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Abstract: In this study, hybrid boron nitride (BN)/titanium carbide (TiC)/epoxy resin composite
nanodielectrics were manufactured and characterized. Their morphological and structural characteri-
zation was conducted via scanning electron microscopy (SEM) images and X-ray diffraction (XRD)
patterns, whereas the dielectric behavior was studied by means of broadband dielectric spectroscopy
(BDS). Dielectric measurements were carried out from 30 to 160 ◦C and from 10−1 to 106 Hz, respec-
tively. The dielectric results revealed the existence of three relaxation mechanisms, which from high to
low frequencies, at constant temperature, refer to re-arrangement of polar-side groups (β-relaxation)
of the macromolecular chains, transition from glassy to rubbery state of the amorphous polymer
matrix (α-relaxation) and interfacial polarization (IP) between the polymer matrix and the nanofillers.
It was found that, in general, nanodielectrics exhibited enhanced dielectric properties mainly due
to the high dielectric permittivity of TiC and the fine dispersion of the fillers, confirmed also by the
SEM images. Dynamic analysis conducted for the α-relaxation showed a Vogel–Fulcher–Tammann
dependence on temperature. The ability of energy storing of the nanocomposites was examined
via their energy density. Optimum performance is exhibited by the 5 phr TiC/1 phr BN/epoxy
nanocomposite, reaching an energy storing ability nine times greater than the unfilled matrix.

Keywords: hybrid nanocomposites; nanodielectrics; dielectric relaxations; electrical properties;
energy storing

1. Introduction

It is well-known that polymer nanocomposites concentrate, worldwide, an enhanced
scientific and technological interest, because of their ability to combine the supplementary
or diverging properties of the polymer matrix and the nanoreinforcing phase, mostly at low
filler content. By these means, polymer nanocomposites exhibit a versatile performance,
thus achieving increased functionality [1–5]. The successful selection of the constituent
materials for the fabrication of nanocomposites could lead to the development of systems
displaying properties and behavior “on demand”. Under a suitable stimulus or signal
control nanocomposite systems could be able to demonstrate the desirable properties
and performance at service [2–5]. Varying the type, the morphology and the content of
the reinforcing phase or phases, the properties of the nanocomposites become adjustable.
Nowadays, multifunctional performance is considered almost as a prerequisite asset for
technical materials in high tech applications. Multifunctionality can be described as the
combination of various desirable properties in a composite material, which will exhibit all
required performances at service, responding to different loading conditions and stimuli.
This type of material should be characterized, among other aspects, by mechanical dura-
bility, thermal stability, adjustable dielectric behavior and conductivity, induced magnetic
properties, suitable optical properties etc. Multifunctional performance can be further
enhanced by employing, as a reinforcing phase, materials undergoing thermally or elec-
trically triggered phase changes and by developing composite systems where electrical
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energy can be stored and sufficiently retrieved [6–8]. The latter could be achieved in
many nanocomposites, since the dispersed nanoinclusions can act as a distributed network
of nanocapacitors [9]. Furthermore, hybrid nanocomposites employing two reinforcing
phases could be able to exploit in their performance selected properties from all three
constituents [5].

As nanodielectrics are classified ceramic dielectrics with grain size at the nano level,
or polymer matrix composites with nanoinclusions [9]. Current applications of polymer
nanocomposites include, although are not limited, electronic devices, electric vehicles,
cellular phones, stationary power systems, wireless personal digital assistants, self-current
regulators, integrated capacitors, conductive adhesives, acoustic emission sensors, memory
switches and cases for electromagnetic shielding, as well as applications in the automobile,
aerospace, and sports industries.

Epoxy resins are by far the most popular matrices in composites materials, because
of their resistance to chemical attacks and corrosive environments, their thermal stability
and mechanical sustainability, their low shrinkage and moisture absorbance, in tandem
with the easy manufacturing procedure, the good adhesion with many fillers and their low
cost [10,11].

