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Abstract

This study presents a comparative analysis of multiwall carbon nanotube–epoxy (MWCNT–EP) and carbon
black–epoxy (CB–EP) nanocomposites to evaluate the influence of filler concentration and frequency on activation
energy and dielectric properties. Activation energy was obtained from the slopes of Arrhenius plots (lnσ vs. 1/T )
at 0.5, 5, and 10 kHz. Both composites showed higher activation energy at 0.5 kHz due to long-range charge-carrier
hopping, whereas higher frequencies promoted localized transport between adjacent defect sites. Increasing filler
concentration further reduced activation energy, reflecting saturation of dangling bonds, lower density of states, and
reduced domain boundary potential. Dielectric analysis revealed that CB–EP composites consistently possessed
higher dielectric constants than MWCNT–EP composites at equivalent filler loadings, owing to CB’s smaller particle
size and greater surface area. For both composites, the dielectric constant decreased with increasing frequency,
consistent with interfacial polarization effects. These findings clarify how carbonaceous fillers influence the electrical
and dielectric behavior of epoxy nanocomposites.
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1. Introduction

Conducting polymer nanostructures are of great interest because their nanoscale dimensions enable high electrical
conductivity, short ionic transport paths, large surface area, low mass, high power-to-weight ratio, and mixed
electronic–ionic conduction [1–3]. Advanced dielectric materials are critical for capacitors and pulsed-power devices,
where high permittivity, low loss, and reliability are required [4]. In polymer nanocomposites, electrical behavior is
strongly governed by filler dispersion, interfacial interactions, filler concentration, curing conditions, and percolation
phenomena [5–9]. Below the percolation threshold, these systems behave as insulators, while beyond it conductivity
increases through tunneling and hopping mechanisms [10–12]. Carbon-based fillers, including carbon black (CB),
carbon nanotubes (CNTs), and carbon fibers, are widely used to enhance polymer conductivity. Among these, CB is
particularly effective due to its aggregated morphology, which reduces interparticle distance and increases tunneling
contacts, thereby enhancing charge transport [8, 13–19]. CNTs, with high aspect ratio and excellent mechanical strength,
also provide substantial reinforcement at low concentrations, though their homogeneous dispersion is challenging
because of strong van der Waals interactions [20].
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Electrical transport in CNT–epoxy composites is governed by tube length, alignment, dispersion quality, and curing
conditions, and follows a percolation scaling law with a critical concentration and dimensionality-dependent exponent
[21, 22]. The temperature dependence of conductivity in polymer nanocomposites typically follows the Arrhenius
relation,

σ = A exp

(
− Ea

kBT

)
, (1)

where A is the pre-exponential factor, Ea the activation energy, kB Boltzmann’s constant, and T absolute temperature
[23]. Epoxy-based nanocomposites are particularly attractive because they combine mechanical strength with favorable
dielectric response, influenced by space-charge migration, dipolar orientation, and interfacial polarization [5, 24–29].
Although many studies address polymer nanocomposites with carbonaceous fillers, direct comparisons of MWCNT–epoxy
(MWCNT–EP) and CB–epoxy (CB–EP) prepared under identical conditions are limited. In particular, the combined
influence of filler concentration and frequency on activation energy and dielectric behavior is not yet fully established,
despite its importance for optimizing material performance in dielectric and energy-storage applications. The present
work addresses this gap by systematically investigating the activation energy, dielectric constant, dissipation factor,
and AC conductivity of MWCNT–EP and CB–EP nanocomposites as functions of filler concentration and frequency.
The analysis provides insight into the mechanisms by which carbonaceous fillers tailor the electrical and dielectric
performance of epoxy-based systems and highlights differences in their effectiveness as reinforcing agents.

2. Materials and Methods

2.1. Materials

Industrial-grade multiwall carbon nanotubes (MWCNTs, 1205YJ, purity >95%) were obtained from Nanostructured &
Amorphous Materials, Inc., USA. The nanotubes had an outer diameter of 10–20 nm, inner diameter of 5–10 nm, length
of 10–30 µm, specific surface area of 180–230 m2/g, and bulk density of 0.04–0.05 g/cm3. Ketjenblack EC-600 JD carbon
black (Akzonobel) was used as the second filler, characterized by a BET surface area of 1400 m2/g, particle diameter of
36 nm, bulk density of 0.12 g/cm3, iodine absorption of 1000–1100 mg/g, DBP pore volume of 480–510 ml/100 g, and
ash content <0.1%. Unmodified epoxy resin (Atul Pvt. Ltd., Valsad, India) served as the polymer matrix, with cured
resin density of 1.15 g/cm3 at room temperature. A standard epoxy-to-hardener ratio of 10:1 was used for all samples.

