations followed by the car-

bon black and GnP filled nanocomposites. Nanodia-

mond filled systems showed poor electrical response

for all examined concentrations. The high values of

conductivity of MWCNT and carbon black systems

(more than nine and four orders of magnitude, re-

spectively, compared to the epoxy matrix) along with

the rapid increase of ε′ and σAC within a marginal in-

crease of filler loading, is a strong indication of ex-

ceeding the critical threshold and transitioning from

the insulating to the conducting state.

According to the classical percolation theory, con-

ductive inclusions are considered as not interacting

hard spheres, randomly dispersed within the insulat-

ing matrix, and the critical concentration and expo-

nent depend only on the geometrical characteristics

of the inclusions and the type of the conduction

process (1D, 2D, 3D), respectively. The abrupt rise of

conductivity appears as the result of the transition

from the insulating state, where limited contacts be-

tween conductive sites exist, to the state where a

conductive network is formed, via physical contacts

of conductive inclusions [26–28, 31, 32].

Critical concentration and exponent can be deter-

mined by fitting experimental data via Equation (4)

in its logarithmic form as expressed by Equation (5):

(5)log logt P PCcv -R W" %
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Figure 7. AC conductivity as a function of frequency, at 30 °C, for all examined nanocomposites with: (a) 5 phr, and

(b) 10 phr filler content. Insets depict the real part of permittivity at 30°C for the same systems.

Figure 8. AC conductivity and real part of permittivity

(inset) versus filler content at 30°C and 0.1 Hz, for

all examined systems.



Determined values of critical concentration PC and

exponent t were found to be 4.71% w/w (equivalent

to 4.95 phr) and 2.61 respectively for the MWCNT

systems and 5.26% w/w (5.56 phr) and 1.41 for the

carbon black systems.

Charge transport properties in polymer nanocompos-

ites depend on several parameters like the shape of

the inclusions, the interparticle interactions, the

macromolecules-particles interactions, the disper-

sion of the nanofiller, the polymer matrix and the

fabrication method. Figure 9a depicts the variation

of conductivity versus the reciprocal temperature for

the MWCNT nanocomposites. Fitting experimental

data to an Arrhenius type equation allows the deter-

mination of the activation energy for thermally acti-

vated conduction mechanisms occurring in dielectric

materials [11, 33]. This behaviour is mathematically

expressed by Equation (6): 

(6)

where σ0 is a pre-exponential factor, EA is the acti-

vation energy and kB the Boltzmann constant. The

same fitting procedure was applied to all studied sys-

tems. The determined values of activation energy are

listed in Table 1, indicating the classification of the

examined systems into two different sets regarding

their conductive response. The nanocomposites re-

inforced with GnP and nanodiamonds do not exhibit

a significant variation in their activation energy val-

ues with filler content. The latter, as well as the type

of frequency dependence of conductivity (see Fig-

ure 5b and 5d), provide indications that hopping con-

ductivity is the predominant conduction mechanism

in these nanocomposites [28, 31, 32, 34], which

seems to be independent of the reinforcing phase

concentration.

On the other hand, nanocomposites filled with

MWCNT and carbon black nanoparticles, attain val-

ues of activation energy which decrease drastically

with filler content. For low filler content, the nano -

composites exhibit insulating behaviour with high

activation energies (exceeding 1 eV), characteristic

for the insulating polymer matrix. Notably, that at

low filler content activation energy values, for all ex-

amined systems, are very close. Conductivity in-

creases gradually with filler content since limited

conductive paths are formed and the distance be-

tween inclusions decreases, diminishing, as a result,

the corresponding values of activation energy. With

eT
0

E

k T
A

Bv v=
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further increase of the filler content, an abrupt in-

crease of conductivity occurs accompanied by a

rapid decrease in the values of activation energy,

which approach zero, signifying the insulator-to-con-

ductor transition. The transition from the insulating

to the conductive behaviour, in tandem with the sig-

nificant variation of activation energy, could imply

an alternation in the charge transport process or the

introduction of an additional one [28, 31, 32, 34].

Inset in Figure 9a describes visually the variation of

activation energy for all studied systems. Values of

the pre-exponential factor σ0, also listed in Table 1,

diminish with the increase of carbon content. The de-

crease of σ0 becomes dramatic in the case of the per-

colative systems indicating indirectly the existence

of an additional charge transport mechanism, most

probably via physical contacts [32, 34].

According to classical percolation theory, above the

critical concentration, nanoinclusions form a conduc-

tive path by geometrical contacts, and charges are

free to migrate through the nanocomposite. This type

of conduction approaches the metallic conduction

mechanism and Equation (6) should not be applica-

ble to experimental data. However, Figure 9a and

values in Table 1 denote that the validity of Equa-

tion (6) upon data holds even at high filler loading.