Nowadays, 2D inclusions, like boron nitride (BN), have attracted huge interest. BN
is a honeycomb-sheet with one atom thickness, high specific area and high Young’s mod-
ulus. The smooth surface without any charge traps, the low dielectric constant and high-
temperature stability and thermal conductivity of BN makes it suitable to act as a regulator
in a composite system tailoring its electrical properties [12,13]. The geometrical config-
uration of BN and its morphology, increases the surface–volume ratio and allows the
polymer matrix to adhere better to the nanosheets. Moreover, the atoms’ configuration in
the BN sheets resemble that of graphene, and thus BN appears as a very promising 2D
reinforcing material in nanodielectrics. Titanium carbide (TiC) is an engineering material
characterized by high melting point, hardness, elastic modulus, electrical conductivity,
and low coefficient of thermal expansion [14]. In the past polymer composites with TiC
particles have been considered as a new type of smart materials since they have been
found to change the sign of the temperature coefficient of conductivity from positive to
negative and vice versa [15–18]. In the present study, it is attempted for the first time, to
combine the reinforcing abilities of the spherical-like nanoparticles of TiC with the 2D BN
by fabricating hybrid nanocomposites with an epoxy resin as matrix. Upon fabrication
and morphological/structural characterization, the electrical properties of nanocomposites
and their ability to store electrical energy is investigated. Finally, interactions occurring
between the constituents of the hybrid nanocomposites and their synergy is discussed.

2. Materials and Methods

For the fabrication of the nanocomposites a liquid epoxy resin (Epoxol 2004 A) pre-
polymer and a slow-rate curing agent (Epoxol 2004 B) obtained from Neotex S. A., Greece,
were employed as the polymer matrix. The reinforcing nanopowders were titanium carbide
(TiC) and hexagonal boron nitride (h-BN), purchased from Sigma Aldrich and Thomas
Swan & Co. Ltd., respectively. Titanium carbide powder was in the form of nanoparticles
with a diameter less than 200 nm, as noted by the supplier’s datasheet. Hexagonal boron
nitride powder consists of 2D platelets with high aspect ratio (>200) and lateral size less
than 1 µm.

The fabrication process began by mixing precalculated amounts of h-BN and TiC
nanopowders with the prepolymer of resin. The resulting mixture was stirred under
ultrasonication, for 10 min at 50 ◦C. This procedure is important in achieving homogenous
filler dispersion and in avoiding particles’ agglomeration. The mixture was left to reach
ambient temperature and then the curing agent was added to the mixture at a ratio 2:1
per weight resin/hardener. The resulted mixture was stirred very slowly for 15 min at
room temperature and then poured into the molds. Curing took place at room temperature
for a week, followed by a post-curing at 100 ◦C for 4 h. The whole fabrication process is
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schematically shown in Figure 1. Filler content is expressed in part per hundred resin per
mass (phr).
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Figure 1. Schematic representation of the nanocomposites’ fabrication procedure.

X-ray Diffraction (XRD) patterns were taken by means of a D8 Advance (Bruker AXS)
device, using a Cu–Ka source (1.54 Ångstrom, 1.6 kW) with scanning speed 0.5 s/step in
the range of 20–90◦. The dispersion of the fillers, as well as the existence of agglomerates
and voids inside the nanocomposites, was examined using a Zeiss EVO-MA10 (Carl Zeiss
Microscopy GmbH, Jena, Germany) Scanning Electron Microscope (SEM).

The dielectric characterization of the composites was conducted by means of Broad-
band Dielectric Spectroscopy (BDS) with an Alpha-N Frequency Response Analyzer, sup-
plied by Novocontrol Technologies (Hundsagen, Germany). Temperature was controlled
via Novotherm system (Novocontrol Technologies) and the employed dielectric cell was
BDS1200 (Novocontrol Technologies) with two parallel gold-plated electrodes. The mea-
surements were carried out in the frequency and temperature range from 0.1 Hz to 106 Hz
and 30 ◦C to 160 ◦C, respectively. Frequency scans were conducted at constant tempera-
ture, with a step of 5 ◦C. Data acquisition, as well as frequency and temperature control
were performed via windeta software (Novocontrol Technologies) at real time. The whole
experimental procedure was in accordance with the ASTM D150 specification.

