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Results of broadband electric/dielectric properties of different surface area—carbon black/epoxy
resin composites above the percolation threshold are reported in a wide temperature range
(25-500K). At higher temperatures (above 400K), the electrical conductivity of composites is
governed by electrical transport in polymer matrix and current carriers tunneling from carbon black
clusters to polymer matrix. The activation energy of such processes decreases when the carrier
concentration increases, i.e., with the increase of carbon black concentration. At lower
temperatures, the electrical conductivity is governed by electron tunneling and hopping. The
electrical conductivity and dielectric permittivity of composites strongly decrease after annealing
composites at high temperatures (500 K); at the same time potential barrier for carriers tunneling
strongly increases. All the observed peculiarities can be used for producing effective low-cost
materials on the basis of epoxy resin working at different temperatures for electrical applications.

© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4815870]

. INTRODUCTION

Conducting polymeric composites, constituted by con-
ducting filler dispersed into an insulating polymer matrix,
have important applications in antistatic materials, electro-
static discharge, dissipation, electromagnetic interference
shielding,l_5 temperature, pressure, and gas sensors.® These
composites are usually characterized by a sharp insulator—
conductor transition at a specific volume fraction of filler. At
this point, known as percolation threshold, a continuous con-
ducting network of conducting particles is formed inside the
insulating matrix.” Among the available fillers, carbon black
(CB) has been extensively employed because of its ability to
give high electrical conductivity to an insulating polymer at
relatively low filler content.” Adriaanse e al.® demonstrated
that percolation threshold in CB/polymer composites in
some cases could be extremely low (lower than 0.03 vol. %).
The percolation threshold in CB/polymer composites is
strictly dependent on CB aggregate structure, and an aggre-
gate structure model was proposed to describe percolation
threshold in CB-based composites.’

At low temperatures (below room temperature), temper-
ature dependence of dc conductivity of CB-based composites
does not obey Arrhenius law. There are some models of elec-
trical transport in composites containing CB in the literature,
among them Mott’s variable range hopping (M-VRH)
theorylo’11 and Efros-Shklovskii model (ES-VRH) associ-
ated with Coulomb effects.'” Transport phenomena can also
be interpreted in terms of superlocalization of electronic
states in the presumably fractal CB/polymer percolation net-
work.'? Another model proposed for electrical conductivity
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is ascribed to tunneling through a potential barrier of variable
height."*™'7 Finally, for describing electrical conductivity of
CB-based composites, a Differential Activation Energy
(DAE) method was applied.'®

At higher temperatures (above room temperature), the
dielectric and electric investigations of CB-based composites
above percolation threshold are rather rare.'®' The investiga-
tions of CB/Poly(methyl methacrylate) (PMMA) and
Ethylene Butylacrilate (EBA) composites demonstrate a mini-
mum in dc conductivity temperature dependence close to
polymer softening temperature (i.e., close to the glass transi-
tion temperature for PMMA and to the melting point for
EBA)." The dc conductivity significantly decreases after the
first thermal cycling, then in next heating-cooling experi-
ments, its dependence saturates. This effect was explained by
rearrangement of gaps between the carbon black aggregates.”

The major field of applications for electrically conductive
composites, such as electrostatic dissipation, antistatic, or-
ganic solar cells, printing electronic circuits, organic light-
emitting diodes, actuators, supercapacitors, chemical sensors
and biosensors, flexible transparent displays, electromagnetic
shielding, depends on the magnitude of their dc and ac con-
ductivities and how they are influenced by the environment,
especially temperature. What is also important, the conductiv-
ity levels required for various electrical applications should be
reached without compromising the other host polymers pre-
ferred physical properties and processability. That is why our
idea is to use: (i) epoxy resin EPIKOTE Resin 828, well
known for its wide engineering applications and (ii) highly
conductive carbon black ENSACO of different surface areas
in relatively low nanocarbon concentrations in order to

© 2013 AIP Publishing LLC
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estimate the influence of carbon surface area on electrical and
dielectric properties of epoxy composites at different tempera-
ture regimes. The final aim is to provide some input of using
CB/epoxy spectral peculiarities for manufacturing effective
low-cost material for different electrical applications.

