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Improving the thermal stability and dielectric properties of
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Abstract

This study aims to enhance the thermal stability and dielectric properties of an epoxy/phenolic resin-type novolac blend by incorporating carbon
nanofibers (CNFs). The EP/novolac-CNF composite was created by dispersing a 10% weight fraction of CNFs into the EP/novolac blend. Various
analyses were conducted to assess the improvements brought by the addition of CNFs. Differential Thermal Analysis (DTA) and Dielectric
Measurements (DM) were employed to determine the T, values. Thermogravimetric Analysis (TG) and Differential Thermogravimetric Analysis
(DTG) were used to evaluate the thermal stability. Results indicated that the inclusion of carbon nanofibers enhanced the thermal stability of the
composite, as evidenced by the increased char yield at temperatures exceeding 700°C, reaching 27.08% compared to 8.4% for the EP/novolac
blend. Dielectric measurements were conducted across a frequency range of 10? — 107 Hz and a temperature range of 293-463 K. The results
revealed a wide dielectric dispersion in all samples, indicating the presence of Debye relaxation and a broad distribution of relaxation times.
Eyring’s relaxation rate equation was applied to determine the thermodynamic parameters, such as the Gibbs free energy of activation (AG)
and entropy (AS). The results indicated strong intermolecular interactions in all tested samples. The incorporation of carbon nanofibers into
the EP/novolac blend led to improvements in thermal stability and dielectric properties. The analysis of various parameters suggests enhanced
performance and potential applications of the EP/novolac-CNF composite in relevant fields.
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1. Introduction the demanding requirements of modern technological applica-
] ) ) ) tions [1-4]. Various composite systems are used in the field
The development of hybrid polymeric composite materi- o manufacturing technology, including epoxides, phenolics,

als represents a significant advancement in materials science, and epoxy-based composites. The choice of matrix material
offering a wide range of multifunctional properties that meet depends on the specific application requirements, considering
factors such as mechanical strength, thermal stability, electri-
cal properties, and chemical resistance. The polymers men-
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properties, which contribute to the overall performance of the
composite material [5, 6].

Nanoparticles possess a significantly larger surface area
compared to larger particles, allowing for substantial interac-
tion between the matrix (in this case, the epoxy) and the filler
particles (the nanoparticles). Enhanced interaction often leads
to improved thermal and dielectric properties, thereby enhanc-
ing the performance of the composite material [7-9]. The use
of nanoparticles in epoxy-based composites offers several ad-
vantages, including improved thermal and dielectric properties,
enhanced durability and thermal stability, and reduced weight.
These characteristics make nanocomposites desirable for vari-
ous applications requiring lightweight materials with high per-
formance, such as in aerospace, automotive, and structural en-
gineering industries [10].

Carbon nanofibers (CNFs) possess outstanding thermal
conductivity, making them excellent heat conductors. When
integrated into composite materials, CNFs can improve thermal
management by enhancing heat dissipation and thermal stabil-
ity. This property is particularly valuable in applications as ther-
mal interface materials (TIMs) in electronic devices, where ef-
ficient heat dissipation is critical to performance and reliability
[11-13].

In recent years, the development of new TIMs has acceler-
ated through the use of carbon materials such as graphene, car-
bon nanotubes (CNTs), and carbon nanofibers (CNFs). These
materials have been widely applied as fillers in TIMs due to
their high thermal conductivity and excellent mechanical prop-
erties. Among these carbon materials, carbon nanofibers and
carbon nanotubes exhibit highly anisotropic thermal conduc-
tivity because of their two-dimensional structure and high as-
pect ratio. For example, Jeon et al. [14] developed cellulose-
graphene-based thermal interface papers. According to their
studies, although the in-plane thermal conductivity of cellulose-
graphene-based thermal interface material paper can reach
732, W.m~', K~!, the maximum through-plane thermal con-
ductivity is only 0.14, W,m~', K.

Huang et al. reported the thermal conductivities of current
graphene-based polymer nanocomposites. The thermal con-
ductivities of most reported graphene-based polymer nanocom-
posites were under 10, W,m~', K~! due to the high aspect ra-
tio of graphene materials [15]. As for carbon nanotube-based
thermal interface materials (TIMs), many studies have demon-
strated that the properties of carbon nanotubes cannot be fully
exploited because of the presence of defects, high thickness,
high interfacial thermal resistance, and low purity [16]. Hong et
al. used single-walled carbon nanotubes (SWCNTSs) and multi-
walled carbon nanotubes (MWCNTS) to fabricate CNT/PMMA
(polymethylmethacrylate) composites. The maximum ther-
mal conductivities of SWCNT/PMMA and MWCNT/PMMA
composites are 2.43, W,m™!, K~' and 3.44, W,m~', K~!, respec-
tively. They found that the purity and defects of CNTs greatly
influence the thermal conductivity of CNT-based TIMs [17].