3. Results
3.1. Morphological and Structural Characterization of TiC/h-BN/Epoxy Systems

Scanning electron microscopy was used to study the morphology of each composite.
The structural characterization was conducted by means of XRD patterns. Representative
SEM images are depicted in Figure 2, where a fine and homogenous dispersion of the
nanofillers in the polymer matrix is observed. In the systems with high nanoparticles
content among nanodispersion, small and limited clusters can be detected. Figure 3
depicts the XRD patterns of BN and TiC powders, as well as the XRD diffractographs of
TiC/BN/epoxy nanocomposites with different filler concentrations. The XRD pattern of
BN powder implies its hexagonal crystalline structure due to the well-formed characteristic
diffraction peaks at 26, 41, 50, 54 and 75 2θ degrees, corresponding to the (002), (100),
(102), (004) and (112) planes [19,20]. The TiC powder XRD pattern shows three very clear
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peaks at 36, 41 and 60 2θ degrees, corresponding to the (111), (200) and (220) planes [21].
The XRD graph of the amorphous polymer matrix does not include any diffraction peaks.
Hence, all the recorded peaks in the patterns of the nanocomposites correspond to the BN
and TiC nanofillers and verify the successful integration of the nanoparticles in the epoxy
resin. Moreover, the intensity of the peaks increases with filler concentration, meaning the
successful nanocomposites’ fabrication.
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3.2. Dielectric Response of TiC/h-BN/Epoxy Systems

Polymer matrix nanocomposites are mainly electrical insulators due to their low con-
centration of free charge carriers. Thus, they’re electrically characterized by the relaxation
phenomena that take place under AC field. These relaxations concern the orientation of
both permanent and induced dipoles. The addition of nanofillers to the polymer matrix
affects these relaxations and thus it is crucial to examine the influence of the nanofillers
upon these relaxations. Obtained dielectric data are presented in the formalisms of dielec-
tric permittivity, electric modulus, and AC conductivity. Figure 4a shows the 3D graph of
the real part of the dielectric permittivity (ε′) as a function of temperature and frequency
for neat epoxy resin. In comparison, Figure 4b presents the corresponding data for the
nanocomposite reinforced with 5 phr TiC/5 phr BN. In both cases, ε′ attains high values at
low frequencies and high temperatures, because sufficient time and thermal agitation is
given to dipoles in order to be aligned with the applied field. The increase of the frequency
of the applied field causes a rapid decrease of dielectric permittivity, since the fast alterna-
tion of the field results in diminishing of polarization. The reinforced specimen in Figure 4b
exhibit higher values of ε′ with respect to the epoxy sample because of the presence of the
nanofillers. The same behavior, concerning ε′, was observed for the other systems, as well.
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Figure 5a,b depicts the 3D graphs of the loss tangent (δ) vs. temperature and frequency
for the unfilled epoxy and the 5 phr TiC/5 phr BN/epoxy nanocomposite, respectively. The
presence of relaxation processes becomes evident via the formation of peaks and humps.
The weaker and faster relaxation (shorter relaxation time) is recorded in the high frequency
range and is denoted as β-relaxation. This process is attributed to the movement/re-
orientation of polar side groups of the polymer chain. At intermediate frequencies and
temperatures, the glass to rubber transition occurs. The process is known as α-relaxation,
is related to the amorphous polymer matrix, and is associated with the synergetic re-
arrangement of extensive parts of the main polymer chains. α-relaxation is a rather slow
process. The loss tanδ spectra of the unreinforced epoxy form a peak for α-relaxation, the
position of which shifts to higher frequencies with the increase of temperature. Interestingly,
the corresponding spectra for the 5 phr TiC/5 phr BN/epoxy nanocomposite depict a peak,
for the same process, covering a broader frequency and temperature range. This peak
appears to be formed by expanding, or even splitting, the peak of α-relaxation, of neat
epoxy, into two parts and then shifting one part to higher and the other part to lower
temperatures. This peak’s widening is an indication for diverging interactions between
the polymer matrix and the employed two different fillers. In general, strong interactions
between macromolecules and nanoinclusions shift the glass to rubber transition peak to
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higher temperatures, while weak interactions and possible low wettability of nanoparticles
by the matrix shift the process to lower temperatures [22–24]. Finally, at low frequencies
and high temperatures interfacial polarization (IP) takes place, due to the accumulation
of electrical charges at the interface between the phases of the nanocomposite, where they
form large dipoles at the surface around of the nanoinclusions. These induced dipoles
attempt to follow the alternation of the field, but their inertia obstructs their orientation. At
low frequencies sufficient time is given for their alignment, which is further facilitated by
the thermal agitation [22,25].