The present study focuses on the relationship between the
morphology of carbon black polymer composites and their
electrical and dielectric properties. We have investigated the
electrical/dielectric properties of epoxy resin filled with car-
bon black of high and low surface areas in a wide temperature
range, 25-500K, in order to determine the basic conduction
mechanisms. This work is complementary to our previous
investigation of CB/epoxy composites below the percolation
threshold that could fit for antistatic applications.”*>*

Il. EXPERIMENTAL DETAILS

Commercially available ENSACO conductive carbon
blacks were kindly supplied by Timcal Ltd. (Bodio,
Switzerland). Such materials are widely used as black pig-
ment, UV stabilizer, rubber reinforcement, and were utilized
for epoxy resin composites fabrication. ENSACO CBs with
a high to very high void volume allow the retention of a car-
bon network at low to very low filler content. The void vol-
ume can originate from the interstices between the carbon
black particles due to their complex arrangement and from
their own porosity. The two following carbon blacks were
used: Carbon Black of High surface area - CBH (ENSACO
350G: BET surface area=770 mz/g; oil absorption
=320ml/100g,) and Carbon Black of Low surface area—
CBL (ENSACO 250G: BET surface area=065 mz/g; oil
absorption = 190 ml/100 g).

Although values were not provided by the supplier, it is
known that the electrical conductivity of CBH is much
higher than that of CBL, and the differences in terms of sur-
face area and oil absorption are related to the structure of the
carbon blacks. The higher is the structure (meaning that the
CB comprises chain-like agglomerates, whereas less struc-
tured materials have more individual particles, not so much
associated), the higher is the conductivity but the lower is
the dispersibility.

EPIKOTE™Resin 828 was used for composites fabrica-
tion. EPIKOTE Resin 828 is a medium viscosity liquid epoxy
resin (viscosity 12—14Pa s at 298 K) produced from bisphe-
nol A resin and epichlorthydrin. It contains no diluent.
EPIKOTE 828 provides good pigment wetting and good re-
sistance to filler settling and a high level of mechanical and
chemical resistance properties in cured state. However, as an
unmodified pure bisphenol A resin, EPIKOTE 828 is prone to
crystallize on storage, particularly in cold conditions.
EPIKOTE 828 matrix had a glass transition temperature of
T, =393K and a density of 1.16 g cm > at 298 K.*> A series
of composite samples, realized in different thicknesses, using
an epoxy resin, i.e., Epikote 828, a curing agent called Al
(i.e., a modified TEPA) and 0.25, 0.5, 1, 1.5 and 2.0 wt. % of
carbon black fillers were fabricated as follows:'>™'® the resin
was degassed under vacuum (1-3 mbar) for 12/14h, then it
was put into an oven at 338 K. In the meantime, the carbon
black was dispersed in propanol through ultrasonic bath for
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1.5h. Afterwards, the solution of alcohol and carbon black
was mixed with the resin. The obtained mixture was placed
in the oven at 403-423 K for the evaporation of alcohol. The
curing agent (Al) was added to the mixture of resin and
nanofiller through slow manual mixing for about 7 min. The
mix was then poured into 1 cm x 1 cm x 7 cm molds, and left
as such for 20h for the curing process at room temperature,
and finally for 4 h in an oven at 353 K. When the process was
completed the samples were removed from the molds.

The complex dielectric permittivity ¢* was measured
with a LCR HP4284A meter (Fig. 1). At low temperatures
(below room temperature), the samples were placed in a
closed cycle cryostat and cooled down to the lowest tempera-
tures. In high temperature measurements, the samples were
placed in a furnace and heated up to 500 K and then cooled
down to room temperature. The equivalent electrical circuit
was selected as capacitance and tangent of losses. From
these quantities, according to planar capacitor formula, com-
plex dielectric permittivity was calculated. All measurements
were performed at constant temperature change rate of
0.5K/min. Square-like samples with typical thickness
about 2mm and area of 20 mm? were investigated. Silver
paste was used for contacting. The electrical conductivity &
was calculated according to equation o =imeye”, where
o =2nv and v is the measurement frequency. Up to 10 sam-
ples were tested for each type of carbon black type and each
concentration measured under the same heating/cooling con-
ditions, from which the average values were calculated and
are those reported in the present paper.