The aim of this work is to achieve a synergistic enhance-
ment of thermal stability and dielectric properties by leveraging
the unique properties of CNFs. The combined effects of CNFs’
improved thermal conductivity, dielectric dispersion, and AC

Figure 1. Show schematic illustration of the difference between CNF
and CCE.

conductivity contribute to significant improvements in the ther-
mal and dielectric properties of the composite, making it suit-
able for a wide range of industrial and functional applications.

2. Materials and method

The epoxy resins (DGEBA, YD-128) are low molecular
weight liquids with epoxide equivalent weight of 176g. The
curing agent phthalic anhydride (PA) used in this study was
supplied by Kukdo Chem. Co. of Korea. The phenol formalde-
hyde type novolac and a curator Hexaminehexa-60 were sup-
plied Bakelite AG company. The Carbon nanofibers (CNF’s)
purity 99.9, Diameter 1um and length less 100um supplied by
Nano shell company, India was used in this study, the Carbon
nanofibers (CNF’s) specifications shows in Table 1 .

3. Samples preparation

The open-mold casting technique is a commonly used
method in composite material fabrication, particularly when
working with epoxy and novolac blends. In this study, the
researcher prepared blends of epoxy and novolac with differ-
ent weight fractions: specifically, (90% — 10%), (80% — 20%),
and (70% — 30%). Among these blends, they selected the
(80% — 20%) ratio for further composite preparation. To cre-
ate the composite, they introduced a fixed weight fraction of
carbon nanofibers, specified as 10% by weight. These carbon
nanofibers had a diameter of less than 1 wm and a length of less
than 100 um. The process likely involved mixing the epoxy and
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Table 1. Carbon nanofibers (CNF’s) specifications.

Diameter Length

Purity  Molecular weight

Density Melting point  Color

<1um <100 um  99.9%

12.01 g/mol

2.1g/cm®  3925-3970 K Black

mes reference: 21 mm

warkng clectrode |5 mn

coumter electrode: 15.5 mm

Figure 2. Model stand and sample diagram used for dielectric measure-
ments in the three-electrode method, proposed by Costard et al. [18].

novolac components in the desired ratios, followed by the incor-
poration of carbon nanofibers into the mixture. The open-mold
casting technique was then employed to shape and solidify the
composite material in a mold, allowing it to take the desired
form before curing or setting.

4. Measurements

The dielectric measurement was performed using the three-
electrode method (Guarding electrode method). The specimen
was fixed in the specimen holder according to the method of
Costard et al. [18] and placed in a temperature-controlled oven
(Heresies electronic). The high and low terminals of the holder
were connected to a dielectric analyzer, Hewlett Packard mod-
els HP4274A and HP4275A, while the third terminal was con-
nected to the earth. Three dielectric parameters were measured
directly from the above setup: total resistance (Rr), total ca-
pacitance (Cr), and dissipation factor tan(d). Thermal stability
was assessed using thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA) (NETZSCH STA 409PG/PC).
Measurements were conducted at a heating rate of 20 K/min
over the range of 273-1073 K.

5. Results and discussions

5.1. Thermal conductivity

Figure 3 shows the variation of thermal conductivity (k)
as a function of temperature for the EP/novolac blend and
EP/novolac-CNF’s composite. The general behavior of ther-
mal conductivity in all samples shows a linear dependence on

0.50
[==@== EP/Ph-CNF's
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Figure 3. Thermal conductivity of EP/novolac blend and EP/novolac
-CNF’s composite at the different measurement temperatures.

temperature, also the thermal conductivity of the epoxy is influ-
enced by the presence of the dispersed phase (novolac) and the
degree of miscibility within the blend. The behavior observed
in the thermal conductivity (k) of EP/novolac blends can be ex-
plained by Maxwell’s theory, according to Maxwell’s theory,
the dispersed phase expands the free volume of the EP/novolac
blends, thereby reducing the porosity of the network at rela-
tively high temperatures, and the reduction in porosity increases
the heat flux and thermal conductivity of the blends [19]. The
thermal conductivity of EP/novolac- CNF’s composite exhibits
a common behavior, increasing linearly with increasing temper-
ature, this behavior is attributed to the increase in intermolecu-
lar vibrations as temperature rises, leading to enhanced thermal
conductivity [20, 21]. The addition of carbon nanofibers, with
their continuous and directional nature, results in higher ther-
mal conductivity values. These findings highlight the impor-
tance of material selection and composite design in optimizing
thermal conductivity for various applications, including thermal
insulation, heat management, and thermal barrier coatings.