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 6 of 14 
 

 

strong interactions between macromolecules and nanoinclusions shift the glass to rubber 
transition peak to higher temperatures, while weak interactions and possible low wetta-
bility of nanoparticles by the matrix shift the process to lower temperatures [22–24]. Fi-
nally, at low frequencies and high temperatures interfacial polarization (IP) takes place, 
due to the accumulation of electrical charges at the interface between the phases of the 
nanocomposite, where they form large dipoles at the surface around of the nanoinclu-
sions. These induced dipoles attempt to follow the alternation of the field, but their inertia 
obstructs their orientation. At low frequencies sufficient time is given for their alignment, 
which is further facilitated by the thermal agitation [22,25].  

The variation of AC conductivity as a function of frequency and temperature, for the 
unfilled epoxy and for the 5 phr TiC/5 phr BN/epoxy system, is shown in Figure 6a,b. 
Frequency-dependent conductivity has been determined according to Equation (1):  𝜎 (𝜔) = 𝜀 𝜔𝜀′′ (1)

where ε0 is the permittivity of vacuum, ω the angular frequency of the field, and ε″ the 
imaginary part of dielectric permittivity or loss index. Spectra of AC conductivity vary 
significantly with frequency and temperature over a range of six or seven orders of mag-
nitude. In the low-frequency range, σac tends to its DC value, while after a critical fre-
quency an exponential dependence of AC conductivity upon frequency occurs. Effect of 
temperature upon the conductivity values is more pronounced in the low-frequency 
range. In the low-frequency edge, a limited number of charge carriers, migrate upon rel-
ative long distances. On the contrary, at high frequencies, an increased number of carriers 
moves forward/backwards between adjacent sites. By these means, “jumping” carriers 
contribute to the overall AC conductivity, although their spatial migration is very short. 
The spectra of Figure 6 are indicative for the examined systems, and in all cases σac is in 
accordance with the AC universality law [26–28], as expressed by Equation (2):  𝜎 (𝜔) = 𝜎 + 𝐴𝜔  (2)

where σdc corresponds to the DC value of conductivity and A, s are parameters depending 
on the temperature and the material [29]. The form of the recorded spectra of AC conduc-
tivity is considered as characteristic for charge transfer via hopping conductance [27,28].  

  

Figure 5. Loss tanδ as function of frequency and temperature for: (a) unfilled epoxy and (b) 5 phr 
TiC/5 phr BN/epoxy nanocomposite.  
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The variation of AC conductivity as a function of frequency and temperature, for the
unfilled epoxy and for the 5 phr TiC/5 phr BN/epoxy system, is shown in Figure 6a,b.
Frequency-dependent conductivity has been determined according to Equation (1):

σac(ω) = ε0ωε′′ (1)

where ε0 is the permittivity of vacuum, ω the angular frequency of the field, and ε′′

the imaginary part of dielectric permittivity or loss index. Spectra of AC conductivity
vary significantly with frequency and temperature over a range of six or seven orders of
magnitude. In the low-frequency range, σac tends to its DC value, while after a critical
frequency an exponential dependence of AC conductivity upon frequency occurs. Effect of
temperature upon the conductivity values is more pronounced in the low-frequency range.
In the low-frequency edge, a limited number of charge carriers, migrate upon relative long
distances. On the contrary, at high frequencies, an increased number of carriers moves
forward/backwards between adjacent sites. By these means, “jumping” carriers contribute
to the overall AC conductivity, although their spatial migration is very short. The spectra
of Figure 6 are indicative for the examined systems, and in all cases σac is in accordance
with the AC universality law [26–28], as expressed by Equation (2):

σac(ω) = σdc + Aωs (2)

where σdc corresponds to the DC value of conductivity and A, s are parameters depending
on the temperature and the material [29]. The form of the recorded spectra of AC conduc-
tivity is considered as characteristic for charge transfer via hopping conductance [27,28].



J. Compos. Sci. 2022, 6, 259 7 of 14

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW 7 of 14 
 

 

  

Figure 6. ac conductivity as function of frequency and temperature for: (a) unfilled epoxy and (b) 5 
phr TiC/5 phr BN/epoxy nanocomposite.  