lll. RESULTS AND DISCUSSION
A. Low temperature region

The investigations of room temperature dielectric prop-
erties of carbon black-based composites indicate that the per-
colation threshold in CBH composites is close to 1 wt. %,
while for CBL composites, its value is close to 2 wt. %. Both
dielectric permittivity ¢ and electrical conductivity ¢ have a
maximum close to temperature T = 170K for the composite
with 2wt. % of CBH filler (Fig. 2). A similar behavior was
observed in all other composites with carbon black

Equivalent (=

circuit

AAA R
V \

FIG. 1. Schematic set-up of the dielectric/electrical measurements. The sam-
ple can be placed into home-made furnace or closed cycle cryostat.
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FIG. 2. Dielectric permittivity and
electrical conductivity of epoxy resin
composite with 2% high surface area-
carbon black filler as a function of tem-
perature and frequency.
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concentrations above the percolation threshold. The increase
of dielectric permittivity ¢ and electrical conductivity ¢ on
cooling is related to thermal shrinkage of polymer matrix.
Such increase vanishes close to the polymer matrix glass
transition temperature.

With such a high value of conductivity (Fig. 2), the
blocking contact effect can play an important role.”® To sep-
arate volume conductivity from contact effect, we calculated
the specific resistance

p =p —ip" = 1/(iwepe"). (1)
The half circle at higher frequencies and lower values of p*
is caused by the volume conductivity of composite, and the
higher values of p* are already influenced by contacts
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FIG. 3. Cole-Cole diagram of p* = p'—ip” for composite with 2% high sur-
face area-carbon black filler at different temperatures.
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(Fig. 3). The contact influence is playing an important role
at higher temperatures and at low frequencies. So, it is
extremely important to extract bulk or volume conductivity
from the experimental data.

For better understanding the phenomena, we have plot-
ted the frequency dependence of electrical conductivity at
various temperatures (Fig. 4). The conductivity is frequency-
independent at low frequencies (below 1 kHz) and at higher
frequencies (between 10 kHz and 100 kHz). According to the
aforementioned specific resistance formalism, the frequency-
independent conductivity plateau at higher frequencies indi-
cates dc volume conductivity, while at lower frequencies,
the conductivity is driven by contacts. The same procedure
was applied to other composites in order to determine their
dc volume conductivity.
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FIG. 4. Frequency dependence of the electrical conductivity of epoxy resin
composite with 2% high surface area-carbon black filler.
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FIG. 5. Mott’s law fit for dc conductivity of carbon black composites (low
temperatures region).

The 1/T dependence of Ingy. is presented in Fig. 5. It is
clearly observed that no Arrhenius law is valid at low tem-
peratures for dc conductivity of investigated composites. We
assumed that the temperature dependence of dc conductivity
can be fitted by the general Mott expression for variable
range hopping'’

Odec = erxp(—(TM/T)l/n)v @)

where Ty, is a constant depending on the density of state
and localization length of the system, n=1+d (d is dimen-
sionality of the system). Obtained parameters are summar-
ized in Table I. All parameters (except dimensionality d)
strongly increase with carbon black concentration and are
higher in CBH-based composites than in CBL ones. The
value of dimensionality d is rather low, but in good agree-
ment with the data presented in Ref. 12 and thus can be
explained by ES-VRH model. According to this model, the
wave functions of vibrational states and of electronic states
(strongly) localized at the Fermi level decay with distance
R as exp[—(R/L)i], with £ > 1 and L being the localization
length. According to Ref. 12

¢=1/d, (3)

thus, for example for CBH 2wt.%, &=10. The hopping
dimensionality is lower in CBL composites.

The temperature dependence of dc conductivity (Fig. 6)
was also fitted with fluctuation-induced tunneling model'

TABLE I. Mott’s law parameters of carbon black-based composites.
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FIG. 6. Temperature dependence of dc conductivity of carbon black-based
composites with tunneling model fit (low temperatures region).