5.2. DTA analysis

The glass transition temperature is a fundamental prop-
erty that influences the behavior and performance of polymers
across various applications and processing methods. It repre-
sents a critical temperature threshold below which polymers
experience significant changes in their mechanical and physi-
cal properties, making T, a key parameter in polymer science,
engineering, and material design. The glass transition temper-
ature of the EP/novolac blend and its composite was estimated
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Table 2. The glass transition of epoxy, EP/novolac blend and EP/novolac-CNF’s

Gropes Specimens T,(DTA)/K T DM)/K Tg(DTA)
Pure EP EP 361 354 1.95%
EP/novolac 80%E P/20%novolac 378 404 6.78%
EP/novolac -CNF’s  EP/novolac-CNF 373,383 404 8.31%

12

= EP/Ph blend
EP/Ph-CNF's

10

DTA(uV/mg)

0
200 300 400 500 600 700 800 900 1000 1100 1200

Temperature /K

Figure 4. DTA thermograms of EP/novolac blend and EP/novolac -
CNF’s composite.

using the differential thermal analysis (DTA) technique. Figure
2 shows the differential thermal analysis (DTA) thermograms
of the EP/novolac blend and the EP/novolac-CNF composite.
Table 2 presents the glass transition temperature (T,) values
determined using two different techniques: Differential Ther-
mal Analysis (DTA) and Dielectric Measurements (DM). The
EP/novolac blend shows a single T, value, but the difference be-
tween the DTA and dielectric measurement (DM) values is 6.8,
which is relatively large. This difference can be attributed to the
fact that dielectric measurements are an approximate method
for estimating T, and, additionally, to the relatively low com-
patibility between the EP and novolac networks.

The T, value for the EP/novolac-CNF composite was sig-
nificantly affected by the addition of CNFs. All samples show
two T, values: the first can be attributed to the polymer blend,
and the second may be associated with the interface between
the polymers and the reinforcement material [22, 23]. The first
T, value of the EP/novolac-CNF composite is close to that of
the blend (< 373 K), while the second T, value falls within the
range (383 < T, < 404) K.

5.3. TGA analysis

The evaluation of thermal stability using TGA thermograms
involves identifying specific point and characteristics in the
thermal degradation profile. Here’s a breakdown of the pa-
rameters commonly used to assess thermal stability. The first
step is the onset temperature (7;) represents the temperature
at which weight loss or decomposition of the sample begins.

4

Second step is the temperature at 50 weight loss (T'sg), in this
temperature the sample loss 50% from the initial weight, T50
provides information about the temperature range over which
significant decomposition occurs. The third step is the temper-
ature at which the sample has lost 80% of its initial weight this
indicate the temperature at which most of the thermal decom-
position has occurred. The last step is the char yield at 1073K0
represent the weight fraction of the residual char or ash remain-
ing after complete thermal degradation of the sample at 1073K.

Based on the description provided, Figures 5(a) illus-
trate the thermal degradation behavior of EP/novolac blend
and EP/novolac- CNF’s composite, The TGA thermograms of
EP/novolac blend reveal a thermal degradation pattern consist-
ing of four distinct steps, each step corresponds to specific
degradation reactions occurring within the material as it is sub-
jected to increasing temperatures. The first step, occurring in
the temperature range of 363-393K, is attributed to the loss of
moisture and unbound impurities present in the blend. A slight
weight loss observed at 548-593K, is explained by the degra-
dation of the propyl chain group in the epoxy resin [17]. The
major weight loss, observed in the range of 638-660K, is as-
sociated with the loss of the bisphenol-A group present in the
blend. Weight loss in the range of 713-853K, is attributed to
the breakdown of the methylene linkage group [19]. The fi-
nal degradation step, occurring at temperatures above 873K, is
attributed to thermo-oxidative reactions. Overall, the incorpo-
ration of Phenolic resin type novolac into EP resin enhances
the thermal stability of the blends, as evidenced by the increase
in Tf values. These insights are valuable for optimizing the
formulation of EP/novolac blends and designing materials with
improved thermal properties for various applications, including
structural, automotive, and aerospace industries.