4. Discussion 
The electrical properties of the hybrid nanocomposites are determined to a great ex-

tent by the concentrations of the TiC and BN nanoinclusions. Figure 7 shows three com-
parative plots of ε′ versus frequency or temperature, where the concentration of one filler 
type is kept constant and the second one gradually increases and vice versa. Figure 7a 
presents the variation of the real part of dielectric permittivity as a function of frequency, 
at 30 °C for the hybrids with constant TiC content at 5 phr and varying BN content. Nano-
composites exhibit higher values of ε′, than unfilled epoxy, in the whole frequency range. 
The dielectric reinforcing ability of TiC becomes evident, while at the same time a rather 
poor dielectric performance of BN is indicated. An analogous behavior is shown in Figure 
7b, where the ε′, for the same systems, is plotted as a function of temperature at 1 kHz. 
Thermal agitation is beneficial to the orientation of dipoles and thus the real part of die-
lectric permittivity increases with temperature, denoting the enhancement of polarization. 
Besides the effect of fillers’ loading, interfacial polarization at high temperatures increases 
further the values of ε′. The variation of ε′ versus temperature, at 1 kHz, for nanocompo-
sites with constant BN content at 5 phr and varying the TiC content is depicted in Figure 
7c. Again, the presence of TiC augments the permittivity values, although the high content 
of BN restricts this alteration. Interestingly, in a previous study from our group concern-
ing binary BN/epoxy nanocomposites [30], the effect of filler resulted in increased values 
of permittivity under the same testing conditions. The occurring interactions in the exam-
ined hybrids should be: (i) macromolecules-TiC particles, (ii) macromolecules-BN parti-
cles, and (iii) TiC particles-BN particles. Regarding these interactions and the recorded 
dielectric behavior, it can be suggested that the interactions between the two fillers induce 
the peculiarity of diminishing ε′ with BN content. 

Relaxation processes in polymeric systems can be studied via various formalisms, 
including electric modulus. Electric modulus is defined via Equation (3): 𝑀∗ = 1𝜀∗ = 𝜀𝜀 + 𝜀 + 𝑖 𝜀𝜀 + 𝜀 = 𝛭 + 𝑖𝛭  (3)

where ε′, ε″ and M′, M″ are the real and imaginary parts of dielectric permittivity and 
electric modulus respectively. Electric modulus provides benefits in studying dielectric 
processes by neglecting electrode polarization [31–33].  

The peak of α-relaxation versus temperature, at 1 kHz, is shown in the M″ = f(T) plots 
of Figure 8a,b, with parameters the fillers content. When TiC content is kept constant at 3 
phr, Figure 8a, varying BN content, the peak of the glass to rubber transition slightly shifts 
to lower temperatures, indicating a small decrease of Tg. An analogous behavior is de-
tected in Figure 8b, where BN content is constant at 3 phr and concentration of TiC varies. 
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4. Discussion

The electrical properties of the hybrid nanocomposites are determined to a great extent
by the concentrations of the TiC and BN nanoinclusions. Figure 7 shows three comparative
plots of ε′ versus frequency or temperature, where the concentration of one filler type is
kept constant and the second one gradually increases and vice versa. Figure 7a presents the
variation of the real part of dielectric permittivity as a function of frequency, at 30 ◦C for
the hybrids with constant TiC content at 5 phr and varying BN content. Nanocomposites
exhibit higher values of ε′, than unfilled epoxy, in the whole frequency range. The dielectric
reinforcing ability of TiC becomes evident, while at the same time a rather poor dielectric
performance of BN is indicated. An analogous behavior is shown in Figure 7b, where the
ε′, for the same systems, is plotted as a function of temperature at 1 kHz. Thermal agitation
is beneficial to the orientation of dipoles and thus the real part of dielectric permittivity
increases with temperature, denoting the enhancement of polarization. Besides the effect of
fillers’ loading, interfacial polarization at high temperatures increases further the values of
ε′. The variation of ε′ versus temperature, at 1 kHz, for nanocomposites with constant BN
content at 5 phr and varying the TiC content is depicted in Figure 7c. Again, the presence
of TiC augments the permittivity values, although the high content of BN restricts this
alteration. Interestingly, in a previous study from our group concerning binary BN/epoxy
nanocomposites [30], the effect of filler resulted in increased values of permittivity under
the same testing conditions. The occurring interactions in the examined hybrids should be:
(i) macromolecules-TiC particles, (ii) macromolecules-BN particles, and (iii) TiC particles-
BN particles. Regarding these interactions and the recorded dielectric behavior, it can be
suggested that the interactions between the two fillers induce the peculiarity of diminishing
ε′ with BN content.