Odc = JoeXp(—(T1/<T+To))), (4)

where T; represents the energy required for an electron to
cross the insulator gap between conductive particles aggre-
gate, and T is the temperature above which thermally acti-

vated conduction over the barriers begins to occur.
According to the tunneling model, '
T, = wAf,/87k, (5)
TO = 2T1 /TCXW, (6)

where y = (2mVO)O'5/h and fo=4Vy/ew, m and e being the
electron mass and charge, respectively, V the potential barrier
height, w the interparticle distance, and A the area of capaci-
tance formed by the junction. Obtained parameters are listed
in Table II. A detailed comparison between Figs. 5 and 6 gives
evidence that dc conductivity of carbon black composites can
be described with the same accuracy and in the same tempera-
ture range with variable range hopping model'' and
fluctuation-induced tunneling model."? Therefore, from these
results we cannot conclude which mechanism—tunneling or
hopping— is dominant at low temperatures. The mechanism
of conductivity can be rather mixed, i.e., based on carriers tun-
neling through insulating polymer matrix and hopping inside
carbon black clusters, with dominant role of hopping mecha-
nism and electron localization at low temperatures.'>?’ We
will further discuss about low-temperature conductivity

TABLE II. Fluctuation-induced tunneling model parameters of carbon
black-based composites.

In{oo, S/m} d Twm, K In{ao, S/m} T, K Ty, K
CBH 2% —6.9 0.1 40.8 CBH 2% —6.86 522 10.1
CBH 1.5% —7.54 0.51 38.5 CBH 1.5% —7.6 47 14.7
CBH 1% —11.5 0.31 36.3 CBH 1% —11.6 38.4 6.4
CBL 2% —12.68 0.07 134 CBL 2% —12.7 12.5 73
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mechanism in subsection about low-temperatures properties of
annealed samples (below).

B. High temperature region

dc conductivity was also calculated at higher tempera-
tures (above room temperature) (Fig. 7). The pure epoxy
resin is not conductive at room temperature. No dc conduc-
tivity can be estimated for pure resin at room temperature
and slightly above (above glass transition temperature). At
higher temperatures, dc electrical conductivity of pure epoxy
resin increases according to Arrhenius law

aac = ooexp(—(E/kT)), (7

where E is the activation energy. There is some difference in
the dc conductivity of pure resin upon heating and cooling
(Fig. 7(a)). A similar increase of dc conductivity at higher
temperatures (above glass transition temperature) was
observed also in composites with 1 wt. % CBH and 2 wt. %
CBL filler. At the same time, dc conductivity of composite
with 2 wt. % of CBH starts to increase at higher temperatures
(at approximately 440 K). Such a behavior was correctly fit-
ted by Arrhenius law (7) and obtained parameters are listed
in Table IIl. The activation energy is lower in composites
than in pure polymer matrix and is lower in CBH-based com-
posites than in CBL ones. Obtained conductivity activation
energy values are substantially higher than those reported in
Ref. 28 obviously due to lower CB concentration. When the
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FIG. 7. Temperature dependence of dc conductivity of composites (high

temperatures region) with (a) high surface area carbon black and (b) low sur-
face area carbon black.
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TABLE III. Arrhenius law parameters of carbon black-based composites in
high temperature region.

In{ao, S/m} E/kg, K (eV)
CBH 2% heating 9 9380 (0.808)
CBH 2% cooling 3.82 2911 (0.25)
CBH 1.5% heating 11.48 10844 (0.93)
CBH 1.5% cooling 5.11 7430 (0.64)
CBH 1% heating 10.98 11071 (0.95)
CBH 1% cooling 11.36 10881 (0.94)
CBL 2% heating (1 annealing) 13.1 11827 (1.01)
CBL 2% cooling (1 annealing) 16 13034 (1.12)
CBL 2% heating (2 annealing) 14.2 12145 (1.05)
CBL 2% cooling (2 annealing) 15.9 12866 (1.11)
pure resin heating 12.51 12253 (1.05)
pure resin cooling 17.1 14000 (1.2)

concentration of carbon black increases, the activation
energy decreases. In composites after annealing, the activa-
tion energy decreases while it increases in pure resin.