As shown in the TGA spectra Figure 5(b), the thermal
degradation behavior of EP/novolac- CNF’s composites show-
ing four distinct degradation steps. The first degradation step
occurs in the temperature range of 363-408KO0, this initial
weight loss is attributed to the removal of moisture and other
unbound impurities present in the composite material. Typi-
cally, at these relatively low temperatures, volatile components
such as water and solvent residues are driven off. The second
degradation step is observed in the temperature range of 558-
613K, this slight weight loss is associated with the degrada-
tion of polyol groups present in the composite material. Polyol
groups are a common component in epoxy formulations and
their decomposition contributes to the overall weight loss at this
stage [22-24]. The third degradation step, which results in the
major weight loss, occurs over the temperature range of 634-
873K, this weight loss is primarily attributed to the degradation
of the bisphenol-A group present in the composite material.
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Figure 5. TGA and DTG thermograms of EP/novolac blend and

EP/novolac -CNF’s composite.

Bisphenol-A is a common component found in epoxy resins
and its decomposition leads to significant mass loss during this
stage of thermal degradation [24]. The fourth degradation step
occurs at high temperatures exceeding 1023K, this final weight
loss is explained by thermo-oxidative reactions that may occur
in the composite material. Thermo-oxidative reactions involve
the combination of high temperatures with oxygen, leading to
further degradation and decomposition of remaining compo-
nents in the material [24]. The addition of carbon nanofibers to
EP/novolac-CNF’s composites improves their thermal stability
by increasing char yield and enhancing onset temperatures (7;),
temperatures at 50 weight loss (7sp), and potentially extending
the thermal degradation range beyond the limits of the TGA
analysis. These findings underscore the effectiveness of CNFs
as reinforcement materials in enhancing the thermal properties
of epoxy based composites, which is crucial for applications re-
quiring high-temperature performance and fire resistance.
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Figure 6. Electrical conductivity of EP/novolac blend and EP/novolac
-CNF’s composite at different frequencies and temperatures.

5.4. Dielectric properties

Figure 6(a) shows the variation of total conductivity or
as a function of frequency at various temperatures for the
EP/novolac blend and EP/novolac-CNF composites. The re-
sults indicate that or at low frequencies, within the range of
(10?—10%) Hz, is independent of frequency. This behavior is at-
tributed to interfacial polarization, as the DC conductivity dom-
inates at low frequencies. At frequencies greater than 10° Hz,
o increases rapidly, reaching a value of 5.04 x 1077 S cm™".
This behavior can be associated with the segmental motion of
the polymer backbone, which facilitates electronic polarization
and the dominance of AC conductivity within this range of fre-
quencies [25].

As shown in Figure 6(b), the EP/novolac-CNF composite
exhibits a significant increase in o7, rising by three orders of
magnitude to reach 9.11x107* S cm™! at 1 MHz. This indicates
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Figure 7. The exponent (s) of EP/novolac blend and EP/ Novolac -
CNF’s Composites at different temperatures.
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Figure 8. The activation energy (Eac) of EP/Novolac blend EP/Novolac
-CNF’s Composites at different frequencies.

a transition to a semiconducting behavior. The substantial in-
crease in o7 is achieved by incorporating 10 weight percent of
carbon nanofibers into the EP/novolac blend, which facilitates
the dissipation of static charges. This behavior occurs because
all nanofiber molecules in the composite network are intercon-
nected, forming a tri-phase continuity that contributes to charge
transport [26].

The values of exponent(s) of EP/novolac blend and
EP/novolac-CNF’s composite are estimated from the slope of
the curves of In o, versus In(w), are shown in Figure 7, the re-
sults reveals that the exponent (s) values are less than unity for
all samples. Also these values are decreased with temperature
increasing, these values fits with the correlated barrier hopping
model (CBH) model [26].
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Figure 9. The real part of dielectric constant of EP/novolac blend and
EP/novolac -CNF’s composite at different frequencies and tempera-
tures.