By these means, it can be suggested that hopping

conductivity is the main charge transport mechanism

of the examined systems, below the critical concen-

tration. Above the percolation threshold, another

conduction mechanism is introduced, resembling the

metallic type conduction, due to the charge migra-

tion via physical contacts of the conductive sites.

This conduction mechanism is considered responsi-

ble for the reduction of activation energy. However,

as explained previously, this mechanism does not

prevail in the overall conduction process and co-ex-

ists with hopping conductivity. The term hopping in-

cludes both jumps over a potential barrier and quan-

tum mechanical tunneling [35]. Aiming to verify the

occurrence of hopping conductivity in the examined

systems, the applicability of Variable Range Hop-

ping Model (VRH), originally proposed by Mott [36,

37], on our experimental data was examined. Ac-

cording to the VRH mechanism charge carriers hop

from a localized state to a nearby localized state of

different energy, or to a localized state of similar en-

ergy with spatial separation from the initial site. The

dependence of conductivity on temperature is ex-

pressed mathematically by Equation (7):

(7)

where the parameter σ0 can be considered as the lim-

iting value of conductivity at infinite temperature, T0

is the characteristic temperature that determines the

thermally activated hopping among localized states

at different energies and considered as a measure of

disorder, and the exponent γ is related to the dimen-

sionality d of the transport process via γ = 1/(d + 1),

where d = 1, 2, 3.

In Figure 9b experimental data have been plotted in

the form of log (σT1/2) versus (T–γ), which is used for

examining the applicability of VRH model [39–41],

for γ = 1/4 since the samples are bulk polymer spec-

imens incorporating randomly distributed conductive

eT 0
T

T0

v v=
-

c
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Figure 9. (a) AC conductivity as a function of the reciprocal temperature for the nanocomposites with MWCNT filler content

at 0.1 Hz. (b) AC conductivity of all examined nanocomposites with 10 phr filler content at 0.1 Hz, as described

by VRH model.  Insets depict the values of the (a) activation energy and (b) T0 parameter as derived from the linear

fits for the Arrhenius equation and VRH model respectively.



particles characterized by a 3D conduction process.

The well-fitted curves confirm hopping as the charge

transport mechanism. The values of the parameter

T0, derived from the linear fits of Figure 9a, are listed

in Table 1.

Inset of Figure 9b depicts the variation of parameter

T0 as a function of filler content for all examined sys-

tems. The results for the parameter T0 showcase the

same behaviour with the results for the activation en-

ergy for all studied systems. In both cases, there is

slight differentiation in the values for the GnP and

nanodiamond composites, while a transition from

high values, reflecting limited conductivity, to lower

(4 orders of magnitude for the MWCNT systems)

ones with increasing filler content appears in the

same range in both parameters for the MWCNT and

carbon black filled systems. This is a clear indication

that for the composites with GnP and nanodiamonds,

along with the low filler content range for the other

two systems, hopping is the principal charge trans-

port mechanism. By increasing the carbon black and

MWCNT content, conductive sites are spreading and

approaching, thus enhancing the metallic type con-

tribution, while at the same time the short distance

between of them facilitates the hopping mechanism.

This cooperative effect is responsible for the abrupt

increase in the conductivity values of the nanocom-

posites. Above the percolation threshold, the devia-

tion of the fitting quality factor (R2) from unity in

Figure 9b signifies the reduced contribution of the

hopping transport mechanism. Although, the posi-

tive values of activation energy denote that conduc-

tion does not take place exclusively via a conductive

path through physical contacts between nanoinclu-

sions [31, 32].

4. Conclusions

In the present study, different sets of polymer nano -

composites employing a variety of carbon allotropes

as filler were developed and their electrical properties

were investigated by means of dielectric spectroscopy.

The addition of filler was found to enhance the values

of the real part of dielectric permittivity and ac con-

ductivity in all cases, except the nanodiamond filled

systems where both values increased for low concen-

trations but remained stable or even decreased with

further filler loading. Three distinct relaxation mech-

anisms were recorded in the spectra of all systems

originating from the fillers and the polymer matrix

and were attributed to interfacial polarization, glass

to rubber transition and reorientation of polar side

groups of the polymer matrix. In the carbon black

and MWCNT systems an abrupt increase in the per-

mittivity and conductivity values was recorded above

a critical filler concentration signifying the transition

from the insulating to the conducting state. The con-

duction processes in all four sets of nanocomposites

have been investigated in the present study. Conduc-

tivity data were analyzed with regard to the percola-

tion theory, and the percolation threshold was deter-

mined. The dependence of conductivity on temper-

ature and the Variable Range Hopping model were

employed in order to reveal the charge transport

mechanisms below, in the vicinity, and above the

critical concentration. Below the percolation thresh-

old and in the limit of the transition zone, hopping

conductivity appears to be the principal charge trans-

port mechanism. At concentrations higher than the

threshold there is coexistence between hopping and

metallic type conduction.
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