At lower temperatures (below 400 K), the dc conductivity
decreases upon heating due to different thermal expansion
properties of pure epoxy and carbon black (Fig. 7). In contrast,
upon cooling after annealing, no increase of dc conductivity is
observed in composites with 1 wt. % of CBH. In these compo-
sites, the low value of dc conductivity remains almost
temperature-independent. So, after annealing at room temper-
ature, the dc conductivity of composites with 1 wt. % of CBH
decreases by several orders of magnitude and vanishes for
composites with 2wt. % of CBL filler. Such decrease is
related to the rearrangement of gaps between the carbon black
aggregates.'> According to Ref. 15, the crossover frequency
s denoting the crossover from the low-frequency dc-plateau
of the conductivity to high-frequency-dependent ac behavior,
the dc conductivity g4 and static permittivity & read as

g = Gdc/(g(]gs)a (8)

Wg ~ O-ch, (9)

where the exponent z characterizes the relation between con-
ductivity and capacitance networks.'”> For the samples under
consideration, we have obtained the value z = 1, that denotes
that the capacitance network remains unchanged when the con-
duction network is changed. The decrease of dc conductivity is
less pronounced in composite with 2wt. % of high surface
area-carbon black. In this composite, a minimum of conductiv-
ity remains upon cooling, close to a temperature of 444 K.

The decrease of conductivity after annealing is related
to very different carbon black and epoxy resin thermal
expansion properties. As a result, epoxy resin shrinks more
rapidly on cooling and displaces carbon black clusters.
Finally, carbon black conductivity network was partially (for
composites with CBH filler) or fully (for composites with
2 wt. % CBL filler) damaged. The physical meaning of such
a damage is related to the increase of the mean distance
between carbon black clusters and to the decrease of tunnel-
ing conductivity. In damaged samples, the second annealing
does not recover initial values of conductivity at the previous
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stage (Fig. 7(b) with 2 wt. % of CBL filler), but only slightly
increases activation energy, see Table III.

Moreover, we have performed annealing of composites
with 2wt. % of CBL inclusions at different temperatures as
presented in Fig. 8 in order to explain the effect of annealing
temperature on dielectric properties of composites. It is evi-
dent that annealing decreased the dc conductivity of carbon
black composites (Fig. 8). However, the most pronounced
decrease appeared after annealing at temperatures slightly
above the glass transition temperature, and finally the dc
conductivity vanished after annealing at temperatures higher
than the glass transition temperature. This conductivity
decrease is related to the fact that all polymers exhibit
changes in the slope of specific volume versus temperature
close to the glass transition temperature on cooling.>® Thus,
a rapid decrease of polymer matrix volume close to the glass
transition temperature has a more pronounced effect on the
decrease of dielectric properties of composites and on CB
network damage.

At higher temperatures (above glass transition of pure
epoxy resin matrix), the electrical conductivity is possible
via transport through conductive epoxy resin (o), tunneling
between carbon clusters (ocg) and carbon clusters-epoxy
resin series transport (0cpep). Thus, the total conductivity of
composite reads:

Otot = Oep + ocB + OCBep. (10)

The tunneling conductivity ocg occurs also at lower temper-
atures, however, its temperature dependence is much lower
in comparison to that of o, according to the parameters pre-
sented in the Tables II and III. Thus, this conductivity cannot
change significantly the activation energy of the total con-
ductivity at higher temperatures. Therefore, the main mecha-
nism responsible for conductivity changes at higher

In{o,., S/m}

2.8 3.0 3.2 34
1000/T, 1/K

FIG. 8. Temperature dependence of dc conductivity of carbon black-based
composites with 2% of low surface area-carbon black filler annealed at dif-
ferent temperatures. The most pronounced effect is observed after annealing
slightly above glass transition temperature (400K). The heating-cooling
cycles are consistently numbered. The red dot line represents heating data
and the blue solid line represents cooling data.

J. Appl. Phys. 114, 033707 (2013)

temperatures is the carbon clusters-epoxy resin series trans-
port, where important contribution occurs from electron tun-
neling through Schottky contact between carbon black and
epoxy resin. A simple quantum mechanics analysis of such a
barrier’® shows that this potential barrier is inversely propor-
tional to the carriers’ concentration in completely depleted
areas. This phenomenon can explain the decrease of conduc-
tivity activation energy with CB concentration and account
for lower activation energy for CBH in comparison to CBL-
based composites. Besides, when the CB concentration
increases, the contribution of gcg to the total conductivity
O increases, and therefore the conductivity minimum
(denoting the crossover from electrical conductivity inside
and between CB clusters to the CB-epoxy resin serial con-
ductivity) is observed at higher temperatures (Fig. 7).