The activation energies Eac are estimated from the slopes
of In o, versus temperature according to Arrhenius theory. All
specimens show three activation energies, and the values of Eac
shown in Figures 8 (A & B). The values of activation energies
Eac decreases with the frequency increases. This observation
indeed supports the discussion regarding the behavior of AC
conductivity Ino,. with frequency (w). the discussion sug-
gests that adding of carbon nanofibers into EP/novolac blend,
improve the value of Eac values, this improvement is consistent
with the behavior of AC conductivity for those composites. The
presence of carbon nanofibers is seen as enhancing the overall
dielectric behavior of the composite material.

Figures 9(a) and (b) illustrate the variation of the real dielec-
tric constant &, as a function of frequency (w) at various tem-
peratures for EP/novolac blend and EP/novolac-CNF’s compos-
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Figure 10. The imaginary part of dielectric constant of EP/novolac
blend and EP/novolac -CNF’s composite at different frequencies and
temperatures.

ite respectively. The result reveals that values of &, decreases
rapidly with the frequency increases over the range 10> — 10°
Hz, while at frequency greater than 10° Hz the values of &, are
slightly dependent on frequency for all samples. Such behav-
ior is due to the electrode blocking layers’ mechanism which is
dominated at frequency range over 10> — 10° Hz [27]. Thus,
the polarization process exists in this range called the electrode
polarization. Also, may be the Maxwell-Wagner polarization is
attributed into this range [26-28]. Since in this frequency range
two extreme type of conduction behavior of a system formed
by discontinuous phases.

Figures 10(a) and (b) shows the variation of the imaginary
dielectric constant &; as a function of frequency (w) at vari-
ous temperatures for EP/novolac blend and EP/novolac-CNF’s
composite respectively. The plots of &; versus In(w) shows that
the EP/novolac blend and EP/novolac-CNF’s composite exhib-
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Figure 11. The dissipation factor of EP/novolac blend and EP/novolac
-CNF’s composite at different frequencies and temperatures.

ited a dielectric dispersion over the range 10° — 10> Hz. The ob-
served dielectric dispersion is attributed to ?-relaxation involv-
ing cooperative motion of ions with polymer segments. Also,
it is appearing that the results demonstrate a consistent shift
of loss peaks toward higher frequencies in all tested samples,
which includes both the EP/novolac blend and the EP/novolac-
CNF’s composite. The shift of loss peaks toward higher fre-
quencies indicates a change in the frequency at which maxi-
mum energy absorption or dissipation occurs within the mate-
rial. This phenomenon can be attributed to various factors, such
as changes in molecular mobility, interaction between compo-
nents, or alterations in the relaxation processes within the ma-
terial citer26.

Figures 11(a) and (b) shows the variation of dissipation fac-
tor tan(d) as a function of frequency at various temperatures for
EP/novolac blend and EP/novolac-CNF’s composite. The re-
sult shows that The loss peaks shift towards higher frequencies
with increasing temperature. This phenomenon is attributed
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to the strong carrier polarization occurring at the peak zone,
which is caused by high densities of low mobility charge car-
riers citer26,r27. The addition of carbon nanofibers increases
the tan(d) values. This indicates that the presence of CNFs
enhances the dissipation factor, potentially due to interactions
between the Nano fillers and the polymer matrix. The plots
of tan(d) versus In(w) reveal three distinct zones based on fre-
quency ranges. First zone (10> — 103Hz): In this range, tan(5)
decreases as frequency increases. This behavior suggests a
certain level of frequency-dependent behavior, possibly related
to the relaxation processes within the material. Second zone
(10° — 4 x 10*Hz): Strong dielectric relaxation is observed in
this range, marked by the presence of loss peaks. This indicates
significant energy dissipation within the material, likely asso-
ciated with molecular or interfacial relaxation processes. The
third zone at high frequencies beyond 4 x 10* Hz, tan() rapidly
decreases as frequency increases. This behavior may indicate a
transition to a region where the material exhibits more insulat-
ing characteristics, with reduced energy dissipation [27].
Figures 12(a) and (b) shows the values of distribution pa-
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Figure 13. The thermodynamic parameters (AG,AH,andAS) of
EP/novolac blend and EP/novolac -CNF’s composite at different mea-
surements temperatures.