2.2. Composite Preparation

MWCNT–epoxy (MWCNT–EP) and carbon black–epoxy (CB–EP) composites were prepared by solution casting. For
MWCNT–EP, nanotubes were dispersed in epoxy resin preheated to 60 ◦C and sonicated for 30 min in an ultrasonic
bath. The mixture was reheated to reduce viscosity, followed by an additional 30 min of sonication, while minimizing
prolonged exposure to prevent nanotube damage. The dispersion was stirred at 200 rpm and 60 ◦C for 60 min on a hot
plate stirrer, cooled to room temperature, and then mixed with hardener to initiate curing. For CB–EP composites,
carbon black powder was pre-dried at 60 ◦C for 30 min to remove moisture. Epoxy resin was heated to 60 ◦C and
mixed with CB to achieve initial dispersion, followed by alternating sonication (30 min), reheating (15 min), and
further sonication (30 min). The mixture was stirred at 200 rpm and 50 ◦C for 60 min, cooled, and then blended with
hardener. Vacuum mixing was applied to eliminate entrapped air before casting. Both MWCNT–EP and CB–EP
systems were prepared at filler concentrations of 0.5, 1.0, 1.5, 2.0, 2.25, and 2.5 w/v%. The composites were molded
into sheets and cured at room temperature for seven days. Square specimens (10 mm × 10 mm × 2 mm) were cut,
polished for uniformity, and coated on both sides with conductive silver paint. The solvent was removed by heating the
coated samples at 60 ◦C for 10 min.

2.3. Characterization

Electrical Conductivity and Activation Energy

Electrical conductivity was measured as a function of temperature and frequency. Activation energy was determined
using the Arrhenius relation

σ = A exp

(
− Ea

kBT

)
, (2)

where σ is conductivity, A the pre-exponential factor, Ea the activation energy, kB Boltzmann’s constant, and T
absolute temperature. Values of Ea were obtained from the slopes of Arrhenius plots of lnσ versus 1/T at different
frequencies.
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Dielectric Properties

Dielectric measurements were carried out using a Wayne Kerr 6500B impedance analyzer in the frequency range of
500 Hz to 10 kHz. A Wayne Kerr TF-1000 solid sample holder and a high-temperature furnace were employed, with
RS-232 and GPIB interfaces enabling computer control. The real (ε′) and imaginary (ε′′) parts of permittivity were
recorded as functions of frequency and temperature. The dielectric constant (ε′) was analyzed to assess charge transport
and interfacial polarization.

AC Conductivity and Dissipation Factor

AC conductivity (σac) was derived from dielectric measurements using the relation

σac = ε0ε
′′ω,

where ε0 is the permittivity of free space, ε′′ the imaginary permittivity, and ω the angular frequency. The dielectric
dissipation factor (tan δ), representing energy loss in the composites, was calculated as the ratio of ε′′ to ε′.

3. Results and Discussion

3.1. Activation Energy

Figure 1 shows Arrhenius plots of ln(σ) versus 1/T for 0.5 w/v% (a) MWCNT–EP and (b) CB–EP composites at 0.5,
5, and 10 kHz. Activation energies calculated from the slopes are summarized in Tables 1–3. In both composites, Ea

decreased with increasing frequency, being highest at 0.5 kHz and lowest at 10 kHz. This trend indicates a transition
from phonon-assisted hopping at low frequencies to localized transport between nearest-neighbor defect sites at higher
frequencies.

(a) MWCNT–EP composites. (b) CB–EP composites.

Figure 1: Arrhenius plot of ln(σ) versus 1/T for 0.5 w/v% (a) MWCNT–EP and (b) CB–EP composites at 0.5, 5, and 10 kHz.

Table 1: Activation energy (Ea) of MWCNT–EP and CB–EP composites at 0.5 kHz.

Filler (w/v%) MWCNT–EP (eV) CB–EP (eV)
0.0 0.6495 0.6495
0.5 0.6530 0.6679
1.0 0.7170 0.6868
1.5 0.6834 0.6727
2.0 0.6548 0.6888
2.5 0.7004 0.5653
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Table 2: Activation energy (Ea) of MWCNT–EP and CB–EP composites at 5 kHz.

Filler (w/v%) MWCNT–EP (eV) CB–EP (eV)
0.0 0.4693 0.4693
0.5 0.4248 0.4245
1.0 0.4308 0.4534
1.5 0.3987 0.4778
2.0 0.4920 0.4541
2.5 0.3864 0.3680

Table 3: Activation energy (Ea) of MWCNT–EP and CB–EP composites at 10 kHz.

Filler (w/v%) MWCNT–EP (eV) CB–EP (eV)
0.0 0.3776 0.3776
0.5 0.3443 0.3603
1.0 0.3335 0.3944
1.5 0.3109 0.4221
2.0 0.4430 0.3672
2.5 0.3252 0.3520

Figure 2 illustrates the effect of filler concentration on activation energy (Ea) at different frequencies. In MWCNT–EP
composites, Ea increased slightly with loading at 0.5 kHz [Figure 2(a)] but decreased with loading at higher frequencies
[Figures 2(b) and 2(c)]. CB–EP composites, in contrast, showed a consistent decrease in Ea with increasing filler
concentration at all frequencies. The lower activation energies in CB–EP systems are attributed to smaller particle
size and larger surface area of CB, which enhance dispersion and tunneling efficiency. In MWCNT–EP composites,
agglomeration at higher concentrations hinders uniform dispersion and elevates Ea, especially at low frequencies.