C. Low temperature properties of annealed samples

The decreased conductivity of composites after annealing
was studied by cooling composites with 1.5 and 2wt.% of
CBH filler down to 25K (Figs. 9 and 10). For composites with
1 wt. % of CBH and 2 wt. % of CBL fillers, the conductivity
after annealing becomes non-measurably small and therefore
cannot be investigated at low temperatures. The conductivity
dependence of annealed composite was also fitted with Mott’s
law (2) (Fig. 9). The obtained parameters are oy =9.6 uS/m,
d=0.84, Ty = 58.7 K for composite with 1.5 wt. % CBH filler
and 0p=06.7 uS/m, d=0.8, Ty;=62.1K for composite with
2wt. % CBH filler. At low temperatures, the tunneling model
(4) is valid for annealed samples conductivity (Fig. 10).
Obtained parameters are oo=7.5uS/m, T;=58.6K,
To=19.6K for composite with 1.5wt. % of CBH filler and
quite similar values g9=5.2 uS/m, T; =58.6K, To=173K
for composite with 2wt. % of CBH additives. Compared to
those of non-annealed samples, the values of T; and T, are
higher whereas that of ¢ is lower. The effect of annealing can
be twofold: increasing the average distances between CB clus-
ters and as a result increasing the potential barrier for current
carriers tunneling in annealed samples, or damaging CB
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FIG. 9. Mott’s law fit for dc conductivity of annealed carbon black-based
composites (low temperatures region).
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FIG. 10. Temperature dependence of dc conductivity of annealed carbon
black-based composites with tunneling model fit (low temperatures region).

network for carriers hopping. The damages can be broken con-
nections between CB clusters due to rapid thermal expansion
of polymer matrix on heating and (or) cooling. In any case,
these damages cannot increase dimensionality for hopping,
therefore, the main conductivity mechanism at low tempera-
tures is electron tunneling between CB clusters.

IV. CONCLUSIONS

Both kinds of commercially available ENSACO carbon
black investigated, characterized by high and low surface
area, CBH and CBL, can have a broad technological impact
in the field of fabrication of conductive composites above
the percolation threshold on the basis of epoxy resin for a
wide range of electrical applications. The influence of the
CB surface area on the broadband dielectric characteristics
should be exploited for the production of effective low-cost
electromagnetic materials working at different temperatures.
The following peculiarities in electrical/dielectric properties
of different surface area-carbon black/epoxy resin compo-
sites above the percolation threshold have been discovered
by broadband electric/dielectric spectroscopy in a wide tem-
perature range (500-25 K):

1) At higher temperatures (above glass transition of ep-
oxy resin matrix T, = 393 K), the electrical conductiv-
ity of composites is governed by electrical transport
in polymer matrix and current carriers tunneling from
carbon black clusters to polymer matrix. The activa-
tion energy of conductivity in this temperature range
decreases with current carriers’ concentration, i.e.,
with carbon black concentration, and is higher for
CBL-based composites.

(i) In intermediate temperature range (393-150K), the
electrical conductivity is mainly governed by electron
tunneling. In this temperature range, the electrical
conductivity slightly increases on cooling due to the
different thermal expansion coefficients of polymer
matrix and carbon black.

J. Appl. Phys. 114, 033707 (2013)

(iii)) At lower temperatures, the electrical conductivity is
governed by electron tunneling and hopping. The
electrical conductivity and dielectric permittivity of
composites strongly decrease after composites anneal-
ing at high temperatures (500K); at the same time
potential barrier for carriers tunneling strongly
increases. The percolation threshold increases in car-
bon black composites after annealing.

To conclude, according to observed frequency depend-
ence of their electrical conductivity, epoxy resin composite
filled with 2% of CBH filler can be suitable for producing
electrodes in polymer light-emitting devices as well as for
solar cells. At room temperature, 2 wt. % of CBL and 1 wt. %
of CBH within epoxy resin might be investigated for active
layer production for electroluminescent displays. At rela-
tively high temperatures (above 400 K), epoxy with 2wt. %
of CBH embedded can be used as electrostatic dissipation
and antistatic coatings.
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