rameter (@), optical dielectric constant (e.), static dielectric
constant (&), macroscopic relaxation time (1), and molecular
relaxation time of the EP/novolac blend and EP/novolac-CNF’s
respectively. The values of @ and 7y systematically decrease
with increasing temperature. This trend suggests that the dom-
inant type of polarization in the material is orientation polar-
ization, which is highly sensitive to temperature. As tempera-
ture rises, the orientation polarization undergoes slight changes,
leading to decreases in « and 7y. [29]. The values of &, for
EP/novolac blends lie around 2-3, while for EP/novolac-CNF’s
composites, they range from 2.45 to 7.34. This indicates varia-
tions in the dielectric response of the materials. The range ob-
served for EP/novolac-CNF’s composites suggests the presence
of different structural configurations or interactions induced by
the addition of CNFs. The values of g, increase with increasing
temperature. This behavior can be explained by the activation
of dipoles due to thermal energy. As temperature increases, the
dipoles gradually become activated and gain freedom of rota-
tion, even though the dielectric remains in the solid phase. This
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suggests that thermal energy plays a crucial role in activating
molecular motions within the material, leading to changes in its
dielectric properties [30].

The thermodynamic parameters of EP/novolac blend and
EP/novolac- CNF’s composites, free energy of activation (AG),
enthalpy (AH), and entropy (AS) are estimated from dielectric
relaxation measurement, were illustrated in Figure 13(a) and
(b). The values of enthalpy are affected by the addition of a
small amount of CNF’s to the EP/novolac blend. This suggests
that the presence of CNF’s alters the enthalpic contributions
within the material, potentially due to interactions between the
polymer matrix and the Nano fillers. Changes in enthalpy can
reflect variations in the energy required to maintain the mate-
rial’s structural integrity or undergo phase transitions. The re-
sults indicate that the values of AG and AS for all tested sam-
ples increase with increasing temperature. This observation im-
plies that the activation of segmental dipoles within the material
is enhanced as temperature rises, leading to greater energy re-
quirements (AG) and increased disorder or randomness (AS).
This phenomenon is typically attributed to the greater thermal
energy available to the molecules, which facilitates their move-
ment and reorientation [31].

6. Conclusion

Based on the findings of the study involving the EP/novolac
blend and EP/novolac-CNF composites, several key conclu-
sions can be drawn:

e The thermal conductivity of the EP/novolac-CNF com-
posite increases linearly with rising temperature. This
behavior is attributed to enhanced intermolecular vibra-
tions at higher temperatures, leading to improved thermal
conductivity. The continuous and directional structure of
the carbon nanofibers plays a crucial role in enhancing
the composite’s overall thermal conductivity coeflicient.

e Glass transition temperature (7,) values were determined
using both dielectric measurements (DM) and differen-
tial thermal analysis (DTA) techniques. The EP/novolac
blend shows a single T, value; however, the difference
between the DTA and DM values is 6.8 K. For the
EP/novolac-CNF composite, the T, is significantly af-
fected by the addition of carbon nanofibers. All samples
exhibit two T, values: the first corresponds to the poly-
mer blend, while the second is associated with the inter-
face between the polymers and the reinforcement mate-
rial.

e The TGA thermograms of the EP/novolac blend show
a thermal degradation pattern consisting of four distinct
steps, each linked to specific degradation reactions as the
material is subjected to increasing temperatures. The first
degradation occurs within the temperature range of 363-
393 K, followed by slight weight loss at 548-593 K. The
major weight loss occurs between 638-660 K, and weight
loss between 713-853 K is attributed to the breakdown of
the methylene linkage group. The final degradation step

occurs at temperatures exceeding 873 K. The incorpora-
tion of phenolic resin-type novolac into the EP resin en-
hances the thermal stability of the blend, as evidenced by
the increased thermal stability factor (T'f) values.

e The addition of carbon nanofibers to the EP/novolac com-
posite improves thermal stability by increasing char yield
and raising initial temperatures (7;), the temperature at
50% weight loss (T'sp), and potentially extending the ther-
mal degradation range beyond TGA limits, with total
degradation reaching up to 1023 K.

o The dielectric properties of the materials, including pa-
rameters such as the distribution parameter (@), macro-
scopic relaxation time (1), and static dielectric constant
(&), are sensitive to temperature variations. This indi-
cates that temperature significantly influences molecular
dynamics and polarization mechanisms within the mate-
rials.

o Estimating thermodynamic parameters through dielectric
measurements provides valuable insights into the energy
dynamics and molecular interactions within the blends
and composites. Understanding these parameters is es-
sential for optimizing material compositions and process-
ing conditions, especially for applications requiring high
thermal stability and efficient energy management.
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