(a) 0.5 kHz (b) 5 kHz (c) 10 kHz

Figure 2: Effect of filler concentration on activation energy (Ea) in (a) 0.5 kHz, (b) 5 kHz, and (c) 10 kHz.

3.2. Dielectric Constant (ε′)

Figure 3 shows the variation of dielectric constant with frequency and filler concentration for both MWCNT–EP and
CB–EP composites. In both systems, ε′ decreased with increasing frequency from 0.5 to 10 kHz due to the inability
of dipoles and interfacial charges to follow the rapid field oscillations. At low frequencies, interfacial polarization
dominates because of charge accumulation at filler–matrix boundaries. In MWCNT–EP composites [Figure 3(a)], ε′
increased with filler loading, rising from 6.266 to 8.453 at 0.5 kHz and from 5.574 to 7.734 at 10 kHz as concentration
increased from 0.5 to 2 w/v%. The improvement is attributed to the high aspect ratio of MWCNTs, which facilitates
network formation. In CB–EP composites [Figure 3(b)], dielectric constants were consistently higher, increasing from
6.023 to 9.844 at 0.5 kHz and from 5.546 to 9.266 at 10 kHz. The finer particle size and larger surface area of CB
produce stronger Maxwell–Wagner–Sillars polarization, explaining the superior dielectric performance.
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(a) MWCNT–EP composites at different filler concentrations. (b) CB–EP composites at different filler concentrations.

Figure 3: Variation of dielectric constant (ε′) with log f for (a) MWCNT–EP and (b) CB–EP composites.

3.3. Dielectric Dissipation Factor (tan δ)

Figure 4 shows the variation of dielectric dissipation factor (tan δ) with frequency for (a) MWCNT–EP and (b) CB–EP
composites at different filler concentrations. In both composites, tan δ decreased with increasing frequency but increased
with filler loading. For MWCNT–EP composites [Figure 4(a)], values rose from 0.358 at 0.5 w/v% to 0.506 at 2 w/v%
(0.5 kHz). For CB–EP composites [Figure 4(b)], the increase was smaller, from 0.312 to 0.350 over the same range.
The rise in tan δ with concentration is attributed to enhanced interfacial polarization and charge-carrier density, while
aggregation at high loadings reduces homogeneity and moderates loss growth.

(a) MWCNT–EP composites. (b) CB–EP composites.

Figure 4: Variation of dielectric dissipation factor (tan δ) with log f for (a) MWCNT–EP and (b) CB–EP composites at
different filler concentrations.

3.4. AC Conductivity (σac)

Figure 5 illustrates the frequency dependence of AC conductivity for (a) MWCNT–EP and (b) CB–EP composites
at different filler concentrations. In both systems, σac increased with filler concentration and frequency, consistent
with improved charge transport. For MWCNT–EP composites [Figure 5(a)], conductivity rose sharply beyond
3 kHz, signifying the development of percolated conductive networks. At low concentrations, incomplete networks
restricted conduction, while higher loadings enabled continuous pathways. Very high concentrations, however, promoted
agglomeration, which disrupted network uniformity. For CB–EP composites [Figure 5(b)], conductivity improved
steadily with concentration and frequency. At low filler levels, transport occurred mainly by electron hopping between
localized sites, while at higher loadings percolation dominated. The frequency dependence followed a power-law trend,
reflecting phonon-assisted hopping and interfacial polarization. These results align with the dielectric response and
confirm that filler type and concentration strongly influence transport mechanisms in epoxy nanocomposites.
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(a) MWCNT–EP composites. (b) CB–EP composites.

Figure 5: Variation of AC conductivity (σac) with log f for (a) MWCNT–EP and (b) CB–EP composites at different filler
concentrations.

4. Conclusions

A comparative analysis of multiwall carbon nanotube–epoxy (MWCNT–EP) and carbon black–epoxy (CB–EP)
composites was conducted to evaluate the effect of filler concentration and frequency on Arrhenius activation energy
and dielectric properties. The activation energy of both composites was higher at 0.5 kHz than at 5 or 10 kHz. At
0.5 kHz, CB–EP composites exhibited lower activation energies than MWCNT–EP composites, attributed to the
smaller particle size and larger surface area of CB, which facilitate charge transport. The dielectric constant at a
given frequency was inversely related to activation energy, reflecting the influence of relaxation dynamics. CB–EP
composites consistently showed higher dielectric constants than MWCNT–EP composites across all filler concentrations
and frequencies, confirming superior interfacial polarization due to finer dispersion. Overall, filler concentration and
frequency influence activation energy and dielectric constant primarily through filler type, polymer compatibility, and
dispersion quality. These results highlight the importance of optimizing filler selection and loading for tailoring polymer
nanocomposites toward specific dielectric applications.
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