Relaxation processes in polymeric systems can be studied via various formalisms,
including electric modulus. Electric modulus is defined via Equation (3):

M∗ =
1
ε∗

=
ε′

ε′2 + ε
′′2 + i

ε′′

ε′2 + ε
′′2 = M′ + iM′′ (3)

where ε′, ε′′ and M′, M′′ are the real and imaginary parts of dielectric permittivity and
electric modulus respectively. Electric modulus provides benefits in studying dielectric
processes by neglecting electrode polarization [31–33].
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Figure 7. Real part of dielectric permittivity as a function: (a) of frequency, at 30 ◦C, for the systems
with 5 phr TiC, varying the BN content, (b) of temperature, at 1 kHz, for the same systems as in (a),
and (c) of temperature, at 1 kHz, for the systems with 5 phr BN varying the TiC content.
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The peak of α-relaxation versus temperature, at 1 kHz, is shown in the M′′ = f(T) plots
of Figure 8a,b, with parameters the fillers content. When TiC content is kept constant at
3 phr, Figure 8a, varying BN content, the peak of the glass to rubber transition slightly
shifts to lower temperatures, indicating a small decrease of Tg. An analogous behavior
is detected in Figure 8b, where BN content is constant at 3 phr and concentration of TiC
varies. Both cases imply the presence of moderate interactions between inclusions and
macromolecules, since at strong or weak interactions Tg should be significantly increasing
or decreasing, respectively [22,23,34]. However, the occurring synergy, or in other words
the mutual interactions, between the two employed fillers is not easy to be examined and
further research should be carried out. The presence of the 2D inclusions possibly exert
spatial obstructions to molecular parts to be aligned with the applied field, leading by these
means to the reduction of the real part of dielectric permittivity with BN content [35]. In
addition, the 0D spheroid TiC nanoparticles increase ε′ because of the augmentation of
interfacial area and their enhanced conductivity, which increases the systems’ heterogeneity.
Spheroid nanoparticles could also act as a “bridging” medium between adjacent BN sheets,
resulting in complex geometry of interfacial area and interfacial polarization.
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Figure 8. Imaginary part of electric modulus as a function of temperature, at 1 kHz, for the systems
with: (a) 3 phr TiC, varying the BN content and (b) 3 phr BN, varying the TiC content.
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Relaxation dynamics for the α-process are shown in Figure 9 for all studied systems.
As expected, glass to rubber transition process follows a Vogel–Fulcher–Tammann (VFT) re-
lation, for the frequency of the loss peak as a function of inverse temperature, Equation (4):

fmax = fo exp [− B
T − To

] (4)

where fo is a pre-exponential factor, B is a parameter considered as a measure of activation
energy, and To is the Vogel temperature or ideal glass transition, which lies between 30 K
and 70 K below the experimentally found Tg value [24,36].
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Table 1 summarizes the fitting parameters for all specimens. Recorded data didn’t
allow us to conduct a reliable fitting for the other two processes (IP and β-relaxation) and
thus their dynamics is not presented.

Polymer matrix nanocomposites are systems where electric energy can be stored.
The presence of nanoinclusions acts as a distributed network of nanocapacitors, which
can be charged and discharged. Moreover, interfacial area and insulating matrix are also
contributing to energy storing [6,37,38]. The ability of storing energy is expressed by energy
density, which is defined according to Equation (5):

U =
1
2

ε0ε′E2 (5)

where ε0 is the permittivity of vacuum, ε′ the real part of dielectric permittivity of the
material and E the intensity of the applied field. As it can be noted the only material
parameter in Equation (5) is ε′, and thus the influence of the employed material on the
energy density is expressed solely via the real part of dielectric permittivity. Energy density
increases with the applied field and the dielectric breakdown strength sets the upper limit
of its value. Figure 10a depicts energy density versus temperature, at 0.1 Hz, varying the
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fillers’ content, at E = 1 kV/m. Energy density follows the dependence of ε′ upon frequency,
temperature and filler content. As it is depicted in Figure 10a, energy density increases
significantly in the low-frequency and high-temperature region, where the effect of filler
content becomes prominent because of interfacial polarization. Relative energy density
defined via Equation (6), expresses the strengthening ability of filler content in comparison
to unreinforced matrix:

Urel =
Ucomp

Umatr
(6)

where Ucomp and Umatr are the energy densities of the composite and the matrix at the same
frequency, temperature, and applied field.

Table 1. Parameters obtained by fitting data for α-relaxation via Equation (4) for all studied systems.

Sample T0 (K) B (K) R2

epoxy 313.6 ± 0.5 46.5 ± 0.4 0.998
1 phr TiC & 1 phr BN/epoxy 315.4 ± 0.4 44.2 ± 0.3 0.997
1 phr TiC & 3 phr BN/epoxy 315.8 ± 0.4 42.8 ± 0.3 0.997
1 phr TiC & 5 phr BN/epoxy 313.1 ± 0.3 44.0 ± 0.2 0.998
3 phr TiC & 1 phr BN/epoxy 310.6 ± 0.4 39.5 ± 0.3 0.998
3 phr TiC & 3 phr BN/epoxy 309.4 ± 0.3 45.5 ± 0.3 0.998
3 phr TiC & 5 phr BN/epoxy 308.4 ± 0.5 48.2 ± 0.5 0.997
5 phr TiC & 1 phr BN/epoxy 302.5 ± 0.6 41.6 ± 0.5 0.997
5 phr TiC & 3 phr BN/epoxy 308.8 ± 0.5 41.6 ± 0.4 0.998
5 phr TiC & 5 phr BN/epoxy 312.6 ± 0.4 44.8 ± 0.3 0.998
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In the vicinity of 50 ◦C, Urel forms a peak (Figure 10b) associated with the glass–rubber
transition. The increased segmental mobility of large parts of the macromolecular chains
close to Tg enhances polarization and thus the ability to store energy, as expressed by the
energy density. In this area, energy density appears to be almost nine times higher in the
5 phr TiC/1 phr BN/epoxy nanocomposite compared to the unfilled matrix. In addition,
at relatively high temperatures optimum performance exhibits seven times higher energy
storing ability for the same system than the unreinforced epoxy. In this area, IP is the
dominating polarization mechanism.

The present study is focused on the dielectric response of the examined hybrid sys-
tems, which could induce a multifunctional performance. However, their potential applica-
tion as electronic devices, portable (or even wearable) electronics, self-current regulators,
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multilayer capacitors, conductive/semiconductive adhesives, electromagnetic radiation
shielding, and energy storing media, should be accompanied by a suitable mechanical
strength and durability. The mechanical behavior of the studied nanocomposites will
be the subject of a forthcoming study. Representative mechanical properties of the em-
ployed matrix under static and dynamic conditions, at room temperature, are indicated
by a Youngs’ modulus higher than 1.5 GPa and a maximum storage modulus higher than
2.3 GPa [30,39]. Youngs’ modulus, for nanocomposites produced via the same fabrication
procedure, alerts to a value higher than 2.5 GPa for a system reinforced with 5 phr multi-
wall carbon nanotubes, while maximum storage modulus exceeds 28.8 GPa for the 5 phr
BN/epoxy nanocomposite.

5. Conclusions

In this work, hybrid TiC/BN/epoxy nanocomposites were fabricated with varying
filler content. Morphological characterization conducted via SEM, and XRD confirmed that
the specimens were successfully fabricated. Electrical properties were studied by means of
BDS. Relaxation phenomena were evident in all dielectric graphs, implying the presence of
relaxation processes such as interfacial polarization (IP), glass–rubber transition (α-process),
and re-arrangement of polar side-groups (β-process), with ascending frequency, at constant
temperature. Alternating conductivity varies exponentially with frequency at relatively
high frequencies, while tends to its DC value in the low-frequency region. Values of the
real part of dielectric permittivity appear to be dependent on the occurring interactions
between polymer matrix and employed fillers, ε′ increases with TiC content. Relaxation
dynamics of α-process follows VFT relation. Finally, hybrid systems are capable of storing
electrical energy as expressed by their energy density. The 5 phr TiC/1 phr BN/epoxy
nanocomposite exhibits the highest energy density reaching at its maximum position nine
times higher storing ability than the unfilled epoxy.
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